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Unit 1 The Basic Concepts for Nuclear Physics

1.1 Atoms and Nuclei

The atoms of all elements, which at one time were thought to be the fundamental particles
of nature, consist of numbers of three more fundamental particles—protons, neutrons and
electrons. The arrangement of these particles within the atom, and in particular the number of
protons and electrons, determine the chemical identity of the element. The atom consists of
nucleus in which all the positively charged protons and uncharged neutrons are closely grouped
together, and a number of negatively charged electrons moving in orbital paths around the
nucleus. In an electrically neutral or unionized atom, the number of protons is equal to the
number of electrons, and this number, Z, is the atomic number of a particular element and
identifies it. (This number corresponds to the position of the element in the Periodic Table.)
The number of neutrons in the nucleus is denoted by N, and the sum of the number of neutrons
and protons in the nucleus is called, for reasons that will
shortly be apparent, the mass number, 4.

N+ Z=4

The term nucleon is applied to all particles, both
protons and neutrons, in the nucleus.

Fig.1.1 is a useful, though not strictly accurate
representation of an atom of carbon with six protons and
six neutrons in the nucleus, and six orbital electrons. To
be more accurate, the radius of the innermost electron
orbit should be about ten thousand times the radius of
the nucleus.

Fig.1.1 atomic structure of carbon 12

1.2 Isotopes

Atoms having the same atomic number, Z, but different numbers of neutrons N are called
isotopes of the element identified by Z, and all elements have a number of isotopes, in some
cases twenty or more. The naturally occurring elements each have one or more stable isotopes
which exist naturally, and other isotopes which are unstable or radioactive and can be produced
by artificial means. Different isotopes of an element behave identically as far as their chemistry
is concerned, which is not surprising as chemical bonds exist between electrons. Isotopes differ
from one another physically in that the masses and other characteristics of their nuclei are
different, which is to be expected as it is in the nuclei that the difference between two isotopes
lies'.
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The complete identification of an isotope is made by giving its chemical symbol, the
atomic number Z as a subscript and the mass number A4 as a superscript. For example, the
symbol '; O identifies the isotope of oxygen that has eight protons and eight neutrons in its
nucleus. The isotope '| O has eight protons and nine neutrons in its nucleus. Naturally
occurring oxygen consists of a mixture of three isotopes, s O, 'O and [ O. There are also

three radioactive isotopes of oxygen which do not occur naturally. The subscript Z is in fact
unnecessary as the name oxygen identifies that element with eight protons in its nucleus and

the symbols may be written as '°0, '’O and "0O.
Hydrogen is an important element in nuclear engineering. Naturally occurring hydrogen

consists of two isotopes, 99.985 percent of the isotope 'H and 0.015 percent of the isotope “H
called heavy hydrogen or deuterium. There is a third isotope *H called trititum which is
radioactive. This is the only case in which the different isotopes of an element have different
names. Usually they are identified by their mass numbers.

1.3 Mass Defect

The mass of atom is not equal to the sum of the masses of its constituent particles. For
example the mass of the '° O atom is obviously less than the sum of the masses of eight
neutrons and eight hydrogen atoms. Somewhere in the process of building the atom with its
constituent particles the classical principle of conservation of mass appears to have been
violated, and the difference between the mass of an atom and the sum of the masses of its
constituent particles is known as the mass defect.

The explanation is to be found in the principle of the equivalence of mass and energy in
which Einstein stated that mass and energy are different forms of the same fundamental
quantity *. In many reactions there is an interchange of mass and energy so that, particularly on
an atomic scale, the laws of conservation of mass and conservation of energy are not valid
when applied separately to a reaction, and must be replaced by the law of conservation of mass
plus energy. In any reaction in which mass changes, a decrease of mass is accompanied by the
release of energy, and an increase of mass corresponds to the absorption of energy.

The equivalence between mass and energy is expressed by the famous equation:

E = mc’
where c—the speed of light, 2.998x10°m/s.

1.4 Binding Energy

The force of electrostatic repulsion between like charges, which varies inversely as the
square of their separation, would be expected to be so large that nuclei could not be
formed. The fact that they do exist is evidence that there is an even larger force of attraction.
This nuclear force acts only when the nucleons are very close to each other and binds them into
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a compact stable structure. Associated with the net force is a potential energy of binding. To
disrupt a nucleus and separate it into its component nucleons, energy must be supplied from
the outside. Recalling Einstein’s relation between mass and energy, this is the same as saying
that mass must be supplied to the nucleus. A given nucleus is lighter than the sum of its
separate nucleons, the difference being the binding mass-energy. Let the mass of an atom
including nucleus and external electrons be M, and let m,, and my be the masses of the neutron
and the proton plus matching electron. Then the binding energy is B=total mass of separate
particles-mass of the atom or
B=Nm,, +Zmy— M
(Neglected in this relation is a small energy of atomic or chemical binding.) Let us calculate B
for tritium, the heaviest hydrogen atom. Fig.1.2 shows the dissociation that would take place
if a sufficient energy were provided. Now Z=1, N=2, m,=1.008 665, myz=1.007 825, and
M=3.016 049, Then
B=2(1.008 665) + 1(1.007 825)-3.016 049=0.009 106(u)

Converting by use of the relation 1u=931MeV, the binding energy is B=8.48MeV.
Calculations such as these are required for several purposes to compare the stability of one
nucleus with that of another, to find the energy release in a nuclear reaction, and to predict the
possibility of the fission of a nucleus.

H-3 atom separate particles

m ®

©

9 +energy —=—
06

S

Fig.1.2 dissociation of tritium

We can speak of the binding energy associated with one particle such as a neutron.
Suppose that M, is the mass of an atom and M, is its mass after absorbing a neutron. The
binding energy of the neutron of mass m,, is then

B,=M,+m,—M,

1.5 Energy Levels
Normally atomic nuclei exist in an equilibrium or stable condition known as their ground

state of energy. However, as a result of nuclear reactions (which might be caused by the
bombardment of atoms by protons, neutrons or other light particles), nuclei can be produced in
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an excited or unstable condition in which one or a number of nucleons are raised to an excited
state. The excited states or levels in a nucleus are similar to the excited state of atoms. In the
case of the latter, excitation results in an electron jumping from its normal orbit to another orbit
further from the nucleus, and an atom may have a number of discrete excited states
corresponding to an electron having made one or more such jumps. In the nucleus the situation
is more complicated because excitation can result in several nucleons being raised to excited
levels simultaneously, and some nuclei can have a very large number of closely spaced excited
levels. In general light nuclei have more widely spaced excited levels, and in all nuclei the
spacing of the levels decreases as the excitation energy increases.

Most excited nuclei exist in this state for only a very short time, a typical average lifetime
being about 10" seconds, and they decay, or become de-excited, by the emission of high
energy electromagnetic radiation known as gamma radiation, or particles such as neutrons, or
both. In most reactions of interest to nuclear engineers involving the formation and decay of
excited nuclei, the lifetime of the excited nucleus is so short that the process of formation and
decay can be regarded as instantaneous.

1.6 Fission

The discovery of fission was made in Germany in 1938 by Hahn’ and Strassmann who
were studying the radioactive isotopes formed as a result of the bombardment of uranium by
neutrons in an effort to produce transuranium elements. One of the elements identified in the
products of the reactions was radioactive barium 139, which indicated a hitherto unknown type
of reaction in which the uranium nucleus split into fragments which were themselves nuclei of
intermediate mass elements. Further work showed the presence of several other elements of
medium mass number, and the existence of the fission process was definitely established.
Shortly afterwards it was shown that neutrons were also emitted in the process and the
possibility of a chain reaction was realized in which neutrons emitted in one fission event
might be able to cause further fission, thus establishing a continuous reaction.

The isotope of uranium that is principally responsible for fission is **°U, which is present
in naturally occurring uranium to the extent of 0.715 percent. In this isotope fission can be
caused by neutrons of any energy, low energy neutrons being the most effective. Fission in
28U, which comprises 99.285 percent of natural uranium, can only be caused by neutrons of
energy greater than 1MeV.

There are three other isotopes of importance which can undergo fission. ***Th, the only
naturally occurring isotope of that element, is fissionable with neutrons with energy greater
than about 1.4 MeV, and two isotopes, 23U and ?Pu, which do not occur naturally but can be
produced artificially by nuclear reactions, undergo fission with neutrons of all energy, low
energy neutrons being again the most effective. It is customary to refer to the five isotopes
mentioned above (and any other isotopes which undergo fission with neutrons of energy less
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term fissile for the three isotopes “°U, *°U and Py O—
neutron

which undergo fission with low energy neutrons. i

The characteristics of fission will be described by @ o
considering *°U, however the fission of the other four

than about 10MeV) as fissionable, and to reserve the O
uSU

isotopes is essentially the same in all respects. The first

stage of the reaction is the absorption of a neutron in CQ

U to form *°U at an excited state. In some cases }

the”®U goes to its ground state of energy by the \\R O/ P~ o

emission of gamma radiation, an example of an(n, L

y)reaction, however in the majority of cases the *°U fia O—‘

nucleus splits as described above. The products of «\\ C/
fast

neutron

fission are two fission fragments whose mass numbers gﬂ:;"}_r/ /O
vary between 70 and 160, a number of neutrons varying
between none and five, beta particles, gamma radiation,
neutrinos and energy. These products are shown in
Fig.1.3.

The release of energy in the fission process may be illustrated by considering the fission
of a ®°U atom, which splits up into barium and krypton atoms and releases three more

Fig.1.3 The fission process

neutrons:
25 + n — "“1Ba + 2Kr +3n

If we could weigh components in this reaction we would find that those on the right-hand
side of the equation weighed 0.091% less than those on the left-hand side. Thus, during the
reaction, approximately 0.1% of the original mass is converted into energy. This energy
appears as kinetic energy of the fission products and neutrons, which then collide with
surrounding atoms and increase their thermal vibration that is, release heat. For each kilogram
of U totally fissioned by the above reaction, 80 million (8x10") joules are released. This is
equivalent to the energy available from 3000 tons of coal.

U is described as a fissile isotope; unfortunately, naturally occurring uranium consists
mainly (99.3%) of a non-fissile isotope, **U. Thus, only a small part of natural uranium can be
burned in the fission process to produce energy. The proportion of **U in natural uranium is
0.71% by weight, and thus lkg of natural uranium is equivalent in energy potential to about 20
tons of coal. However the energy potential of uranium can be increased about 100-fold by
conversion of the non-fissile ***U into another fissile material, namely, plutonium- 239(**°Pu).
We shall return to this below.

The three neutrons emitted in the above fission reaction have an initial velocity of
typically 20 000km/s (about 6% of the velocity of light). Although these fast neutrons can
interact with other atoms of ***U, their chance of doing so can be increased by about 1000-fold
if their velocity can be reduced, say, to 2km/s.* These slower-moving neutrons would have a
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velocity similar to that of atoms vibrating due to thermal motions, and hence they are often
called thermal neutrons. Nuclear reactors using the fast neutrons are often termed fast reactors,
and those using the slower neutrons are termed thermal reactors.

Fast neurons are converted into thermal neutrons as a result of a series of collisions with
surrounding atoms. If a fast neutron hits a large atom, it tends to bounce off and lose only a
small amount of its energy. However, if it hits a small atom such as hydrogen or carbon, it will
lose a significant fraction of its kinetic energy. (An analogy may be made to the motion of
balls on a billiard table. Ifa ball hits the massive cushion of the table, it bounces off with very
little loss of velocity, or kinetic energy. If it hits a stationary ball, it may lose a large proportion
of its kinetic energy, which is transferred to the other ball in the collision. ) Thus, to convert a
fast neutron to a slow or thermal neutron requires about 2000 successive collisions with
uranium atoms but only about 20 collisions with the lightest atom, hydrogen. In the collision
process, the neutrons are sometimes absorbed without leading to a subsequent fission.
Moreover, each successive collision may lead either to a fission reaction or to the neutron’s
combining with the atom with which it is colliding to make another isotope. Thus, there is an
advantage in surrounding the uranium with lighter material that can lead to the conversion of
fast neutrons to thermal neutrons, which can then pass back into the uranium this process is
known as moderation, and the light material used is termed a moderator. Moderators used in
thermal reactors have included hydrogen (in the form of its oxide, water), the hydrogen isotope
deuterium(also in the form of its oxide, heavy water) and carbon (usually in the form of
graphite). The best moderator is heavy water, which absorbs neutrons only weakly. However,
heavy water is an expensive material and it is often preferable to use ordinary (light) water
even though it absorbs neutrons much more strongly .

Because *U absorbs neutrons, it is not possible to produce a self-sustaining chain
reaction by simply assembling a large enough mass of natural uranium, which is 99.3% of
#8U. However, if pieces of natural uranium are distributed within heavy water or graphite, the
neutrons produced in the fission reaction are converted to thermal neutrons(which, as
mentioned above, are 1000 times more effective than fast neutrons in continuing the chain
reaction), and a self-sustaining chain reaction is possible. This idea was first demonstrated by
Enrico Fermi at Stagg Field, Chicago, on December 2, 1942; Fermi employed pieces of
uranium distributed in a “pile” of graphite. Light water cannot be used to sustain a chain
reaction with natural uranium because of the high absorption of neutrons by hydrogen.
However nuclear reactors may be constructed with light water as a kind of moderator provided
the concentration of U is increased from 0.71% to about 3%.

As we shall see later, various generic types of nuclear reactors have arisen from the
various possible combinations of fuel and moderator. These can be classified as follows.

(1) Heavy water-moderated, heavy water-cooled reactors. These are the basis of the
Canadian line of development and are called CANDU reactors.

(2) Graphite-moderated, gas-cooled natural uranium reactors. These are the basis of the
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British Magnox reactors.
(3) Light water-moderated, light water-cooled reactors with fuel enriched in B5U. These

are the basis of the U.S. boiling-water reactor (BWR) and pressurized-water reactor (PWR)
development.

The further development of the British system, the advanced gas-cooled reactor(AGR),
uses graphite as a moderator and a somewhat enriched fuel to compensate for the fact that the
fuel is contained in stainless steel, which absorbs a significant fraction of the neutrons.

We shall describe and discuss all the above reactors, and in particular their cooling
problems, in the following chapters. However, before doing so, it may be interesting to glance
back to prehistoric times. The light water-cooled and moderated reactors have been around far
longer than one might imagine. In fact, the invention of Enrico Fermi was preempted by nature
approximately 2 billion years earlier. In 1972, evidence was found of the dormant remains of a
natural fission reactor located at Oklo, in the West African Republic of Gabon. This natural
reactor operated for a period of hundreds of thousands of years. Its existence was discovered
by an intriguing piece of detective work by French nuclear scientists.

In May 1972, H. Bouzigues obtained a curious result during a routine analysis of standard
samples of uranium ore from Gabon. He found that they contained about 0.4% less *°U than
expected. This was not due to an error in his analysis or to a natural variation. On this planet, at
any particular time, the ratio of *°U to **U is fixed; some other explanation had to be found
for the discrepancy. A careful investigation carried out by the French Atomic Energy Agency
traced the abnormal ore to one particular location in Oklo. It was concluded that the deficiency
in *°U could be explained only by the occurrence of a natural fission reaction at the site. At the
time this natural reactor was operating, the ore was buried deep underground and natural
groundwater served as a moderator and to some extent as a coolant. Such a reactor would not
be possible with the present-day concentration of **°U in naturally occurring uranium, as we
explained above. However, it should be remembered that the half-life of **°U is about 700
million years and that of **U is about 4.5 billion years. Thus, in prehistoric times, the
concentration of *°U was much higher than it is today. When the earth was formed some 4.6
billion years ago, the concentration of U in natural uranium was about 25%, and it had
decreased to about 3% at the time when the Oklo reactor was operating.

It is thought that the natural reactor at Oklo operated under considerable pressure and
temperature and that the rate of reaction was controlled by variations of the water (moderator)
density. Cooling was provided mainly by conduction, with some limited circulation by
permeation. The power level is estimated to have been somewhat less than 100 kW and the
total energy released over the period of operation to have been about 4.7x10" joules (15 000
MW - year) , representing the fission of about 6 metric tons of 2°U. This amount of energy is
about that released in a modern pressurized-water reactor in 4 years.

It is possible that a combination of local circumstances may have led to other naturally
occurring reactors. Though the search continues, none has been located so far. Such naturally
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occurring reactors have been impossible for the past 2 billion years because the Gt
concentration has been below the required 3%. A detailed review of the Oklo reactor
phenomenon is given by Cowan (1976). It is interesting to note that 2 tons of *’Pu would have
been produced at the Oklo natural reactor though the amount that remains is infinitesimal
because of the comparatively short half-life (25 000 years) of *’Pu. Thus, it cannot be claimed

that plutonium is an entirely human creation.

1

Self—test

is composed of protons and neutrons, and constitutes practically all the mass of the

atom.

A. Anucleon B. A nucleus C. The nuclei D. Anatom

2. The protons and neutrons are called_ .

A. nuclei B. isotopes C. nucleons D. atoms

3. In the nuclear reactions mass and energy is____.

A. interchanged B. built C. made D. replaced

4. The atoms consist of numbers of .

A. three fundamental particles B. protons

C. y-rays D. nuclei

5. Atoms having the same atomic number Z, but different numbers of neutrons N are
called_ of the element.

A. nuclei B. isotopes C. units D. masses

6. During the nuclear reaction___ of the particles is the same before and after the
reaction.

A. the energy B. the mass C. the momentum  D. the protons

7. ___ are emitted during fission and the possibility of a chain reaction is realized.

A. Elements B. Fragments C. y-rays D. Neutrons

8. The excited nuclei become de-excited by emission of .

A. vy-rays or particles B. X-rays

C. energy D. deuterons

9. For heavier elements it is necessary to have an excess of ___over for stability.

A. protons/neutrons B. electrons/y-rays

C. neutrons/nucleons D. neutrons/protons

10. The fission fragments_____most of the mass-energy released.

A. are B. bear C. carry out D. take

11. The binding force acts only when the nucleons are very .

A. large B. close to each other C. similar D. excited

12. Fissionin**U___ .

A. iseasy
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B. can be caused by neutrons of 0.1MeV
C. can be caused by neutrons of 1.5MeV
D. is never realized

X Bt R

Avogadro’s number: The number of atoms in 12g of the pure isotope 12C; ie. the
reciprocal of the atomic mass unit in grams. It is also by definition the number of molecules (or
atoms, ions, electrons) in a molar of any substance and has the value of 6.022 52x 10%/mol.

B AR A 4 B 12 ABRIALEE P C MR FROBOE gt ATk B i T T
s, e, BWE 1 B/REMYRT 2T (RET. &7, B7) KNEE, HEE
5 6.022 52x107/E/R.

Binding energy: All nuclei have rest masses less than the total rest mass of their
constituent protons and neutrons. The mass difference m is the mass defect. This arises because
all nucleons bound to the nuclei must have negative energy (potential well). So if free nucleons
are combined to form a nucleus, the total energy of the system must decrease by an amount B,
the binding energy of the nucleus.

Ziate: AR TRNEREEHILENNAR BTt FREREE]D, XN HEZEME
m AR T X2 TRAER TP R TLERAG NG (B, T2, whE
HE T ES G, RENESREER LI B, XHEIR FRERNEEHE.

CANDU: Canadian Deuterium and Uranium reactor.

PIIE NV & A

Chemical bond: The linkage between two atoms; as a rule, it consists of a pair of shared
electrons.

fesest: MR TZEMRE, BB 4.

Coulomb force: Electrostatic attraction or repulsion between two charged particles.

PEAC 3. WA BR8] O e R 5 | B HE R 9 )

Electromagnetic radiation: The emission and propagation of electromagnetic energy from
a source including long waves, heat radiations, light, X-rays and y-rays.

FLREAR T . R B ERERE. AR G X ST y B2 i L RERE ¥ 2 5 AL 4% .

Electron: A negatively charged particle which is present in every atom; beta rays consist
of free electrons; the mass of an electron at rest is 9.107x10°¢ and its charge is
4.774x10™%electrostatic unit.

BT TS RTH—FaBEaR T p HdkdBamFam; #EREFRENR
9.107x107* 3¢, FLHLAH 4.774x107"° # e 847

Excited nuclei: The nuclei raised to an excited state with an excess of energy over its
ground state. Nuclear reactions frequently leave the product nuclei in an excited state.

RS WHBTESEENE, BRNAEEERZLE THES.

Fission: The spontaneous or induced disintegration of a heavy atomic nucleus into two or
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more lighter fragments. The energy released in the process is referred to as nuclear energy.

A BARKEFEFRELEXER FEIREADNRENEER A 22038, X4
I FERE IR B EFR A e -

Isotopes: Atoms of the same element which have the same atomic numbers and chemical
properties, but different atomic masses; for example, uranium —235 and uranium —238.

FALEE: Rl —JmREP R T REA AN RAER, HRFRERARMERET, Wmah-235 f
Ahi-238.

Mass defect: The difference between the mass of an atom and the sum of the masses of its
constituent particles.

JRETH: JR TR S A BOX AN R T &R R 2

Neutron: A neutral particle found in the nucleus of an atom, which has about the same
mass as a proton.

P FET RPN, HRES 7R i RE FA%.

Nucleon: A constituent of the nucleus of the atom, proton or neutron.

% RTINS, FEPF.

Nucleus: Composed of protons (positively charged) and neutrons (no charge), and
constitutes practically all the mass of the atom. Its charge equals the atomic number; its
diameter is from 10" to 10" *m.

JEr#: BT GEIER) fidhF (ORHED 4, BILTFURTR TG RE. &
(M R FFEG BHARM 1070 2 1074 K.

Proton: A positively charged particle in the nucleus of an atom; its charge is equal but
opposite to that of an electron; its mass is 1.672x 10‘24g.

JF: R IE AT AR, AT S T e SOR AR, et R, LR
H1.672x107* 78,

2 i

abbreviate [@'bri:vieit] v. 45

analogous [8'neelegas] = Similar a. LY
barium [beariom] »n. I

bismuth ['bizma0] »n. 4k

bombardment [bom'ba:dment] ». 7
boron [bo:iren] n. i

bounce [bauns] v. &n. Hf,
commissariat [komi'seariat] n. %47
configuration [kanfigju'reifen] n. &i#, BCE, IR, Hir
constituent [kon'stitjuent] a. 4k
coulomb [ku:lom] n. B (£)

curious [kjueries] a. IF&FH, AU
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decay [dikei] v. &n. FEA

deficiency [di'fifensi] n. &=

deuteron [dju'tizrion] n. Ji#%, EEE
deuterium [dju'tiariem] ». i, EZX
discrepancy [dis'krepansi] »n. AF, %, T
discrete [dis'kri:t] a. AELEM, 3L
disrupt [dis'rapt] v. {E9E

dormant ['doiment] a. [EEH

dumbbell [dambel] »n. W44

electrostatic [i lektrau'steetik] a. @MY
emission [imifan] n. &4t

equivalence [i'kwivalans] n. %%,
fissile ['fisail] a. SN

fragment [freegment] n. WH

generic [d3i'nerik] a. [FJEM), FEHK

glance [glains] vi. &n. —W¥

helium [‘hi:ljam] n. &

hitherto [ hida'tu:] ad. %4

infinitesimal [infini'tesimal] a. JMR/NEY
instantaneous [insten'teinjoes] a. B
intriguing [intrigin] vr. &n.  G[jdg---- Mg, PBHE
lithium [liBiem] »n. %

macroscopic [meekrau'skopik] a. FEWH
mega [mega] n. Jk, AN

moderation [[mada'reifen] n. 18{k, WHE
mol [maul] ». JEER

momentum [mau'mentam] ». zhE

particle ['pa:tikl] ». Fi¥, fk:

permeation [,pa:mi'eifan] n. Bi&E
plutonium [plu:'tsuniam] ». %

preempt [pri'empt] v. FEH (5), 15k
prehistoric ['prizhis'torik] a. RALFIH, LRI
radiation [,reidi'eifan] n. JAEHE, KBS, B4k
repulsion [ri'palfan] n. HfF

SI=System International [& Fx ffr
sodium['ssudjom] #n.

subscript ['sAbskript] ». F#F

superscript ['sju:paskript] ». FFR

thorium ['B2:riem] n. 4t
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transuranium [treensjua’reinjom] n. Hi/ECHE
unionized [An'aisnaizd] a. & (dF) HEH
valid ['veelid] a. B, EFHK

violate ['vaisleit] vr. EX

as faras Hi-ee- MR

more or less 4

tendto T
W X FE R

1. Isotopes differ from...isotopes lies.

0PI physically RAEHIR R differ B, 990 R0 2 2 17 My MU FRAS P A5
which 5| R RAEREEE BN A, BWERIAA T, MARBHIEA R E; as EIXER
BB A B & it s in the nuclei that.. 25& A7), BER“PNEMENZEZNRETIRFEN".
$A)EN: FMRZENDEFEAR, B TRANRCRENENRERFEA, 7TEFuEEl
BT A% 1 TR A AR P A 2=

2. The explanation is to be found in the principle of the equivalence of mass and energy
in which Einstein stated that...

Einstein, ZEHIH (1879—1955), WEHER. L THEEMAAFTE, FTHEE. €
SL TR SCAHXH AN XAEX . A in which 5] 3B M A, UL principle; that 5|51
/2 stated IEIENG]. BA)IFAD: ERESERENEMRME DAl LBI R, X RS,
FRNTEIEN T RN E R A — EA R ARIEA.

3. Hahn

G (1879—1968), MEBMFR, BERKR T PR ar~ERE. 1944 3k
i R % .

4. Although these fast...so can be reduced, say, to be 2 km/s.

f)rp so BRI, RORATHE iR E)M 5 AR TR ; fold 54 say fEIX B2 Fln
MR SRR BARXEWR T T S A 2P0 BAE, R R e A,
Fl i 2km/s, EATRMKJLESBE AL 1000 £5.
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Unit 2 Radiation

2.1 Radioactivity

Radioactivity is a commonplace natural phenomenon, the discovery of which predates the
discovery of nuclear fission by more than 40 years. Radioactivity is harmful to living tissue
and yet humans and other animals have not evolved sensor organs with which to detect the
danger'. It is the invisible nature of radiation that contributes much to public anxiety
concerning nuclear power. Scientific instruments have, however, been developed that are
sensitive to all types of radiation and these are widely used to ensure that workers and the
public are not put at risk by nuclear processes.

The property of radiation that is potentially harmful is its ability to ionize atoms within
our bodies; that is, to knock electrons out of atoms in our cells altering their chemical
properties. In very large doses such radiation can cause tissue death. At lower levels the
concern is that if the ionization occurs during the process of cell division then a mutation to the
genetic programming of the cell might occur. In most cases this would also lead to cell
death. but there is a risk that harmful cell mutation can survive within the body and possibly
cause various types of cancer. Cancer is a particularly horrible disease and this is another
reason for public concern about nuclear power.

Radioactivity is a spontaneous, natural and random process that can occur in three basic
forms known as alpha, beta and gamma decay. Alpha radiation is the emission of a clump of
protons and neutrons from the nucleus equivalent to the nucleus of a helium atom (two protons
and two neutrons). As a consequence of its relatively large mass, an alpha particle can carry a
significant amount of energy, sufficient to do serious damage to any living tissue it
encounters. However, also as a consequence of its bulk, such radiation is easily blocked, such
as by just a few centimeters of air or a piece of paper. The skin, which is relatively insensitive
to radiation, also acts as a barrier to alpha radiation, so external sources of alpha radiation are
not especially dangerous. The real risk from alpha radiation would occur if alpha emitting
material were to be ingested into the lungs or the digestive system.

Beta radiation consists of very fast moving electrons. Its potential for biological harm is
lower than with alpha radiation, but its penetrating power is somewhat greater. Beta radiation
can be screened by a sheet of perspex or a metal foil. Without such screening, a substantial
external source of beta radiation would be serious cause for concern.

Gamma radiation is a very high-energy form of light. Unlike the other two forms of
radiation it is not electrically charged and it has no mass. It is basically a very high-energy
X-ray. While fundamentally not as biologically damaging as either alpha or beta radiation,
gamma radiation is a particular concern as it is extremely penetrating. Several centimetres of
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lead or several metres of concrete are required to fully shield gamma radiation.

The idea that we are vulnerable to differing forms of radioactivity (requiring, in some
cases, substantial shielding), that we cannot detect it without artificial devices and that it has
the potential to damage our genes is somewhat unnerving”. The reality, however, is that
mankind has always lived with radiation and radioactivity. Radiation is all around us. It comes
from outer space. Radioactivity is in the rocks beneath our homes, and it is in our drinking
water. It always has been and always will be. X-rays are similar to gamma rays and we
routinely volunteer to expose ourselves to intense bursts of this kind of radiation for the
benefits it gives us in medicine and dentistry. These doses are enormously larger than the
radiation exposure one should ever get from living near a nuclear power plant.

The key to radioactivity is probability. Even a small sample of radioactive material
contains a vast number of atoms. More than we can even imagine. For a radioactive material
each atom has a probability every second of decaying releasing a radioactive particle. For
natural materials these probabilities are tiny, but because of the large numbers of atoms
involved the effect is noticeable. For radioactivity all atoms of a given isotope are equivalent
and each has the same small chance of decaying. This means that the amount of radioactivity
in a sample is proportional to the number of atoms of that given isotope in the sample. Once an
alpha or beta radioactive decay occurs the atom will change from one isotope to another. Let us
assume that the isotope produced is not itself radioactive. This means that each radioactive
decay reduces the number of atoms of the radioactive isotope remaining to decay. In
mathematical terms such a process is described as follows.

If N 1s the number of atoms of the radioactive isotope in the sample and the Greek letter 4
defines the random probability of a radioactive decay then

dv _
;R

This implies that if the sample has initially N, atoms of the radioactive isotope, then
N=N, e™

This in turn makes clear that the time for exactly one half of the initial number of
radioactive atoms to decay is a constant, whatever the starting number. This time is known as
the half-life T,

7 i 2 0693
Ay v

Just as the probability of radioactive decay is fixed for a given radioactive isotope, then so
is the half-life.

There are numerous units in circulation associated with radioactivity and its effects. In
this book we follow the units specified in the primary sources quoted. In order to cross
compare, it is worth noting that one becquerel (1 Bq) is equivalent to one disintegration per
second, and that 1 curie (1 Ci) equals 3.7x10'’Bq.
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2.2 Excitation and Ionization by Electrons

These processes occur in the familiar fluorescent light bulb, or in a vacuum tube used in
electrical devices, in an X-ray machine, or in matter exposed to beta particles. If an electron
that enters a material has a very low energy, it will merely migrate without affecting the
molecules significantly. If its energy is larger, it may impart energy to atomic electrons as
described by the Bohr theory, causing excitation of electrons to higher energy states or
producing ionization, with subsequent emission of light. When electrons of inner orbits in
heavy elements are displaced, the resultant high energy radiation is classed as X-rays. These
rays, which are so useful for internal examination of the human body, are produced by
accelerating electrons in a vacuum chamber to energies in the kilovolt range and allowing them
to strike a heavy element target. In addition to the X-rays due to transitions in the electronic
orbits, a similar radiation called bremsstrahlung (German: braking radiation) is produced. It
arises from the deflection and resulting acceleration of electrons as they encounter nuclei or
atomic electrons.

Beta particles as electrons from nuclear reactions have energies in the range of 0.01~
1MeV, and thus are capable of producing large amounts of ionization as they penetrate a
substance. As a rough rule of thumb, about 32eV of energy is required to produce one ion
pair. The beta particles lose energy with each event, and eventually are stopped. For electrons
of 1MeV energy, the range, as the typical distance of penetration, is no more than a few
millimeters in liquids and solids or a few meters in air.

2.3 Heavy Charged Particle Slowing by Atoms

Charged particles such as protons, alpha particles, or ions such as the fragments of
fission are classed as heavy particles, being much more massive than the electron. For the
same particle energy they have far less speed than an electron, but they are less readily
deflected in their motion than electrons because of their inertia. The mechanism by which
heavy ions slow down in matter is primarily electrostatic interaction with atomic
electrons. As the positively charged projectile approaches and passes, with the attraction to
electrons varying with distance of separation as 1/7° the electron is displaced and gains
energy, while the heavy particle loses energy’. Fig. 2.1 shows conditions before and after
the collision schematically. It is found that the kinetic energy lost in one collision is
proportional to the square of Z, the number of external electrons in the target atom, and
inversely proportional to the kinetic energy of the projectile. A great deal of ionization is
produced by the heavy ion as it moves through matter. Although the projectile of energy in
the million-electron-volt range loses only a small fraction of its energy in one collision, the
amount of energy imparted to the electron can be large compared with its binding to the
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o kol atom or molecule, and the electron is
1 f‘o"\
- % completely removed. As the result of
-~ . .
v N these interactions, the energy of the heavy
before L @ i

‘ ion is reduced and it eventually is stopped

s in a range that is very much shorter than

that for electrons. A 2MeV alpha particle

electron has a range of about lcm in air; it can be

,/9~\\ @—' stopped by a sheet of paper or the outer

LE '.l\ ® | layer of skin of the body. Because of
e these short ranges, there is little difficulty

Fig.2.1 interaction of heavy ion with electron 0 providmg) giotoctive streldng agannt
alpha particles.

2.4 Heavy Charged Particle Scattering by Nuclei

When a high-speed charged ion such as an alpha particle encounters a very heavy charged
nucleus, the mutual repulsion of the two
particles causes the projectile to move on a
hyperbolic path, as in Fig.2.2. Such a collision
can take place in an ionized gas or in a solid if
the incoming particle avoids interaction with
the external electrons of the atom . The
projectile is scattered through an angle that

nucleus

depends on the detailed nature of the collision, O
i.e., the initial energy and direction of motion

of the incoming ion relative to the target Fig.2.2 interaction of heavy ion with nucleus

nucleus, and the magnitude of electric charge of the interacting particles. Unless the energy of
the bombarding particle is very high and it comes within the short range of the nuclear force,
there is a small chance that it can enter the nucleus and cause a nuclear reaction.

2.5 Gamma Ray Interactions with Matter

We now turn to a group of three related processes involving gamma ray photons produced
by nuclear reactions. These have energies as high as a few MeV. The interactions include
simple scattering of the photon, ionization by it, and a special nuclear reaction known as pair
production.

(1) Photon-electron Scattering

One of the easiest processes to visualize is the interaction of a photon of energy E=hv and
an electron of rest mass m,. Although the electrons in a target atom can be regarded as moving
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and bound to their nucleus, the energies involved are very small (¢V) in comparison with those
of typical gamma rays (keV or MeV). Thus the electrons may be viewed as free stationary
particles. The collision may be treated by the physical principles of energy and momentum
conservation. As sketched in Fig.2.3, the photon is deflected in its direction and loses energy,
becoming a photon of new energy E'=hv'. The electron gains energy and moves away with high
speed v and total mass-energy mc’, leaving the atom ionized. In this Compton effect, named
after its discoverer, one finds that the greatest photon energy loss occurs when it is scattered
backward (180°) from the original direction. Then, if E is much larger than the rest energy of
the electron Ey = mgc’=0.51MeV, it is ol g o

VI AVAVAVAVAV |
found that the final photon energy E’ is pliotn B e
equal to E¢/2. On the other hand, if E is
much smaller than £, the fractional
energy loss of the photon is 2E/E,. The after

. photon
derivation of the photon energy loss in
general is complicated by the fact that the
special theory of relativity must be electg?\

applied.
The probability of Compton scattering
is expressed by a cross section, which is smaller for larger gamma energies for the element

Fig.2.3 photon-electron scattering (Compton effect)

lead, a common material for shielding against X-rays or gamma rays. We can deduce that the
chance of collision increases with each successive loss of energy by the photon, and eventually

the photon disappears.
e & (2) Photoelectric Effect

s, This process is in competition with
e ,\’ © ‘) atorn scattering. An incident photon of high enough
‘o’ energy dislodges an electron from the atom,
leaving a positively charged ion*. In so doing,
Lo r‘/’é})\} £ :e,em,n the photon is absorbed and thus lost, see

o’ Fig.2.4.

Fig2.4 photoslectric effect The above two processes are usually

treated separately even though both result in

ionization. In the Compton effect, a photon of lower energy survives; but in the photoelectric

effect, the photon is eliminated. In each case, the electron released may have enough energy to

excite or ionize other atoms by the mechanism described earlier. Also, the ejection of the

electron is followed by light emission or X-rays production, depending on whether an outer

shell or inner shell is involved. The secondary particles and rays may be more important in the
long run than the primary particle.

(3) Electron-Positron Pair Production

The third process to be considered is one in which the photon is converted into
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matter. This is entirely in accord with Einstein’s

v

Ve e e 0 t s i
4l iiton g?.ws theory of the equivalence of mass and energy. In
the presence of a nucleus, as sketched in Fig.2.5, a

electron . .

@/ gamma ray photon disappears and two particles
@ appear—an electron and a positron. Since these are
L of equal charge but of opposite sign, there is no net
abp /® charge after the reaction, just as before, the gamma
positron ray having zero charge. The law of conservation of

charge is thus met. The total new mass produced is
twice the mass-energy of the electron, 2(0.51)=
1.02MeV, which means that the reaction can occur only if the gamma ray has at least this
amount of energy. The reverse process also takes place. As sketched in Fig.2.6, when an

Fig.2.5 pair production

electron and a positron combine, they are annihilated as e

material particles, and two y-rays of energy totaling at ®— @
‘ 1
least 1.02MeV are released. That these must be two g e
photons is a consequence of the principle of momentum Y
rays
conservation”.

We note that the total gamma ray cross section curve
for a substance, as the sum of the components for
Compton effect, photoelectric effect, and pair production,
exhibits a minimum around 3MeV energy. This implies wid
that y rays in this vicinity are more penetrating than those .
of higher or lower energy. In contrast with the case of rays
beta particles and alpha particles, which have a definite Fig.2.6 pair annihilation
range, a certain fraction of incident gamma rays can pass

27 a5 used to describe neutron

through any thickness of material. The exponential expression e
behavior can be carried over to the attenuation of gamma rays in matter. One can use the mean
free path A=1/Y or better, the half-thickness 0.693/3, as the distance in which the intensity of a

gamma ray beam is reduced by a factor of two.
2.6 The Properties of Alpha, Beta and Gamma Radiation

Alpha particles are nuclei of helium -4 with a mass of approximately 4u and a double
positive charge. They are, of course, much heavier than electrons so that they are not
significantly deflected as a result of an ionizing interaction with an electron, and they travel
through matter in straight lines. They cause intense ionization due to their double positive
charge, and so lose energy rapidly. Consequently alpha particles have a short and well-defined
range in matter which depends on their energy and the density of the material through which
they pass. The values for the range of SMeV alpha particles in air and aluminum are about
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3.5cm and 0.002 5cm respectively, from which it is evident that alpha particles can be easily
stopped and present no shielding problem in nuclear physics or engineering, although they do
present a health hazard if an alpha-emitting isotope is ingested in the body.

Unlike alpha particles which are emitted with discrete energies, beta particles are emitted
from a radioactive isotope with a spectrum of energies. They interact with matter by causing
ionization, but the effect is less intense than that due to alpha particles because of the smaller
charge and much smaller mass of the beta particles. The range of beta particles emitted by a
radioactive isotope is not well defined for two reasons, firstly the fact that they are produced
with a spectrum of energies from zero up to their maximum energy, and secondly the fact that
they do not travel in straight lines, but in zigzag paths resulting from a change of direction at
each ionization interaction. As a guide, however, the ranges of beta particles of 5MeV energy
in air and aluminum are about 2000cm and lcm respectively, so that although they are much
more penetrating than alpha particles they do not present a serious shielding problem; there is
however a similar ingestion hazard.

Gamma radiation has a much greater penetrating power in matter than beta particles and
consequently presents a serious shielding problem in any situation where it is produced in large
quantities. A nuclear reactor is an example of this and further consideration of the
characteristics, range and attenuation of gamma radiation in matter will be left to the chapter
devoted to radiation hazards and reactor shielding.

Self-test

1. When electrons of in heavy elements are displaced, the resultant high energy

radiation is classed as X-rays.

A. high energy B. inner orbits

C. outer orbits D. low energy

2. Beta particles are capable of producing____as they penetrate a substance.

A. large amounts of ionization B. energy

C. photons D. particles

3. Alpha particles are_____in their motion than electrons.

A. fast B. slowed C. heavy D. less readily deflected
4. A lot of ionization is produced by the heavy ion____it moves through matter.
A. as B. for C. with D. that

5. Alpha particle can____the outer layer of skin of the body.

A. penetrate B. pass

C. be accelerated D. be stopped by

6. In the photoelectric effect, the photonis___ .

A. produced B. found C. eliminated  D. increased

7. Electron and positron are_____equal charge but of opposite sign.
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A. divided to B. produced C. of D. with
8. The y-ray has_ charge(s).
A. many B. one C. positive D. zero
9. Beta Particles present shielding problem.
A. no B. no serious C.ua D. serious
10. Low energy neutrons usually interact with nucleus____than high energy neutrons.
A. more readily B. fast C. slower D. more difficult
11. Alpha particles are much____than electrons.
A. larger B. heavier C. lighter D. smaller
12. When radioactive isotopes decay the__are formed.
A. protons B. daughter products
C. radioactive isotopes D. neutron and electron
Rt ¥ ROk

Annihilation: Spontaneous conversion of a particle and its antiparticle into radiation
e.g.positron and electron yielding two y-ray photons each of energy 0.511MeV.

BK: ORLT R ROR T AR N ARST B A A e e, Bl IE B TR T AR AN RER & A
0.511MeV ] y T

Bohr theory: The theory on explanation of the structure and behavior of atoms,
representing them as consisting of a positively charged nucleus surrounded by planetary
negative electrons revolving in definite orbits; when an electron jumps to a smaller orbit,
monochromatic radiation is emitted.

BORBLER: R A AT D EE, ERBUR TP 5 BT B — PR E L
ESEH IEHRZIES), H[— W PR BBUMPUER, SUB0H B AR .

Bremsstrahlung: Electromagnetic radiation emitted when a charged particle changes its
velocity. Thus when electrons collide with a target and suffer large decelerations, the
X-radiation emitted constitutes the continuous X-ray spectrum.

WIBURST: 7 B 738 R SR N A A R R AR S, BRI 24 B i el — MR A 2R KR
BERS, BRI X RS R O SR X Sk .

Compton scattering: Elastic scattering of photons, i.e. scattering in which both momentum
and energy are conserved. A change in the direction of travel of a photon due to the interaction
between the photon and the medium.

REMAEUR . e T s rtse, EahEMEERATFENES . B FRN Rz maH
HAER, e Tiashym R e,

Cosmic rays: Strongly penetrating rays, discovered by Milliken in 1925, coming from
beyond the earth’s atmosphere and containing particles that move at extremely high speed.

T FENMBOFLE, 1925 EHHBERREIR, KREAMBRKSEZ S, GRS
HEEBN R T
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Decay: The process of spontaneous transformation of a radionuclide.

A JURTER R BRI

Ion pair: A positive ion and a negative ion or electron, having charges of the same
magnitude, and formed from a neutral atom or molecule by the action of radiation or by any
other agency that supplies energy.

Bx: TR BT T H AR e AL RE R BN MR, PR FE S B —
AMER T — AN 45 s A (0 T B B

Ionization: An electrically neutral atom or molecule acquiring a charge.

HE (TEAD: — ¥R 7 85 T3R8 A L F2

Kinetic energy: The ability of a moving body to perform work.

Zhfe: B PIAEBTIIRED .

Particle accelerator: A device in which atomic particles are speeded up by the application
of electric and magnetic fields; for example, cyclotron and cosmotron.

R RS — A o 3 A 37 4 P T o KR F s B, [ s 2
JoLF [ 2 a2 6% -

Photon: A light quantum; a unit of light or other radiant energy; the energy emitted
when an electron is transferred from an inner orbit of the atom to the next.

T, BT GEHMEES RER AL, BT AN A EERE A S — AN UE R B
AEE

Positron: Positron electron, of the same mass as and opposite charge to the electron,
produced in the decay of radio-isotopes and pair production by X-rays of energy much greater
than 1MeV.

IEHF: IE HLF R 7 A [ R SRR S AR AT, 7= A O P (R 02 28 (R 38 A8 LA J fig
AT IMeV B X S-S BUR B A AR .

Radioactivity: The spontaneous uncontrollable disintegration of the nucleus of an atom
with the emission of a,} and/or y rays.

U T8 B RE LRI T2, B o B ORI/EK y B2k,

Vacuum tube: Thermionic tube; an evacuated tube containing a heated electron-emitting
cathode, an anode that receives the electrons, and additional electrodes that control the flow of
electrons from the cathode to the anode.

o AETHE, RATE: M REERE, 58— RS BT R A%,
— AR SZ R 4 AR o s ) WA A 3] B A P 970 E ARG
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aluminum [8'juiminem] n. 45
analogy [@'neelad3zi] n. 4Ll
annihilate [8'naialeit] v. K
anxiety [een'zaiati] n. HH., tHEE
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attenuation [9,tenju'eifen] n. FEiW
beryllium [ba'riljem] n. 8
biological[baia'lodzikal] a. 4¥ (%) K
bulk [balk] n. Kk, KEZH

clump [klamp] n. #&f

collision [ka'lizan] n. i

competition [kompi'tifen] n. T
culminate [kalmineit] v. AFMLE, 45K
deduce [di'dju:s] v. #EiE, Sl

deflect [di'flekt] v. #r&f

deflection [di'flek[an] n. fm&, 75t
derivation [deri'veifen] n. S, ¥
diffraction [di'freek[on] n. f74%/
dislodge[dis'lod3] v. #3h, fEH
distinguish [dis'tingwi[] v. X#|, 43
division [di'vizen] n. 4r, %l

ejection [i'dzek[on] n. U, HEH
eliminate [i'limineit] v. &%

embrace [im'breis] v. &n. fE; #%
encounter[in'kaunta] v. #EF, #E3F
exponential [ekspau'nenfal] a. $5%1H
foil [foil] n. W, §

fractional ['freek[onl] a. Z2EEHY
helium ['hi:ljem] »n. &

hyperbolic [,haipa:'bolik] a. XUHHZEH)
hypothesis [hai'poBisis] ». fEik
incident ['insident] a. A

inertia [ina:fis] n. MtE, &M

ingest [in'dzest] v. WA

interaction [inter'sek[eon] »n. AEAEH
irradiate [i'reidieit] v. MY, wER
kilovolt['kilavoult] n. Tk

massive [ meesiv] a. K1, KEMH
mechanism ['mekanizem] ». #HLH, /EHEH
migrate [mai'greit] v. T8

mineral [minaral] n. % (&), THY
momentum [mau'mentam] ». #ZE
mutation [mju:'teifen] n. Z&fk, 45
mutual ['mju:tjusl] «. MEK, EFEE
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penetrate ['penitreit] v. %Fi&E, BEA

perspex [peispeks] n. AVLBHE

predate ['pri:'deit] v. fE-eeee 2 Hl

projectile [pro'dziktail] ». #iHE, AGHRT
propagate [popageit] v. f&i%

quantum [kwontam] »n. (5% quanta) &1
rigorously ad. &M, KERfHb

scatter ['skeeta] v. &n. HEUN, FHL
schematically [ski'meetikali] ad. HIREE, KigH:
screen [skri:n] n. &v. Bk, KEE

shielding ['[i:ldin] n. Bl a. B0
sketch [sket[] v. HEREE

spectrum ['spektram] n. i

stationary ['steifeneri] a. ##IEH

target ['ta:git] ». #&, Hix

vicinity [vi'siniti] 7.

visualize ['vizjuslaiz] v. HWll, W%

as a rule of thumb HRIELK

R X IE R

1. Radioactivity is harmful to...the danger.

f)rh yet @A, #AF|HETAIE; sensor organs R A E . BAIEN: BUNTEXAE
HLUE A HF N, B H BTN E, ASEMEALS)Y)E B A B H AE 8 i 2 e fEH KR AT .

2. The idea that we are vulnerable to...is somewhat unnerving.

BtA]H ) 5 /& The idea, JSTHI that..., that...and that... 2% E &M A, L The
idea, iXHl is somewhat unnerving /& R EE#), EHIEIERZ The idea. MHAJFEN: WAIES
ZRAR X RBNE CFEER TRERBD BEE, WREEALTHBRE, i1k
MAEE FAAFE AR EXR AR R ERE, KERIEEANBASZ .

3. As the positively charged...loses energy.

fJHh varying 5|5 CBRAE 43 17 45 15 1E attraction IETE . BEA)FR: 475 IE dAT A9 A SR
THERFEEN TN, SHTZEMERG N, BRI SEMNESZmAXREN
177, PP RaaeE, R Tk TR,

4. An incident photon of high enough...charged ion.

7] enough &1, BiHIEE A high. AN —MEERLEH PN FMET
PR AT, AT N EHIERANET.

5. That there must be two...conservation.

f)H That 5| FH2 EBENA . BaTFR: BIHEHAGT, KRR P4 15 R .
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Unit 3 Nuclear Materials

3.1 Fuels

3.1.1 Uranium

Uranium in one form or another is by far the most common fuel material for nuclear
reactors' . (By comparison, the use of thorium and plutonium has so far been on a very small
scale. ) It can be used either as pure uranium, a metal, or as a compound such as uranium
dioxide UO; or uranium carbide UC.

Uranium is a rather soft and ductile metal which oxidizes readily in air and water at high
temperature. Its melting point is 1133°C. It exists in one of three allotropic forms, depending
on its temperature. These three different forms are called the alpha, beta and gamma phases,
and changes from one phase to another due to temperature changes accompanied by density
changes. Alpha phase uranium has a density of 19g/cm’ and a thermal conductivity which
varies from 25W/(m * k) at 25°C to 42W/(m * k) at 665°C. The transition from the alpha to the
beta phase takes place at 665°C and is accompanied by dimensional changes in the crystalline
structure of the uranium, expansion along one axis and contraction along the others. To avoid
distortion due to these anisotropic dimensional changes 665°C is considered to be the
maximum operating temperature for uranium.

Metallic uranium is also very susceptible to radiation damage which produces
dimensional changes and swelling above about 450°C. Consequently high burnup of metallic
uranium fuel are not possible. In the British gas cooled Magnox reactors, which are the
principal users of this type of fuel, the burnup is limited to about 3500MW (d/tU).

To summarize, the low operating temperature, susceptibility to radiation damage and low
permissible burnup of uranium are serious disadvantages to its choice as a reactor fuel, and
account for its very limited use’.

Uranium dioxide UO; is a black powder which can be fabricated by cold pressing and
sintering at high temperature to produce small cylindrical pellets, and in this form it is by far
the most common material for the fuel of commercial reactors. In this ceramic form UO, has
good stability at high temperature and good resistance to radiation damage which enables it to
be used to high burnup. The melting point is 2865°C and the theoretical density is 10.96g/cm’,
although in practice the density of UO, pellets produced as described above is about
10g/cm’. The thermal conductivity is low, being about 2.5W/(m * k) in the temperature range
from 1000 to 2000°C, however this low thermal conductivity is compensated by the very high
melting point which permits high maximum fuel temperatures.

Uranium dioxide does not react with water at high temperature, a very valuable
characteristic as otherwise cladding failures in water cooled reactors would lead to serious
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reactions. It can retain a large fraction of the gaseous fission products at temperatures below
1000°C, but as the fuel temperature at the centre of a pellet is likely to be greatly in excess of
this value, provision must be made for fission product gas release’.  This is usually done by
having an empty space at the top of each fuel tube into which the gases can diffuse.

During operation in reactor UO, pellets suffer structural changes, principally as a result of
the high operating temperatures and high temperature gradients, but also as a result of
prolonged irradiation. The effects may include swelling, formation of cracks and voids in the
pellet and changes in the grain structure of the UO,. This type of fuel is normally subjected to
much higher burnup than pure uranium, and 5 percent or more of the original uranium atoms in
the fuel may undergo fission and be changed, each one to two intermediate mass fission
product atoms".

Uranium carbide, UC, is another ceramic fuel of possible interest, but it has not been
developed or used to anything like the same extent as UO,. It may have some advantages over
UQO,, principally its higher thermal conductivity and higher density which leads to more
uranium atoms per unit volume of fuel, which is an advantage in a reactor. UC reacts with
water, which makes it unsuitable for use in water cooled reactors, but it does not react with
sodium below 500°C, so it might be used in fast reactors. Its melting point, 2380°C, is rather
lower than that of UQO,, but this is compensated by its higher thermal conductivity. The
development of uranium carbide so far has been principally as the fuel for high temperature
gas-cooled reactors.

3.1.2 Plutonium

Pure plutonium metal is not suitable as a reactor fuel due to the large number of
crystalline phases which exist up to its melting point of 640°C. The thermal conductivity is
also very low, about 4.2W/mK at room temperature. Plutonium metal is highly reactive in
moist air, but it can be stored in dry air at low temperature. It is a very dangerous material,
being radioactive, toxic and an essential component of nuclear weapons, and is potentially a
serious health hazard, particularly if it exists as dust in the atmosphere and is taken into the
lungs by inhalation.

As a reactor fuel plutonium is used as the PuO,. Its melting point is 2400°C. Plutonium
dioxide is mixed with uranium dioxide to form mixed oxide fuel (MOX) which for fast
reactors typically contains 20 to 25 percent of PuO,. The properties of this mixed oxide fuel
are similar to those of UO; alone.

3.1.3 Thorium

Thorium has not been used as a reactor fuel to any great extent yet except in a few high
temperature gas-cooled reactors. “°Th is the fertile isotope from which uranium 233 is
produced, and it is theoretically possible to obtain high breeding ratios in thermal as well as
fast reactors using this combination. Pure metallic thorium has a melting point of about
1700°C. It is superior to uranium due to its better stability, but it is not used as a fuel in its pure
form. Instead it is used either as thorium dioxide ThO, or thorium carbide ThC,. To date these
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compounds have only been used to a very small extent in a few high temperature gas-cooled
reactors.

Thorium dioxide is similar in many respects to uranium dioxide. It is produced by the
same methods of powder metallurgy, and it is chemically inert and has a good resistance to
radiation damage. Thorium carbide has been used in the form of coated particle fuel in HTGRs’,
Very small spherical particles less than 1mm diameter of mixed ThC, and UC; (highly enriched
in V) are coated with thin layers of pyrolytic carbon and silicon carbide to retain fission
products. These particles are dispersed in graphite to form a homogeneous mixture of fuel and
moderator which has a very high operating temperature and good resistance to radiation

damage.

3.2 Moderators

The requirements of the moderator for a thermal reactor, namely low mass number, very
low neutron capture cross-section and high scattering cross-section, limit the choice to only a
few materials. Hydrogen and its isotope deuterium, carbon and beryllium are the only elements
that are suitable. Hydrogen and deuterium, being gases, are not sufficiently dense and must be
used in the form of compounds, water and heavy water being the obvious choices. The use of
hydrocarbon compounds has been tried, but has not been successful and such materials are not
used as moderators. It is interesting to recall, however, that Fermi used paraffin wax in his
early experiments in the 1930s to slow down neutrons and study their interactions with the
elements, so he was one of the first scientists to be aware of the effects of neutron moderation.

Beryllium has a very low neutron capture cross-section (0.000 9 barns), high melting
point (about 1300°C) and good strength, and at one time it seemed possible that it would find
an application either as the moderator or the fuel cladding in thermal reactors. However, it and
its compounds are toxic, and beryllium itself has low ductility and poor corrosion
resistance. Beryllium oxide BeO also has undesirable properties. As a result of this neither
beryllium nor its oxide has found any use in power reactor, and it is unlikely that they will be
used in the future.

The choice of moderators for thermal reactors is thus limited to three materials-water,
heavy water and carbon in the form of graphite.

3.2.1 Water

Water is an obvious choice for the moderator of a thermal reactor, and it can also serve as
the coolant. It has excellent neutron slowing down properties which enable water moderated
reactors to have much more compact cores than are possible in other types of thermal
reactors. The capture cross-section of water is rather high (0.66 barns per molecule) so that
water moderated and cooled reactors require enriched uranium for criticality. It is, of course,
abundant, cheap and easily obtainable with high purity.

The main problem associated with the use of water as the moderator and coolant in a
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power reactor concerns its rather unfavorable thermodynamic characteristics. The saturation
pressure and temperature relationship is such that high pressures are required to prevent boiling
at high temperatures, e.g. a pressure of 150 bar is required to allow water to reach a
temperature of 340°C without boiling®. Pressures of 15 to 16 MPa are typical of pressurized
water reactors, in which the temperature is limited to about 325C.

It is important to maintain water purity in a water cooled and moderated reactor, firstly to
minimize corrosion and secondly to prevent the water from becoming radioactive due to (n, y)
reactions with the impurities as the water flows through the reactor core. Radiation levels in
the water can influence the radiation dose levels to which power station operating and
maintenance staff are exposed, and the maintenance of high water purity assists in reducing
operator exposures.

3.2.2 Heavy Water

Heavy water is similar to ordinary water in most of its physical and thermodynamic
properties. The principal difference is that deuterium has a much lower capture cross-section
than hydrogen, and the capture cross-section of heavy water is only 0.001 barns. Deuterium is,
however, not such a good moderator as hydrogen. Consequently, heavy water moderated and
cooled reactors use natural uranium as their fuel, but their core sizes are rather larger than
water moderated reactor cores. An important difference is that heavy water is very expensive
to produce by separation from ordinary water, and losses by leakage must be minimized.

3.2.3 Graphite

The first nuclear reactor in the world, CP-1 (Chicago Pile 1) was moderated with graphite,
and although this material has not been used subsequently in American commercial power
reactors, it has been used extensively in British reactors. Its nuclear characteristics,
i.e.slowing down power and capture cross-section are not as good as those of heavy water, but
it is readily obtainable in a pure form at reasonable cost and is easily machined. Its structural
and thermal properties are good although it reacts with oxygen and air at high temperatures.
Graphite has a high thermal conductivity [130~190W/(m-K)] and it sublimes at 3650°C
without melting, so there is for all practical purposes no limit on its maximum operating
temperature. Graphite cores are assembled from large numbers (many thousands) of blocks of
rectangular shape in which holes are provided for fuel elements and control rods.

The effect of prolonged neutron irradiation on graphite is very important, as such
irradiation causes dimensional changes and the buildup of stored energy within the crystalline
structure. The dimensional changes are due to the anisotropic crystalline structure of graphite,
and they depend on its temperature during irradiation. Below 300°C there is a contraction
along one axis and expansion along another. At higher temperature there is contraction in all
directions. The design of a graphite core and keys which hold one block in position relative to
its neighbors must make these dimensional changes possible without damage or distortion of
the core.

The stored energy, sometimes called Wigner energy, is due to the energy required to
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displace atoms in the graphite’s crystalline structure. Neutron irradiation causes the
displacement of atoms, and if they do not return to their original positions, this energy remains
stored in the graphite. This is the case at temperatures below 100°C. At higher temperatures
partial self-annealing of the graphite takes place and some of the stored energy is released. It is
necessary to release the stored energy in a controlled way otherwise, if it is released too
rapidly, the graphite temperature can rise disastrously. This occurred at one of Britain’s two
original gas-cooled plutonium producing reactors at Windscale Cambria’ in 1957. On that
occasion an uncontrolled Wigner energy release caused the graphite temperature to reach such
a high level that the graphite burned and the core of the reactor was destroyed.

Present British gas-cooled reactors operate with graphite temperatures of about 400°C at
which there is continuous self-annealing of the Wigner strain energy, and no possibility exists
of a repeat of the Windscale accident.

3.3 Coolants

The principal requirements of the coolant for a nuclear reactor are follows.

(1) Good thermodynamic properties, namely high thermal conductivity, density and
specific heat, and low viscosity.

(2) Chemically non-reactive with other components of the reactor.

(3) Very low neutron capture cross-section.

(4) It should not become radioactive as a result of (n, y) reactions which may occur when
the coolant is passing through the core of the reactor.

Among the gaseous coolants, some can be eliminated from consideration for one reason
or another. Oxygen and hydrogen are both reactive, the latter explosively so. Nitrogen has a
significant capture cross-section (1.8 barns). Air, being a mixture of oxygen and nitrogen can
also be ruled out. Oxygen 16 undergoes an(n, y) reaction with high energy neutrons (e.g.fission
neutrons) to form nitrogen 16 which is radioactive, but its half-life is only 7 seconds, so the
radioactive hazard is short-lived. The two most suitable gaseous coolants are carbon dioxide
and helium.

Carbon dioxide is a fairly unreactive gas, but it does react at high temperatures with
certain types of steel and with graphite. Both these reactions have proved troublesome in
British gas-cooled reactors in which carbon dioxide has been chosen as the coolant. Its
advantages are its inertness, availability and cheapness, and the very low capture cross-sections
of both carbon and oxygen. Carbon 13, which is a very small constituent of naturally occurring
carbon, captures neutrons to a very small extent to form radioactive carbon 14 which poses a
minor hazard if carbon dioxide leaks or is vented from a reactor to the atmosphere.

Helium is inert, has good thermodynamic properties and does not pose a radioactive
hazard, so it might be regarded as the ideal gaseous reactor coolant. Unfortunately, it is not
readily available in large quantities and is expensive. Its use as a reactor coolant is at present
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confined to the few high temperature gas-cooled reactors operating in the USA and Germany.

The properties of water and heavy water as reactor coolants have been described in the
preceding section, but their moderating ability makes them unsuitable for use as coolants in
fast reactors.

Liquid metals are potentially excellent reactor coolants because of their good
thermodynamic properties, in particular their high thermal conductivity which leads to very
good heat transfer coefficients. Sodium, lithium, mercury and sodium-potassium alloys are all
possibilities, but of these only sodium has been used to any great extent, exclusively in fast
breeder reactors. Sodium-potassium alloys may become more commonly used. Mercury is very
expensive and is toxic, as well as having too high a capture cross-section for use in thermal
reactors. Lithium is similar to sodium in many respects, but has a higher melting point and is
more expensive.

Sodium is the standard coolant for the still fairly small number of fast breeder reactors
operating in the world. Its melting point is 98°C and its boiling point at atmospheric pressure is
890°C. So it is not necessary to use sodium at higher than atmospheric pressure, which is a
distinct advantage. It is highly reactive with air and water, so high integrity pipework and heat
exchangers are necessary to avoid leakage. Sodium has a fairly low capture cross-section (0.5
barns) but it does undergo the *Na(n, y) ** Na reaction, and intermediate heat exchangers are
required to contain the radioactive **Na within the biological shield of the reactor. Sodium is
not corrosive to most structural materials provided its oxygen content is maintained low®. The
formation of sodium oxide in the coolant circuit can lead to plugging unless it is removed in
cold traps.

Sodium-potassium eutectic alloy with a melting point of —11°C can be used for the decay
heat removal systems of fast reactors as the coolant temperature in these systems may fall
below the melting point of sodium.

3.4 Cladding Materials

The fuel cladding materials require a very low neutron capture cross-section, good
thermal conductivity and good strength at high temperatures to resist thermal stresses,
deformation of the fuel and buildup of fission product gas pressure inside the cladding. In
addition the cladding should be easy to fabricate and not liable to corrosion or other chemical
reactions with either the fuel or the coolant. The following metals and their alloys satisfy some
if not all the above requirements, and have been considered for use as fuel cladding:
aluminium, beryllium, magnesium, zirconium and stainless steel.

Berylium has not proved to be suitable material for use in reactors, and it has not been
developed as fuel cladding.

Aluminium has been used as the cladding material for low power research reactors in
fairly low (0.23 barns) capture cross-section but its mechanical properties such as strength and
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hardness are quite low and aluminium cannot be used in situations of high stress or
temperatures greater than 300°C. Consequently it cannot be used as a cladding or structural
material in power reactors, and its use as noted above is solely in research reactor, in which it
is often used in the form of an inter-metallic compound with uranium.

Magnesium has a very low capture cross-section (0.063 barns) but like aluminium it is a
soft metal of low strength with a maximum operating temperature of about 450°C. It is also
very reactive, oxidizing readily in air. The characteristics of magnesium particularly as regards
oxidation, can be greatly improved by the addition of small quantities (less than 1 percent) of
aluminium and beryllium, and the alloy thus formed, called Magnox, has been used
extensively as the cladding material in British gas-cooled reactors. However, the maximum
operating temperature of Magnox is about 450°C, and this places a limit on the thermodynamic
performance of these reactors.

Zirconium has a low capture cross-section (0.185 barns), a high melting point (1850°C),
good mechanical properties and a high resistance to corrosion by water. These properties make
it an excellent cladding material for reactors. The mechanical properties and corrosion
resistance can be further improved by alloying zirconium with small quantities of tin (1.5
percent), iron (0.15~0.2 percent), chromium (0.1 percent) and nickel (up to 0.05 percent). The
resulting alloys, Zircaloy —2 and Zircaloy —4, are used extensively as the cladding and in-core
structural materials for water and heavy water moderated and cooled reactors. They are the
preeminent fuel cladding materials at the present time.

At very high temperatures, above about 1000°C, zirconium and the zircaloys can react
with steam to form hydrogen, which is potentially very hazardous. The conditions which might
give rise to this reaction can occur after a reactor loss-of-coolant accident when the fuel and
cladding overheat as a result of inadequate decay heat removal. If the cladding temperature
exceeds 1000°C and the cladding comes into contact with steam, then the hydrogen producing
reaction occurs, possibly with explosive results.

Stainless steel is well known for its excellent mechanical properties and corrosion
resistance. Unfortunately its capture cross-section, which depends on the type of steel and the
precise quantities of chromium and nickel in it, is too high for stainless steel to regard as ideal for
fuel cladding or other in-core uses’. It is not now used as fuel cladding in pressurized water
reactors, but it is used in the advanced gas-cooled reactor and in fast breeder reactors (FBRs). In
the latter the rather high capture cross-section is of less importance than in thermal reactors.
Stainless steel is used extensively for out-of-core uses in PWRs and FBRs where its excellent
corrosion resistance is invaluable.

3.5 Control Materials

Materials for controlling reactors need to have high capture cross-section, Several such
materials are available. In addition other materials of lower cross-section can be used in the
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reactor core for “flux-shaping” and fine control'’. Stainless steel rods can be used for this
purpose.

Of the control materials, boron (6.=760 barns) is the most common. It cannot be used by
itself, but may be alloyed with steel or used in the form of boron carbide encased in
steel. Boron can also be used to compensate for long term changes of reactivity (such as fuel
burnup) in the form of a burnable poison, boric acid, dissolved in the coolant of a pressurized
water reactor.

Indium and cadmium both have high capture cross-sections (195 and 2450 barns
respectively) but both have melting points which are too low to permit their use in power
reactors. In the form of an alloy containing 80 percent silver, 15 percent indium and 5 percent
cadmium, these elements are used as control rods in pressurized water reactors. The alloy has
an adequately high melting point, but must be encased in stainless steel to protect it from
corrosion.

Hafnium (o.~113barns) is a good control material, having adequate mechanical strength
and good corrosion resistance. However, it is too expensive to be used on a large scale for
commercial reactors.

Gadolinium (o,=46 000barns) is used as a burnable poison in some reactors such as the
advanced gas-cooled reactor.

Hydrogen and deuterium moderators.
. cannot be used as B. are suitable

Self—test
1. Boron is the most common materials reactors.
A. controlling B. to control C. for D. for controlling
2. Uranium dioxide can____high burnup.
A. not he used to B. beusedto C. useto D. be used with
3. After long time operation in reactor, UO, pellets____ structural changes.
A. don’t suffer B. have C. suffer D. present
4. The melting point of uranium dioxide is____plutonium dioxide.
A. higher than that of B. the same as
C. lower than that of D. similar to
5. During common reactor operation zirconium____steam.
A. reacted with B. cannot react with
C. call react with D. cannot be reacted
6. The mechanical properties of zirconium are____stainless steel.
A. better than that of B. poorer than that of
C. same as that of D. same to
7.
A
£

are good D. are used as
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8. Beryllium as fuel cladding in power reactor.

A. isused B. use
C. has been used D. hasn’t been used
9. The density of heavy water is____ water.
A. different from B. the same as
C. heavier than D. heavier than that of
10. Graphite cores are assembled_____large numbers of blocks of rectangular shape.
A. of B. with C. from D. for
11. If Wigner energy is released too rapidly, the graphite temperature can rise_____.
A. dangerously B. more C. violent D. highly
12. Liquid metals are potentially excellent reactor___ .
A. moderator B. structure material C. coolant D. material
X Bt F R

Burnable poison: Neutron absorber introduced into reactor system to reduce initial
reactivity but becoming progressively less effective as burn-up proceeds. This helps to
counteract the fall in reactivity as the fuel is burned up.

AREEY: —Fih IR, RN RN HERSE, FLARRIEHILG RS, TG 7EA e
B ERA BRI &R RAME da THRAH I FE 1 & A N1 R R

Burnup: (DIn nuclear fuel, amount of fissile material burned up as a percentage of total
fissile material originally present. (@Of fuel element performance, the amount of heat released
from a given amount of fuel, expressed as megawatt days per tonne.

RAFE: OERRRELT, keha i) RAA L SYIAAFTE R R TR R B 2 . @% &
BB ETRBUHME, B (MW - d/t) For, 1ERREERER AR .

Cladding: Thin protective layer, usually metallic, of reactor fuel units to contain fission
products and to prevent contacting between fuel and coolant.

5. B ERMEEIR, AR YRB RS HIFR A, R NIRRT
(73 Al=E

Coolant: The gas, liquid or liquid metal circulates through a reactor core to carry the heat
generated in it by fission and radioactive decay to steam generators.

R TREATE R AR, 4 R R M T P A I B B AR R A AR A
. BIASRBEAEER.

Fertile isotope: A nonfissionable isotope in a nuclear reactor which can be converted by
the capture of a neutron into fissile isotope.

WS RIALER . 7E R N HE Rl (AR — b T e e o 5 AR [l RO JE R AR R 2 .

Graphite: Naturally occurring allotropic form of carbon; used as moderator in nuclear
reactors.

Ads: RIRTFENRRREK, 7ERNHEPIERLHN.
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Heavy water: Deuterium oxide D,O; its chemical properties are the same as those of
water but its physical properties are different.

FK: FAI D0, FEARKIFHER S EEAME, ERYE R T .

Moderator: A substance, such as graphite, paraffin, water or heavy water, used in a

nuclear reactor to slow down neutrons.

WAL FER R e R SRRAR PRI, AR, B, AKEEKSE.

Plutonium: A radioactive element formed by the loss of an electron from the nucleus of
neptunium; chemical symbol Pu; atomic number 94.

e —MsU T E, BENRTRRE BTN H¥FS Pu, T %4,

Reactivity: The departure of the multiplication constant of a reactor from unity, measured
in different ways.

RN RNV RS | S, TRARKNAERER.

Sintering: Compacting metal powder into a continuous mass by compressing and then
heating below the fusion temperature; the particles are held together by cohesive force.

Pedh: B RGBSR ARESR—NMELNYR, RE DR THAEREHETINR, M
FLEEFIR SIS e — i

Swelling: Change of volume of fuel which may occur during irradiation.

Pk BRRESZ AR R AT e R A AR AR AL .

Thorium: A Corrosion-resistant, ductile dark-gray radioactive metal; chemical symbol
Th; atomic number 90.

BL: —Flinf fgnk, AEEREKEES TR, WERS Th BT 90.

Wigner energy: Energy stored within a crystalline substance. Changes in physical
properties of graphite resulting from the displacement of lattice atoms by high-energy neutrons
and other energetic particles in a graphite reactor.

YRR ANRER: FEFEREDITRIRER. £A BHEDASHT 23 &P FRIHEA G
BRCFHMER, 3R B IR AR T 5 i A ) B A R

Zirconium: A metallic element, symbol Zr, atomic number 40, atomic mass 91.22,
melting point 2130K. Its low neutron absorption and its retention of mechanical properties at
high temperature make it an useful construction material of nuclear reactors.

B ZRLE, TS5 Zr, JRTFE 40, BRFRE 91.22, ¥E 2130K. B TH P 7Rk
HIRE, HEilE FReRiE VI MERE, Fite &R NS TR E.

] iC

allotropic [eelau'tropik] a. [EZEREM
anisotropic [9,naisau'tropik] a. &R
beryllium [ba'riljam] »n. &%

boric acid  #lif#&

boron [boiren] n.
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cadmium [keedmiam] n. 4

carbide [ka:baid] n. LY

ceramic [sireemik] a. FEM

chromium [kreumjem] n. 4%
component [kem'paunant] ». JoE, 4D
conductivity [ kondak'tiviti] »n. £ES%
corrosion [ka'rauzan] n. &l

crack [kreek] v. &n. W

criticality [kriti'keeliti] ». WWF (F, K&
crystalline [kristalain] a. &R

diffuse [difjuiz] n. Pk

dimensional [di'menfenal] a. R~
dioxide [dai'oksaid] n. iYW
distortion [dis'to:[an] n. 75, i, AR
dose [daus] n. &

ductile [daktail] a. FIZERER), 53K
enrich[inrit[] v. &S, K45
eutectic[ju:'tektik] a. FL&EH

exposure [iks'pauza] n. IHRIE

fabricate [feebrikeit] v. &, 4=
fraction ['freek[an] n. 3%, 4>
gadolinium [,geeda’liniem] n. 4L
hafnium ['heefniom] n. %

homogeneous [homa'dzi:njes] a. ¥25JH
hydrocarbon ['haidrau'ka:ben] #. BELESY
indium['indiam] #n. 4

inert[i'na:t] a. EHER

inhalation [,inha'leifen] n. WA
integrity [in'tegriti] ». 5%, —{&fk
liable [laiobl] a. 5+l

magnesium [meeg'niiziem] n. %
Magnox ['meegnoks] n. Hignlisd4
metallurgy [me'teelodzi] n. B4

moist [moist] a. @Y

nickel ['nikl] ». 4%

oxide ['oksaid] ». &a. AL (KD
oxidize ['oksi,daiz] v. f#E kL, 4+
paraffin [peerafin] ». Fi

pellet [pelit] ». #RELEH, K
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phase [feiz] n. #
potassium[pa'teesjom] n.
powder [pauda] n. ¥k
pre-eminent [pri:'eminant] a. LK
pyrolytic a. #f#H

retain [ri'tein] v. {R¥F, RE
saturation [,seet[a'reifen] n. Hifl
scale [skeil] n. FifE, RJE
self-annealing n. HIEX

silicon ['siliken] n. #t

sodium ['seudjem] n.
sublime [sa'blaim] v. FHE
superior [sju'piaria] a. ®HK
susceptible [sa'septabl] a. UK
thermodynamic [[8a:maudai'neemik] a. #J1%EH
tin [tin] n.

toxic [toksik] a. BHEHEK
transition [treen'sifan] n. 4
trap [treep] n. . WES
viscosity [viskositi] n. Fith
void [void] n. ZM

wax [weeks] n. B

zircaloy [za:kaloi] n. #&4&
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1. Uranium in one form...nuclear reactors.

At by far the most common F7ri ¥ F Y, by far ZINFE UL T the most [FEAE.
AN ANETE R 2% S HE A B w I — R R

2. To summarize, the low...limited use.

AP EBA IR ESNR, — SR RS)iE are, B —ANEB01A account. ¥ANFR: &
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3. It can retain...gas release.

f]5 It 45 uranium dioxide, as 2P AMERE, ©5|SHERERIEMN GBS @ik Ea).
BA)FEN: H[EECT 1000°CH, —HMMBRREEXT VB ERNSE, ERBREN R
R R — AR 8 TX IR, R 20 % EB A A AR K 8 L 1) 5

4. This type of fuel...product atoms.

fJ* each one #§ uranium atom; be changed 5 /5 1HI ] to FHIERE, UGB RE T e :
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AN XFPRB MRS A AR LA IR S AR, BB R T R 0 Z TECE £ 4
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5. Thorium carbide...fuel in HTGRs.

f]# HTGRs /2 High Temperature Gas-cooled Reactors (45 . #aJ3%E N BibELLR
J2 FOREL P A Ay e il e HE R

6. The saturation pressure...without boiling.

0 such that * ) such {E{iA], such that K7 (&) X (LLET), that 5| F KM
R such. AN WANRREFME )RR RZXH: EAER FA~EREREE—
MNEKES, FIaikKES] 340°C T A 2 150 ERES.

7. This occurred at...Windscale Cambria.

Cambria AR, #4, AL TREBEZERmR, 78, b W=EHIGEZ /R 28, SFR¥
/R Windscale ¥ £ 3r#% /K 2 2A0 HE R — M4 .

8. Sodium is not...maintained low.

f)h provided R, FHER “HE”, EAPFIIFRERENG. BAFER: HBEE
& B ORFFEE LEBUR AT, 8% K H 2 S5 M L A8 A F lAE

9. Unfortunately its...in-core uses.

f)5 which 5] S /& EiEM A, &M capture cross-section. #A)FE R BRI RE, i
AR T IR R TOR &, A E A REVE BB Se R Al HE S A B AR AR, & b e i
HMERR MBI H S ER .

10. In addition...for “flux-shaping” and fine control.

A9 flux-shaping F7x “H il BT, BAFER: Hob, BART AR i H A AR AT
FAE SN HERE LS A, A T~ vp 3 A A T RS A i
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Unit4 The Theory of Nuclear Reactors

It is now appropriate to consider the necessary requirements for a chain reaction, and also
some other topics that are of importance in the development of nuclear energy for peaceful
purposes.

The achievement of a system in which a controlled, self-sustaining fission chain reaction
takes place is the first requirement, as this is the way in which the energy of fission can be
released, also in a controlled way, and put to good use'. The system in which the chain reaction
takes place is called a nuclear reactor, and there are many possible types of reactor, depending
on the materials of construction and the energy of the neutrons which cause fission. In this
lesson we will consider qualitatively the conditions necessary for a chain reaction and will
identify a number of different possible reactor types. Some types of reactor require enriched
uranium to achieve a chain reaction, and the processes for enrichment are briefly described.

The complete utilization of the world’s resources of uranium to provide energy is an
important aspect of nuclear power, and the discussion of this topic leads to a description of the
types of reactor and the fuel cycles that will enable not only uranium, but also thorium to be
used as a long-term source of energy.

Finally, the role which nuclear power can play in supplying a world in which energy
demands are increasing and resources are being rapidly depleted will be discussed.

4.1 The Chain Reaction

The condition that is necessary for a stable, self-sustaining chain reaction is that exactly
one of the neutrons produced in one fission event proceeds to cause a second fission from
which one neutron goes on to cause a third fission, and so on’. In such a reaction the neutron
density and fission rate remain constant. This condition can be expressed by means of a
multiplication factor, & ,which is defined as the ratio of the number of neutrons in one
generation to the number of neutrons in the preceding generation. When this factor is exactly
one the condition for a stable chain reaction is satisfied and the reactor is said to be critical. If
this factor is greater than one the reactor is supercritical and a divergent chain reaction exists in
which the neutron density and fission rate increase, possibly at an explosive rate as in an
atomic bomb. If the multiplication factor is less than one the reactor is subcritical and the chain
reaction decreases and eventually dies out.

A nuclear reactor is an assembly of many components of which at this stage we need mention
a few of the most important. The most important component of any reactor is the fuel in which
fission takes place and energy, in the form of heat, is released. At the present time uranium is the
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most widely used nuclear fuel, although the isotope *¥py is becoming increasingly important. In
many reactors a light element is included for the specific purpose of slowing down neutrons from
fission to thermal energy at which they are most effective for causing further fission. This material
is called the moderator. Finally cladding materials are required to contain and support the fuel and
prevent the release of radioactive fission products, and in the case of all reactors, except those
operating at very low power, a coolant is required which is circulated through the core to transport
the energy released in the fuel by fission to external heat exchangers.

Returning to the conditions for a critical reactor we can say that the rate at which neutrons
are used up or lost in a reactor must be exactly equal to the rate at which they are produced by
fission. Neutrons are used up or lost in two ways, either they leak out of the reactor or they are
absorbed within the reactor. Absorption within the reactor includes fission and capture in the
fuel and capture in the other materials of the reactor such as the moderator, coolant, cladding
and control rods. The relative rates at which these processes take place depend on the size and
composition of the reactor. It is the purpose of reactor theory to analyze the various processes
in a reactor, determine their rates and calculate for a given composition and size of core the
value of the multiplication factor. Alternatively the calculation may be directed towards
finding the critical size or composition of a reactor for a given value of the multiplication
factor.

As an introduction to this type of problem let us consider the possibility of a chain
reaction in an infinitely large system of pure natural uranium which consists of 99.285 percent
58U and 0.715 percent *°U. (The ratio of ***U atoms to *U atoms is approximately 139to 1.)
The purpose of considering an infinite system is to avoid for the present time the question of
neutron leakage as neutrons cannot leak out of an infinite system.

4.2 The Neutron Cycle in a Thermal Reactor

Accurate calculations of the multiplication factor for any reactor must take full account of
all the processes involving neutrons between the time when they are produced by fission and
time when they eventually disappear either by absorption or by leakage from the reactor’. The
procedure is simplified if we consider various parts of the neutrons lifetime separately, and we
will apply this method to a thermal reactor of finite size fueled with natural or enriched
uranium.

Consider » neutrons at an average energy of 2MeV produced by thermal fission in
“®U. Before these neutrons slow down below 1MeV there is a possibility that a few cause
fission, referred to as fast fission, in 2>*U. The fast fission factor, £, is defined as the number of
neutrons slowing down below 1MeV per neutron produced by thermal fission.

Now né€ neutrons are slowing down below 1MeV and continue to slow down as a result
principally of elastic scattering collisions with the moderator. During the slowing down
process some neutrons leak out of the reactor, and some neutrons are captured in the **U
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resonances. The resonance escape probability, p is defined as:

The fraction of neutrons which escape capture in the *U resonances during slowing
down in the reactor.

The fast non-leakage probability, Py, is defined as the fraction of neutrons which do not
leak out of the reactor during slowing down.

The number of neutrons which slow down and become thermal is ne p Pys.

Once the slowing down process is complete and neutrons are thermalized they will
continue to diffuse in the reactor until they are absorbed or leak out. Only a fraction of the
absorption of neutrons is in the fuel, and some neutrons are captured in the moderator, coolant
or structural materials of the core. The thermal non-leakage probability, Pnim, is defined as the
fraction of thermal neutrons which do not leak out of the reactor.

The thermal utilization factor, £, is defined as the fraction of thermal neutrons absorbed in
the reactor, which are absorbed in the fuel.

It is evident that the number of neutrons which is absorbed in the fuel, is #&/Pxis Pnin- Not
all these neutrons cause fission, in fact in natural uranium our earlier calculation indicates that
about 55 percent of thermal neutrons absorbed in the fuel cause fission, and that the number of
neutrons produced is about 1.33 per neutron absorbed in the fuel. This quantity, the average
number of fission neutrons produced per neutron absorbed in the fuel, has the symbol # and is
usually just called eta.

Finally, therefore, at the beginning of the second generation nepfPnis Pnia fission
neutrons are produced from » fission neutrons at the beginning of the first generation. From
our definition of the multiplication factor, which is called more explicitly for a finite reactor
the effective multiplication factor, k. we can write”:

ket = pfMPNLiPNLn

It is often convenient to consider an infinitely large reactor, as this enables us neglect
neutron diffusion and leakage, and Py ~=Pniew=1. The multiplication factor is then referred to
as the infinite multiplication factor, k-, and is expressed by the important Four Factor
Formula:

k= =epfn

The relationship between the two multiplication factors is:

kes=k~ Pxps Pnrin

It was pointed out that for certain types of reactor enriched uranium is necessary to
achieve criticality. The most important example is the pressurized water reactor which requires
slightly enriched uranium with 2 to 3 percent of “°U. Some current British graphite moderated
reactors use fuel of a similar composition. Uranium fueled fast reactors (of which very few
have been built) require highly enriched uranium with 25 to 50 percent of *°U.

The process of enriching uranium involves a partial separation of the ***U and Z**U so that
the product has a higher concentration of U than that of natural uranium. The waste, known
as the tails, has a lower concentration. Two processes are available for uranium enrichment on
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a commercial scale. In both of them; natural uranium is converted to the gaseous compound
uranium hexafluoride UFs and the two isotopes of uranium produce two gases of slightly
different density, the >**UFg being slightly more dense than the P3UFs. Both processes make
use of the slight difference in density to achieve separation of the isotopes. In the gaseous
diffusion process the UF4 gas diffuses through a series of semi-permeable membranes, and in
the centrifuge process the UF; gas is spun at high rotational speed in a centrifuge.

4.3 Conversion and Breeding

One important point to emerge from earlier section of this lesson is that in thermal reactors
fueled with uranium, either natural or enriched, practically all the fission occurs in *°U. In fast
reactors, which contain no moderator and in which neutron energies are much higher than in
thermal reactor, >**U fission occurs to a small extent, but even in this type of reactor, it is ~°U
fission which predominates and sustains the chain reaction. It is nearly correct to say, therefore,
that only the *°U in natural uranium contributes energy directly from its own fission.

Although **U cannot itself be used as the fuel in a nuclear reactor, it does have a vital
role to play as an isotope from which new fissile fuel can be created’. In a uranium fueled
reactor, a significant fraction of the neutrons produced by fission, possibly 30~40 percent, are
captured in **U and produce *’U by an (n, y) reaction. U is the start of a radioactive decay
chain which produces **’Np, also radioactive and **’Pu, which has a very long half-life and
almost be regarded as a stable isotope. The processes involved are:

U, y)?U —— PNp —— Z°Pu(T=25 000years)
*%puy, as already pointed out, is fissile, its characteristics as far as fission is concerned are

similar to those of **U, and it can be used as the fuel in both fast and thermal reactors.
Another isotope which has characteristics similar to *U is ** Th, the only naturally

occurring isotope of the element thorium. This isotope can only undergo fission with neutrons of

energy greater than about 1.4MeV, so it cannot sustain a chain reaction and be used directly as a

nuclear fuel. However, as a result of neutron capture in >**Th the following processes take place:
#2Th(n, y)**Th —&— #?pa —& 5 3(7=1.6x10’ years)

*3U is fission with neutrons of all energies and like 2°U and *’Pu it can be used as the

fuel for nuclear reactors.

The importance of ***U and **Th lies in their ability to act as fertile materials from which,
as a result of neutron capture in nuclear reactors, the fissile isotopes *°Pu and U are
produced. This process is known as breeding or conversion, and it provides the method
whereby “**U and ***Th can be used as sources of energy through fission.

An important characteristic of a nuclear reactor, particularly one which is designed to
produce new fissile material by one of the processes just described as well as power, is the
ratio of the rates at which fertile material and fissile material are used up®. This ratio is the
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breeding ratio B and is defined as the number of new fissile atoms produced in a reactor per
atom of existing fissile fuel consumed by fission and neutron capture.

If the breeding ratio is exactly 1 then the quantity of fissile fuel remains constant, if it is
greater than 1 the quantity of fissile fuel increases. And if it is less than 1 the quantity of fissile
fuel decreases. In order to utilize all the world’s resources of 2**U and *’Th it is essential that
some, though not necessarily all, of the world’s reactors are designed so that their breeding
ratios are greater than 1.

The following simplified argument illustrates this point. Consider a reactor (or a number
of reactors) whose breeding ratio is B, fueled with natural uranium, the total mass of ) being
M tons. If all the **°U is burned up, the quantity of “**U converted to™’Pu is approximately BM
tons. If this plutonium is used to provide the second charge of fuel for the reactors, and if the
value of B is the same for a plutonium fueled reactor as for a uranium fueled reactor (which is
not strictly true as we shall see), then the use of BM tons of 2Py results in another B*M tons of
e being converted to 239Pu, and so on. The total amount of uranium used up would be M
+BM+B*M++++, If B<1, then this is equal to M/(1-B). If this results were exact, which it is not,
the value of B necessary to use up all the natural uranium originally in the reactors would be
about 0.993, or for all practical purposes 1’. In fact it is necessary that the value of B should be
slightly greater than 1 as the foregoing argument neglects the inevitable losses of plutonium
and uranium during chemical processing, separation of fission products and manufacture of
fuel elements.

If the value of B is much less than 1 then only a fraction of the available uranium is used
up, for example if B=0.75, then theoretically 2.86 percent of the natural uranium can be used,
still a very small fraction which in practice would be even smaller.

The dependence of the breeding ratio on other reactor parameters can be deduced
from the following argument. When a neutron is absorbed in an atom of fissile fuel, that
atom 1s consumed (in the sense used in the definition of the breeding ratio) and #;
neutrons are produced, where #¢is the average number of neutrons produced per neutron
absorbed in the fissile fuel. For a steady chain reaction in a reactor one of these neutrons
must be absorbed in another atom of fissile fuel to keep the reaction going, and according
to the definition of the breeding ratio, B neutrons must be captured in the fertile

material. Some neutrons will inevitably
X X | neutron B neutrons
be captured in non-fuel materials, and | absorbedin [ fission | "f:ﬁﬂz —] captured in
fissile fuel fertile material

some will leak out of the reactor. The sum
of these two processes is represented by

(C+L) neutrons per neutron absorbed in 1 neutron
. required to non-fuel
the fissile fuel. These processes are shown maintain capture
chain reaction & leakage

in Fig4.1. It is clear that in order to
maintain a steady chain reaction the Fig.4.1 neutron cycle to illustrate breeding
following items should be met.
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Clearly if B is to be greater than 1, 7y must exceed 2 by an amount that allows for the term
(C+L), whose value is likely to be about 0.2. Values of #; for the three fissile isotopes for
fission caused by thermal and high energy neutrons are given in Table 4.1.

It will be seen from Table 4.1 that, allowing for reasonable non-fuel neutron capture and
leakage, only a ***U fueled thermal reactor can achieve a breeding ratio greater than 1. In fast
reactors there is a considerable improvement, and reactors of this type are capable of giving
breeding ratios greater than 1. The value of B in a fast reactor is actually greater than that given
by equation due to the effect of fast fission in ***U or ***Th, which is very slight in a thermal
reactor but may be considerable in a fast reactor in which as much as 20 percent of the fission
may be in the “**U(less in B2Th):

Table 4.1 typical values of #. for the fissile isotopes
Energy of neutrons causing fission
Isotope
Thermal (0.025eV) High energy (0.5MeV)
23515 2.07 2.35
239, 2.15 2.90
235 2.29 2.40

4.4 Fuel Cycles

Fig.4.2 shows a thermal reactor fueled initially with natural or enriched uranium, it is
typical of the vast majority of reactors built up to the present. The breeding ratio of such a
reactor is less than 1 so the amount of *’Pu produced is less than the amount of U
used. When the reactor is refueled, although the °Pu might be recycled with the depleted
uranium (which contains much less than 0.715 percent of *°U), some additional fissile fuel is
needed to make up the deficit. Practically all the plutonium produced in this way has been
stockpiled for nuclear weapons and future reactor, so that up to the present nearly all nuclear
reactors have been fueled with natural or enriched uranium and stocks of plutonium and
depleted uranium are steadily accumulating in several countries.

2Py
natural or thermal

: : fission products
enriched uranium reactor

depleted uranium

Fig.4.2 thermal reactor fueled with uranium

Future reactors will be fueled with **’Pu and depleted uranium, which can be regarded as
pure “**U, and in such reactors **U will be converted to **Pu, but only in fast reactors will the
breeding ratio be greater than 1 and in such reactors more **’Pu will be produced than is
destroyed. Fig.4.3 shows the fuel cycle of a fast reactor fueled with ***Pu and ***U in which the
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breeding ratio is greater than 1.
When the first fuel charge is unloaded from the reactor it contains more **Pu and less

28U than it did when new, and it is contaminated with fission products which must be removed
during reprocessing. Some *’Pu is available for other uses such as fueling thermal reactors,
while the rest recycled. The **U is recycled but there is less of this isotope than in the original
charge, so an additional supply *°U is required for the second and subsequent fuel
loadings. The important point about this fuel cycle is that the reactor is kept going by fresh
supplies of non-fissile ***U, and in this way 28U can be completely converted to >’ Pu and
used as a source of energy.

If the reactor of Fig.4.3 had been a thermal reactor in which the breeding ratio is less than
1, it would require a continuous supply of *’Pu as well as *U to keep it going. It is obvious
that in a planned long-term nuclear power program a combination of fast and thermal reactors
will be able to utilize all the world’s resources of uranium.

9Py recycled

239Pu

initial loading fast

fission products
reactor

238 U +239 Pu

: depleted™* U recycled
subsequent loading

=¥ only

Fig.4.3 fuel cycle for a fast reactor fueled with *’Pu and *U

Similar ideas apply to reactors making use of the ***Th - **U breeding process. A reactor
fueled initially with either ®*U or *°Pu as the fissile material, and ***Th as the fertile material
will produce *U. When sufficient “*U is produced it can be used as the fuel charge in either a
fast or thermal reactor with **Th, and in such a reactor a breeding ratio greater than 1 is
possible. In such a reactor the °U can be recycled, and the only fuel requirement is ***Th,
which can thus be completely used for the production of energy.

In reactors which are designed for breeding as well as power production the core may be
subdivided into two regions. In this type of reactor the inner region, called the core, contains
nearly all the fissile material (**Pu), and it is in this part of the reactor that most of the energy
is released by fission. The outer region is called the blanket and contains the fertile material
(**U). At the start of the reactor’s life there is very little fission in the blanket, however
neutrons produced by fission in the core may diffuse into the blanket and be captured in **U to
produce ““Pu. As the operation of this reactor proceeds, fissile material builds up in the
blanket and provision must be made to remove the energy released by fission from the blanket
as well as from the core.

Another point worthy of mention is that in any reactor designed for breeding, neutron
capture in the moderator, structural materials, etc. , and neutron leakage from the core should
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be reduced to a minimum. This capture and leakage is the term (C+L), and it is clear from this
equation that any increase of the term (C+L) reduces the possible value of the breeding
ratio. As an example of this, it is generally true to say that the breeding ratio in a
water-moderated reactor is less than in a graphite or heavy water-moderated reactor due to the
rather high capture cross-section of water. In a reactor with a reasonably high value of the
breeding ratio (say between 0.8 and 1.0) new fissile fuel is being produced almost as fast as it
is being consumed, and the fuel in such a reactor can be used to a very high burn-up, thus
prolonging the periods between refueling and reducing fuel costs.

In an expanding program of nuclear power using breeder reactors to produce new fuel for
later reactors, an important parameter is the doubling time, 7,3, which is defined as the time
required for the quantity of fissile fuel in a breeder reactor to double itself. Clearly, it can be
interpreted as the time required for a breeder reactor to produce enough new fuel to provide the
first fuel charge for another identical reactor, and this time will control the rate at which a
breeder reactor program can be expanded.

Self-test

In self-sustaining chain reaction____remain(s) constant.

the neutrons

the fissile material

the neutron density and fission rate

the fission rate

If the multiplication factor is less than one the reactoris____.

A. subcritical B. critical C. explosive D. supercritical

3. The fraction of thermal neutrons absorbed in the reactor which are absorbed in the fuel

Mo aowe =

is defined as :

A. the multiplication factor B. thermal utilization factor

C. the fast fission factor D. non-leakage factor

4. Inthe PWR____is necessary to achieve critical.

A. uranium B. natural uranium

C. high enriched uranium D. slightly enriched uranium

5. The fast reactors contain no___.

A. uranium B. moderator

C. coolant D. thermal neutron

6. *°Pu is fissile, its characteristics as far as fission is concerned are____ those of
2355

A. similar to B. better than

C. less than D. more than

7. U and **Th are good____.
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A. fissile materials B. fertile materials

C. moderators D. structural materials

8. If the breeding ratio is much less than 1, then____is used up.

A. most of the available uranium B. no uranium

C. alot of uranium D. only a fraction of the available uranium
9. In fast reactor the breeding ratio is_____than thermal reactor.

A. no more B. greater C. less D. rather

10. When the first fuel charge is unloaded from the reactor it contains than it had
loaded.

A. more **Pu B. more *°U C. more Z*U D. less *’Pu

11. In the case of power reactor it is necessary to circulate____through the reactor core to
remove the energy released by fission.

A. water B. moderator C. acoolant D. fluid

12. In a uranium fueled reactor a significant fraction of neutrons are___ .

A. captured in Z*U B. escaped from reactor

C. captured in *’Pu D. useless

Sl I o I

Blanket: Region of fertile material surrounding reactor core in which the neutrons leaking
from the core breed more fissile fuel, e.g. **U from thorium.
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Breeding ratio: In a reactor, a comparison between the amount of the new fissionable fuel
produced and the amount consumed during fission.
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Chain reaction: A reaction which, once*“triggered”, continue to supply enough energy and
particles to continue the reaction.
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Critical size: the minimum size of a nuclear reactor core required to sustain a chain
reaction.
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Criticality: State in nuclear reactor when multiplication factor for neutron flux reaches
unity and external neutron supply is no longer required to maintain power level, i.e. chain
reaction is self-sustaining.
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Depleted uranium: Sample of uranium having less than its natural content of >°U.

Wl HPU G EETRR4 PU SEa.
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Enriched uranium: Uranium in which the proportion of the fissile isotope **U has been
increased above its natural abundance.

Wedpal: TTRARFALE PPU BT R R R RELL LA

Fertile material: The isotope in a nuclear reactor which can be converted by the capture of
a neutron into fissile isotope, e.g. 2*U is converted by series of reactions into *%py.

WaATEL: [RIALEE o AT LOE S 2% R N HE AR IR— AN b AR A B R R R AR
il P80 @it — RF RN R 2 Pu.

Fission neutron: Those released by nuclear fission, having a continuous spectrum of
energy.

WA F. BRERINN, RAEERIENST.

Fuel cycle: The stages involved in the supply and use of fuel in nuclear power plant. The
main steps are mining, milling, extraction, purification, enrichment, fuel fabrication, irradiation
in the reactor, cooling, reprocessing, recycling, and waste management and disposal.

PABHIEHS: 481230 hde BBt iRl iE. 8B RS BRARE . 8
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Multiplication factor: The ratio of the average number of neutrons produced by fission in
one neutron lifetime to the total number of neutrons absorbed and leaking out in the same
interval.
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Thermal neutrons: Neutrons of a very low speed and energy; their energy is of the same
order as that of the substance through which they are passing: they are responsible for various
nuclear action.
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Thermal reactor: One for which the fission chain reaction is propagated mainly by thermal
neutrons and therefore contains a moderator.
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argument [‘a:gjument] ». RiF, T

assembly [o'sembli] ». A&, HEMH: 44 RE
breeding [bri:din] ». 1§34

centrifuge ['sentrifju:dz] n. &

collision [ka'lizen] n. i

composition [kompa'zifen] n. 4Rk, 45
contaminate [kon'teemineit] v. 5%

critical ['kritikal] a. IRFH
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deficit ['defisit] n. S
deplete [di'pli:t] ». HR
diffuse [di'fjuiz] ». FE
elastic [i'leestik] a. PR

evident ['evident] a. BRI

explicitly [iks'plisitli] ad. HiEih, 7H#EH
fertile [fo:tail] a. TSR FRA, HEHEA
gaseous ['geizjes] a. M

graphite ['greefait] ». F&

hexafluoride n. FNEMAY)

infinite ['infinit] a. JClRKY

membrane [membrein] n. iR
multiplication[maltipli'keifan] n. {&i%
neptunium [nep'tju:njem] n. %

predominant [pri'dominant] a. T
probability [,proba'biliti] ». H%x

refuel [ri:'fjual] v. ikl

reprocessing [ri:'prousesin] n. T, JFib#
resonance [rezenans] n. JLiE

scattering ['skeeterin] n. Hi4t

self-sustaining a. HEFH

semi-permeable a. FBEN

spun [spAn] v. spin fIid 240, e
stockpile ['stokpail] ». &v. fEfE, HE, fEfF
subcritical [sab'kritikal] a. KIEFH
supercritical [,sjuipa'kritikel] a. HIEH
sustain [sas'tein] v. ZEFF

tail [teil] ». RE#

thermalize ['Ba:malaiz] v. {F#fElL

waste ['weist] n. K

emerge from I

dieout JHZK, K4

w X kR
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2. The condition...and so on.
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3. Accurate calculation...between the time...and time...from the reactor.
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Unit 5 Nuclear Reactor Concepts

5.1 Power Reactors

The large-scale reactors used for the production of thermal energy that is converted to
electrical energy are much more complex than the fast assembly. To illustrate, we can identify
the components and their functions in a modern pressurized water reactor. Fig.5.1 gives some

indication of the sizes of the various parts.

lem I
g 20cm
= &
i Sl N _|Hf A1)
fuel
pellet
fuel
element
o i (200 rods)
\\ g
1 i
T 3.0m

3.6m

(180 elements)

12m

pressure vessel

Fig.5.1 reactor construction

The fresh fuel installed in a typical PWR consists of cylindrical pellets of slightly
enriched (3% *°U) uranium oxide(UO;)of diameter about 1cm and length about 1.5cm. A
zircaloy tube of wall thickness 0.6mm is filled with the pellets to an “active length” of 365¢cm
and sealed to form a fuel rod(or pin). The metal container serves to provide support for the
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column of pellets, to provide cladding that retains radioactive fission products, and to protect
the fuel from interaction with the coolant. About 200 of the fuel pins are grouped in a bundle
called a fuel assembly of about 20cm on a side, and about 180 assemblies are assembled in an
approximately cylindrical array to form the reactor core. This structure is mounted on supports
in a steel pressure vessel of outside diameter about 5m, height 12m and walls up to 30cm
thick. Control rods, consisting of an alloy of cadmium, silver, and indium, provide the ability
to change the amount of neutron absorption. The rods are inserted in some vacant fuel pin
spaces and magnetically connected to drive mechanisms. On interruption of magnet current,
the rods enter the core through the force of gravity. The pressure vessel is filled with light
water, which serves as neutron moderator, as coolant to remove fission heat, and as reflector,
the layer of material surrounding the core that helps prevent neutron escape. The water also
contains in solution the compound boric acid, H;BO;, which strongly absorbs neutrons in
proportion to the number of boron atoms and thus inhibits neutron multiplication, i.e.,
“poisons”the reactor. The term soluble poison is often used to identify this material, the
concentration of which can be adjusted during reactor operation. To keep the reactor critical as
fuel is consumed, the boron content is gradually reduced. A shield of concrete surrounds the
pressure vessel and other equipment to provide protection against neutrons and gamma rays
from the nuclear reactions. The shield also serves as all additional barrier to the release of
radioactive materials. '

We have mentioned only the main components, which distinguish a nuclear reactor from
other heat sources such as one burning coal. An actual system is much more complex than
described above. It contains equipment such as spacers to hold the many fuel rods apart; core
support structures; baffles to direct coolant flow effectively; guides, seals, and motors for the
control rods: guide tubes and electrical leads for neutron-detecting instruments, brought
through the bottom of the pressure vessel and up into certain fuel assemblies; and bolts to hold
down the vessel head and maintain the high operating pressure.

The power reactor is designed to withstand the effects of high temperature, erosion by
moving coolant, and nuclear radiation. The materials of construction are chosen for their
favorable properties. Fabrication, testing, and operation are governed by strict procedures.

5.2 Consumption of Nuclear Fuels

The generation of energy from nuclear fuels is unique in that a rather large amount of fuel
must be present at all times for the chain reaction to continue. (In contrast, an automobile will
operate even though its gasoline tank is practically empty.) There is a subtle relationship
between reactor fuel and other quantities such as consumption, power, neutron flux, criticality,
and control.

The first and most important consideration is the energy production, which is directly
related to fuel consumption. Let us simplify the situation by assuming that the only fuel

e il (8



Unit 5 Nuclear Reactor Concepts 51

consumed is **°U, and that the reactor operates continuously and steadily at a definite power
level. Since each atom “burned,” i.e., converted into either “°U or fission products by neutron
absorption, has an accompanying energy release, we can find the amount of fuel that must be
consumed in a given period.

Let us examine the fuel usage in a PWR with initial enrichment in *°U of 3%. Suppose that
the thermal power is 3000MW and the reactor operates for 1 yr. Using the convenient rule of
thumb that 1.3g of U is burned for each megawatt-day of energy, the weight of fuel used is

3000MWx365dx1.3g/(MW * d)=1.4x10°g

Now each gram of *°U at 3% enrichment costs around $25. The cost of the fuel
consumed is around 33 million dollars. Adding the expense of fuel fabrication and storage
brings the total to around 45 million dollars. A typical efficiency of conversion of thermal
energy to electrical energy is 1/3, so the electrical power is 1000MW. Over the year (8760h)
the energy delivered to the customers is 8.76x10°kWh, and thus the fuel cost is, per kilowatt
hour, $0.0051,0.51 € or 5.1mills. These figures are rough because the effect of generation

and consumption of fissile plutonium has been ignored.
5.3 Reactor Control

Since no fuel is added during the operating cycle of the order of a year, the amount to be
burned must be installed at the beginning. First, the amount of uranium needed to achieve
criticality is loaded into the reactor. If then the“excess”is added, it is clear that the reactor
would be supercritical unless some compensating action were taken'. In the PWR, the excess
fuel reactivity is reduced by the inclusion of
control rods and boron solution.

The reactor is brought to full power and
operating temperature and pressure by means of
rod position adjustments. Then, as the reactor
operates and fuel begins to burn out, the
concentration of boron is reduced. By the end of
the cycle, the extra fuel is gone, all of the
available control absorption has been removed,
and the reactor is shut down for refueling. The
trends in fuel and boron are shown in Fig.5.2,
neglecting the effects of certain fission product

initial total fuel loading

€XCess
fuel

initial boron

minimum
fuel for
criticality

absorption and plutonium production. The graph

. A . 0 end of time
represents a case in which the power is kept cycle

constant. The fuel content thus linearly decreases

with time. Such operation characterizes a reactor Fig.5.2  reactor control during fuel

that provides a “base load” in an electrical consumption in power reactor
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generating system that also includes fossil fuel plants and hydroelectric stations.
5.4 Other Effects on Reactor Operation

The description of the reactor process just completed is somewhat idealized. Several other
phenomena must be accounted for in design and operation.

If a reactor is fueled with natural uranium or slightly enriched uranium, the generation of
plutonium tends to extend the cycle time. The fissile ’Pu helps maintain criticality and
provides part of the power. Small amounts of higher plutonium isotopes are also formed: #0py,
fissile **'Pu (14.355 year half life), and 2py. These isotopes and those of elements farther up
the periodic table are called transuranic materials or actinides. They are important as fuels,
poisons, or nuclear wastes.

Neutron absorption in the fission products has an effect on control requirements. The
most important of these is a radioactive isotope of xenon, 135X e, which has a cross section at
0.025 3eV of around 2.6 million barns. Its yield in fission is high, y=0.06, meaning that for
each fission, one obtains 6% as many atoms of '’Xe. In steady operation at high neutron flux,
its rate of production is equal to its consumption by neutron absorption. Hence

Nxo.x = Nrogy

Using the ratio oyo, for 2BU of 0.86, we see that the absorption rate of 135%e is
around(0.86)(0.06)=0.05 times that of the fuel itself. This factor is about 0.04 if the radioactive
decay (#;=9.10hr) of **Xe is included.

It might appear from Fig.5.2 that the reactor cycle could be increased to as long a time as
desired merely by adding more *3U at the beginning®. There are limits to such additions,
however. First, the more the excess fuel that is added, the greater must be the control by rods or
soluble poison. Second, radiation and thermal effects on fuel and cladding materials increase
with life. The amount of allowable total energy extracted from the uranium, including all
fissionable isotopes, is expressed as the number of megawatt-days per metric ton(MW = d/t).
We can calculate its value for the year’s operation by noting that the initial *°U loading was
2800kg, twice that burned; with an enrichment of 0.03, the uranium content was 2800/0.03 =
93 000kg or 93 tonnes. Using the energy yield of(3000MW)(365 d)<21 100 000MW - d, we
find 12 000 MW = d/t. Taking account of plutonium and the management of fuel in the core, a
typical average exposure is actually 30 000MW «d/t. It is desirable to seek larger values of this
quantity, in order to prolong the cycle and thus minimize the cost of fuel reprocessing and
fabrication.

5.5 The Fast Breeder Reactor

Several fast reactors have been operated successfully throughout the world. In the United
States, the Experimental Breeder Reactor was the first power reactor to generate electricity; the
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Fermi reactor operated for some time; the Fast Flux Test Facility (FFTF) provides heat but no
electricity. The Liquid Metal Fast Breeder Reactor (LMFBR) has been under design and
construction for many years in a program entitled Clinch River Project located near Knoxville,

Tenn’.

The use of liquid sodium *Na as coolant ensures that there is little neutron moderation in
the fast reactor. The element sodium melts at 98°C, boils at 883°C, and has excellent heat
transfer properties. With such a high melting point, pipes containing sodium must be thermally
insulated and heated electrically to prevent freezing. The coolant becomes radioactive as the
result of neutron absorption, producing the **Na. Great care must be taken to prevent contact
between sodium and water or air, which would result in a serious fire, accompanied by the
spread of radioactivity. To avoid such an event, an intermediate heat exchanger is
employed. Heat is transferred in it from radioactive sodium to nonradioactive sodium.

The French fast reactor Phoenix at Marcoule is one of the most successful commercial
breeder reactors. *We shall describe its features in some detail. It is of the pot type, with a tank
of 12.75m diameter. The reactor has a core of height 85cm and diameter 139c¢cm, fueled with a
mixture of UO; and PuO; in the form of 0.55cm diameter pellets encased in stainless steel
tubes of wall thickness 0.045cm. Bundles of 217 fuel pins form a fuel element, of which there are
103 total in the core. There are five control rods and three safety rods composed of By C. Above
and below the core and surrounding it is the “blanket” containing depleted uranium in which
neutron absorption occurs to produce new plutonium. The design power rating of Phoenix is
250MWe(563MWt). The linear heat rate 430W/cm is much higher than for a PWR. Similarly,
since the reactor operates with fast neutrons, the flux is high, 6.7x10"°/(cm®*s). The coolant
temperature rises from 400°C to 560°C on passing through the reactor at a speed of 7.4m/s,
flow rate 25kg/s. The energy is supplied to a turbine with steam at 510°Cand pressure
163kg/cm’. The reactor is shut down every 6 months for refueling. Plutonium produced in the
blanket is extracted by reprocessing for use as new core fuel.

Although the principal attention throughout the world has been given to the liquid metal
cooled fast breeder using U and Pu, other breeder concepts remain of interest. Included are:
(Duranium and thorium fuel particles suspended in heavy water; @fuel and fertile elements as
fluoride compounds mixed with other salts in molten form; (3a high-temperature gas-cooled
graphite moderated reactor containing also a compound of beryllium.

5.6 Uranium as an Energy Resource

The role which uranium can play in contributing to the world’s energy needs is potentially
very great, and the development of nuclear power will only be justified in the long run if
uranium and other fissile fuels are able to make a substantial contribution to energy supplies
for many decades to come”. This will depend on at least three factors: the extent of uranium
resources which can be used, the way in which uranium is used in breeder and non-breeder
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reactors, and public acceptance of nuclear power.
Uranium, in the form of a mixture of oxides whose approximate formula is U;Og, is found

quite widely in the earth’s crust in very small concentrations. The richest ores contain 0.05 to
0.2 percent U;Og, and those which are at present being exploited produce low cost uranium at
prices less than $80/kgU. Much poorer ores in shales and granites containing less than 0.01
percent U;Og will then have to be exploited, and the price of uranium will then become much
higher than the quoted above. The environmental impact of processing huge quantities of rock
and shale to obtain relatively small quantities of uranium will be considerable. Uranium is also
present in minute quantities in sea water, but it is doubtful if it will ever be economically
justifiable to exploit this source.

Uranium resources are classified according to their production costs ($/kgU) and the
levels of confidence in the resource data. Reasonably assured resources (RAR) refer to known
deposits of uranium ores that can be recovered by proven technology. Estimated additional
resources (EAR) refer to quantities which are expected to exist as an extension to existing
deposits (EAR-1) or in other areas of mineralization which have not been fully explored
(EAR-2) °. Finally, speculative resources (SR) refer to deposits of uranium ores that are
thought to exist on the basis of extrapolation and indirect evidence.

The total of 3.65 million tonnes of uranium which includes RAR and EAR-1 up to costs
of $130/kgU are regarded as the resource which the nuclear industry can be confident will be
available for the thermal reactor programme of the next few decades.

Uranium is comparable with the world’s proved reserves of oil, and slightly greater than
the world’s proved reserves of natural gas. These two fossil fuels will be considerably depleted
within 50 years at the present rate of consumption. Similarly, the uranium in categories RAR
and EAR-1 at costs up to $130/(kgU) will be nearly used up within 50 years.

On the other hand, if breeder reactors are successfully introduced on a large scale, without
posing any serious operational or safety problems, then uranium has enormous potential, and
will be capable of providing energy for many centuries. The large existing stockpiles of
depleted uranium, i. e. the tails from enrichment plants and spent fuel from thermal reactors,
will with **°Pu become the fuel for future breeder reactors.

The justification, therefore, for the development and use of nuclear power is that in
breeder reactors uranium will be capable of providing energy for many centuries. This will not
be without its dangers, for the widespread use of nuclear power and the production of
plutonium on a large scale have several hazardous aspects as were demonstrated at the serious
accidents at nuclear power stations at Windscale, UK in 1957, Three Mile Island, USA in 1979
and Chernobyl, USSR in 1986, and these hazards will be described in a later lesson’. As was
stated at the beginning of this section, the use of nuclear power on a large scale will depend on
public acceptance of this source of energy, with its several hazards, and it may well be that
public opinion will have the final say in the determination of the future of nuclear energy.
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Self-test
1. A thin zircaloy tube is filled with____ .
A. fuel pellets and helium B. pellets
C. helium D. uranium
2. The reactor core consists of .
A. about 200 fuel pins B. cylindrical array
C. about 180 fuel rods D. about 180 bundles
3. The flow direction of reactor coolant can be changed through___ .
A. guides B. baffles C. fuel pin D. fuel elements
4. In a power reactor the energy production depends on____.
A. the scale B. the fuel consumption
C. how much the fuel pin D. moderator
5. From the text, the time of the operating fuel cycle is about .
A. ten years B. several months C. one year D. several years
6. The breeder reactor has the ability touse____.
A. all of the uranium B. U
ol b D. both **U and **U
7. The fission products can____ neutrons.
A. emit B. capture C. produce D. absorb
8. The liquid sodium is a good____in the reactor.
A. moderator  B. fertile material C. coolant D. blanket
9. Above and below the Phoenix core is____ .
A. fertile material B. reflector
C. water D. moderator
10. Uranium is_____quantities in sea water.
A. not present any B. present large
C. present small D. some
11. The resource of uranium is____the world’s proved reserves of oil.
A. slightly less than B. greater than
C. exact same as D. similar to

12. The depleted uranium is valuable in .
A. PWR B. heavy water reactor
C. a breeder blanket D. tested reactor

* #t ROk

Base load: That part of the total load on an electrical power system which is applied,
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where possible, by the most efficient connected generating station, the remaining peak load
being supplied intermittently by the more expensive stations.

WA B RENE AP AR R R SR T, T R
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Breeder reactor: One which produces more fissile material than is consumed in
operation. Fast reactor can be so designed.

ORE S i HE: — T AR R AR R TIHRE R S N HE . BRep S SHE T BT R HE

Fast neutron: A neutron that has an energy level higher than 100 000 electron volts.

e BERAT 0.1MeV I F.

Fast reactor: One reactor without moderator in which chain reaction is maintained almost
entirely by fast fission.

PR 7 SR HE: AR, LT iR b 7 2R Y R i X B 19 S

Fission Products: Radioactive atoms result from nuclear fission. They have masses of
roughly half of that of the fissile nucleus.

R BERAPAENBETEIRT . ENIRNEERARERREZN—F.

Reactor: Nuclear reactor, pile, a device in which controllable chain reactions take place to
produce nuclear energy, it contains the fuel which undergoes fission when bombarded by
neutrons and which then produces more neutrons to maintain the chain reaction.

SR RxONEHE; tRRHE; FHRRIR R R N T AR R E RS EE
o R R AR A B 2 R T R T A B R B RRAE T %

Reflector: A scattering substance surrounding the core of a nuclear reactor, used for
reducing the loss of neutrons due to leakage, and thus making the critical dimensions of the
reactor smaller.

[ E: BT R S HEHE A [ B — R, TR A R, Rt i T
S5 N HE i 5 R 5T

Shield: Screen used to protect persons or equipments from y-rays, neutrons etc. In a
nuclear reactor the shield surrounds it to prevent the escape of neutrons and radiation into a
protected area.

BRl: EAMBES v S, SRR AR . e RN S i RO B L
o FRR A AR X

Spent fuel: Reactor fuel elements which must be replaced due to bursting, burn-up or
depletion, poisoning by fission fragments, or swelling. The fissile material is not exhausted and
so-called spent fuel is normally subsequently reprocessed.

ZIOKL: BT RFEERETAL . SRR K v B i A T A 2 BE 5 ) i N HEAR ) T
TEIX TR ) 3R AR IR FER, BB i Z BARHIE B F b 2
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actinides ['sektinaidz] »n. ®IZRTE
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array [a'rei] n. %, [

assembly [@'sembli] »n. A&, A&tk 4iF R4
baffle [beefl] n. BEK

barrier[ beerie] n. JEfE

bundle [bandl] »n. #R, 44

concrete [ konkri:t] ». R#&E+

crust [krast] n. 5%

deposit [di'pozit] n. &v. fiEfFE, HEMR., B
diluent ['diljuent] ». FB#H|

drive mechanism  ($Ei#) WBHHLA

entitle [in'taitl] v. M4

erosion [i'Teuzan] n. {20, JEM, HI5H
evidence ['evidens] n. &%, iFdfE
extrapolation [ekstrapau’leifen] n. #hfE
fluoride [flusraid] ». #Wikdy

granite ['greenit] ». fERA

hydroelectric [\haidrai'lektrik] a. ZKHAY
inhibit [in'hibit] v. ik, B

insulate ['insjuleit] v. {4, [RE
justifiable ['d3astifaiebl] a. A#FK, 1EX4H
microgram [maikregreem] n.

mill [mil] ». %/R, TH2Z—%T
mineralization [,minarslai'zeifen] n. #4%, W L{EH
ore [0:] n. W

pin[pin] n. kE, #

pose [pauz] n. &v. BZ&; K

pot type ik

reasonable [ri:znabl] a. &K

shale [[eil] »n. TU&

spacer ['speisa] n. EfiE

speculative ['spekjulativ] a. #EIfY)
stockpile ['stokpail] »n. &v. #EfF, HEK, fiEfE
substantial [sab'steen[al] a. SZJHEM

subtle ['satl] a. THEH), M

suspend [sas'pend] v. &iF

transuranic [treensju'reenik] a. K, JRFREHGE A0
turbine ['te:bin] n. B, KL

vacant ['veikent] a. %

xenon [zenon] n. i
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Unit 6 Nuclear Reactor Thermo — hydraulics

6.1 Methods of Heat Transmission

Most of the energy released in fission or fusion appears as kinetic energy of a few
high-speed particles. As these pass through matter, they slow down by multiple collisions and
impart thermal energy to the medium. It is the purpose of this chapter to discuss the means by
which this energy is transferred to a cooling agent and transported to devices that convert
mechanical energy into electrical energy.

We learned in basic science that heat, as one form of energy, is transmitted by three
method——conduction, convection, and radiation. The physical processes for each of these are
different: in conduction, molecular motion in a substance at a point where the temperature is
high causes motion of adjacent molecules, and a flow of energy toward a region of low
temperature takes place. The rate of flow is proportional to the slope of the temperature, i. e. ,
the temperature gradient. In convection, molecules of a cooling agent such as air or water
strike a heated surface, gain energy, and return to raise the temperature of the coolant. The rate
of heat removal is proportional to the difference between the surface temperature and that of
the surrounding medium, and also dependent on the amount of circulation of the coolant in the
vicinity of the surface'. In radiation, molecules of a heated body emit and receive
electromagnetic radiations, with a net transfer of energy that depends on the temperatures of
the body and the adjacent regions. For reactors, this mode of heat transfer is generally of less
importance than the other two.

6.2 Conduction in Reactor Fuel

The transfer of heat by conduction in a flat plate (insulated on its edges) is reviewed. If
the plate has a thickness x and cross-sectional area 4, and the temperature difference between
its faces is A7. The rate of heat flow through the plate, 0, is given by the relation

0=kl
x

where £ is the conductivity, with typical units J/(s *K *cm). For the plate, the slope of the
temperature is the same everywhere. In a more general case, the slope may vary with position,
and the rate of heat flow per unit area /4 is proportional to the slope or gradient written as
AT/Ax.

The conductivity k varies somewhat with temperature but for our estimates it is assumed

to be constant.
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This idea is applied to the conduction in a single fuel rod of a reactor, with the rate of
supply of thermal energy by fission taken to be uniform throughout the rod. If the rod is long in
comparison with its radius R, or if it is composed of a stack of pellets, most of the heat flow is
in the radial direction. If the surface is maintained at a temperature 7; by the flow of coolant,
the center of the rod must be at some higher temperature 7;. As expected, the temperature
difference is large if the rate of heat generation per unit volume ¢ or the rate of heat generation
per unit length ¢;=nR’q is large. We can show that

TO— sz'q_]
4mtk

and that the temperature T is in the shape of a parabola within the rod. If we wish to keep the
temperature low along the center line of the fuel, to avoid structural changes or melting, the
conductivity k should be high, the rod size small, or the reactor power level low. In a typical
reactor there is a small gap between the fuel pin and the inside surface of the cladding. During
operation, this gap contains gases, which are poor heat conductors and thus there will be a
rather large temperature drop across the gap. A smaller drop will occur across the cladding
which is thin and has a high thermal conductivity.

The preceding equations enable the temperatures of the fuel, cladding and coolant to be
determined in terms of the reactor power. From the thermodynamic point of view it is desirable
that the coolant temperature should be as high as possible as the coolant acts as the heat source
for the power cycle, however, limitations on the maximum temperature of certain components
of the reactor impose a limitation on the coolant temperature and the reactor power”. These
limitations are due to the properties of the materials used in the reactor, and some examples are
as following.

(1) The metallurgical phase change of pure uranium at 660°C produces changes in the
crystalline structure of the metal. If this temperature is exceeded repeatedly, the uranium
suffers considerable dimensional change and this distortion may rupture the cladding.

(2) The temperature of the cladding should not be high enough to allow its creep strength
to drop seriously.

(3) The temperatures of all materials in the core should not be high enough to allow any
chemical reactions such as corrosion or oxidation to take place on a significant scale. In carbon
dioxide-cooled reactors using Magnox cladding, for example, oxidization of the Magnox limits
its maximum temperature to about 525C.

(4) In a water-cooled reactor in which boiling is to be avoided, the temperature of the
water must be well below the saturation temperature corresponding to the water pressure.

The derivation of the equations for the temperatures of the components of a reactor has
been based on the assumption that ideal conditions exist in which all the factors which
determine the temperatures are known exactly. This is of course seldom the case in a real
engineering system, and in a nuclear reactor factors such as the distortion of the neutron flux,
incorrect distribution of the coolant flow in the channels or slight variations in the dimensions
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of the fuel or cladding can cause calculated values of the temperatures to be incorrect. To allow
for these uncertainties, “hot-channel factors” are introduced which are analogous to factors of
safety in engineering. Calculated temperature drops are multiplied by appropriate hot-channel
factors to determine the maximum temperatures that might exist under adverse conditions.

The thermal analysis of the central channel of a reactor determines the temperature in that
channel alone. If the coolant flow is equally distributed in all channels (bearing in mind that
the inlet temperature is common to all channels and the neutron flux decreases towards the
sides of the core), the outlet temperature of the coolant and the maximum fuel temperature in
the outer channels is less than in the central channel. The mixed temperature of the coolant
flowing from the core to the heat exchangers is also less than the outlet temperature from the
central channel and this is a disadvantage from the thermodynamic point of view. The mixed
coolant outlet temperature can be raised if the coolant flow in the fuel element channels is
controlled by means of orifices or gags. If the coolant flow in each channel is proportional to
the energy release in that channel, then the coolant outlet temperature from all channels is the
same, and the mixed outlet temperature is raised to this value. In this case the maximum fuel
temperatures in the outer channels are still less than in the central channel, and a further
improvement can be made by restricting the flow in the outer channels in such a way that the
maximum fuel temperatures are the same in all channels. In this way the coolant outlet
temperature in the outer channels is higher than in the centre channel, and the mixed outlet
temperature is raised with a consequent improvement from the thermodynamic point of view.

A method which enables the total thermal output of a reactor to be increased without
increasing the maximum fuel or coolant temperatures (assuming equal coolant flow in all
channels) is to vary the enrichment of the fuel in different regions of the core. Thus, if the
enrichment in the outer region of the core is greater than in the central region, the fuel rating
which is proportional to the neutron flux and the fraction of ***U in the fuel can be increased in
the outer region and the thermal output can be increased without exceeding the limiting
temperatures in the core.

A further assumption in the preceding analysis should be mentioned, namely that all the
heat release due to fission takes place in the fuel. This is not the case in a thermal reactor in
which neutrons are slowed down and gamma radiation is absorbed in the moderator. The
fraction of the fission energy released as heat in the moderator is about 5 percent of the
total. This energy is transferred to the coolant(unless special cooling of the moderator is
provided), and the temperature rise of the coolant is the same as if all fission energy is released
as heat in the fuel. However, the cladding and fuel temperatures are lower when only about 95
percent of the heat release takes place in the fuel, and the temperature drops through the fuel
and cladding are reduced by about 5 percent. The assumption that all heat is released in the
fuel overestimates the fuel and cladding temperatures and therefore errors on the safe side
when determining these temperatures.



62 BEEWFE (BhK)

6.3 Heat Removal by Coolant

Convective cooling depends on many factors such as the fluid speed, the size and shape of
the flow passage, and the thermal properties of the coolant, as well as on the area exposed and
the temperature difference between surface and coolant 7,-7.. Experimental measurements
yield the*heat transfer coefficient”h, appearing in a working formula for the rate of heat
transfer Q across a surface S

0= hS(T~T.)
The units of 4 are typically W/(m” * K). In order to keep the surface temperature low, to avoid
melting of the metal cladding of the fuel or to avoid boiling if the coolant is a liquid, a large
surface area is needed or the heat transfer coefficient must be large, a low-viscosity coolant of
good thermal conductivity is required, and the flow speed must be high’.

As coolant flows along the many channels surrounding fuel pins in a reactor, it absorbs
thermal energy and rises in temperature. Since it is the reactor power that is being extracted,
we may apply the principle of conservation of energy. If the coolant of specific heat ¢ enters
the reactor at temperature 7,(in) and leaves at T (out), with a mass flow rate M, then the reactor
thermal power P is

P=cM [T (out) —T(in)|=cMAT

The temperature of coolant as it moves along any channel of the reactor can also be found
by application of the above relation. In general, the power produced per unit length of fuel rod
varies with position in the reactor because of the variation in neutron flux shape. For the
special case of a uniform power along the z-axis with origin at the bottom, the power per unit
length is P,=P/H, where H is the length of fuel rod. The temperature rise of coolant at z with
channel mass flow rate M is

Pz
T(2)=T(in)+——
(z)=T(in) ey,

which shows that the temperature increases linearly with distance along the channel. The
temperature difference between coolant and fuel surface is the same at all points along the
channel for this power distribution, and the temperature difference between the fuel center and
fuel surface is also uniform.

If instead, the axial power were shaped as a sine function. For this case, the highest
temperatures of fuel surface and fuel center occur between the halfway point and the end of the
reactor. In the design of a reactor, a great deal of attention is given to the determination of
which channels have the highest coolant temperature and at which points on the fuel pins “hot
spots” occur. Ultimately, the power of the reactor is limited by conditions at these channels and
points. The mechanism of heat transfer from metal surfaces to water is quite sensitive to the
temperature difference. As the latter increases, ordinary convection gives way to nucleate
boiling, in which bubbles form at points on the surface, and eventually film boiling can occur,
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in which a blanket of vapor reduces heat transfer

and permits hazardous melting. A parameter called

“departure from nucleate boiling ratio” (DNBR) is

used to indicate how close the heat flux is to the ——_—
critical value®. For example, a DNBR of 1.3 implies g;';_%‘;'df ,?:i
a safety margin of 30 percent. Fig.6.1 indicates

maximum temperature values for a typical PWR

315C outlet

water coolant

reactor.
To achieve a water temperature of 315C zlircclzlpy
. claading
requires that a very high pressure be applied to the 343C max

water coolant-moderator.

Suppose that the pressure vessel of the reactor
contains water at 13.8MPa and 315Cand the
temperature is raised to 343°C. The result will be
considerable steam formation (flashing) within the
liquid. The two-phase condition could lead to
inadequate cooling of the reactor fuel. If instead the
pressure were allowed to drop, say to 8.4MPa, the vapor region is again entered and flashing
would occur. However, it should be noted that deliberate two-phase flow conditions are used in
boiling water reactors, providing efficient and safe cooling.

In gas-cooled reactor it may be necessary to take steps to promote more effective heat
transfer from the fuel element to the coolant by the use of finned cladding. The function of the

Fig.6.1 reactor channel heat removal

fins is to increase the surface area for heat transfer and also promote turbulence and better
mixing of the gas stream. All these effects increase the heat transfer rate, however for the fins
to be really effective they should be of a material of high thermal conductivity, and the design
of the fins should aim to promote the circulation of gas between the heated surface and the
main gas stream”.

The introduction of fins results in certain disadvantages. Firstly, the power required to
circulate the coolant through the core is increased as a result of the increased turbulence, and
secondly, unless the cladding material has a very low neutron capture cross-section, the
additional neutron absorption in the fins may be unacceptable from the physics point of
view. Heat transfer can also be improved without any increase in the amount of cladding used
by roughening the surface of the cladding, and the heat transfer surface area can be increased
by using a larger number of smaller diameter fuel rods. The use of small diameter fuel rods is
also to be preferred for UO, fuel whose thermal conductivity is low.

The fins used in the Magnox clad fuel elements of British gas-cooled reactors are of
several types-longitudinal, circumferential and helical. Heat transfer coefficients for such
surfaces cannot be predicted from the empirical equations introduced earlier for smooth
surfaces, and experimental data is necessary for each design. It is sufficient to reiterate that the
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use of extended surfaces has the effect of increasing the heat transfer rate at the expense of
increased power to circulate the coolant through the core, and increased neutron absorption in

the cladding”.

6.4 Boiling Heat Transfer

The preceding section has dealt with single phase forced convection heat transfer, and is
applicable to gas-cooled reactors and water-cooled reactors in which boiling does not take
place. However, in certain types of reactors, notably boiling water reactors (BWRs) boiling
does take place in the core of the reactor. It is beyond the scope of this book to deal in detail
with the rather complex analysis of boiling heat transfer, much of which depends on
experimental data expressed by means of empirical equations. The following qualitative
description is intended to give no more than an introduction to the subject.

Consider convective heat transfer from a heated surface at temperature 7 (such as the

surface of a fuel rod) to water whose

T,

1 3 4 saturation temperature is 7, flowing
A, / across the surface. So long as 75 is less
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|
|
|
I
I
|
1
|
8 possible and single phase heat transfer
|
|
|
|
|
|
|
|
|
|
|

10°
flux at the hot surface. So long as 7, is
| | 1 |
1 10 100 1000 significantly less than 7, or the heat flux
fs-T,'C is low, boiling will not occur. This is

BT WOTNL dhke Sdbiter Carve indicated by the single phase heat transfer
region 1 in Fig.6.2.

However, as the heat flux increases, resulting in an increase in 7y, it is possible for boiling
of the water to begin while its bulk temperature 7, is still less than T,,. This is referred to as
subcooled boiling. It occurs at high heat fluxes when the film temperature of the water in
contact with the heated surface reaches the saturation temperature while the bulk temperature
of the water is lower. As the steam bubbles formed at the heated surface move into the cooler
bulk of the water they rapidly condense and collapse, but the increased turbulence caused by
this bubble movement causes an increase in the heat transfer coefficient. This increasing heat
transfer coefficient is indicated on Fig.6.2 by the steepening portion of the curve between
regions | and 2 of the figure.

As the bulk water temperature rises and becomes equal to the saturation temperature, bulk
boiling commences and becomes fully developed’. The turbulence caused by the formation of
steam bubbles and their movement away from the heated surface causes the heat transfer
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coefficient to increase further, resulting in the pronounced steepening of the curve in region 2
of Fig.6.2. In this region, called the nucleate boiling region, the heat flux increases rapidly with
only a modest increase in the heated surface temperature.

As nucleate boiling develops, the heated surface becomes increasingly blanketed by steam
bubbles which, having a thermal insulating effect, restrict heat transfer and cause a lowering of
the heat transfer coefficient. The curve of Fig.6.2 begins to flatten. A heat flux is reached called
the departure from nucleate boiling (DNB) at which, if the heated surface temperature is
further increased, the heat transfer rate will decrease due to the increased thermal resistance of
the vapour film which is spreading over the heated surface. This leads to an unstable state of
partial film boiling shown as region 3 in Fig.6.2. Once the vapour film is continuous across the
heated surface stable film boiling is established, and any further increase in the surface
temperature will cause the heat flux to increase. However, as the heat transfer coefficient is
rather low due to the vapour film, the increase in heat flux is much less pronounced than in the
nucleate boiling region, see region 4 of Fig.6.2. Modest increases in the heat flux can lead to
big increases in the surface temperature 7, which may become high enough to result in
damage, e.g. melting. This is called burnout, and is a condition which must be avoided in a
nuclear reactor at all costs, as the melting of the fuel cladding would cause the release of
fission products into the coolant and other very serious consequences.

The heat flux corresponding to the peak of the curve at point A in Fig.6.2, the departure
from nucleate boiling, is also known as the critical heat flux. It is the maximum heat flux
permissible in a boiling water reactor as any attempt to increase the heat flux above this value
would result in a transition from nucleate boiling at A to film boiling at B, accompanied by a
sudden and large rise in the surface temperature leading possibly to burnout.

It is important to be able to predict the critical heat flux in a reactor in which boiling may
occur. Such reactors include not only BWRs in which nucleate boiling occurs during normal
operation, but also PWRs in which boiling, either subcooled or nucleate, may occur under
abnormal operating conditions. Much experimental work has been done to develop empirical
correlations which involve the heat flux, surface and fluid temperatures, fluid pressure and
velocity, dryness fraction (or steam quality) and the system dimensions among the relevant
parameters. As a general rule it may be said that these parameters affect the critical heat flux as
follows.

(1) Increasing pressure may cause the critical heat flux to decrease.

(2) Increasing fluid velocity causes the critical heat flux to increase.

(3) Increasing dryness fraction (or steam quality) causes the critical heat flux to decrease.

As the dryness fraction increases along a channel in the reactor core in which boiling is
taking place, the critical heat flux decreases along the channel, reaching a maximum at its
upper end®.

The heat flux during nucleate boiling can be related to the heated surface temperature by
an equation of the form:
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g=C L) "
A

Where C and » are constants. The value of n is typically about 4, so it is evident that the
flux increase rapidly during nucleate boiling as the surface temperature 7 increases. This is

illustrated as region 2 of Fig.6.2.

Self-test

1. During operation the highest temperature in the reactor is____.

A. in the center of fuel rod B. on the surface of fuel rod

C. on the surface of cladding D. in the fluid

2. There is no limit to the rate at which____ .

A. heat is conduction B. heat is convection

C. heat is radiation D. fission can take place

3. To determine the maximum temperature, the calculated temperature drops are
multiplied by .

A. fuel temperature B. hot-channel factors

C. hot pot D. liquid temperature

4. The inlet temperature____all channels.

A. is different for B. is changed to

C. issame for D. is mixed between

5. The fuel rating is proportional to the____and the fraction of *°U in the fuel.

A. dryness fraction B. heat conduction of fuel rod

C. neutron flux D. heat flux

6. In a thermal reactor the heat release due to fission _in the fuel.

A. takes place mostly B. mostly

C. does not take place D. all takes place

7. The power produced per unit length of fuel rod____in the reactor.

A. is same B. varies with the position

C. varies with length D. is different

8. The maximum permissible____of the fuel is one of the most important factors in the
thermal design of a reactor.

A. conductivity B. hot channel factor

C. temperature D. strength

9. The power of the reactors is limited by the____ channels.

A. center B. out

C. largest D. hottest

10. The introduction of fins certain disadvantages.
A. produces B. results in C. takes place D. gives
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11. The departure from nucleate boiling is critical heat flux.
A. akind of B. same as C. different from D. similar as
12. During nucleate boiling the small increase in the heated surface temperature the

heat flux :
A. induces/decreases B. imposes/increases
C. results in/increases rapidly D. makes/decreases

x5 R

Burnout: Sudden failure of the fuel cladding tube, caused by overheating.

Pk T, SFERREMLTRABIN.

Conduction: The transmission of heat from one portion of a medium to another, without
visible motion of the medium, the heat energy is passed from molecule to molecule.

5 (AL D) WBER—5 20 5 — i e T, B MR Es), #Ee M
1R TR .

Convection: The transmission of heat from one place to another, by fluid circulation
between the spots of different temperature.

i (A D WA FRERE R 2 [ FULAERER, N —4b 3 55— b s s .

Dryness fraction: The weight proportion of dry steam in steam and water mixture.

TR E: EFUKIREY S T2 S R EE .

Empirical equation: A formula founded on experience or experimental data only, not
deduced from theoretical considerations.

SN ARELKRERERARHAN, AENEISHEFEKEN.

Fins: The thin projecting strips formed integral with a tube to increase the heating area.

M 58T —RR SR, RS L A am .

Heat conductor: A body, through which heat flows by conduction.

WPk REVAR T RIRAIE .

Heat flux: The quantity of heat flows from unit heat transfer surface in unit time.

PofiE: AL EFE RN R AR HE

Heat transfer coefficient: The rate of heat transfer between two phases, it depends on the
physical properties and relative motions of the two phases.

FeAFRE: PWHZ ARG, R T A EY BRI ZES) .

Hot pot: The point of the highest temperature on the fuel rod.

Wl BB IR R S L

Hot-channel factor: A kind of safety factor in the thermal design of nuclear reactor.

PERET: ERNHER TR —Fr2e R

Radiation: The heat transfer by electromagnetic radiation.

HEA CFEFAO: i B S AT M PR AR i .

Specific heat: The heat quantity needed to raise the temperature of the unit mass of a
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substance by 1°C.

Pt fESAAL T E Y R ET & 1 CHTf E R AE .

Subcooled boiling: The boiling of the water is commenced while the water bulk
temperature is below the saturation temperature.

ARG . KA KRR AR AR T RANGR R, K I WE i .

Thermal conductivity: A measure of the flow rate of thermal energy through a material
which a temperature gradient is present.

R, REEHET, HeslEPRRsE R,
il i

agent [eidzant] n. 4k

axial ['eeksial] a. #iH

circumferential [se,kamfa'ren[al] a. ¥IEH, BiLny, EEK
collapse [ka'leeps] v. &n. HK, MR, HH

commence [ke'mens] v. JFif

condense [kan'dens] v. ¥kt

correlation [ kori'leifen] n. RZ&A

creep [kri:p] v. &n. IFZE

deliberate [di'libareit] a.&v.  (fF41) FER, EIAK; %E, @it
dryness [drainis] »n. TP

empirical [em'pirikal] a. ZKH

evident ['evident] a. HIEMY

fin[fin] n. Wi

finned cladding 5/ v IfIf25E

flashing [fleefin] n. [NZ

fusion [fju:zen] n. BELE

gag [geeg] n. ZEiE, ER

gradient ['greidiant] n. /&

helical ['helikal] a. &n. &jE ()

impose [im'pauz] v. Min, K4

longitudinal [lond3zi'tju:dinl] a. &n. A0 (1); Hm (D
metallurgical [, meta'la:dzikal] a. WHB&M

notably [nautebli] ad. #pHlE, B3EH

nucleate boiling  #%7&h i

orifice ['orifis] n. fLH, LI

overestimate [ suve'estimeit] v. &n. TEifliit

parabola [pa'reebala] n. %k

pronounced [pro'naunst] a. BEMW
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qualitative ['kwalitativ] a. EMEH
quality [kwoliti] ». #ifE, TR, Bk
rating ['reitin] n. fAfi, HEE
reiterate [ri:'itoreit] v. FEHI, REHIUE
restrict [ris'trikt] v. PR#&|, £, i
roughen [rafan] v. {HAEHLRE

seldom ['seldem] ad. 1R/>

stack [steek] n. MR, %

steepen ['sti:pan] v. B[

subcool ['sab'ku:l] v. K#, oA
thermodynamic [Ba:maudai'neemik] a. #H A2
turbulence [ta:bjulens] n. #3h
uniform [ju:niform] a. 5K

at all cost AL, Toidwf]

deal with AbFE, XP{F

solongas HE, K4

w3k R

1. The rate of heat removal is...of the surface.

£+ the difference & /1A to [ 5E7H, between Ja /i 525 i difference {15215 . ¥H)
B AE AR SRR B A A R EE R, REGR T J AR A
EETEBZ NN

2. From the thermodynamic...reactor power.

f]H as the coolant acts as...[FJ5 —/~ as ZFAMERE, F—1 as 5 acts #BEE LR
e EHER . 20k NRAOZERMERE, B TR AR 155 R,
IR B SR AT B i R, X SN rh — SR (Y B IR BE P PR AR, XA EN R
FE T J % HE Th 26 7= A T B4 o

3. In order to keep...must be high.

] to avoid melting 1 to avoid boiling #/& 5 In order #EX R, 5 to keep #HHF1.
EREN: N T ORIFRIE KRB,  DURESRARH I8 R AL Telidk, 3R T B S ik A HI ) b
Jits AL BT S K R AR AR AR B 8 KA R B, XK A o 3 A 0O B R (v
Al [ B A I A 20

4. A parameter called...critical value.

1] departure from nucleate boiling ratio F ¥ & B2 “fR B LIL”, & TfEh—
FRFRA “ /MRS, R RMNHER TP — 22 R,

5. All these effects increase...gas stream.

) of a material... R ARG IERWE, of 5 FMERIE MM A EIEN, —BEREAL -
MIEE. BAER. XS ot igm i, ARifiEER A AN Z B A
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WAL SIE, Bk B T R R T 5 S U 1A O

6. It is sufficient...in the cladding.

] sufficient to reiterate f& R IARIULHA T reiterate, EEZ “CELKER T 7. #a
PN DRZIRER T RN RERKBN, (HR IR E L HE ST
A, R e T A 5E 8 RO .

7. As the bulk water temperature...fully developed.

i) bulk water temperature /Z#{4/K¥, bulk boiling &AM, #A)HF N, ¥k
KU T ek B AR R, AR AR I T 4R I BA 78 43 R 5 I

8. As the dryness fraction...upper end.

fJH reaching a maximum at its upper end /& % i the dryness fraction %% as the.../&
Wik f), FEA)JE the critical.... AN 2lE LW, 5 O HEE K EH N,
It F FAi s BN B b, T R BIE S Il HY DA B R
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Unit 7 Pressurized Water Reactor

7.1 General

In the most common type of pressurized water reactor (PWR), the light water-moderated
and cooled core is contained within a large pressure vessel with a removable head (see
Fig.7.1). The core is cooled by water which flows downward through an annulus around the
core and then upward through the core. The heated water leaves the core through one of
several pipes, each of which leads to a steam generator. The cooled water leaving the steam
generators is returned to the core by a large circulating pump, and the steam produced flows to
a turbine, which drives the electrical generator. The steam leaving the turbine is condensed and
returned to the secondary side of the steam generator by feed pumps.

pOoD
DUULD

A4 i)

CCCCe
ccee
B

LI

2

Fig.7.1 sectional view of the Sequoyah pressurized water reactor

I—control rod drive head adaptors; 2—instrumentation ports; 3—thermal sleeves:
4—upper support plate; 5—support column; 6—control rod drive shaft; 7—control rod guide tube;
8—internals support ledge; 9—inlet nozzle: 10—outlet nozzle; 11—upper core plate; 12—baffle and former;
13—fuel assemblies: 14—reactor vessel; 15—thermal shield: 16—access port; 17—lower core plate;
18—core support; 19—diffuser plate; 20—lower support column;
21—radial supports; 22—instrumentation thimble guides
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In a pressurized water reactor, the mixed fluid leaving the core is not allowed to boil. Net
boiling is prevented by maintaining a substantial overpressure. This pressure, generally in the
range of 13~16MPa, is maintained by an electrically-heated pressurizer connected to one of
the circulating loops by a branch line.

PWR fuel elements consist of long, thin (approximately 6~10mm diameter and 3~5m
long) hollow-wall metal tubes filled with cylindrical uranium dioxide pellets. The metal tube,
generally referred to as “cladding”, retains the fission products and prevents UO, particles
from becoming a part of the circulating coolant stream. The cladding is generally an alloy of
zirconium, although stainless steel was used in the early designs.

The fuel elements are assembled into large rectangular cross-section bundles, which may
contain from 150 to 300 fuel elements. The fuel assemblies are positioned vertically in the core
and are placed in a configuration which approximates a right circular cylinder. The coolant
thus flows parallel to the axes of the fuel elements.

Control rods, inserted through the removable head, provide sufficient control to bring the
core to a hot shutdown condition. The changes in reactivity with core lifetime, and in going
from the hot to cold shutdown condition, are compensated for by varying the concentration of
boric acid dissolved in the coolant. This control scheme is generally called “chemical shim”
control.

Provision is made for the injection of large quantities of water to the system to maintain
core cooling in the very unlikely event of a break in the primary piping. In addition, the entire
primary system is enclosed within an airtight structure, called the “containment”, which can
contain all steam and fission products released in the event of such a piping rupture.

The reactor vessel is located within a deep pit, which can be flooded when the reactor is
shutdown. When the pit is flooded, the reactor head may be removed and underwater refueling,
using long-handled tools, is then feasible.

Neutron absorption within the core of a vessel-type PWR is too high to allow criticality
with natural uranium. Criticality over the expected lifetime may be achieved by using slightly
enriched uranium, generally in the range of 3%~5% * U, throughout the core. Alternatively,
one may use a ring of highly enriched fuel with the remainder of the core natural uranium or
thorium. This latter arrangement is generally referred to as a “seed and blanket™. The seed and
blanket concept was used in the core of the Shipping port reactor but most later central station
units have slightly enriched fuel throughout the core'.

7.2 Pressurized Water Reactor Components

Nuclear power plants are, with some exceptions, large installations made up of a great
number and variety of components. Since several manufacturers are in the business of
supplying nuclear reactors internationally and since an even larger number of architect/engineer
organizations collaborate with the vendor in the design, procurement, and construction of the
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plant, it is not surprising that a great deal of variation exists in the details of plant layout,
component selection, and general engineering approaches. Compounding these differences was
the rapid development of nuclear power plant design from one generation to the next, by the
same manufacture. These changes were dictated, to some extent, by necessary improvements
in plant performance and the need to conform to environmental and safety regulations. Another
powerful motivation was to increase the size of the plant in order to achieve economics of
scale. This rapid evolution was difficult for the utility industry to absorb comfortably, and the
economies of scale reached a point of diminishing returns in the 1970s. The tendency in recent
years has been toward stabilization to a certain model by each vendor, and a need for
standardization.

Despite the great variability in plant layout, system, and components, the basic features of
the plants remain essentially the same. Even between PWRs, with their differences in the
energy transport loops, there exists a great deal of similarity: A large pressure vessel containing
a nuclear core of fuel bundles made of similar fuel rods, occupies the heart of the nuclear
plant. Control rods are provided to control the nuclear reaction, to change power level, and to
shut the reactor down. Piping provides a path for the coolant to carry away the heat produced
and is complemented by valves and pumps. Turbines, feedwater heaters, condensers, and other
items are used in the energy conversion cycle. All plants are provided with multiple barriers to
prevent the escape of radioactivity under normal or abnormal conditions. Redundant and
diverse components are installed to fulfill safety functions and to provide comfortable margins
with respect to imposed requirements. Containment structures are required now in all countries
to contain potential release of radioactivity from the plant and to protect against external
natural or man-made forces such as earthquakes, floods, tornadoes, tsunamis, explosions, fires,
and even airplane crashes.

Fig.7.2 depicts a four-loop plant such as those manufactured by Westinghouse. In the
figure an additional vessel, called the “pressurizer” is also shown connected to the primary
system. Its function is to maintain control of primary system pressure.

It is useful to review briefly the various conditions under which the components must be
made and tested. In the United States these standards were set in the codes written by the
American Society of Mechanical Engineers (ASME code) and, separately, by Committee N-18
of the American Nuclear Society’. (Similar codes exist in Europe and Japan. ) The
categorization into safety classes done by these organizations is very similar. This categorization
defines component and system classes as follows.

Safety Class 1. This is the most vital category and applies to all components of the
primary coolant system whose failure could cause a loss of reactor coolant, in operating
conditions III or [V. The criteria are, therefore, most stringent.

Safety Class 2. This applies to structures and components that are required to fulfill a
safety function (for example, to shut down the reactor; to provide cooling for the core or the
containment; to cool another safety system; to contain and control radioactivity that may be
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steam outlet(fo turbine)

feedwater inlet
(from condenser)

pressurizer

reactor vessel

Fig.7.2 schematic of reactor coolant system for PWR

released in an accident, etc. ).
Safety Class 3. This applies to systems whose failure would allow release to the

environment of gaseous radioactivity that would normally be held for decay within the plant.
7.3 Introduction to the Nuclear Steam Supply System 80+

7.3.1 Reactor and Reactor Coolant System

The Reactor and Reactor Coolant System function together to provide the means for the
generation and transfer of heat from the core and fuel to the steam generators. The steam
generators subsequently transfer heat to the main steam system and the turbine.

The advanced System 80+ design has evolved from the system 80 reference design’. The
primary objective of this evolutionary design effort has been to increase operating margin in a
manner which would enhance performance and reliability while preserving the well proven
configuration.

For the Reactor, the core operating margin has been increased by reducing the normal
operating hot leg temperature and revising core parameter monitoring methods. The ability to
change operating power level (i.e., maneuver) using control rods only (without adjusting boron
concentration in the coolant system) has been provided, simplifying reactivity control during
plant load changes and reducing liquid waste processing requirements.

Improvements have also been made to the RCS. For example, the reactor pressure vessel
is ring-forged. The ring-forged design results in a significant reduction in the number of welds
(with resulting reduction in-service inspection) and eliminates concern for pressurized thermal
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shock. Also, the pressurizer volume has been increased relative to the system 80 design to
enhance transient response and reduce unnecessary challenges to safety systems. Furthermore,
the System 80+ steam generators include Inconel 690 tubes, improved steam dryer efficiency,
and a seventeen percent increase in overall heat transfer area relative to System 80, and a ten
percent margin for potential tube plugging. The steam generators have a twenty-five percent
larger secondary feedwater inventory than System 80 to extend the “boil dry” time and
improve system response to upset conditions. Steam generator improvements including larger
and repositioned manway, a standby recirculation nozzle, and a redesigned flow distribution
plate have been made to facilitate maintenance, and to maintain long term integrity.

The System 80+ reactor and RCS includes the reactor vessel, reactor internals, core,
steam generators, pressurizer and associated coolant pumps, piping, and valves. There are two
parallel heat transfer loops each containing one steam generator (SG) and two reactor coolant
pumps (RCPs). The pressurizer is connected by a surge line to one of the reactor vessel outlet
pipes.

The reactor is a light water-moderated and cooled pressurized water reactor (PWR). The
fuel is slightly enriched uranium in the form of sintered UO, pellets enclosed in tubes. A
multi-zone refueling strategy replaces between one-third and one-fourth of the core at each
refueling, depending on the fuel cycle length. Fresh fuel is loaded in the core interior along
with partially burned fuel. The remaining partially burned fuel is moved to the core periphery
to reduce neutron leakage, thereby improving fuel economy and reducing irradiation of the
pressure vessel.

Control of the core power distribution and reactivity is achieved by a combination of fuel
loading pattern, burnable absorber rod depletion, chemical shim reactivity control, and selected
patterns of Control Element Assembly (CEA) insertion and withdrawal.

Reactor coolant enters the reactor vessel through inlet nozzles, flows downward between
the reactor vessel shell and core barrel, into the lower plenum where flow distribution is
equalized, and then upward through the core, removing heat generated by the nuclear reactor
core. Coolant leaves the reactor vessel shell through outlet nozzles and enters the tube side of
the vertical shell economizer steam generators, where heat is transferred to the secondary
system’. Steam generated in the shell side of the steam generator passes through moisture
separators and dryers to ensure that moisture content at the steam generator outlet is
minimized. After leaving the steam generators, reactor coolant is returned to the reactor vessel
by limited leakage reactor coolant pumps.

The supports for each of the individual components of the reactor coolant system are
designed to form an integrated support system which mitigates the effects of earthquakes,
branch line breaks, and steam line breaks on the RCS. This capability has been achieved
without sacrificing the ability of the reactor coolant system to expand thermally with minimum
restraint.

Therefore, there are no pipe whip restraints or jet impingement shields required for the
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main loop piping, and dynamic loads due to postulated main loop pipe breaks are not imposed
upon component support structures or other plant equipment.

The design pressure and temperature of the reactor coolant system are 172.4 bars and
343.3°C. The system will operate at a pressure of 155.1 bars and has a design lifetime of 60
years.

7.3.2 Reactor Control Characteristics

Reactor power increases or decreases with reactivity insertion or removal. Reactivity
insertion may be accomplished by Control Element Assembly (CEA) withdrawal, dilution of
reactor coolant boron concentration or, to a lesser degree, by reduction of reactor coolant
average temperature. Conversely, reactivity is removed (negative reactivity inserted) by CEA
insertion, increasing the reactor coolant boron concentration, or increasing the reactor coolant
average temperature. The reactor design provides regulatory banks, consisting of full-strength
CEAs, and independent part-strength CEA (PSCEA) banks for reactivity compensation and
axial power distribution control’.

Very slow but ultimately very large changes in reactivity may be made by adjusting the
boron concentration. This means of changing reactivity is normally used to compensate for
fuel burn-up or to override fission product buildup and is manually controlled by the reactor
operator.

Changes in reactor power in response to changes in turbine load are accomplished
automatically by means of regulating CEA movement. No change in soluble boron
concentration is necessary. The Reactor Regulating System (RRS) senses reactor power,
reactor coolant temperatures, and a load reference (usually turbine power) and provides signals
to the controlling CEA group demanding direction and speed of movement, if required.

After a load change, the RRS brings the reactor to a new steady-state power level.
Simultaneously, reactor coolant average temperature is adjusted to a value programmed with
reactor power to maintain design steam conditions. Average temperature is then allowed to
float about the programmed value within a dead band to take advantage of the reactor coolant
temperature reactivity effect, which provides a negative feedback loop. This effect stabilizes
reactor power, eliminating the need for frequent CEA movement.

7.3.3 Reactor Core Monitoring

The In-core Neutron Monitoring System is used to determine the neutron behavior within
the reactor core. The system is comprised of a Fixed In-core Detector System (FICDS) which
ABB-CE has provided for its pressurized water reactors over the last twenty years. The FICDS
utilizes rhodium self-powered neutron detectors (SPNDs) to perform continuous on-line
monitoring of the flux distribution in the reactor core which is used in the calculation of other
important core parameters such as peak linear heat rates, axial power distributions, azimuthally
tilts and limits to departure from nucleate boiling(DNB)°.

The FICDS has significant advantages for reactor core monitoring over a system which
uses ex-core detectors in combination with a movable in-core detector flux mapping system.
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The basic advantage of using fixed instead of movable in-core detectors is that fixed detectors
allow the core power distribution to be observed on-line and can be used continuously for core
monitoring. Movable detectors permit only periodic observation of the core power distribution,
and allowance must be made for changes between observations. Further, by using information
from in-core rather than ex-core detectors to monitor the core, greater accuracy is achieved,
which yields increased margins to thermal limits. These margin gains can be translated into
one or more of the following: higher allowable power levels or peaking, additional operating
flexibility, and additional flexibility in fuel management.

In addition to the FICDS, an optional Movable In-Core Detector System (MICDS) is
available which provides redundant and diverse core power distribution information. The
MICDS includes two movable miniature fission chambers, movable detector signal conditioning
equipment, and the movable drive system hardware and software.

Self-test

1. The MICDS means____.

A. Movable In-Core Data System

B. Miniature In-Core Detectors

C. Movable In-Core Detectors

D. More In-Core Data System

2. In the Light Water Reactor, water is used as___ .

A. coolant B. moderator

C. steam generator D. both A and B

3. Primary system water enters the reactor vessel through the inlet nozzles, then travels

downward in g

A. the tube B. the annular space

C. the vessel D. the low plenum

4. Ciriticality over the reactor lifetime is achieved by____.

A. using slightly enriched uranium B. control rods

C. boric acid D. fission products

5. The powerful motivation to increase the size of the plantis .
A. the shortage of electricity B. the economies of scale
C. manufacturer D. plant layout

6. The reactor core in PWR is located .

A. in the containment B. in the vessel

C. inapool D. below the inlet and outlet nozzles
7. Chemical shim control is employed as____reactivity control.

A. supplementary means of B. the most important

C. emergency D. normal



78 BREWRE (FITR)

8. The pressurizer is connected by____to the hot leg.

A. asmall pipe B. avalve C. asurge line D. aU tube
9. According to multi-zone refueling strategy, the fresh fuel is loaded in

A. the core periphery B. different places

C. the core center D. half the core

10. When the CEA is inserted, the reactivity is____.

A. changed B. removed C. increased D. withdrawn
11. The in-core neutron monitoring system is used to determine the_ .

A. neutron flux distribution B. neutron velocity

C. bothAand B D. neither A nor B

12. From the text the hot leg temperature of System 80+ is____ that of System 80.
A. higher than B. thesameas C. similar as D. lower than

X B9 R ORE

ABB-CE: ABB Combustion Engineering.

ABB ke T2/ A].

Boric acid: H;BO;, A tribasic acid.

if&: HsBOs;, —Ff=H&.

CEA: Control Element Assembly, a bundle of neutron absorber rods.

PRI B2 AR IR 4 R R R

Core: That part of a nuclear reactor which contains the fissile material, either dispersed
or in cans.

HED: BRINVHEN &R BREMEE Y, HRAREAT UL IR S a2 et m.

Feed pump: The pump forcing the condensate from condenser to steam generator.

KT BK B RERIT AR SR IR R .

Pressurized water reactor (PWR): The reactor cooled and moderated by pressurized light
water.

BsoK 52 o= F N s 42 7K v 20 A T Ak i) S 2 HfE

Pressurizer: A large, vertical, cylindrical vessel, connected at its bottom to one of the
hot legs of the primary coolant loop. The main purpose of the pressurizer is to maintain
primary system’s pressure within prescribed bounds during normal operation.

A —NKRLASEREERS, KBS ERERG— ) HEBARE, RESNEER
HRAEIER BTN FMRFRGEENE —EEELA.

Primary coolant: Reactor coolant. The fluid circulated through the reactor to remove
heat. In direct-cycle reactors such as the boiling water reactor this drives the turbine directly
but in other types the heat is passed via a heat exchanger to secondary system.

ERHG: JRNHERENF . FROEFA RIS SN HE T 7 AR R, e BB AR R 1 b
WK HER, P HIFIAR ARV B R IR L R —Fh B MR, YA E0E I



Unit 7 Pressurized Water Reactor 79

A W AR i A 45— [RIER R L

Procurement: Organizational procedure for obtaining equipments.

. RSN AALRAT .

Reactor trip: Rapid reduction of reactor power to zero by emergency insertion of control
mechanisms and (in some case) removal of liquid moderator.

P e JEId I R S E A B S O T HE A IR AR, o S5 I HE T 3R T
2%,

Reactor vessel: The vessel in which the core, moderator, coolant and control rods are

situated.
[RHERSE: FAAHED . B, BEIFIFE RIS AR
Reliability: Probability that an equipment or a component will continue to function when
required.
AIAENE: BTFHER, —DRSEOTlE ] AR EEIs ¥ ] REYE .
RCS: Reactor Coolant System. The system consists of reactor, steam generator,
pressurizer and associated coolant pumps, piping, and valves.
RIVHEGHIFIRSE: RN, ZBRRAER. RIESLRMERENA TR, &R
TR R R S .
RRS: Reactor Regulating System. The system regulating reactor power rating.
S HEP S R GE: W RN HEDI R RS
i i
approach [e'praut(] n. ik, &%
architect ['a:kitekt] ». #HIT
azimuthal ['eezi,maABal] a. J5fiffiff
bank [baenk] n. ##H
barrel [beeral] n. MK, Hi
chemical shim {25 %Mz
code [kaud] n. ¥EH, HiVE
collaborate [ka'leebereit] v. &1
complement ['komplimant] »n. #* %
comprise [kem'praiz] v. e 21
compounding [kompaundin] »n. £
conditioning [kan'difenin] »n. 4b#
configuration [kan, figju'reifen] n. %i#), BCE, K, i
containment [kan'teinmeant] »n. %45%
detector [di'tekta] n. il g%
dictate [dik'teit] v. Ziid
dilution [dai'lju:fan] n. %, ik
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diverse [dai'va:s] a. ZFEH

dynamic [dai'neemik] a. %K, BHEK
impingement [im'pindzmeant] ».
installation [insta'leifen] n. Z&H

internal [in'te:nl] »n. HERKIMH

layout ['leiaut] ». &

manufacturer [ meenju'feekt[ara] n. HlER
miniature [ minjatfa] a. &n. /PpHE (H)
mitigate [ mitigeit] v. IR, £
motivation [,mauti'veifen] ». Zhf, R
override [,auva'raid] v. &n. @ik, TR
periphery [pa'riferi] »n. 4%, ik
redundant [ri'dandent] a. JTT&H)

reed [ri:d] n. FREE

regulatory [regjuleitori] . EEEM, ME (FBHD AK, HHH
reposition [ri:pa'zifen] n. BJRLL, KAB--fiF
rhodium [raudiam] n. %

ring-forged #iE H I

sacrifice ['seekrifais] v. %k

scheme [ski:m] n. HE, &%

strategy ['streetidzi] n. /&#&

subtract [sab'treekt] v. W%

terminology [,te:mi'noledzi] ». H[IARiE
tilt [tilt] v. iR, WE

tornado [to:'neideu] n. MR, B¥EX
trip [trip] ». fid0, {54

tsunami [tsju'na:mi] n. #Fu

vendor ['vendo:] n. ¥, ftHEwg

whip [hwip] v. &n. 4T

conform to &M

dead band ZEX, AFEHLEHRL TIENK
make up fM7E

great deal K&

w X E R

1. The seed and blanket concept. ..throughout the core.
fJH seed f8 R NHEHEDS A SRR E S R ORI, FRAKIX; blanket B0k} B4 AT Y
DX, FRFADX; Shipping port Rl AFHs. BAREN: 757 T RNHEPMEH T Ak
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FOFF A DX AR, L SR PR AR 2 v B, 3t S S8 S P Tl 4 RO A

2. In the United States these...American Nuclear Society.

fJ+ ASME £ E Y LREIMh2 455 Separately Z&iA, B1fizhia written. 4]
Fh: R, XRS50 B EVMTREMbSAEEEDS N-18 ZR %S KM
1o il 2 1Y -

3. The advanced System 80+...reference design.

fJrh System 80+#1 System 80 #Z%zh 1 REMAL S, System 80+/2 System 80 [k
BERY . BAIVEN . SEHERS 80+ R S RS 80 BB R BRI .

4. Coolant leaves the reactor vessel shell...the secondary system.

A1) economizer & “TiAR" B “WRERR”. SRR A EHFEL H D BE B RN
HEAAR, HEANKMATRENRUREREN, BREEASE - RKNERS.

5. The reactor design provides regulatory...distribution control.

]9 regulatory banks R Ti#E 41, banks AR, AN RNVHERTHEAA Y
B, mIRURE AR A R, A BEAT BN M2 A 1) Th 3 43 A5 45 il A e ST f 3 43
R LA

6. The FICDS utilizes rhodium...nucleate boiling (DNB).

T self-powered & “ H45EE”; on-line monitoring %7~ “ZEZE il ”. SR B
AR P I R e P B B A5 e T LR, X S HEHE LS o Ol B A AT A WA,
R e S AN EES Y, Pl KL, MR M, BB 6 R
72 BT A 25 1A% o s ) PR 76 55
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Unit 8 Reactor Vessel and Internals

8.1 Reactor Vessel

The System 80+ reactor vessel is designed to contain and support the core and fuel and is
essentially unchanged from the well proven System 80 design. A major improvement in
manufacturing and operation has been achieved through the use of ring-forgings. The use of a
forging as opposed to rolled and welded plates used in previous vessel designs reduces the
number of welds and the overall complexity of the vessel and thus reduces fabrication
time'. Furthermore, the remaining welds have been relocated to areas of lower neutron flux
thus enhancing the vessels resistance to brittle fracture. To further ensure vessel integrity
throughout its 60 year design life an analysis regarding vessel brittle fracture is performed.

The reactor vessel is comprised of the reactor vessel assembly, supports, level indication
and surveillance specimens.

In addition, the reactor pressure vessel is designed and fabricated in accordance with the
ASME Boiler and Pressure Vessel Code, Section [II, Rules for Construction of Nuclear
Vessels.

8.1.1 Reactor Vessel Assembly

The reactor vessel (see Fig. 8.1) is
a vertically mounted cylindrical vessel
with a hemispherical lower head
attached to the vessel and a removable

closure
stud

(1067mm)

hemispherical upper closure head. The dircct igoation naetie"" outlet
reactor vessel is fabricated from low — |
alloy steel and the internal surfaces that e O O )
are in contact with the reactor coolant are q B E
cladded with austenitic stainless steel. . =

) 230mm effective -

The reactor vessel consists of a core
diameter

vessel flange, three shell sections (upper,
intermediate, and lower) and a bottom

o __| snubber

head. The vessel flange is a forged ring EI g %*m™m T; 17

with a machined ledge on the inside flow
surface to support the core support core stop N
barrel, which in turn supports the reactor v

internals and the core. The flange is \instrumem

nozzles

drilled and tapped to receive the closure

studs and is machined to provide a Fig.8.1 reactor vessel
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mating surface for the reactor vessel closure seal rings. Each shell consists of one 360 degree
forged ring. The bottom head is constructed of a single hemispherical forging. The three shell
sections, the bottom head forging and vessel flange forging are joined together by welding,
along with four inlet nozzle forgings and two outlet nozzle forgings to form a complete vessel

assembly.
The centerlines of the coolant flow nozzles are located on a common horizontal plane in

the nozzle shell course. A boss is located around the two outlet nozzles on the inside diameter
of the vessel wall to provide a mating surface for the internal structure and to guide outlet
flow”. This boss and the mating outlet sleeve on the core barrel are machined to a common
contour to control reactor coolant bypass leakage. The transition section joining the nozzle and
vessel shell courses is tapered externally.

The closure head is fabricated separately since it is joined to the reactor vessel by
bolting. The closure head consists of a head flange and a dome.

The head flange is a forged ring. The flange is drilled to match the vessel flange stud hole
locations, and the lower surface of the flange is machined to provide a mating surface for the
vessel closure seal rings. The dome is constructed of a single hemispherical forging. The dome
and flange are welded together to form the closure head, and the control element drive
mechanism (CEDM) nozzles are welded into the head to complete the assembly.

The studs for the closure head are tensioned using hydraulic stud tensioners. Flange
sealing is accomplished utilizing silver plated Ni-Cr-Fe alloy self-energizing O-Rings.

Nozzles for direct vessel injection (DVI) of borated water from the Safety Injection
System are provided near the top of the cylindrical vessel.

8.1.2 Reactor Vessel Level Indication

The water level within the reactor vessel for the System 80+ design is monitored using
several methods. The first method is to monitor vessel water level inventory using the
inadequate core cooling (ICC) monitoring instrumentation. The ICC instrumentation contains
the reactor vessel level monitors which use heated junction thermocouples (HJTC’s). The
reactor vessel level monitors provide control room indication of the status of the liquid
inventory in the reactor vessel.

Another method of monitoring the water level in the reactor vessel during refueling
operations is the Shutdown Reactor Coolant Level Monitor (SRCLM). The SRCLM consists
of the piping, valves, transmitter, indicator and other equipment required for monitoring
reactor coolant level during shutdown conditions. The SRCLM displays Reactor Coolant
System (RCS) level in the control room via the Discrete Indication and Alarm System (DIAS)
and the Data Processing System (DPS).

8.1.3 Reactor Vessel Design-Material Selection

Design of the reactor internals and the water annulus between the active core and vessel
wall is such that, for reactor operation at 105 percent rated core thermal output, and an 80
percent plant capacity factor, the vessel fluence (£ >1 MeV) is predicted to not exceed 6.0x10"
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nvt (total integrated neutron flux) over the 60-year design life of the vessel. This is an upper
limit based on the most unfavorable combination of reactor vessel diameter, core power
distribution, and uncertainty in the fluence calculation.

The reactor vessel is fabricated from SA-508 steel forgings with controlled copper, nickel,
sulfur, and phosphorous content in the belt line region of the vessel. By proper control of these
materials, maximum increase in reference nil-ductility transition temperature RTxpr can be
held to a value of about 9.4°C .

The cooldown time from operating temperature to refueling temperature of 27.5 hours is
not limited by reactor vessel irradiation and the RTnpy shift. This duration is dictated solely by
the rate of change of decay heat generation, and the capacity of the shutdown cooling system.

Likewise, there is no effect on the startup sequence. Plant heatup rate is limited by the
heat input from the pumps. No additional limit needs to be imposed at the end of life as a result
of reactor vessel irradiation and RTnpr shift.

8.1.4 Surveillance Specimen Compartment Assembly

Surveillance specimens are provided for pre-irradiation testing to establish the baseline
properties, and for irradiation exposure within the reactor to determine the changes which
occur in these properties as a result of neutron irradiation.

Pre-irradiation data is used as a basis for determining the shift in RTnpr temperature and
other fracture toughness properties. A sufficient number of specimens are provided so that
unirradiated properties of reactor vessel materials can be accurately determined. The
unirradiated baseline specimens are tested to establish the baseline properties of the base metal,
weld metal, and the heat affected zone metal. Included in these baseline evaluations are
standard and pre-cracked Charpy impact specimens, and drop weight, tensile, and compact
tension specimens to determine the static and dynamic fracture toughness properties of these
materials as a function of temperature’. This testing confirms that the pre-irradiation toughness
properties are consistent with the requirements of 10 CFR 50.

Charpy impact (standard and pre-cracked) and tensile specimens are placed within the
reactor in corrosion resistant compartments for neutron irradiation. A chain of compartments
joined together for removal from the reactor at any given time is defined as a capsule
assembly. These assemblies are located between the core support barrel and reactor vessel.

Three metallurgical different materials, representative of the reactor vessel, are
investigated: (Dbase metal; @weld metal; @weld heat affected zone material. Specimen
removal and testing is performed in accordance with 10 CFR 50 Appendix H.

Fission threshold detectors are also inserted into each capsule to monitor the fast neutron
flux. Low melting point alloys are included to monitor the maximum temperature experienced
by the test specimens. Correlation monitors (impact specimens made from standard heats of
steel) are included to aid in analyzing results obtained from the surveillance sample tests.

In addition to test specimens, a section of base metal and a section of welded plate are
provided with full documentation and identification for retention by the customer for use in
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future evaluations, should the need arise®.

8.2 Reactor Vessel Internals

The Reactor Vessel internals provide the structural support for the core and fuel located
within the reactor vessel. The internals also provide for the alignment of the core with the
CEAs, CEDMs, and instrumentation, and serve as a shield to protect the reactor vessel from
radiation damage. In addition, they also accommodate the expansion and contraction of the
core.

8.2.1 Configuration

The reactor vessel internals are composed of support structures (e.g., core support barrel)
and other structures (e.g., lower support structure and core shroud) within the reactor vessel.
Core support structures are those that restrain the core. All other structures within the reactor
vessel, exclusive of the fuel assemblies, in-core instrumentation, and control element assemblies,
are considered as internal structures. Core support
structures are designed, fabricated and stamped in  conrol assemblies

accordance with the ASME boiler and pressure
vessel code Section I11. HEmE

The reactor vessel internals and their inlet nozzle
relationship to the rest of the reactor are shown in  outlet nozzle =—4— | JI{ T ]
Fig.8.2. The reactor vessel internals and core i < _@?
support structures guide the primary coolant o3 h?f*af?ger" sonith
through the core. The core support structure core shroud el 2 B H
assembly, in conjunction with the water in the ;;; 1 g
downcomer annulus, provides a shield for the corz:;gfort/ é : k’“}é\mwr
reactor vessel against radiation damage by the 2 18
neutron flux. The core support structure assembly S it
also provides alignment of the core with the Nescbly
control drives, instrumentation, and the reactor
vessel. Fig.8.2 reactor arranagement

The reactor vessel internals are comprised of
two basic components: (Da core support barrel assembly; @an upper guide structure
assembly. Both assemblies are designed such that maximum operating stresses are less than the
values specified in Section III, Sub-section NG of the ASME pressure vessel code, for normal
operating and transient plant conditions. The reactor vessel internals are fabricated from
austenitic stainless steel. A high strength stainless steel holddown ring provides an axial load on
the internals to prevent harmful vibration.

Welded connections are used throughout the design. Full penetration welds, where
required, are designed to develop full strength of joined members.
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8.2.2 Core Support Barrel Assembly

The major structural member of the reactor internals is the core support barrel
assembly. The core support barrel assembly consists of the core support barrel, the lower
support structure, and the core shroud. The material for the assembly is austenitic stainless
steel.

The core support barrel assembly is supported at its upper end by the upper flange of the
core support barrel, which rests on a ledge in the reactor vessel flange. Alignment is
accomplished by means of four equally spaced keys in the flange, which fit into the keyways in
the reactor vessel ledge and reactor vessel closure head’. The lower flange of the core support
barrel supports, secures, and positions the lower support structure, and is attached to this
structure by means of a welded flexural connection. The lower support structure provides
support for the core by means of support beams that transmit the load to the core support barrel
lower flange. The locating pins in the beams provide orientation for the lower ends of the fuel
assemblies. The core shroud, which provides a flow path for the coolant and lateral support for
the fuel assemblies, is also supported and positioned by the lower support structure. The lower
end of the core support barrel is restricted from excessive radial and torsional movement by six
snubbers which interface with the pressure vessel wall.

8.2.3 Core Support Barrel

The core support barrel is a right circular cylinder including a heavy external ring flange
at the top end and an internal ring flange at the lower end. The core support barrel is supported
from a ledge on the pressure vessel. The core support barrel, in turn, supports the lower support
structure upon which the fuel assemblies rest. Shrink-fitted into the flange of the core support
barrel are four alignment keys located 90 degrees apart. The reactor vessel, closure head, and
upper guide structure assembly flange are slotted in locations corresponding to the alignment
key locations to provide alignment between these components in the vessel flange region.

The upper section of the barrel contains two outlet nozzles that interface with internal
projections on the vessel nozzles to minimize leakage of coolant from inlet to outlet.

Amplitude limiting devices, or snubbers, are installed on the outside of the core support
barrel near the bottom end in order to minimize vibration induced by the coolant flow. The
snubbers consist of six equally spaced lugs around the circumference of the barrel and act as a
tongue-and-groove assembly with the mating lugs on the pressure vessel. Minimizing the
clearance between the two mating pieces limits the amplitude of vibration.

During initial assembly, as the internals are lowered into the pressure vessel, the pressure
vessel lugs engage the core support barrel lugs in an axial direction. Radial and axial expansion
of the core support barrel are accommodated, but lateral movement of the core support barrel is
restricted.

8.2.4 Core shroud

The core shroud provides an envelope for the core and limits the amount of coolant
bypass flow. The shroud consists of a welded vertical assembly of plates designed to channel
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the coolant through the core®. Circumferential rings and a top and bottom end plate provide
lateral support. A small gap is provided between the core shroud outer perimeter and the core
support barrel in order to provide upward coolant flow in the annulus, thereby minimizing
thermal stresses in the core shroud. Four hard-facing alignment lugs, spaced 90 degrees apart,
protrude vertically from the top of the core shroud and engage in corresponding hard-facing
slots in the upper guide structure fuel alignment plate to ensure proper alignment among the
upper guide structure assembly, core shroud, and lower support structure.

10. The reactor vessel is a large
A.

FPRPPEOPIOPIAPNAPEOPLEROR

Self—test

The reactor vessel flange isa___ with a ledge on the inside surface.
. shell section B. forged ring

forged plate D. hemispherical forging

The closure head is joined to the reactor vessel by .

bolting B. welding C. forging D. joining

The ICC stands for the__ .

In-Core Cooling B. In-Core Condense

Inadequate Core Cooling D. Inadequate Core Control

The fission threshold detectors monitor the .

neutron irradiation B. neutron flux

temperature change D. fast neutron flux

Within the reactor vessel the core support barrel isa____.

core shroud B. support structure

vessel D. guide tube

The core support barrel assembly is supported__ .

at its upper end B. by its lower end

by snubbers D. by lower support structure

The fuel assemblies are put on the___.

core support barrel B. plate

lower support structure D. lower flange

The lower end of the core support barrel is restricted by 2
flange B. snubbers C. bolts D. keys
The space between the core shroud and the core support barrel is filled with 2

. fuel B. helium C. neutrons D. coolant

, steel made container.
safety B. movable C. cylindrical D. long

11. A number of nozzles is protruded from the vessel , to provide connection to the

piping of the primary coolant system.

A.

waist B. top C. bottom D. outside
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12. The core support barrel is used to :

A. guide the coolant flow B. shield neutrons
C. contain coolant D. support the nuclear core
X B R

CFR: Code of Federal Regulations

B (RED

Charpy test: A notched bar impact test in which a notched specimen, fixed at both ends, is
struck behind the notch by a striker carried on a pendulum. The energy absorbed in fracture is
measured by the height to which the pendulum rises.

2R RS — R Rk, P E A0 D AT OB JE R
FEFEAE b AR o, D72 N RS ) R BT o 4 A T v ) e R T B

Core support barrel: A circular cylinder, including a external ring flange at the top,
supports the lower support structure upon which the fuel assemblies rest.

WX P M A AMNE RS, ESE T SENM, VR T ST
% L.

Decay heat: The heat produced by the radioactive decay of fission products in a reactor
core.

A fERNHEHES S, R R AR T A AR .

Detector: A device which can indicate the physical change induced by radiation.

PRMEE: —FpaTER0 B4R 5 R E B R LRISE .

Ductility: Ability of metals or alloys to retain strength and freedom from cracks when
shape is altered.

MEREME: @RS STETARBE AL TGRSR BE T HAS B RGN AE ST -

Forging: The operation of shaping (hot) malleable metals by means of hammers or
presses.

BE: HESE NN TBRERE (B BB .

NVT: Total Integrated Neutron Flux

FA53 o ol A

Reactor vessel internals: The assembly composed of support structure, low support
structure and core shroud within the reactor vessel.

B2 IS HEHE P R 2 S HE 2% A B M A SR A . T SR X AR A R P A A

Spacer grid: The grid consists of a series of strips joined in an egg-crate fashion and
welded together, to maintain spacing between the fuel rods and restrict their movement.

SERLRE AR VR 2 AR IR IRAE — M R O B TR T A 22, FSRAR KRR L G4 2 1) iy B 8
I BR AR T ] A X 2 5] .

Specimen: A sample; A part that is representative of the whole, or an individual
representative of a large group.
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FEdh: —FEA; RRAUREBAER — 80 SRR — .

Thermocouple: Two wires of different metals are joined at their ends to form a loop, when
their junction is heated, a current will flow round the loop.

AL FEPIRIAS R EL 8 8 e )i SO RIE B —[B1#%, S4BT IR s A,
=4 Fp A

Toughness: Ability of material to withstand disruption.

WItE: PELTIRIRABE S .

i i

alignment [8'lainment] »n. KEEZ
amplitude ['emplitju:d] ». #&iE
appendix [8'pendiks] n. %
assemblage [0'semblid3] n. &, BfE
baseline »n. &a. 4k, HAMH

beam [bi:m] n. HHF,

blind [blaind] a. # A

boss [bos] n. &, #h

brittle [britl] a. il

bypass [baipa:s] n. i, %

capsule ['keepsjul] ». J&, %, &%
Charpy (impact) [tfa:pi] n. 2EEphd;
contour [kontus] n. JEIR, 4ME
discrete [dis'kri:t] a. AIELER), 4rILH
dome [doum] n. [EHETH

ductibility [.dakti'bileti] ». ZEEHE, ATEH
flange [fleend3] v. &n. 2L, B
flexural [flek[oral] a. MR, K
fluence [fluans] »n. GERFE /m?), (hF) F&
forging [fo:dzin] n. #&{F

hard-facing n. FHi#E{L

hemispherical [hemi'sferikal] a. FERIEH
hookup ['hukap] n. 4, &%
integral ['intigral] a. #&{&f

keyway n. SR, 858

ledge [led3] »n. R4

lug [Ing] n. ZRH#. NE

mating [meitin] ». @&, HEM
nil-ductility »n. TIEMH
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nozzle [nazl] n. #H

phosphorous [fosferas] n.

slot [slot] ». &v. #8; FFi8
snubber ['snaba] n. ZEpPas
specimen ['spesimin] n. &, W
stamp [steemp] v. dEEEIT

stud [stad] n. RUCEkEER
sulfur=sulphur ['saAlfa] n. #i
susceptible [sa'septabl] a. UK
taper ['teipa] v. EHAEY

torsional [to:[anal] a. HHIAY
threshold [Brefhauld] n. G745, BRE
weld [weld] v. &n. &

w X E R

1. The use of a forging as opposed to rolled...time.

)9 rolled Z2EEMEE, B welded —#Z{21fi plates; as opposed to J&5 -+~ FHX}
MEE; as 5| RMXNMEBEREAPERE. BAER: 5ERERH KR ERMEERE T
AN I, R BAERD T RSO RS R AR, IXFE D T ISR T .

2. Aboss is located around the two outlet. . .outlet flow.

A boss FRHEL MK EAMFIH O 5K AR ER AR D Z RIRERE, B
A: FERAH OEERE D EFONEEN, HREORBAENEG, Eh N A — N ER
1351 H K

3. Included in these baseline evaluations are...of temperature.

f)9 drop weight, tensile il compact tension #f/& specimens [f]7€1%; drop weight 7% 4
G, BEAFER: LB 2 CFEPRE A AR AT AOIREE b o IR . BRI A
P AR S b (e T o » FH 3K SR 2 X A B O iR E BRSO i S I 3 AR I R 5 E R 1

4. In addition to test specimens...need arise.

] should the need arise /2% should $&ATHI & ER), ULHARTTKMAREE . #A)F
A B TR AR, — SRR — BRI  SE K SO R IE— RS $R 2 45 H P 4R
B, DASEAE 75 20 A AU A0 PP A o

5. Alignment is accomplished...vessel closure head.

f)H equally spaced keys Z¥5[EIFEAHSERIH; keyways RREME. #AFERN. @£ HE
== DA 8] R 1 SR S8 R o X B T Ji IV M 5 A A R b Sk 2 [ F B A Y

6. The shroud consists of a welded vertical...the core.

7] channel B#hi, H “51%” MEE. BAER: BERbBEE &K LR %,
BRI L.
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Unit 9 Reactor Core and Fuel

9.1 Introduction

The Reactor Core is designed to generate the required thermal output. The core provides a
flow path for the forced circulation of coolant to remove heat generated by the core under all
power operating conditions, and for the removal of decay heat by natural or forced circulation
under shutdown conditions. The core contains the fuel rods which are designed to transfer the
heat generated by fission reactions in the fuel pellets to the reactor coolant. The core also
contains poison rods which provide negative reactivity in the fuel throughout core life in
conjunction with soluble boron distributed throughout the reactor coolant. The heat transferred
from the core and fuel is circulated by the reactor coolant to the steam generator where the heat
is used to generate steam.

The physical properties of the fuel lattice provide a negative power coefficient under all
conditions which provides inherent protection in the event of power transients. The major
contributor to the power stability is the Doppler feedback which acts promptly in opposition to
fuel temperature increase.

The fuel rod design provides two barriers to the escape of fission products. The ceramic
pellets operate well below the melting point, and as a result, retain most of the fission products
within the structure of the fuel. The small fraction of released fission products is contained
within the hermetically sealed Zircaloy-4 cladding tube. In conjunction with the reactor coolant
system envelope, the containment, and reactor building, these barriers provide five barriers
against the release of fission products.

The cylindrical control elements are provided with full length guidance in the core and in
the area of radial flow above the core, and move downward under the influence of gravity
when released'. The unique design of the upper guide structure and control element assemblies
provides exceptional mechanical simplicity, and ruggedness for withstanding and protecting all
control element assembly fingers from the combined effects of seismic and blowdown loads
resulting from a LOCA. This further adds to the reliability of operation of the reactor
protection systems. The control element arrangement provides ample shutdown margin under
all conditions and without restriction of the fuel management scheme.

9.2 Core

The reactor core consists of an array of mechanically identical fuel assemblies in an
arrangement that approximates a right circular cylinder. The core consists of control element
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assemblies (CEAs) , in-core instrumentation assemblies, and neutron sources inserted into the
fuel assemblies, together with the reactor vessel internals which support and position the core
and guide the coolant flow. There are no internal shrouds or channels. This simplifies the
reactor design and permits flexibility in fuel arrangement. All of the structural materials in the
active core zone, including the CEA guide tubes and the spacer grids, are Zircaloy, which
minimizes the enriched uranium requirements of the core.

Fig.9.1 shows the cross-sectional arrangement of the fuel assemblies as positioned in the
reactor core, and the arrangement of the core within the core support structure.
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Fig.9.1 the cross-sections of fuel assemblies and reactor core

9.3 Fuel Rod

Each fuel rod consists of slightly enriched dish-ended UO, pellets, upper and lower spacer
discs, a cladding tube, upper and lower end caps, and a helical spring’. The fuel is
manufactured in the form of pellets having a material microstructure and configuration which
minimizes the effects of fuel densification during irradiation. The pellet column rests on an
aluminum oxide spacer disc at the bottom of the cladding tube, and is held in place by a
stainless steel compression spring acting on a similar spacer disc at the top of the column. The
space at the top of the column allows for fuel and gas expansion. A cold diametrical gap of
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sufficient size is allowed to provide for differential expansion between the cladding and fuel,
which limits clad strain®. Net unrecoverable circumferential strain will not exceed one percent,
as predicted by analysis considering clad creep and fuel-clad interaction effects.

The cladding tube is slightly cold-worked Zircaloy-4. The ratio of clad thickness to outer
diameter is large enough to provide adequate margin in limiting the maximum short-term
cladding stresses to less than the yield strength. The fuel rods are internally pressurized with
helium to improve both their reliability and performance characteristics.

Pressurization results in reduced clad stresses and strains because of a smaller differential
pressure across the cladding and a reduction in pellet-clad interactions. Thus, under internal
pressure and with the relatively large wall thickness, the cladding tube is essentially
free-standing. In addition, the high concentration of helium inside the tube improves gap
thermal conductivity and thus lowers fuel pellet temperatures. Lower fuel temperatures are
beneficial not only with respect to clad integrity at steady state conditions, but also in the case
of transients where peak clad temperature is important.

The end caps are welded to the cladding tubes by an exclusive ABB-CE process involving
magnetic force welding. This process has the advantage of producing a high degree of
uniformity and consistency of weldment, thus providing a very high degree of leak
tightness. There are no gas bubbles, as may be found in more conventional methods of
welding, that could lead to weld porosity and leakage. All end cap welds are 100 percent
helium leak tested.

9.4 Fuel Assembly

The fuel rods are arranged in a 16x16 square array to form a fuel assembly, as shown in
Fig.9.2. The lower end cap of each fuel rod engages the lower end fittings of the fuel assembly,
which provides lateral support of the rods. Lateral support and positioning is maintained
throughout the length of the rods by spacer grids. The upper end of the fuel rod is free to
expand in the axial direction.

Five Zircaloy guide tubes are welded to the spacer grids and mechanically attached to the
upper and lower end fittings. These guide tubes are a key feature of the fuel assembly
design. They provide channels which guide the CEAs over their entire length of travel within
the core, as well as space for the in-core instrumentation and neutron sources. These guide
tubes form the longitudinal structure of the assembly and offer the advantage of simple, rugged
construction.

The guide tubes form a closely spaced repetitive array of water channels throughout the
core, which minimizes local power peaking in adjacent fuel, while permitting the use of
rugged, yet adequately flexible control elements. The use of rugged, large-size control
elements simplifies the design and increases the reliability of associated reactor hardware. The
low local power peaking allows fuel to operate at a high average specific power to achieve a
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Fig.9.2 the fuel assembly and fuel rod

high burnup before discharge.

The fuel spacer grids maintain spacing between the fuel rods and restrict their
movement. These grids consist of a series of preformed strips joined in an egg-crate fashion
and welded together. Each fuel rod is laterally positioned by two leaf springs which are integral
with two of the adjacent strips. The springs press the fuel rod against two stiff arches, which
are integral with the other two adjacent strips. The grid perimeter strips have punched-out
sections adjacent to the fuel rods to provide local cooling. Although the spacer grids position
the fuel rods laterally, the rods are still free to expand axially.

The fuel assembly lower end fittings contain coolant flow holes. Alignment of the lower
end and support of the assembly is provided by the core support structure. Lateral location of
the upper end of each fuel assembly is provided by the lower ends of the control element
shroud tubes which extend downward from the alignment plate which is part of the guide
structure above the core’. Fuel assembly positioning is accomplished by the control element
shroud tube extensions into which the fuel assembly extension is guided. The shroud tube
extensions prevent the assemblies from moving so far upward as to disengage from the lower
core support grid in the event of an accidental flow surge. Holddown springs on the upper end
fitting react against the shroud tube extensions preventing fuel assembly uplift due to hydraulic
forces and allowing differential expansion between the fuel assembly and the core
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internals. The upper end fitting also serves as the lifting fixture for the fuel assemblies.
9.5 Control Element Assemblies and Drive Mechanisms

Control Element Assemblies (CEA) can be either four or twelve fingered as shown in
Fig.9.3. The CEA fingers are fixed to a spider which serves as the central support structure for
the 4-and 12-fingered CEA assemblies. The hub
of the spider also couples the CEA to the drive
mechanism through the Control Element Drive
Mechanism (CEDM) extension shaft assembly.
The grouping of CEAs, based on the core
arrangement in Fig.9.2, is compatible with
maximizing both the control and shutdown
reactivity worth of the CEAs.

Each control element in the CEA is guided
and shrouded from the main coolant flow above
the core by the individual control finger shroud
tubes and by the CEA shroud. In-core guidance is
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Fig.9.3 control element assemblies

materials which have proven successful performance based on extensive operating experience
in ABB-CE plants. All CEAs used in the core design contain neutron absorbing (poison)
materials which extend over the active length when fully inserted. The 12-finger full-strength
CEA contains boron carbide as the strong neutron absorbing material. The 4-finger
full-strength CEA contains silver-indium-cadmium as the strong neutron absorbing
material. The part-strength CEA contains Inconel 625, a relatively weak neutron absorbing
material, which is well suited for the purpose of reactivity and axial shape control for daily
load-follow maneuvering.

The boron carbide in the CEA fingers has a density of approximately 73 percent of the
theoretical density. Each tube is sealed by welded end caps. A gas expansion space is provided
above the poison column to limit maximum tube stress due to the internal pressure developed
by the release of helium gas and free moisture in the boron carbide. The bottom portion of the
12-element CEA, which is subject to irradiation due to proximity to the active core, contains
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reduced diameter boron carbide pellets which are wrapped in a sleeve of Type 347 stainless
steel. This design accommodates the long term swelling of the boron carbide pellets by
compressing the felt metal sleeve and thus limiting the induced cladding strain.

The 4-element full-strength CEA design is utilized in the regulating CEAs, which may be
inserted in the core during normal power operation under automatic or manual control.
Silver-indium-cadmium is used over the active length to provide strong neutron absorber worth
(approximately 90 percent that of boron carbide). The absorber material has a central hollow
region and sufficient clearance within the cladding to accommodate long term irradiation
induced swelling of the silver-indium-cadmium under maximum CEA duty, including
continuous use in load follow operations’.

The control element of the 4-element part strength CEA (PSCEA), consists of an Inconel
625 tube loaded with Inconel 625 slugs over the full active length. The PSCEA, may be
inserted in the core during power operation and, unlike the full strength regulating CEAs, has
no power dependent restrictions on insertion. Because of the use of Inconel 625 absorber, no
cladding strain occurs with long term exposure of the PSCEA to core operating conditions.

9.6 Control Element Drive Mechanisms (CEDM)

The magnetic jack CEDM is a completely sealed, magnetically operated linear actuator.
External coils produce a magnetic field, which operates driving and holding latches. Proper
sequencing of these coils produces the linear motion of the driveshaft. Using external driving
coils, the mechanism transfers loads with no sliding wear on latching members.

Position indication is achieved by means of redundant reed switch position transmitter
assemblies (two per CEDM) attached to the upper pressure housing, and also by counting
power pulses which actuate the CEDM driving CEAs up or down. Each reed switch assembly
is operated by a magnet in the upper end of the driveshaft.

All electrical connections are made at the top of the mechanism with pin type stainless
steel electrical connectors. A shroud surrounds the upper pressure housing enclosing the reed
switch position transmitter assemblies, providing additional structural support for the CEDM,
and serving as a lifting device for removal of the coil stack assembly.

9.7 Neutron Sources

The neutron sources are a combination type consisting of Californium-252 as the startup
portion and Antimony/Beryllium as the sustainer. The californium is contained in stainless
steel capsules which are then encapsulated in an outer stainless steel clad having an O.D. of
20.6 mm.

The Antimony/Beryllium pellets are also encapsulated in the outer stainless steel
cladding. The active portion of the source assembly is shipped to the site in an approved
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shipping container where it undergoes final assembly and installation. The source is positioned
in an empty fuel assembly CEA guide tube prior to fuel loading of the reactor core’. The fuel
assemblies containing the sources are placed in core locations adjacent to the start-up
detectors. However, during refueling it is necessary to relocate the source to other fuel

assemblies.
9.8 Burnable Absorber Rod Assembly

The fuel assembly is designed to incorporate integral burnable absorber rods in the fuel
lattice, which remain in the assembly throughout its lifetime and require no separate handling
or storage. Burnable absorber rods are provided in the initial core and in higher enrichment
UO, feed fuel to enable extended burnup of the fuel in reload cycles. The purpose of the
burnable absorber rods is to provide a more negative core moderator temperature coefficient at
beginning-of-cycle, and to improve core thermal margin by flattening the radial power
distribution over cycle.

The standard burnable absorber rod design has Al,O;-B;C absorber pellets contained
within Zircaloy-4 tubing with welded end caps. The burnable absorber rod assembly is similar
to that of the fuel rod, and is designed conservatively to provide integrity of the cladding and
pellets throughout the fuel assembly lifetime. The active length of burnable absorber is
approximately 3 454 mm. The absorber pellets consist of a relatively small fraction of B,C
particles dispersed in a continuous Al,O; matrix with a bulk density greater than 93% of the
theoretical density. The design of the burnable absorber rod assembly thus provides the
capability for strong initial absorber strength, and low residual parasitic absorption at the end
of the irradiation cycle. The Al,O;-B4C burnable absorber rod design provides performance
capability for longer cycle lengths (e.g., 18 to 24 months) and is well proven in operating
ABB-CE plants.

Self-test

1. The heat is transferred by the reactor coolant from the core to the__ .

A. secondary loop B. outlet nozzles

C. steam generators D. pressurizer

2. The burnable absorber rod assembly provides the capability of high absorber
strength___ .

A. inall its life B. at the beginning of refueling
C. at the end of refueling cycle D. during operation

3. The fuel rod provides_____ to the escape of fission products.

A. two barriers B. three barriers

C. seals D. a barrier
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4. The fuel assemblies used in a reactor are____ .
A. similar B. different C. threetypes D. same
5. The CEA guide tubes are made of ___.
A. stainless steel B. ceramic C. zircaloy D. B4C
6. In the fuel rod the spring is set on the____.
A. pellet column B. spacerdisc C. end cap D. top
7. The helium inside the fuel cladding improves the____.
A. characteristics B. gap heat conductivity
C. gap heat convection D. clad strain
8. The CEA guide tubes are welded to the_ .
A. spacer grids B. lower end fittings
C. control rods D. end cap
9. The CEA guide tubes are arranged___ .
A. in the fuel assembly B. around the fuel assembly
C. in the center of fuel assembly D. outside the fuel assembly
10. The fuel spacer grids are made of .
A. stiff'arches B. springs C. plates D. zircaloy strips
11. The coolant can____through the guide tubes.
A. not flow B. be C. flow D. pass
12. After long time radiation the boron carbide will____ .
A. decrease in mass B. be swelling
C. increase in mass D. be dissipated

xR R

Absorber rod: Neutron absorber rod consists of boron or cadmium, moving in and out of
reactor core to vary reactivity.
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Burnable absorber rod: A rod similar to control rod introduced into reactor core to reduce
initial reactivity but becoming progressively less effective as burn-up proceeds. This helps to
counteract the fall in reactivity as the fuel is used up.
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CEDM: Control Element Drive Mechanism.
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Creep: Continuous deformation of metals under steady load.
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Curtain: Neutron-absorbing shield, usually made of cadmium.
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Fuel assembly, Fuel bundles: A group of nuclear fuel elements forming a single unit for
purposes of charging or discharging a reactor.
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ICIs: In-Core Instrumentation assemblies.
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Lattice: Regular geometrical pattern of discrete installation of fuel rods in a nuclear
reactor.
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Neutron source: One source giving a high neutron flux.
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Plug: Piece of metal used to close the passage of a channel through which the coolant passing.
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Porosity: The occurrence of small pores throughout the mass of a substance.
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PSCEA: Part Strength Control Element Assembly.
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Reactivity worth: Change of reactivity of reactor caused by the addition or removal of a
material.
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Specific Power: The ratio of total energy released to initial fuel load, usually expressed in
megawatts per tone.
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Swelling: Change of volume of fuel rods which may occur during irradiation.
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actuator [‘eektjueite] »n. fEFHHLH. PATHLE
airtight [eatait] a. “HHK

antimony [‘eentimani] n. %
cadmium [keedmiam] »n. %%
californium [keeli'forniam] n. 47
ceramic [siTeemik] a. &N
clearance ['klisrans] n. [a]Bf
cold-worked a. WL
conservative [ken'sa:vativ] a. {R5FH
consistency [kan'sistansi] »n. —# M
contaminate [kan'teemineit] v. 5
Doppler [dopla] n. Z¥#)
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elevation [eli'veifen] n. @E/E
encapsulate [in'keepsjuleit] v. Hf#
fitting ['fitin] »n. W4, ERdI4

grid [grid] n. 42

helical ['helikal] a. &n. BHE (F)
Inconel [inkanal] »n. MFERHEES
indium ['indiem] n.

jack [d3eek] n. 1Lz

latch [leet[] n. M

longitudinal [lond3i'tju:dinl] a. 2
microstructure [ maikrau'straktfa] »n. WS
midplane ['mid.plein] »n. "¥E
parasitic [peera'sitik] a. BN
protrude [pra'tru:d] v. 4iH

proximity [prok'simiti] ». 4T
punched-out n. YJH, N

reed switch S5 %

reliance [ri'laiens] n. {&E#, H#
repetitive [ri'petitiv] a. EEH
ruggedness [rAagidnis] ». SR, REM
significance[sig'nifikens] n. X, & X
sleeve [slitv] n. EH

spacer grid  JE{7 %L

spider ['spaida] »n. &L

stiff [stif] a. WY

sustainer [sas'teina] n. —IRPTUH, 4iFHE
thimble [Bimbl] ». £¥&

inherent safety [A# %4H

w X R

1. The cylindrical control elements are provided with...released.

1) in the area of radial flow above the core & F5HE TS REH 4 E 77 A HIFI2 BRI X
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2. Each fuel rod consists of slightly enriched...helical spring.
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3. A cold diametrical gap of sufficient size...clad strain.

] cold diametrical gap ¥4 A&4% [ [A]BR; limits clad strain 59> T RFRKIN T . #a)
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4. Lateral location of the upper end of...above the core.
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5. The absorber material has...follow operations.
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6. The source is positioned...the reactor core.
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Unit 10 The Main Components
in PWR Coolant System

10.1 Steam Generators

The two vertical, U-tube steam generators used in the System 80+ NSSS provide the
means of transferring heat from the primary system to the secondary system (i.e., main steam,

turbine and feed and condensate systems) '.

The System 80+ steam generators have been improved relative to the currently operating

System 80 units.
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The operating hot leg temperature has been reduced from 327C to 324C to

improve core operating margin. Consequently,
the steam generator steam pressure has been
reduced from 73.8 bars to 69 bars, and the overall
heat transfer area has been increased by 17%. A
tube plugging margin of 10% is afforded by the
increased number of tubes. The total liquid
inventory on the secondary side has been
increased by 25% to provide a significantly
greater margin in terms of “boil dry time” in the
event of a loss of all feedwater.

Each steam generator is a recirculating,
vertical, U-tube heat exchanger with an integral
axial flow economizer as shown in Fig.10.1.

Both primary tube and secondary shell sides
of the steam generator are designed and
fabricated in accordance with ASME Boiler and
Pressure Vessel Code Section III, Rules for
Construction of Nuclear Vessels.

Reactor coolant enters the steam generator
inlet plenum via the primary inlet nozzle, flows
up through the tube sheet and U-bend heat
transfer tubing, returns through the tube sheet to
the steam generator outlet plenum and exits via
two outlet nozzles. Vertical divider plates separate

Fig.10.1  inverted U-tube type steam generator the primary inlet and outlet plenums of the steam



Unit 10 The Main Components in PWR Coolant System 103

generator. All surfaces in contact with reactor coolant are either Ni-Cr-Fe alloy or cladded with
stainless steel or Ni-Cr-Fe alloy. Specifically, the heat transfer tubes are made with thermally
treated Alloy 690. The tube sheet cladding is weld deposited to obtain the strongest type of
metallurgical bond. The center support cylinder minimizes bending moments on the tube sheet,
and provides a solid assembly for distribution of support loads. Manway are provided in the
two plenums.

The Alloy 690 heat transfer tubes are connected to the tube sheet by first being seal
welded to the primary side cladding and then expanded (i.e., explosively expanded) into the
tube sheet by detonating an explosive contained in a plastic sheath inserted into the tube”. The
detonation applies a uniform force throughout the thickness of the tube sheet. In contrast to
mechanical rolling processes, there is no scoring or local thinning and minimal springback of
the tube material. Expansion through the full tube sheet thickness also minimizes the potential
for solids collection and crevice corrosion by eliminating the gap between tube and tube sheet
on the secondary side.

The integral axial flow economizer is shown in Fig.10.2. The economizer increases the

cold leg side temperature difference for heat wube bundle shroud

transfer by bringing relatively cold feedwater into ~ S“PPo"

cylinder

contact with the primary outlet or cold leg side of

\ eggcrate

the tube bundle. Feedwater enters the economizer tube supports

region via the two main feedwater nozzles. This

feedwater is introduced into a distribution box of
rectangular cross section which forms a half ring
around the cold leg portion of the tube bundle.

feedwater

Feedwater leaves the distribution box through
uniformly distributed holes at the bottom and

then flows radially inward across the tube sheet
beneath a flow distribution baffle. The flow
distribution baffle is designed to provide a flow distribution baffle
uniform axial mass velocity of feed water at the

¥ Fig.10.2 the economizer
economizer inlet.

Water removed by the steam separators recirculates into the evaporator section through an
annular downcomer formed by the pressure shell and the tube bundle shroud®. The downcomer
and tube bundle shroud are designed so that approximately 60 percent of the recirculating
water enters the bundle at the tube sheet on the hot leg side and approximately 40 percent
enters through an opening in the shroud on the cold leg side at the top of the economizer
section. In this manner, density differences between the hot leg (evaporator) side and the cold
leg (economizer) side are reduced at the level of the economizer discharge, and the potential
for lateral density wave instabilities is minimized. At full power approximately 10 percent of
feedwater flow is admitted through the downcomer feedwater nozzle into the downcomer
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section. With partial feed flow to the downcomer, a degree of subcooling is obtained in the
downcomer, promoting an increased recirculation ratio. Even without subcooling in the
downcomer, recirculation ratios of 3.5 to 1 are expected in the System 80+ steam generators.
Introduction of feedwater into the downcomer will also retard boiling of the recirculating flow
entering the evaporator region, further improving hydraulics in this region”.

Blowdown fluid enters the duct through holes located at the outside radius of the curved
portion located adjacent to the center support cylinder. This is the region of lowest horizontal
velocity across the tube sheet where settling of heavier solid particles is most likely to
occur. The duct terminates before reaching the generator shell and flow is directed through
drilled passages in the tube sheet exiting at the blowdown nozzles. The steam generator
internal blowdown ducts and passages are sized to accommodate up to a maximum blowdown
rate of approximately 10 percent of the individual steam generator’s maximum steaming
rate’. The connecting steam generator blowdown system provides the means to quench, collect,
and purify the blowdown fluid.

10.2 Pressurizer

The pressurizer used in the System 80 + Reactor and RCS provides a means of maintaining
the RCS pressure by compensating for volumetric changes in the RCS in conjunction with the
Chemical and Volume Control System (CVCS) during various modes of system operation
(e.g., heatup, maneuvering and cooldown).

RCS pressure may be controlled automatically or manually by maintaining the
temperature of the pressurizer fluid at the saturation temperature corresponding to the desired
system pressure. A small continuous spray flow is maintained to the pressurizer to avoid
stratification of pressurizer boron concentration and to maintain the temperature in the surge
and spray lines, thereby reducing thermal shock as the spray control valves open. An auxiliary
spray line is provided from the charging pumps to permit pressurizer spray during plant heatup,
or to allow cooling if the reactor coolant pumps are shutdown.

During load changes, the pressurizer limits pressure variations caused by expansion or
contraction of the reactor coolant. The average reactor coolant temperature is programmed to
vary as a function of plant power level. Reduction in RCS load is followed by a decrease in the
average reactor coolant temperature to the programmed value for the lower power level. The
resulting contraction of the coolant lowers the pressurizer water level, causing the RCS
pressure to decrease. This pressure reduction is partially compensated by flashing of
pressurizer water into steam. All pressurizer heaters are automatically energized on low system
pressure, generating steam and further limiting any pressure decrease. Should the water level in
the pressurizer drop sufficiently below its setpoint, the letdown control valves close to a
minimum value, and additional charging pumps in the chemical and volume control system are
automatically started to add coolant to the system and restore pressurizer level®.
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When steam demand is increased, the average reactor coolant temperature is raised in
accordance with the coolant temperature program. The expanding coolant from the reactor
coolant piping hot leg enters the bottom of the pressurizer through the surge line, compressing
the steam and raising system pressure. The increase in pressure is moderated by the
condensation of steam during compression and by the decrease in bulk temperature in the
liquid phase. Should the pressure increase be large enough, the pressurizer spray valves open,
spraying coolant from the reactor coolant pump discharge (cold leg) into the pressurizer steam
space. The relatively cold spray water condenses some of the steam in the steam space,
limiting the system pressure increase.

A number of the heaters are connected to proportional controllers, which adjust the heat
input to account for steady state losses and to maintain the desired steam pressure in the
pressurizer. The remaining heaters are connected to on-off controllers. These heaters are
normally deenergized but are automatically turned on by a low pressurizer pressure signal or a
high level error signal. This latter feature is provided since load increases result in an in-surge
of relatively cold coolant into the pressurizer, thereby decreasing the bulk water temperature’.
The CVCS acts to restore level, resulting in a transient pressure below normal operating
pressure. To minimize the extent of this transient, the backup heaters are energized,
contributing more heat to the water. Backup heaters are deenergized in the event of concurrent
high-level error and high-pressurizer pressure signals. A low-low pressurizer water level signal
deenergized all heaters before they are uncovered to prevent heater damage.

10.2.1 Configuration

The RCS pressurizer is a vertically

nozzle schedule

mounted, bottom supported, cylindrical No.

Service RCQ 'd

4
)

pressure vessel (Fig.10.3). Replaceable manway
surge
spray
safety valve
instrument
instrument
temperature
heater

direct immersion electric heaters are
installed vertically in the bottom head. The

pressurizer is furnished with nozzles for

== - N, N SU PER N -
'
T B ———

spray, surge, safety valves, and pressure
and level instrumentation. The pressurizer

T A AT A A

surge line is connected to one of the

16.5m

reactor coolant hot legs and the spray lines

are connected to two of the cold legs at the

LA VAT |

reactor coolant pump discharge.
The pressurizer heaters are single unit,

direct immersion heaters that protrude immersion 1}
type heaters

vertically into the pressurizer through
sleeves welded in the lower head. Each 2am

12Imm

heater is internally restrained from high
amplitude vibrations and can be individually Fig.10.3 the pressurizer
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removed for maintenance during plant shutdown. Protective devices for pressurizer heaters are
provided to prevent damage by overloads and short circuits. These devices are usually located in
the heater switchgear.

10.2.2 Pressurizer-RCS Overpressure Protection

Overpressure protection of the RCS is provided in accordance with the requirements set
forth in the ASME Boiler and Pressure Vessel Code, Section IIl. Four spring-loaded safety
valves installed in piping connected to the top of the pressurizer are provided. The valves have
an enclosed bonnet and a balanced bellows to compensate for backpressure. The valves are
sized to pass sufficient pressurizer steam to limit the reactor coolant system pressure. The
pressurizer safety valves discharge to the in-containment refueling water storage tank (IRWST)
where the steam is released under water to be condensed and cooled. If the steam discharge
exceeds the capacity of the IRWST, it is relieved to the containment atmosphere via vents
installed in the tank.

10.2.3 Safety Valve Position Indication

Indirect indication of pressurizer safety valve leakage is provided by a decrease of pressurizer
pressure and pressurizer level, monitored by safety-grade instrumentation.

Positive indication of pressurizer safety valve position by acoustic monitoring of flow
is provided in the control room. The sensing instrumentation is environmentally qualified
to function in a post-LOCA environment in accordance with Regulatory Guide 1.89%, A
plant annunciator alarm is provided to indicate valve opening. The valve position
instrumentation is powered from a reliable instrument bus with Class 1E backup power. In
addition, temperature sensors are provided in piping downstream of the safety valves with
displays in the control room. A temperature increase will indicate pressurizer safety valve

leakage.

10.3 Reactor Coolant Pumps and Motors

The Reactor Coolant Pumps and Motors provide the motive force for circulation of the
heat transfer medium (i. e. , reactor coolant) from the reactor to the steam generators during
various modes of plant operation including startup, maneuvering and shutdown.

The Reactor Coolant Pumps and Motors provided for the System 80+ design are highly
reliable with respect to preserving seal integrity during various events including station
blackout (SBO).

The reactor coolant is circulated by vertical, single stage, single bottom suction, single
horizontal discharge, centrifugal pumps (Fig.10.4). The pump shaft is sealed by controlled
leakage mechanical shaft seals and driven by a vertical AC induction motor.

The pump rotating assembly is mounted in a diffuser type pump casing. The pump casing
is a one-piece design in accordance with applicable sections of Section III, ASME Boiler &
Pressure Vessel Code. The one piece casing reduces the ASME Section XI examination
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requirements to only the welds between n

the pump casing and the suction and
discharge nozzle extension pieces and other
minor items’. The pump impeller is face
spliced and locked to the pump shaft. The
lower portion of the pump rotating assembly
is supported by a self-aligning water
lubricated bearing mounted in the pump

motor
cover and above the impeller. Additional

shaft support is provided by oil lubricated
thrust bearings mounted on the pump shaft l
and in the motor. The motor is coupled to .

the pump by a flexible diaphragm type

10.98m
1
4
— 1

: ' 3 thrust/radial
coupling. bearings
The temperature of the water in the seal
assembly is maintained within acceptable stid
limits by externally supplied seal injection gkkoouriing
water. Water cooled heat exchangers are also hydrodynamic
furnished to provide the necessary cooling o
should seal injection fail. The pump is capa- impeller
ble of operating continuously without seal
injection or without cooling water to the L
pump seal water coolers. If both seal injection Slotinn pipe
and component cooling to the pump seal
water coolers are lost, the pump must be Fig.10.4 the centrifugal pump

shutdown. If component cooling water to the

oil lubricated bearing cooler is lost, but seal cooling is available by either seal injection water or seal
component cooling water, the pump can operate for up to ten minutes without damage before
shutdown is required. Once shutdown, the seals are capable of withstanding the effects of a
loss of all cooling water without creating a small break LOCA.

The motors are designed to start and accelerate to operating speed under full load with an
initial drop to 80 percent of rated voltage at the motor terminals. Each motor is provided with
an anti-reverse rotation device, designed to withstand each of the following conditions: motor
starting torque resulting from reversed power leads; reactor coolant flow through the pump in
the reverse direction of up to 52 percent of rated capacity with the motor deenergized; and
reverse flow due to LOCA of sizes up to the largest remaining pipe break.

The motor is furnished with a flywheel to provide sufficient coast down flow for core
cooling following a loss of power to the pumps. The flywheel design and manufacture is based
on applicable requirements including an over speed test at 125 percent of rated speed. The
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pump rotating assembly, including the flywheel, is designed to withstand the over speeds
resulting from a LOCA up to the largest remaining pipe break.

1.

Self-test

There steam generator(s) in each primary loop.

A. isone B. aretwo C. are three D. isno

2. The economizer increases the cold leg side_ before coolant leaving the steam
generator.

A. flow rate B. temperature

C. temperature difference D. relative flow

3. At the top of the tube bundle shroud, _ are mounted.

A. egg-crates B. steam-water separators

C. plates D. baffles

4. The water from the steam separators flows down into the_ .

A. economizer B. shroud

C. bundle D. evaporator section

5. There____in the system 80+ steam generator.

A. is one feedwater inlet B. are two feedwater inlets

C. are three feedwater inlets D. are many feedwater inlets

6. In the downcomer the wateris_____.

A. saturated B. boiling C. very cold D. subcooled

7. The flywheel on the motor is to provide__ .

A. energy B. water C. coastdown flow D. torque

8. The pump is connected with the motor by a____.

A. diaphragm B. tube C. coupling D. casing

9. The temperature of the water in the seal assembly is maintained within acceptable
limits by .

A. water B. oil C. steam D. water and oil

10. __ pressurizer heaters are connected to proportional controllers.

A. Afew B. The remaining

C. Most of the D. Many

11. In accordance with the coolant temperature program, the average reactor coolant
temperature is___ when steam demand is increased.

A. constant B. fall C. raised D. high

12. The fluid from economizer section is____ .

A. two-phase flow B. boiling water

C. subcooled water D. saturated water
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Backup: A secondary device designed to take over a specific task if the primary device
malfunctions.

#H: BEEMRERREN, RRESRE R E LS.

Blowdown: Draining some water from second side of steam generator bottom for
minimizing the solids content of the water.

g WK SRR R 5 — 7K, BLugiZb — 7K o ) ] A 2% o 25 &

Boil dry time: The time for evaporating all water in the steam generator.

AT EA): F 2R S A BT IO 7K 4 28 A Rz UB F O I 1)

Economizer: The region of tube bank, placed on the tube sheet, here the feed water is
heated by the primary system water before it leaving the steam generator.

TS ERRARERICHER E— R DA —BEHE, SKEXBEHEFERR
A 250 B — [B1EE K B I A o

Coupling: A connection between two co-axial shafts, conveying a drive from one shaft to
another.

R T SERPA RN B B 2%, (EIK3) 1 I —Hli 1% 31 5 — .

Diffuser: A chamber surrounding the impeller of a centrifugal pump, in which part of the
kinetic energy of the fluid is converted to pressure energy by a gradual increase in the
cross-sectional area of flow.

VB BORMERBENEE, EREA S TREMBREZESY K, FENHEY 3
REFE LA IE T RE

Feedwater: The water, previously treated to remove air and impurities, which is supplied
to a steam generator.

Sk FEALILH, DIHBRS ST EEANERRER AR KK,

Impeller: The rotating member of a centrifugal pump or blower, which imparts kinetic
energy to the fluid.

¥er. shittig. BOREERWLT R A LB BE I .

NSSS: Nuclear Steam Supply System

BN R S

Quality: In a saturation condition the ratio of the vaporized portion to the total weight of
liquid and vapor.

AT R : EMAZERP AR, SBARERSEZNHE.

RCS: Reactor Coolant System

B N HEVS HIGH R 4G

Safety valve: A valve, spring loaded, fitted to a steam generator, to allow fluid to escape
to the atmosphere when the pressure exceeds the maximum safe value.

LA —MHFMER, RERNRESR L, SEDEERERZSMEN, RVFRE
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Thermal shock: That resulting when a body is subjected to sudden changes in
temperature.

oy YA BIE B SR AR N & )

Switch gear: The generic name for that class of electrical apparatus whose sole function is

to open and close electric circuits.

TFoRBe . BAA WA & g S — DI RE I AR A B AR .
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acoustic [@'ku:stik] a. FH
annunciator [@'nAnfieita] »n. {553%
blackout ['blaekaut] n. {&H, A
bonnet ['bonit] n». &

chloride [klo:raid] v. &4k#
crevice [krevis] n. %3%%, 45
curved a. Al

deposit [di'pozit] v. HEE. B
detonate ['detauneit] v. B4, B#R
diaphragm ['daiafreem] n. [, #HE
elevation [eli'veifan] ». IEHEE, AFHE, &
ferritic [fo'ritik] a. #&E (&) 1Y
inventory ['invento:ri] »n. H3EE
letdown [letdaun] n. #HEHH, T
maneuvering n. #9\, W3l
manually [meenjuali] ad. Fzhis
plugging n. I%EZE

preclude [priklu:d] v. Tilfh

quench [kwent[] v. &%

restrain [ris'trein] v. £

retard [rita:d] v. ZEiR

rolling [reulin] n. &K

scoring n. X

sheath [[i:8] n. 45, EF

splice [splais] v. 48

split [split] v. 2, 9f#
spring-back n. [A]3#, SR
stratification [.streetifikeifan] »n. 42
surge [s9:d3] n. 3
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surge line  JahE

tube sheet n. FER

verify ['verifai] v. ¥iF

volatile ['volatail] a. &n. RN ERD

w3 R

1. The two vertical, U-tube steam generators...condensate systems.

frh 80+ K45 11 E 75, feed and condensate systems ZEEA K RS . R)IFEN:
ROHZARRMEN ARG AWML U BERARAESR, BN —RIEARS (AR NHER FRH
FRS) WMEERS —FE RS (A ERARG. HRIMES KRG

2. The Alloy 690 heat transfer tubes are connected...into the tube.

) explosive /&4 1], BB LEZY; contained &t 2: 404, ‘© 5] S5 EF explosive
MEWE. 2R 690 &&fAVE SEBAER, | PIRRNRHERZAE L, R
JElkEE CRYERZMG 2B L, Hk R M e R e b il g W 5 R IRE.

3. Water removed by the steam separators...bundle shroud.

fJ formed 5% (431755 18 1F downcomer [IETE . SRIFN: Mo EAE 0 B HisR K
AR T B AR AR RKE, T RRBOR 28R A 28 1 B 7 0 o B AR R AR

4. Introduction of feed water into the downcomer will...in this region.

#i]p entering 5|5 AIILAE 7315 15 1E flow HI/EWE, XH entering H IEFHAKER. £
AR BAKGIN TR EERHAZZ BB RARANTE, 7Lt —P XA X K
Tttt

5. The steam generator internal blowdown ... maximum steaming rate.

A size MR RTHE, accommodate fOR B 2840, A% N: RRRERNN
HHRS S B AEE R RS, ARV A S BRI R KL 10% S i N
(S

6. Should the water level in the pressurizer drop...restore pressurizer level.

AJ9 K should #2247, MR—A&MFER, XH should FIBZMERS if #28ME1; charging
pumps s& “_EFRR”. £AIFEN: WMRIEESNKKAFEIE T EMEE S, Tl
w/ME, WFMBERIETRAN ERRES B3RS, HAHFTITARS, HiaEKMirRE.

7. This latter feature is provided...the bulk water temperature.

f)o in-surge 15 [ RS A% YA . A R0 SRR I IS AROAH XA PR v 3R i R %
Wesh, AERAAUR MG, PSR S 2 R

8. The sensing instrumentation is environmentally...Regulatory Guide 1.89.

T post-LOCA $55/KH#J5; Regulatory Guide 1.89 ZF5HIFESNI4E 1.89 &. 44)
RO : ARGEMURE S IER 1.89 5, 155 (/B ZAEIH R 7E K F MU R B &1 FhRE T

9. The one piece casing reduces the...other minor items.

A to 25 reduces AHFPR ). AAJFN: XFBEHEFEIA, & ASME XI5
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Unit 11 Pressurized Water Reactor

Systems and Containment

11.1 Plant Heat Balance and the Steam Cycle

The nuclear chain reaction in the reactor core produces energy in the form of heat as the
fission fragments slow down and dissipate their kinetic energy in the fuel. This heat must be
removed efficiently and at the same rate it is being generated in order () to prevent
overheating of the core and @ to transport the energy outside the core where it can be
converted to a convenient form for further utilization. A fluid is used for this purpose. In the
light-water reactor (LWR) case, water is used as both moderator and coolant. The energy
transferred to the coolant, as it flows past the fuel elements, is stored in it in the form of
temperature and pressure, and is called the ‘enthalpy’ of the fluid. In an electric power plant
the energy stored in the fluid is further converted into kinetic energy through a device called ‘a
prime mover’ which in the case of nuclear reactors is predominantly a steam turbine. In high
temperature gas-cooled reactors (HTGR), the enthalpy of the coolant gas could be converted
into kinetic energy, in one of the proposed schemes, through direct expansion in a gas
turbine. Another conversion takes place in the electric generator where kinetic energy is
converted into electric power as the final energy form to be distributed to the consumers
through the power grid and distribution system.

The transport of thermal energy from the core to the turbine takes place either through one
circuit or loop as in the BWR, or through two separated but interlocking loops, connected
through a steam generator.

After the steam expands in the turbine, it exits into the condenser where the remaining
amount of heat is removed to produce condensate water which is then fed back either to the
core or to the steam generator, and the cycle is repeated. The condenser is a very large and
important part of the plant. Roughly, twice the amount of heat that has been converted in the
turbine for the production of electric power is removed in the condenser for further rejection to
the environment due to the second law of thermodynamics which limits the fraction of useful
energy that can be attained by a thermal engine'. Large amounts of water circulate through the
condenser to carry the waste heat to its ultimate sink, which may be the sea, a lake, or the
atmosphere itself through cooling towers.

The energy conversion part of the power plant is often called Balance of Plant (bop). It
incorporates a large number of components and systems which will be described in detail in
this lesson. It represents the largest portion of the plant’s total cost, and its importance for the
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efficient and safe operation of the plant is great.
In the following sections, we will focus on a description of plant systems in the

pressurized water reactors.

11.2 PWR Primary and Secondary Loops

The name of the PWR derives from the fact that the primary circuit is kept at a very high
pressure, typically around 15 MPa, such that at the maximum prevailing temperature in the
system, no boiling can occur. At 15 MPa, the boiling temperature of water is about 343°C, well
above the maximum temperature of 332°C allowed in the primary water. The following
components and systems are mainly included in PWR plant.

(1) The reactor pressure vessel, which contains the core.

(2) The primary coolant circuit. These constitute the primary pressure boundary which
contains water circulating at high pressure to remove fission-produced heat from the core.

(3) A heat exchanger or steam generator, in which heat is transferred to a secondary loop,
also containing circulating water, where steam is generated.

(4) The energy conversion system where steam is used to make electricity.

The primary system with all its piping and components, along with the steam generators,
is enclosed in a specially designed structure called the containment. It is provided to isolate
from the environment any radioactivity that may escape from the fuel into the primary water
and from the primary water into the surroundings via a potential leak. Primary system water, at
about a pressure of 15 MPa and a temperature of about 300°C enters the reactor vessel through
the inlet nozzles near the top. It then travels downward in the annular space (called the
downcomer) between the vessel and the core barrel and enters the reactor, it picks up heat, and
its temperature reaches about 332°C as it exits into the upper plenum of the reactor vessel. In a
typical PWR producing an electrical output of 1244 MWe (which requires the production of
about 3600MW of thermal power), a water flow on the order of 150 million 1b/hr (18.8
Mg/sec) carries away the heat released in the core and holds the cladding temperature below a
comfortable 370°C.

The hot primary fluid exchanges its heat with the secondary fluid in the steam generator
and then returns to the core through the primary coolant pumps. Two, three, or four such
primary loops have been used in various designs. Some current PWR designs are equipped
with primary loop isolation valves. These enable continued operation of the plant in the case of
a fault in one of the loops.

The secondary system is maintained at considerably lower pressure, typically 5 MPa and
a temperature of 265°C. A turbine bypass line has the capacity to take steam from the main
steam line directly to the condenser. It is used to minimize transient effects on the reactor
coolant system during events such as start-up, hot shutdown, and cooldown and abrupt
reductions or total shedding of the generator load. It consists of pipes, headers and valves. The
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bypass line, combined with the ability of the reactor coolant system to accept a 10% abrupt
load change, enables the plant to accept up to 50% load shedding of the turbine-generator rated
load, without reactor trip and actuation of the relief and safety valves’. These, however, could
not be avoided for a load rejection of more than 50%.

High-pressure and low-pressure heat exchangers are used to gradually heat the condensed
water as it makes its way back to the steam generator by drawing (extracting) small amounts of
steam from various stages of the turbine. Thermodynamic theory indicates that by this process
the thermodynamic efficiency of the cycle is improved by a few percentage points.

Temperature limitations, imposed by the requirements for the safe operation of the plant,
have considerable effect on plant efficiency. Total plant thermal efficiency is the product of the
theoretical thermal efficiency, also called Carnot efficiency and the conversion (or engine)
efficiency:

Hoverall™ " cM]conversion

The Carnot efficiency is given by the simple formula:
LT,
T

C

where 7,—— the temperature of the hot reservoir;
T,
Both in absolute degrees Kelvin. The conversion efficiency relates to the various losses
during heat transfer and transport losses from friction and other similar processes; it can be
improved, but not much beyond a certain point. It is obvious that in order to increase the
plant’s overall thermal efficiency it is desirable to increase the temperature 7 to as high a point
as possible. The limitations in 7) originate from the capacity of various materials to perform
under conditions of stress. This capacity is normally reduced at high temperatures.
Because the primary coolant must be kept below a certain temperature limit, dictated by

the temperature of the cold reservoir.

primary system pressure and materials behavior, the secondary fluid temperature must
necessarily be kept at a still lower temperature. Thus, the overall thermal efficiency of PWRs is
a modest 32%~~33%, which is considerably lower than the thermal efficiency achievable in
modern fossil-burning power stations (about 40%), where higher temperature steam can be
used.

11.3 Auxiliary System for Primary Loop

11.3.1 Chemical and Volume control system

During power operation a continuous feed and bleed stream is maintained to and from the
reactor coolant system. The bleed stream or let-down flow passes to the chemical and volume
control system (CVCS), which performs a number of functions: it initially fills the reactor
coolant systems, provides a source of high-pressure water for pressurizing the reactor coolant
system when cold, maintains the water level in the pressurizer when the system is hot, reduces
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the concentration of corrosion and fission products in the system, adjusts the boric acid
concentration in the primary coolant, and provides high-pressure water for the reactor pump
seals.

11.3.2 Residual Heat-removal System

A low-pressure (28 bar) low-temperature (177°C) residual heat removal system is
provided for the purposes of removing the decay heat from the core during plant shutdown and
refueling operations. It consists of dual heat exchangers and circulating pumps together with
associated piping, valves, and controls.

11.3.3 Emergency Core-cooling System

In addition to the equipments needed for normal operation of the plant, a number of
systems and devices are provided with the express purpose of protecting the plant against
damage during accident or fault conditions. Since even when the reactor is shut down the
radioactive decay of the fission products still provides substantial quantities of heat, a system
must be provided to cool the core and prevent the fuel pins from melting if normal cooling is
interrupted. The emergency core cooling system (ECCS) is thus one of the more important
protective systems.

The ECCS differs in detail from plant to plant but, in general, consists of several
independent sub-systems characterized by equipment and flow path redundancy which assures
a very high reliability of operation and continued core cooling even in the event of a failure of
any one component to carry out its design functions. The first sub-system is an accumulator
injection system. It consists of a number of large tanks (one per loop in the Westinghouse
design) that are connected through non-return valves and piping to the main coolant loops
between the pump and the reactor vessel. These tanks contain cool borated water stored under
nitrogen gas at a pressure of 45 bar. If a large break were to occur followed by a rapid
depressurization when the circuit pressure dropped below the accumulator gas pressure, the
non-return valves would open to discharge rapidly a large volume of water into the reactor
vessel and core. The accumulator injection system is termed a passive system because it
functions automatically without any activation of pumps, motor-driven valves, or other
equipment.

Two active sub-systems are also incorporated in the ECCS. One is a low-pressure system
for use in the event of large breaks which would result in rapid depressurization and discharge
of the primary coolant. This low-pressure system injects water taken from the refueling water
storage tank into the system over long time periods. Recirculation from the containment sump
via residual heat exchangers is also possible for longer-term cooling of the core after an
accident.

The other active sub-system is a high head system which will supply borated cooling
water if the break is small and the primary system pressure remains high. Use is initially made
of the chemical and volume control system charging pumps to force highly concentrated boric
acid solution into the cold legs of each loop’. Subsequently, the high-pressure safety injection
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pumps are activated, drawing water from the refueling water storage tank, and these
supplement the charging pumps. The high-pressure ECCS is activated when the primary circuit
pressure falls to 110 bar.

11.3.4 Fuel-handling system
The reactor is refueled with equipment which handles spent fuel under water from the

time it leaves the reactor vessel until it is placed in a transport flask for shipment from the
site. The reactor cavity is flooded for refueling and is connected to the spent fuel pond by a
transfer canal. Refueling normally requires the disassembly of all the components mounted on
the vessel head. Typically the refueling outage occupies about 27 days and is the dominant
item during the annual outage. New methods have, however, been introduced for rapid
refueling. These include the replacement of the conventional studs and nuts on the pressure
vessel by quick-acting studs and the development of a two-lift refueling concept. In this latter
concept the refueling operations have been simplified to just two activities: removal of the
upper package, which consists of the missile shield connected to the vessel head, together with
the cooling system for the control rod drive mechanisms, and the removal of the reactor upper
internal assembly. This improvement reduces time of the refueling outage to about 11 days.

11.4 Containment

11.4.1 General

The term “containment”™ refers to the technical means provided to contain radioactivity,
primarily fission products, and prevents its escape to the environment. In a LWR there are four
successive barriers to such escape: the first barrier is provided by the fuel matrix; the second
barrier is the fuel cladding; the third barrier consists of the primary system (pressure vessel,
pumps, steam generator primary side, pressurizer, etc.); the fourth barrier is provided by the
reactor containment proper” (some of the early, smaller plants built in the Soviet Union had no
containment as such, but used a large building to contain radioactivity). It consists of a large
building, usually about 42m in diameter (but occasionally up to 64m) and about 60m in height
built as a pressure vessel and capable of withstanding an internal pressure as high as
0.44MPa. The pressure at which failure would occur is, however, quite higher. There are two
basic reasons for the use of a containment building. Under normal operating conditions, the
primary water contains some radioactivity through activation (corrosion products or '°N
produced from oxygen in water) and from any leaky fuel. If a leak developed in the primary
system (e.g., through a faulty pump seal) radioactivity would be released. The second reason is
guard against the likelihood of an accident such as a major break in a primary loop pipe which
could lead to a Loss of Coolant Accident (LOCA). The possible scenarios for such accidents
vary widely, ranging from relatively mild to quite serious. The most serious scenario could be a
core meltdown in which fission products contained in the fuel could escape from the primary
system. The containment structures with their associated systems are designed to withstand a
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set of postulated internal and external loads and to effectively contain radioactivity that may be
released from the primary system. They also provide a shielding function, namely protection of
personnel from exposure to radioactivity contained inside containment.

11.4.2 PWR Containment Design

Containment buildings vary considerably in design. Many are vertical cylindrical
structures covered with a hemispherical or a shallow domed roof and with a flat foundation
slab as in the typical arrangement shown in Fig.11.1 (A cylindrical wall has roughly double the
strength of a flat wall of equivalent thickness. Also, a cylindrical building provides a smaller
target for missiles for the same volume, similarly, for spheres.). One of the main factors
influencing containment design is economic: since the containment is a major cost item the
plant designer tries to minimize its size (within the constraints of safety and maintainability) to

save money.
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Fig.11.1 the containment with ice condenser

A brief review of the historical development of containment structures provides
interesting insight. The early reactor facilities were experimental, low-power reactors installed
in water pools. The large amounts of water present were considered adequate to absorb the
energy generated in any power excursion and relatively small amounts of steam were
expected. Accordingly, reactor buildings were made of reinforced concrete (concrete with a
network of criss-crossed steel bars imbedded in them) and designed for an inside pressure of 5
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to 8 psig (pounds per square inch gauge, i.e. above atmospheric pressure). An elastomer
coating of*the inner walls was enough to provide an impermeable membrane. With the
construction of the first commercial PWR plant at Shipping port, Pennsylvania in 1957, the
total energy stored in the primary coolant jumped by orders of magnitude, giving rise to much
higher pressures and temperatures that needed containment. Plain reinforced concrete was no
longer adequate to fulfill containment requirements economically and designers turned toward
steel. A thick steel shell was used to provide the necessary strength and a layer of concrete was
used to provide shielding. Later, as plant size grew to 1000 MWe, the design shifted again, as
designers turned to prestressed reinforced concrete for structural strength using the steel liner
primarily as an impermeable membrane.

Fig.11.1 shows such a reinforced concrete containment with such a steel liner. The
approximately Im thick wall is made of reinforced concrete to provide mechanical
strength. The 6.4 mm liner provides primarily a membrane for leak-tightness against escape of
gases. In the design shown in the figure, prestressing was provided by a network of
reinforcement steel bars placed in the concrete and tensioned after the concrete was poured and
set’. For this reason, it is called a “prestressed, post-tensioned” building. The main advantage
of a prestressed post tensioned building is an efficient use of concrete, and therefore a leaner
and cheaper construction. There are, however, some additional important advantages. Since a
large number of tendons are used, the failure of one or two tendons would not be as serious as
the failure of a steel shell structure. The tendons provide redundancy of design, an important
feature of all safety systems.

A variation of the reinforced concrete containment with a steel liner is the design shown
in Fig.11.2. This two-loop PWR design
offered by French designers is a 600 MWe
plant intended for export markets in
developing countries where smaller plants

3

are needed for integration in their smaller
, electrical grids. The annular or ring building,
; ] | I“ containing safety systems, fuel handling,

W i ] _ control room, and so on, completely

surrounds the cylindrical reactor building on
a common mat and provides compactness

and, it is hoped, economy of construction®.
1! - A different design of PWR containment

T

H A U
=——
K N

called the ice-condenser type. It consists of a
freestanding inner steel shell, about 45 mm
ring gﬂ::g:sg veotor bifidingg ringbuilding  thick around which an outer containment of
reinforced concrete is built, with an air space

Flg]]Z the containment with annular bUIldlng between the two. There are also Spherical
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* shell designs with the sphere eccentricity placed within the concrete building by a German
designer of nuclear plants. A similar spherical shell design, but with a concentric arrangement
of inner shell and outer concrete building, has been adopted for the latest design of one of the
U.S. vendors (Systems 80 by Combustion Engineering).

The containment buildings enclose the entire primary system and have a number of
compartments for the housing of auxiliary equipment, safety systems (of which there must be
two redundant and physically separate trains) , accumulators, electrical equipment, and
ventilation equipment, as well as facilities for the handling of spent and fresh fuel.

11.4.3 PWR containment Function

In some PWR plants, the pressure inside containment is kept below atmospheric so that
any leakage (through penetrations) would be inward. Other plants use double barriers to
prevent any release of radioactive material to the environment.

In case of an accident that causes the pressure inside containment to rise above a certain
level, a command will be given to isolate the containment by closing all valves on lines that
lead to the outside world. At the same time the blowers will be started to collect leakage from
the reactor building, pass it through filters and absorption beds to remove radioactive materials,
and discharge it through the station stack. The suction for the blowers is located at the
penetration room located outside the reactor building, where leakage is most likely to
occur. For this reason, penetrations are grouped together and penetration rooms are constructed
around them.

In order to mitigate the effects of large releases of steam (and potentially of radioactivity)
in the containment two full capacity independent safety systems are provided: the reactor
building spray system and the reactor building emergency coolers. The systems are designed to
provide cool water to condense discharge steam and to prevent containment pressure from
reaching its design limit. Individual systems differ considerably but a typical system may be
described as follows: The initial capacity of the systems in removing heat from the
containment atmosphere is typically 253 GJ/h.

When a containment pressure of 4 psig is reached, the emergency coolers of the reactor
building are actuated. In their post accident mode, the system consists of three units each with
a fan and an emergency cooler. As the reactor building air is circulated across a tubular heat
exchanger, a portion of steam is condensed. These coolers alone would be capable of returning
the containment pressure to near atmospheric within 24h after an accident. When the pressure
reaches a level of 10 psig, the second safety system, the reactor building spray system, is
automatically actuated. It consists of a pump, piping, headers, and spray nozzles arranged
uniformly under the containment dome. It can spray borated water into the reactor building at a
rate of 11.35 m’/min. A sodium hydroxide additive is also provided in the spray water to
increase the retention of iodine, and hence, to reduce its concentration in the containment
atmosphere in the event of a sizable breach of fuel cladding’.

An alternative method for condensing steam is provided by the ice-condenser design
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introduced by Westinghouse in 1967. The containment space is divided into two compartments
by concrete walls and partitions. The two spaces communicate through a vertical, annular
space in which a number of ice packs are stored, at about 10°C below freezing. Since all heat
sources are located in the lower compartment, any produced steam would flow through the
annular space coming in contact with the ice packs. The large sensible and latent heat of ice is
used in this design to condense the steam. The design requires a refrigeration system and an
antifreeze circulation system to cool the ice machine and maintain low temperatures in the cold
storage compartment. With the high heat capacity of the stored ice, a considerably lower
design pressure results. Thus, containment buildings of this design are smaller and lighter, with
a design pressure of 10~15 psig. The ice contains boron poison (needed to ensure a subcritical
core when the water is used for core cooling) and caustic (sodium hydroxide) for the same

reasons as in the containment spray designs.

Self-test

1. In pressurized water reactors water is used as ]

A. moderator B. coolant

C. both Aand B D. neither A nor B

2. The amount of heat that has been converted in steam turbine is____ that removed in
condenser.

A. more than B. less than C. same as D. similar to

3. The thermal efficiency of PWRsis____ .

A. more than 40% B. about 30%

C. less than 10% D. about 70%

4. The hot primary fluid exchanges its heat with the secondary fluid in the____.

A. pressurizer B. condenser

C. header D. steam generators

5. The space between the reactor vessel and the core barrel is the .

A. fuel rods B. control rods

C. downcomer D. plenum

6. Residual heat-removal system remove the decay heat from the core .

A. during plant operation B. after plant shutdown

C. during start-up D. during transient condition

7. The ECCS is providedto____ .

A. cool the core B. control reactivity

C. control volume D. drive pump

8. The____is connected to the spent fuel pond by transfer canal.

A. containment B. pressure vessel

C. pipe D. reactor cavity
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9. Thereare____ successive barriers in PWR to prevent radioactivity escape.
A. two B. three C. four D. five
10. One of the important factors influencing containment design is____.

A. the size B. the pressure inside

C. LOCA D. economic

11. The containment encloses the_ .

A. reactor

B. reactor and pressurizer

C. primary system and secondary system

D. entire primary system

12. A sodium hydroxide additive is provided to reduce____.

A. the iodine concentration B. the pressure

C. the radioactivity D. vapor
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Auxiliary equipment: A term used in power plant to cover the pumps, heat exchangers,
valves and other equipment, which accompany with the primary system.

BN & EFNRETHAIARE, FEAFHRE. A, W/ TR RN
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Containment: A building which retains radioactivity and fission products released from
reactor, and prevents them escaping to the environment.
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Enthalpy: Thermodynamic property of a working substance defined as H = U + pV where
U is the internal energy. p the pressure and V the volume of a system. The unit of SI is the
joule.
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Header: A box or manifold supplying fluid to a number of tubes or passages, or
connecting them in parallel.

Bl : —MEEERE, MERARIVFS /NVEE, BRIX /N 18 B0 E 8.

Latent heat: The heat which is required to change the state of unit mass of a substance
from solid to liquid, or from liquid to gas, without change of temperature.

W\ BRIV, R AR R & SRS BAA ] B RPR S 2R BT 7 (Y

Matrix: The phase or phases which form the continuous skeleton of a powder body.

HAk: MO RSN — MR A

Power grid: The system for electrical power generation, transmission and, to a lesser
extent, distribution system.



122 ZREWIE (FTHR)
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Prime mover: An engine or other device by which a nature source of energy is converted

into mechanical power.
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Rated load: The power output of a power plant, which can continue in conformity with a
criterion.
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Redundancy: The provision of extra components or equipments, in parallel, so as to
ensure continued operation after one fails.

TUAR: FATHHES BRI BB 4, DAGRAIE 250 — 4 ek H WP i R ST e 4R 2k T4E .

Start-up: That beginning process when bringing a nuclear reactor into operation.

23 RNERANIZITRFRIERE.

Reinforced concrete: Concrete work in which steel bars or wires are embedded to increase

strength.
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accumulator [@'kjurmjuleita] n. fEf7a%
active [eektiv] a. FEzhi), HIEH
actuation [sektju'eifen] n. ZfE, filk
antifreeze [‘eentifri:z] n. PHiG#
borated ['bo:reitid] a. FBIERAIELH, INFHRY
boundary ['baundari] »n. 4%

canal [ke'neel] »n. iliH

caustic ['ko:stik] a. #itER

cavity [keeviti] n. W, 5T
concentration [konsen'treifen] n. KJE
concentric [kon'sentrik] a. [E0H
conduit [kondit] ». S%

constraint [ken'streint] n. £

derive [di'raiv] v. S, Mo
disassembly [.disa'sembli] »n. FF
dissipate ['disipeit] v. L

domed [deumd] a. AT

drawing n. #ilith, 51H, £
eccentricity [,eksen'trisiti] ». >
elastomer [i'leestoma] n. ik
exclude [iks'klu:d] v. B&%
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flask [fla:sk] n. f&l#

friction [frik[en] n. JEHE

giga n. 4z, TI, 10°

GJ=Giga Joule +1{Z£EH

hydroxide [hai'droksaid] »n. A&y
impermeable [im'pa:misbl] a. ANBIEM
incipient [in'sipiant] a. JF4AH
interlocking [inta'lokin] a. A[EEIAY, WHK
iodine ['aiedi:n] n. il

kelvin [kelvin] n. #E%HE

lean [li:n] a. JEM

maintainability [menteina'biliti] ». F{fFEM
mat [meet] n. JEMK

membrane [membrein] n. K

mild [maild] a. B, B

missile [misail] ». S

mitigate [mitigeit] v. W, WZE

mount [maunt] v. %3

nut [nat] ». 2

package ['paekid3] n. #ifF

passive [peesiv] a. #z)X, FTIEK
pickup W, Hnig

pond [pond] n. i

post-tensioned a. JEIK I

postulate ['postjuleit] v. {Ei%

prevailing [pri'veilin] a. FEH], HSHEHH
proper [propa] a. #%5, EX, &fk
psig=pounds per square inch gauge, 1psig=0.07kg/cm’
reservoir [rezevwa:] n. fEfEes, Kt
retention [ri'tenfen] n. {ff

scenario [si'na:risu] n. i

shallow ['[eelou] a. ¥&HY

shedding ». EI'F, Bk

sink [sink] ». EEAEE, i

slab [sleeb] n. “Fix

steam line n. ZEEH

sub-system ['sAbsistem] n. #HiBi &%
sump ['samp] n. f#Kith, AKHi
supplement ['sAplimant] v. %%
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tendon [tendan] n.
tension ['tenfen] n. K
tubular ['tju:bjule] a. HEHKE, N

W xR

1. Roughly, twice the amount of heat that has been...thermal engine.

f) that 5| FHRRENA, WHERE. 2088 B T#H28 SRR T RHLP
ReEFHGE, Bk, RAEZRREH PRS- B RET AR PIfE, B2 ke
BB LT

2. The bypass line, combined with the ability of the reactor...safety valves.

fJ9 The bypass line 2 1%, EEEFEEH: actuation Ez)EEGRBIMER. 201
RBAE: SHIEE N R N HER HIR R AT RE AR S 10% ) T ZE4L, BefEsh fde B A i
KL S0%HI e, EXMEN T RNVHESZ BEFHE, A2 MR R R 22 R
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3. Use is initially made of the chemical...cold legs of each loop.

) cold legs FEAHIFI RGP M EFH 02 RV HEAN OB, FREAEBL, hiR“ A HR”.
Pa)iFA: JFEN, EHAEMERIERRENANE, KR ot A\ a4 0k
HIR B B

4. The fourth barrier is provided by the reactor containment proper.

] containment proper f2f& w2 e AL REUKFEARTTLEILA Shanghai proper, & L
HET X

5. In the design shown in the figure...was poured and set.

f)H it 2243 placed F tensioned #f & steel bars [{]5E15; after 5| F KM alFEIERIE.
SRR EEPFRRBE D, TR 2 TN IR AR, N EREE LN, 4R
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6. The annular or ring building, containing...of construction.

A% common mat F& A ILAE A AR . RA)ER: BB R ARRA LB ERER
Gi\ WORLAREE (R 1) 5, IX LR R SRR B AT Y S B T A e R, KT SR B
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7. A sodium hydroxide additive is also provided...fuel cladding.

) additive &7, retention of iodine AZMLIINH] . BAJFEN: EMIMAK D IR
SEALBIRINR, RIS, T 7ERR R 5E X AR B 1 R AT LAk b e 4
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Unit 12 The Steam Turbine

12.1 Introduction

The production of power in a turbine differs from the engine process since it is steady and
continuous instead of intermittent in character, as in the latter. Thus, the turning effort on the
shaft of the turbine is even and regular at constant load and a flywheel is unnecessary.
Essentially, there are two steps in the turbine process. The first is to utilize the thermal energy
stored in the steam to give it a high velocity as it issues from a nozzle or orifice in which its
pressure is reduced. The second is to remove as large a proportion as possible of the kinetic
energy of this jet of steam in blades or buckets by means of which work is delivered to the
turbine shaft'.

Although the turbine principle was known and applied over two thousand years ago, the
application to the manufacture of commercial power is a comparatively recent development.
Throughout the eighteenth and nearly all of the nineteenth centuries the steam engine
monopolized the field. One of the earliest patents on a steam turbine was granted to De Laval,
a Swedish engineer, in 1883. Consistent development of the principle followed, due to the
work of which men as Parsons of England, Rateau of France, and Curtis of the United States,
until, by the beginning of the twentieth century, the turbine was beginning to be an important
factor in the development of the modern power plant.

12.2 Classification of Turbines

The principal classification of turbines into: (U impulse; @ reaction; @) combined
impulse-and-reaction types is based on the method of utilizing the kinetic energy of the steam
to produce a turning effort on the turbine rotor.

In the steam engine the conversion of energy from the thermal form to shaft work was
effected by the static mass of expanding steam exerting pressure on a piston; however, for the
same energy transformation in the turbine, two processes are required. During the first step,
steam is expanded to a lower pressure (and temperature) by causing it to flow in a properly
shaped stationary passageway; due to this expansion, thermal energy is converted into kinetic
energy and the steam moves with a greater velocity. In the next step, this rapidly moving
stream enters a passageway on the rotating part of the turbine (rotor and blade assembly) where
it undergoes a change in direction of flow. This change of velocity which produces an increase
of momentum will exert a force on the rotor and thus cause it to rotate. In this manner is
kinetic energy converted into shaft work, thus completing the two energy transformations.
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The device used to produce the first energy conversion in turbines is called a nozzle and the
two types are: (Dthe converging design for low ratios of expansion; @the converging-diverging
type for high ratios of expansion.

Turbine classification depends on the method used to effect the second energy
transformation. The force which can be exerted by a jet produced by expansion in the nozzle is
utilized in one of two ways. If the nozzle in Fig.12.1(b) is stationary and the jet of steam is
directed against the bucket, an impulsive force created by the change in direction of flow of the
jet will push the bucket forward and lift the weight W. Thus kinetic energy of the jet has been
transformed into mechanical work and this is the principle of action of the impulse turbine.

The other method of utilizing the kinetic energy is by the use of a moving nozzle as
shown in Fig.12.1(a). A jet of steam issuing from the nozzle produces a reactive force which
pushes against the opposite wall of the box and lifts the weight. This principle of reaction may
be understood better by again referring to the container in Fig.12.2(a). Suppose there is no
nozzle opening and the box is filled with steam as before. The pressure exerted by this fluid
will be the same on all the walls so the box will be at rest since there will be no unbalanced
force to move it. However, if an opening is made in one of the walls for a nozzle, a jet of steam
will be released and the pressure in the nozzle will be less than at the corresponding point on
the opposite wall. This unbalanced force causes the box to move in the direction opposite to
the jet. Thus the reaction is caused by the expansion of steam in a moving passageway and this
is the principle upon which the design of the reaction turbine is based.

nozzle
mounted
on wheel

nozzle

bucket

impulse
force
Jjet g -

(b)

Fig.12.1 Fig.12.2

(a) reaction force; (b) impulse force (a) reaction application; (b) impulse application
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12.3 Impulse and Reaction Blading

The steam turbine takes two steps to change heat energy to mechanical work. First, steam
expands in a nozzle, discharging at high velocity. In this way the total heat (enthalpy) of the
steam partly changes to velocity (kinetic energy, the energy of motion). The forces of the jet
produced by this transformation in the nozzle can be used in either of two ways. In each case,
heat energy of the steam is transformed into velocity energy in the nozzle, and then into
mechanical work.

In an actual turbine, the stationary nozzles of a reaction stage are made by using blade
sections shaped to form nozzle walls’. These are arranged in a ring around the shaft or
rotor. An adjacent set of moving blades mounted on the turbine rotor receives steam flow from
these stationary nozzles. Some expansion occurs in both moving and fixed blades and
approximately the same pressure drop occurs across each. By definition this is a 50 percent
reaction stage, and the acceleration of the steam is divided equally between the stationary and
rotating rows. The absolute velocity rises in the fixed row of blades and falls in the moving
row.

There may seem to be a contradiction between the principle that expansion in a nozzle
produces increased velocity and the prior statement that acceleration of the steam is divided
equally between stationary and rotating rows. While the absolute velocity (referenced to the
earth) decreases in the moving blades, expansion in the moving blades does boost velocity in
relation to the moving blades that is, if we had viewpoint on a blade the steam would seem to
speed up.

A pure impulse stage is one where the entire stage pressure drop occurs across the
stationary row and no pressure drop across the rotating row. Thus, the acceleration of the steam
takes place entirely in the stationary row or nozzle. The nozzles arranged in a ring at one side
feed steam at an angle to blade travel. The crescent-shaped blades permit free entry and
discharge and produce the change of speed and direction which gives the rotational force. The
steam expansion (pressure drop) occurs only in the nozzles, and pressure remains essentially
constant in blades. The velocity rises in nozzles but falls in the blades.

A force is exerted in changing either the speed or direction of a body in motion and the
amount of force depends on the extent to which speed or direction is changed. For this reason,
and since all of the pressure drop occurs across the stationary row in a pure impulse stage, the
steam velocity leaving the stationary row is quite high generally twice that of the blade
speed. In addition, since the change in direction is important in the impulse blade to optimize
the energy conversion, the turning angle is quite large.

In the case of the reaction stage, the pressure drop is divided over both the stationary
and rotating row, thus the steam velocity leaving the stationary row is lower. The steam
velocity relative to the rotating blade is also lower. A lower turning angle is required through
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the rotating blade of the reaction stage than is required
through the rotating blade of an impulse stage.

volume

12.4 Velocity Compounding Curtis Stage

An ideal Rateau stage’ is simply the pure impulse stage
previously discussed. Rateau was one of the early builders to
successfully use this type.

When the pressure drop across a Rateau stage is large,
the steam velocity is relatively high and the high speed steam
jet gives up only part of its kinetic energy in the first row of
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i ohast moving blades. If the direction of the steam is reversed, the
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remainder of the energy can be utilized without the necessity
for a row of nozzles. Thus, in the Curtis stage4 the steam jet
gives up part of its energy in the first row of moving
blades. Then it passes through a row of stationary reversing
blades which redirect the steam into the second row of

~
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D
8 P 8 moving blades, where most of its remaining energy is

absorbed (see Fig.12.3). The Curtis stage is also referred to as
Fig.12.3 velocity staging 5 ye]ocity compounded impulse stage.

12.5 The Reaction—-Turbine Principle

In the reaction turbine the moving blades are, in effect, traveling nozzles and expansion is
secured by making a close working fit between the rotor and casing and by providing
convergent passages between adjacent blades. The fixed ring of blades discharges steam into
the moving ring the same as in the impulse turbine, but the subsequent expansion between the
moving blades increases the magnitude of the relative velocity, and this alteration in addition to
the changed direction of steam flow (as in the impulse turbine) causes a reaction on the blades.

Fixed blades of a reaction turbine are, in effect, rings of vane-formed converging
nozzles. The outer ends of the nozzle partitions are fastened to the casing and the inner ends
are brought as near to the surface of the revolving drum as is practicable in order to reduce
leakage between the stationary and rotating parts. The inner ends of the moving nozzles or
blades are fastened to the drum and the other ends are brought as near to the inside surface of
the casing as is practicable’.

The degree of reaction a turbine attains is determined by the relation between the area of
the passage at inlet and that at the outlet of the blade. If the exit area is made small enough, a
pressure difference will be built up across the passage and for this reason the term choke is
sometimes used to denote reaction or drop in pressure in the passage.
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The diaphragm type of construction used in the impulse turbine is not employed in the
reaction turbine because of the pressure difference across each row of blades which would
produce an excessive axial thrust on the disks. Therefore the reaction turbine rotor is generally
a drum on which the rows of blades are mounted.

12.6 Reaction Blading

Modern reaction blades have a cross section tending towards a blunt nose teardrop
shape. They are usually made from rolled sections and are attached to the rotor or casing by
serrations. The advantage of this form of attachment is that the blade can be inserted into the
groove and turned into position and, by varying the width of the groove, various blade angles
may be produced from a common rolled section. Short blades are uniform in width while long
blades are tapered and have a warped or nonuniform section. Thus the blade angles are
changed according to the difference of peripheral speed between the root and tip of the
blade. Fig.12.4 shows several views of reaction blades and assemblies. Since the effects of
leakage are more serious in the reaction type, seal strips are provided.

(a) (b) (c) (d)

Fig.12.4 reaction blades

(a) fixed and moving reaction blading shown in section; (b) blades of various sizes;
(c) segments of typical fixed and moving reaction-blade rings; (d) assembled reaction blading

In turbines of the reaction type there is commonly no flat surface on the nozzle partition which
may be used to define an angle; instead, the blades or partitions have only curved surfaces.

12.7 Sealing Arrangement

The effect of leakage also plays an important role in the selection of stage type.

Where the leakage areas become an appreciable percentage of the total steam flow area,
leakage effects will outweigh the greater aerodynamic passage efficiency of reaction blading
and one would select an impulse stage®.

However, where leakage areas are a small percentage of the total steam flow area, the



130 BEEWRE (FTMKR)

greater aerodynamic quality of reaction stages outweighs the leakage losses and the reaction
stage should be selected.

Impulse turbines are normally constructed with the moving blades on wheels or discs that
are shrunk on and keyed to the shaft. An alternate construction uses a solid forging which has
been machined out to form an integral disc and shaft arrangement. Nozzles are carried in
diaphragms that have center holes through which the shaft passes. Seals at these openings limit
the steam leakage which bypasses the nozzles. Since steam pressure drops in passing through
the fixed nozzle, the pressure is higher on the inlet side of the diaphragm and it is important
that effective seals be maintained to minimize the quantity of steam bypassing the turbine
blades.

This construction permits arranging seals on the shaft of the machine on relatively small
diameters. However, as turbine ratings increase, the shaft diameter must also increase so the
impulse stage no longer has the small diameter on which to provide sealing arrangements.

Reaction turbines are usually built with a rotor machined from a solid forging. The blades
are mounted directly on the rotor which increases in diameter toward the low pressure end
where steam volume is greater. This requires that steam seals to prevent leakage between blade
rows must be provided on somewhat larger diameters than was the case in the impulse
design. Thus, a reaction stage may encounter greater steam leakage than the impulse stage
across the stationary and rotating blading.

12.8 Twisted and Tapered Blades

When the blade height becomes a significant part of the total stage diameter, as is
normally the case with the last few rows of blading in the turbine, the ratio of steam and blade
speed changes over the length of the blade. Velocity ratio is the ratio of the linear velocity of a
given point on the length of a blade to the absolute velocity of the steam jet at entrance to the
blade.

Ideally, steam enters the nozzles in an axial direction and it leaves in a circumferential
direction, forming a vortex flow or eddy that is contained by the turbine casing before the
steam enters moving blades. It is characteristic of the vortex flow leaving the nozzles that the
steam velocity at the inner radius is higher than that at the outer radius. However, the linear
velocity of the blade increases with radius. Therefore, the velocity ratio is steadily increasing
from root to tip. The ideal velocity ratio for a pure impulse design would be approximately
0.5; whereas the ideal ratio for a pure reaction blade would be higher.

Since the velocity ratio at the root of the blade favors the impulse design, it is typical to
design the root of the blade for impulse flow, equivalent to 0 percent reaction (no pressure
drop). As we said, the steam velocity in the ideal impulse design should be double the blade
velocity. The entrance angle of the blade is determined by the angle of approach of the steam
so that the steam will slide smoothly over the blade.



Unit 12 The Steam Turbine 131

At the tip of this long blade, the blade velocity is higher than the approaching steam
velocity. This means the steam approaches from a direction almost opposite to the blade’s
motion. For this reason the blade section must be twisted in order to receive the steam
smoothly.

Due to the vortex flow, the steam pressure is higher at the tip than that at the root, and
there will be some pressure drop through the blade. Thus, the conditions favor the use of a
reaction blade section since the pressure ratio is in the range suitable for reaction design and
since there will be pressure drop through the blade, there will be velocity increase at the blade
exit which also conforms to the reaction design. Thus, while a pure impulse force exists at the
blade root, a pure reaction force is acting at the blade tip.

The principal factor that controls the amount of twist is the distribution of pressure
between the stationary and rotating blade. The smaller the change in pressure between the base
and tip, the smaller the change in velocity and thus the smaller the difference in flow angle to
the rotating blade. Relatively short blades exhibit only a small pressure variation along the
length of the blade and as a result, the rotating blade inlet flow angle variation becomes

negligible.
12.9 Erosion Control and Moisture Removal

The longer last rows of blades are fitted with stellite strips which are silver soldered to the
leading edge. Stellite is a very hard alloy a binary alloy of cobalt and chromium which is
highly resistant to erosion. In the last rows of blading in the turbine, there is moisture which
would be quite erosive to the blade material without this protection. This minimizes erosion in
this section of the turbine and increases blade life, maintains blade efficiency, and reduces
maintenance requirements.

Moisture removal and erosion control are major considerations in the design of steam
turbines applied with nuclear steam supply systems that generate dry and saturated or low
superheat steam. Moisture particles are removed with the extraction steam and also at specially
designed moisture removal zones.

Increased axial spacing between stationary and rotating blades also decreases
erosion. This allows sufficient time for the large moisture droplets which stream from the
trailing edges of the stationary blades, to be broken up into smaller particles, which more easily
pass through the rotating blades without impingement.

An additional moisture removal device at the inlet to the last rotating row in the low
pressure turbine has proved particularly effective in minimizing erosion in the blade tip
area. This device consists of a narrow circumferential slot just ahead of the inlet to the tip of
the last rotating blade. A small quantity of blade path steam flows through this slot directly to
the exhaust, and by eductor action removes a considerable amount of entrained moisture from
the steam at the tip area.
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12.10 Other Blade Features

There are other blade features which are required for mechanical or a combination of
mechanical and thermodynamic reasons. One example of a requirement which serves as a dual
role is the blade shrouds. These shrouds supply several important functions as follows.

A sealing surface to prevent steam leakage. Steam that bypasses the blade represents a
direct loss in efficiency and must be carefully controlled.

Controls the level of stress at the base and root of a blade.

Controls the blade frequency to a limited degree. Blading design must include
consideration of the various modes of vibration which will occur. Stress levels which will
result from vibration must be a factor in the blade design.

In addition to shrouds, some low pressure blades are also provided with integral lashing
wires which are welded together to provide additional frequency control’. Shrouds, as well as
lashing wires, may not be continuous but are used to cause the blades to act in groups. This
grouping provides additional frequency of vibration control. Such lashing wires are provided
on unshrouded last row blading and are primarily a mechanical means of providing frequency
control and maintaining stress levels within design limits.

12.11 Low Pressure Turbine

Construction of the low pressure nuclear turbines for light water reactor applications is
essentially the same as that of 1800 rpm elements in many fossil fired plants. To minimize
possible distortion effects of large fabricated stationary parts on seal clearances, the
temperature drop from inlet to exhaust is taken in steps across multiple walls, utilizing a
combination of separate inner cylinders and separate blade carrier rings. In addition, thermal
shields are attached to the outside of the inner cylinder to reduce temperature gradients that
cause distortions. The rotors are built up of alloyed discs shrunk and keyed onto an alloy shatft.

Water is removed at extraction points and specially designed moisture removal zones. The
effectiveness of moisture removal was determined from a series of laboratory and field
tests. Since the size of the water droplets varies inversely with the pressure level, a greater
amount of water can be removed at the lower pressure extraction zones.

12.12 Turbine Control

Control of the turbine speed and load is provided by a combination stop-throttle valve and
control valve assembly, which is placed ahead of the system. Four stop-throttle and control
valve combinations are normally used.

The stop-throttling valve provides positive shut-off the steam supply to the main
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turbine. The multiple control valves are arranged to open in sequence to meet varying load
requirements. The use of multiple valves with sequential opening serves to minimize losses
inherent in partial opening of the valve. Steam flowing through a partly opened valve has its
pressure reduced without performing work: that is, it is“throttled”. At light loads the valve
would be barely open and the steam would be throttled to a low pressure before it began
expanding through the turbine. Turbine output would be limited not only by the low
steam-flow rate but also by the small amount of work done by each pound of steam due to its
low pressure. At low loads, efficiency is poor, because of the throttling required to limit the
steam-flow rate. As load increases the valve opens wider, throttling diminishes and the
efficiency improves.

The various methods of controlling the flow and load for turbine generator units utilize
either area or pressure control or combinations of the both.

Self-test
The revolution of the turbine is___ .
differs from the engine B. steady
same as that of engine D. lower
The steam engine____than that of steam turbine.
was applied earlier B. was more efficient
was higher speed D. worked longer time
Steam turbine played an important role in the modern power plant____ .
in 1883 B at the end of 19th century
in the later 19th century D. in the early 20th century
Steam turbine can rotate in____ .
one direction B. two directions
very low speed D. many directions

Higher initial steam temperatures reduce the__ .

efficiency of the turbine

turning speed of the turbine

moisture of the final stages of the turbine

turbine stages

____the greater the energy that can be extracted from the steam.

Lowering the final pressure B. To lower the final pressure

The lower the final pressure D. The larger blading is used

On leaving the final turbine stage the steam hasto__ .

be condensed B. work C. be pumped to boiler  D. be free
The steam leaves the nozzles___a high velocity.

PEPNOPITABPLOPEORPLORP N0

. in B. with C..at D. for
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9. In the reaction stage, steam expansion____.

A. occurs in rotating blading

B. is divided by stationary and rotating blading

C. occurs in nozzles

D. occurs in blade section

10. The rotor of reaction turbine____that of impulse turbine.

A. is different from B. is same as

C. is longer than D. is smaller than

11. In the last stage of a turbine the degree of reaction____.

A. is a constant B. is the same

C. iseven D. increases from root to tip
12. The output power of the turbine depends on____ .

A. the rotating revolution B. the size of the blade

C. the steam flows through it D. how many stages it has

X # ¥ R OB

Casing: The part of a machine which encloses the working portions.

PLFE: BT AEER St P R A4

Clearance: The distance between two objects, or between a moving and stationary part of
a machine.

(IR P A ) BRATL 4% £ 3 2l 3 e [ 7 1 e 2 i) )i 2

Distortion: Any departure from the original shape because of applied stress or release of
residual stress in the material.

I PR R N B g B R SR I ) T R A TR R A AT AT D 2

Impulse turbine: A steam turbine in which steam is expanded in nozzles and directed on
blades carried by a rotor, in one or more stages, there being no change in pressure as the steam
passes the blades.

MEhIREe L — R AR L, Hrh AR N R B S M T B R,
Wl R, FERAEEH AL .

Leading edge: The edge of a streamline body or blade which is forward in normal
motion.

WISk I alimt b [l AT 4E & RE sl i KT m i 4 .

Nozzle: In impulse turbines, specially shaped passages for expanding steam, thus creating
kinetic energy of flow with minimum loss.

s FErrEhAVRERAL, AR T R R R TR (KB, CUMAE SR 4 Ok R
Mz EE .

Reaction turbine: A turbine in which the steam expands progressively in passing alternate
rows of fixed and moving blades. The kinetic energy developed by moving blades.
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Shroud: An outer or peripheral strip used to strengthen turbine blading.
e RN SRz A 5 B AR A M B 122 1 AR

Stop-throttle valve: A governor-controlled steam valve in steam engines and turbines,

usually a double beat valve.

TR ZRRAHLEGEE L R A R AR, — R XU I .

Torque: The turning moment exerted by a tangential force acting at a distance from the

axis of rotation. It is measured by the product of the magnitude of the force and the distance.
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Trailing edge: The rear edge of an aerofoil or blade.

Jagk: PR F R L 2.
il i

aerodynamic [earaudai'neemik] a. ZFEINS¥EM
appreciable [@'pri:[iabl] a. AW
barely [beali] ad. JLTFHEE

binary [bainari] a. —JGi

blunt nose n. #fik

bucket [bakit] n. I}

choke [tfauk] n. [FHZE

chromium [kraumjem] n. %
circumference [se'’kamfarans] n. [& /)&
circumferential [sa.kamfa'renf[al] a. i, [EEK
compound [kompaund] v. &n. HE&
converging [kan've:d3in] ». W4
crescent-shaped a. HZFEMH

diaphragm ['daiefreem] n. [Etk
diverging [dai've:d3in] a. ¥ 9KiK
eductor [i'dakta] n. HEckE

entrain [in'trein] v. #%4

flywheel [flaiwi:l] ». kit

grant [gra:nt] v.&n. 4T

HP=High Pressure & /&

impart [im'pa:t] v. %47

key [ki:] v. JHEEM @

lashing ['leefin] n. #WZ
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locomotive [louka'mautiv] »n. HL%
LP=Low Pressure /&

monopolize [ma'nopalaiz] v. Hd, ZEHr
optimize ['optimaiz] v. fLik

orifice ['orifis] n. fLO

outweigh [aut'wei] v. ET, Hit
rev/s=revolutions per second G £ /b
rigidity [ri'd3iditi] ». Rt
rpm=revolutions per minute &5 #01 % DF;
serration [se'rei[an] n. #HGE

slot [slot] n. Jk&4E

solder ['solde] v. &

stage [steid3] n. & (4Gl —4H s B4R
stellite ['stelait] n. ®A4FERA S
strip [strip] ». ., %

tapered [teiped] a. ZEEEN, HEK
teardrop n. JHEE

throttle [Orotl]] ». 5

twist [twist] v. ¥

warp [wo:p] v. HH#H

free from JFE o], EEeeelf

w® X E R

1. The second is to remove as large a proportion as...turbine shaft.

] as large a proportion as possible £ /R A GEX LG, HERXAEPAE A a KL
BRI RN EH. Ba)FER: 0 RSP0 AR AT RE KB 83 A8,
XAERR AT DAFEVAS B 4 2 .

2. In an actual turbine, the stationary nozzles...nozzle walls.

iX B shaped &id 24117, fil blade sections (& iE. WAMNEER: ELFRIREHLP,
S B % (7 1L A2 b RS TR A S G S R R T T RS

3. Rateau stage

PFER . PAERFEEREK, ME SR T MY N A R Rt s A i
U B WA Tov | IR PV o (W IRUIPIEY & W SE DA 578

4. Curtis stage

TN . AR ERIERK, fbTE 1897 R TR AR AL, XFEEHL
fE— N EAMHERE M R, PR SR, IR A A R R R B R i
HeplTh .

5. The inner ends of the moving nozzles...is practicable.
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A1 drum $8 kRN GN, HEREK, — M as near...as is practicable
R REEEE RS . B dh . i ai i AR E e w b, A ST AR
U FE AR ) A SR .

6. Where the leakage areas become an appreciable...impulse stage.

1]+ Where 5| 2HIZIREMNE], outweigh B KT ERE THIE L. BajiFh. HiltlwimA
b B ARV UE AR IR K —#Ei,  MIRA0 R T R sl HAll 2 sl D SR | S, X
IEIEFEMFBh K .

7. In addition to shrouds, some...frequency control.

IXHL shroud 5[ % £ H F S HEC DN SR A [E 52/ T, — AR rP Bl 2 B I e 2
M E. Lashing wire 24, —MAERBHEILEMKH L, 7Emf T fLKhr 4
IR R ARG ARAE — S, RN E R ARSI RS AR R . A BB
bh, —EAREEM FridfE AR S, BN RREER, CARBLI AR 6.



Unit 13 Main Steam, Feed and

Condensate Systems

13.1 Introduction

The steam system serves to convey the generated steam from the nuclear steam supply
system to the turbine generator, turbine driven feedwater pumps, steam dump, reheaters, gland
steam system, and air ejectors. Main steam is also provided for the turbine driven auxiliary
feedwater pump to ensure steam generator water level is maintained in case of a station
blackout. A typical main steam system simplified diagram is shown in Fig.13.1.

moisture
separator.
reheater

(1 of 6)

main stm.
isol.valves t]l?l}gi g;ess.
P L gg o 5
high press.
é D’% 2 of 8 rbine /IS
stop  gov.
t‘k).wt )'( . ax. valve valve generator
restrictor feed
| pumps —M (
’ ; lavg condenser 1
s/g main i« |
;e steam cire,
’ header -@— dump water
controller

steam
dum;

{ 1 of 12

from [—

irc 7 = other I = air gjectors
orc steam = gland seal system
generators

I~ | main feedwater
— L~ | pump turbines

Fig.13.1 Main steam system (simplified)

Steam from each steam generator flows through a flow restrictor and two main steam
isolation valves to the main steam header. The flow restrictor acts to limit the steam flow from
a steam break accident but has little resistance to normal flow. The isolation valves are
provided to isolate the steam generator with a series of relief and safety valves. From the main
steam header, the steam is directed to the various steam loads.

The condensate and feedwater systems return the condensed steam from the turbine
condenser, and drains from the regenerative feed heating cycle to the steam generators while
maintaining the water inventory throughout the cycle. These systems must also automatically
maintain the steam generator water level during steady-state and transient operation.

The steady state flow varies with unit load. The feed and condensate systems recover the
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steam used for auxiliary steam loads as well as steam to the main turbine. They also make up
for losses due to steam generator blowdown and system leakage.

For a pressurized water reactor, steam pressure varies with load. The pressure in the steam
generators drops with increased thermal output. This characteristic, combined with the lower
feed system frictional resistance at lower flow, results in a small increase in total pumping head
required from full-load to no-load'. Sufficient margin must be allowed above the
system-required head/flow for feed control, pump wear, design and testing, and system fouling
to ensure adequate flow to the steam generators during steady-state and transient operation.

Uniform feed water temperature to all steam generators must be ensured under all
operating conditions. A continuous steady feed flow should be maintained at all loads. In
addition, sufficient feed water storage capacity must be maintained within the condensate feed
systems to accommodate the mass transfer of fluid due to the expansion and contraction arising
from the thermal and pressure effects on steam generator fluid inventory and condensate feed
systems during load changes. This is also necessary to compensate for loss of fluid from the
system during load changes or plant cooldown by atmospheric steam dump.

13.2 Main Steam and Feedwater Piping

Steam piping design pressure and temperature matches the steam generator shell side design
values. The arrangement and bore of the steam lines between the steam generators and turbines
ensure balanced steam flow from the steam generators so that the steam generator pressures are
essentially equal under all operating conditions. This is accomplished by interconnecting the
main steam lines downstream of the main steam isolation valves. The feedwater piping is
arranged so that feedwater is supplied to all steam generators at essentially equal temperatures.

The main steam and feedwater piping is designed so that the following failure of any line
or malfunction of a valve installed therein or any consequential damage will not happen.

(1) Reduce flow capability of the auxiliary (emergency) feedwater system below
minimum required;

(2) Render inoperable any engineered safeguard service (i. €. , control, electric cables,
containment cooling piping, etc.);

(3) Initiate a loss-of-coolant accident;

(4) Cause uncontrolled flow from more than one steam generator;

(5) result in the containment pressure exceeding 90% of the design value (80% for ice
condenser containments) or impair its impermeability and integrity;

(6) Result in a loss of safety function due to fatigue or overstress.

13.3 Main Steam Piping System Flow Restrictor

A flow restriction is provided in each main steam line inside the containment building to
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limit flow in the event of a steam line break accident. It is located as close as feasible to the
steam generator outlet nozzle in order to minimize piping preceding the restriction, thereby
reducing the probability of a steam line break upstream of the restrictor. The preheat steam
generator and later model ring riser steam generators have a flow restrictor which is an integral
part of the outlet steam nozzle’. For these steam generators a separate flow restrictor in the
steam piping is not required.

The flow restriction is designed with the following features.

(1) Provides plant protection in the event of a steam line break downstream of the
restriction. Should a break occur, the flow restriction reduces the flow rate of steam from the
steam generator, thus reducing the cooling rate of the primary system. Limiting the steam flow
rate limits the core cooldown rate which reduces the reactivity excursion and the probability of
fuel clad damage.

(2) Provides minimum unrecovered pressure loss across the restrictor during normal
operation.

(3) Reduces the potential thrust forces on the main steam piping caused by the steam jet effect
in the event of a steam line break downstream of the restriction, thus minimizing pipe whip.

(4) Reduces back flow into containment from the other steam generators in the event of a
pipe break between the flow restriction and the steam generator, until the non-return and/or
main steam isolation valves close, thus minimizing containment pressurization.

(5) Provides a portion of the pressure differential employed for steam flow measurement.

13.4 Safety Requirements

13.4.1 General Safety Oriented Design Provisions

The safety aspects of the main steam system are concentrated on the portions of main
steam lines from the steam generators, out through the containment, and up to and including
the main steam line isolation valves. The following description identifies the general safety
oriented areas.

(1) The steam lines and the shell side of the steam generator are considered basically as an
extension of the containment boundary and, as such, must not be damaged as a consequence of
reactor coolant system damage. This requires that the steam generator shell and steam lines
within the containment are to be classified and designed for the reactor coolant system
missile-protected category. The reverse is also true in that a steam break is not to cause damage
to the reactor coolant system.

(2) The measured steam flow has both functional and safety related requirement. Functionally,
the flow signal is used by the three-element feedwater controller and as a load index signal for
plants using variable speed main feedwater pumps’. It is used for safety in the development of a
steam flow, feed flow mismatch signal.

(3) The portion of the main steam system outlined above is also necessary to the safe
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shutdown of the plant and is accordingly designated safety class.
(4) Uncontrolled steam release as a result of a steam line failure must be limited to the

contents of one steam generator in order to (U limit the related effect upon the reactor core
within specified fuel design limits; 2 limit containment pressure to a value less than the
prescribed fraction of design pressure.

13.4.2 Other Safety Oriented Design Provisions

These design provisions include the following parts.

(1) The steam generator safety valves.

(2) The steam supply to the turbine-driven auxiliary feedwater pump has a safety
classification because of safeguard requirements for auxiliary feedwater. The supply lines are
connected up-stream of the steam line isolation valves to not less than two steam generator
steam lines of units which are not equipped with reactor coolant loop stop valves have three
steam supply lines to the turbine, each from an individual main steam line, to insure
redundancy of supply in the event one loop is isolated. Isolation and non-return valves in each
supply line insure the independence of each main steam line by preventing interconnecting
backflow.

(3) For a loss-of-coolant accident, we cannot prevent initial discharge of main steam to
the atmosphere due to turbine trip. If tube leaks were present prior to the accident, some
radioactivity accumulated in the shell side water would be discharged through the safety
valves. Before, during and after the initial blow through the safety valves, radioactivity
leakage is restricted by the barrier at the steam generator tubes, shell, steam lines, blowdown
lines, and sample lines within the containment structure. The total plant releases associated
with a loss-of-coolant accident, including steam side leakage, must be within 10 CFR 100
criteria.

Releases associated with other incidents, such as main steam line break and steam
generator tube ruptures, also must be within the criteria specified. If tube leaks are present, the
releases associated with the steam generator will consist of the steam flow through the main
steam safety and relief valves. Isolation of the release is again effected at the steam generator
tubes. For a main steam line break, a limit is placed on maximum tube leakage depending on
primary activity, meteorology, dilution, etc. For a steam generator tube rupture, a limit is
placed on reactor coolant activity level.

The safety aspects of the main feed system are concentrated from the steam generators
back to and including the first stop and non-return valve outside the containment. This portion
of the feed system is an integral part of the auxiliary feed system.

13.5 Feed and Condensate System Description

The feed and condensate system is composed of a condenser, three 50 percent capacity
condensate pumps and three 50 percent capacity condensate booster pumps, two 50 percent
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capacity variable-speed turbine-driven feed pumps, two 50 percent capacity heater drains
pumps, three strings of feedwater heaters, three sets of steam jet air ejectors, and one turbine
gland steam condenser (Numbers of pumps and their capacities may vary considerably from
one plant to the next).

Condensate pumps take suction from the condenser hotwell and pump through the air
ejector condensers and gland seal condenser to the condensate booster pump suction. The air
ejector system is used to remove air and non-condensible gas from the condenser. The gland
seal system prevents air from leaking into the condenser from around the turbine shaft. A
recirculation line is provided back to the main condenser to insure adequate cooling flow
through the air ejector and gland seal condensers during startup. Additional lines are taken
from the condensate pump discharge to provide cooling spray to the flexible exhaust
connection between the low pressure turbines and the condenser, and to provide quenching
spray inside the condenser during steam dump operation”.

The condensate booster pump provides the required net positive suction head to the main
feedwater pumps. It pumps the water through the low pressure feedwater heaters to the feed
pump suction. The heater drains, together with the moisture separator drains, are collected and
pumped into the feed pump suction. Extraction steam used to preheat the feedwater along with
drains from the moisture separator reheaters are collected in the heater drain tank. The heater
drain pumps pump this water to the feed pump suction. About one third of the feedwater comes
from the heater drain tank.

The feed pump discharges through one stage of high pressure feed heating into a common
header. Each of the four steam generators is supplied through a single line taken from the
common header. Each steam generator is supplied with a feed regulating valve, a feed regulating
bypass valve and a flow element. Outside the containment building in each line are stop and
non-return valves. To allow plant maintenance, bypasses are provided around feed heaters. The
bypass around the final feed heater joins the common steam generator feed header to ensure
adequate mixing and equalized temperatures in the feed to the individual steam generators.

The most common steam plant design is condenser steam dump only with 50 percent load
rejection capacity without reactor trip. The feed pump turbines normally exhaust into the main
condenser. On loss of the condenser vacuum or main feed system, the plant will trip, and
maintaining steam generator inventory is no longer a requirement for the main feed
system. Under these circumstances the auxiliary feed system takes over. Sufficient water is
stored in the condenser hotwell to make up system fluid inventories on a 50 percent load
rejection. The makeup pipe between the condenser and the condensate storage tank is sized to
provide flow to make up fluid inventory during a ramp load change of five percent per
minute. The overflow pipe between the condensate system and the condensate storage tank is
sized for the ramp load change of five percent per minute.

It is assumed the heater drain pumps would stop due to cavitation on a step load rejection
greater than 10 percent. To ensure adequate flow to the feed pumps, the condensate pumps are
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made to increase their capacity by reducing the dynamic resistance of the condensate system
with a bypass around the low pressure heaters. A control valve opens on a pressure differential
signal sensing the drop in turbine load. The overflow valve to the condensate storage tank is
tripped closed when the bypass opens. The drain pumps are tripped at their minimum flow and
the drains are returned to the condenser on high tank level. Even feed temperature to all steam
generators is assured by the length and routing of the common feed header after the high
pressure heater bypass.

The feed piping to each steam generator, including the stop and non-return valves, is
supported, restrained, protected, manufactured, and inspected in accordance with the requirement
of the safety systems. Controls are provided in the control room for the condensate, heater drain
and feed pumps, low pressure heater bypass valve, condensate makeup and overflow valves, and
feed pump discharge valve. Indicators are provided for these controls.

13.6 Transients

The Nuclear Steam Supply System can be designed to accept various types of load
changes. Each load rejection capability and type of steam dump will have the following effect
on the condensate-feed system.

(1) Atmospheric steam release results in loss of fluid from the system.

(2) Condenser steam dump has no loss of fluid from the system.

(3) Ten percent step load or five percent per minute ramp changes is achieved without
steam dump or major effect on the feed system. Fluid inventory transfer within system is
accommodated by the storage capacity of the system.

(4) A step reduction of 50 to 85 percent in load will result in steam dump, loss of drains
due to flashing at reduced pressures throughout the regenerative feed heating system, and
reduction of fluid inventories throughout the cycle.

(5) Loss of condensate flow by the loss of regenerative feed heating drains or process
steam recovery will result in reduced feed flow.

(6) Trip of plant without loss of feed system or condenser will result in condenser steam
dump, normal feed system operation, and reduction of fluid inventory in cycle.

(7) Trip of plant with loss of feed system and condenser will result in steam release to
atmosphere, no feed through normal feed system, and shrinkage of fluid in the cycle. Auxiliary
feedwater will automatically operate.

(8) Trip of plant with loss of condenser will result in atmospheric steam release, normal
feed system operation, and reduction of fluid inventory in cycle.

13.7 Controls

Feed flow is controlled automatically above 15 percent load by a three-element controller
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using steam generator water level, steam flow and feed flow to control the feed regulating
valve to each steam generator. This valve is pneumatically operated and is designed to fail
closed on loss of air. With turbine-driven feed pumps, the speed is varied to reduce the
pressure drop across the regulating valve at low loads. In addition, a bypass around the main
feed valve is provided for fine control at low loads. The bypass is sized for 15 percent of the
plant design steam flow and is capable of remote manual control from the control room. Both
valves have handwheels for local emergency control and provisions for automatic closure upon
receipt of signals from the reaction system.

To assure stable valve control of the feed system, using variable speed pumps, the design
pressure drop across the valve at guaranteed flow must equal the dynamic losses in the feed
system from feed pump discharge into the steam generators”.

Simulation and operational experience show that a large load reduction is the governing
transient in the design of the feed control system. The closing of the turbine governor valves
results in a pressure increase and a level decrease in the steam generators. To limit this level
decrease, the feed flow should be increased. The increased pressure results in a decreasing flow
rate from the feed pumps as long as the valve position and pump speed remain unchanged.

To minimize the duty of the valve, the control system will increase the speed of the pump
so that the pump discharge pressure increases at least as much as the pressure in the steam
generator. To achieve this, the pressure difference between feed header (after the last heater)
and steam header is used as a control variable, to be compared with a setpoint in order to
generate a pump speed signal.

Normal controls, indication and alarms are provided throughout the system. Additional
controls are provided in the area of Nuclear Steam Supply Systems plant safety. As an
example, under certain conditions the feedwater control and bypass valves are closed within
five seconds from receipt of signal and the feed pumps are tripped simultaneously. In addition,
one of the following must occur.

(1) A shutoff valve in the feedwater line (in addition to the feedwater control and bypass
valves), located between the feed pump discharge and auxiliary feedwater piping connection
will close within five seconds from receipt of signal.

(2) All condensate booster, heater drain pumps which deliver flow to the feedwater
system, will be tripped coincident with the signal to close the feedwater control valves.

Self—test

1. Auxiliary feed water pump is driven by !

A. electricity B. main steam C. turbine D. motor
2. At lower loads the of feed pump is reduced.
A. speed B. power

C. head D. steam
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3. When the power output from the PWR system increased, the pressure in the steam

generators____ .
A. drops B. maintains constant
C. increases D. changes
4. At different loads the feed flow should be__ .
A. changed B. continued
C. accommodated D. maintained continuous steady
5. The pressures of steam generators are_____under all operating conditions.
A. different B. equal C. maintained D. changed
6. The restrictor is installed .
A. on the steam generator B. in the nozzle
C. in main steam line D. in containment
7. Which one is not the function of the restrictor?
A. provides plant protection in the event of a steam line break
B. reduces steam flow rate
C. reduces the potential thrust forces
D. provides protection on reactor directly

8. If tube leaks were present____the accident, some radioactivity accumulated in the shell
side water would be discharged through the safety valves.

A. prior to B. after Chilin D. during

9. The air in the condenser is removed by____ .

A. pump B. ejector C. fan D. compressor

10. The condensate pumps pump the water fromthe  tothe .

A. condenser/steam generator

B. condenser/ejector

C. condenser hotwell/condensate booster pump suction

D. condenser hotwell/heater

11. To allow plant maintenance, ____are provided around feed heaters.

A. pumps B. valves C. tanks D. bypasses

12. A control valve opens on a pressure differential signal sensing the in turbine load.
A. change B. drop C. increase D. trip

x # T R

CFR: Code of Federal Regulations

CRED HRHE HEM

Condensate: The liquid obtained as a result of removing the latent heat of evaporation
from vapor.

FORER: MRV HE LR T S VR AL TR B A A
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Condenser: A chamber into which the exhaust steam from a steam turbine is delivered, to
be condensed by the circulation or the introduction of cooling water.

RS Ak @RS AR, B A HKRIEPR RS | ANV R KA 2RV e
s B

Discharge head: Vertical distance between intake and delivery of a pump.

Sk FR AR A 5 W N KA 22 8] Y LB

Dump: Discharge steam from steam generator to be bypassed from the turbines in a
nuclear power station if the electrical load is suddenly taken off.

ZRHP: MR AR R L AT, AN E VN B B 2R AR AR

Ejector: A device for exhausting a fluid by entraining it with a high velocity steam or air jet.

WS as s — AP ORHF I AR B, DA 28l s R A SR R

Excursion: The phenomenon of rapid increase of reactor power above set operation level,
either deliberately caused for experimental reasons or accidental.

DARRRAG : T 53550 2k B e T I R A 5 I HE ) 3R T 0 28 B UK SE 2 B
M .

Fatigue: The phenomenon of the failure of metals under the repeated application of a
cycle of stress.

o7 FEMRIEIN EH T & RANE .

Feed: Water pumped into a vessel, e.g. feed water to a steam generator.

25K RNENBFH/EA, Blanmes 7R 1K.

Hotwell: The tank below the steam condenser, into which the condensate from the
condenser is stored, and from which it is returned by the feed pump to the steam generator.

P ERERA THI— DA, WBRIRRRIA B EIXE, AR5 RAKEITEZR
R

Regulating valve: The valve for regulating or adjusting flow rate.

VAR T B R R IR

Gland steam system: The steam system for sealing glands and shafts.

BB IR G AR BNE 2 E R AR R S .
il i

auxiliary [0:gziljeri] a. HBIF): n. AL
bore [b2:] »n. fL%&, fL

cavitation [ keevi'teifen] n. ik

coincidence [kau'insidans] ». W&, RN &4
dilution [dai'lju:fen] n. Mk

downstream [daunstrizm] a. & FUFH

drain [drein] v. &n. HEH, HAKE

ring riser n. MIEEDO
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flexible ['fleksabl] a. #HMER

impair [im'pea] v. HI5

impermeability [impa:mja'biliti] n. AAEEN
index ['indeks] n. fands, Fr&, 1EbR
inoperable [in'oparabl] a. AHEEEIER
interconnect [intaka'nekt] v. HiE
malfunction [meel'fankfan] n. TAEARIEH
meteorology [imi:tja'roladzi] n. SEWRE, AR%¥
overflow [,ouve'flou] v.&n. Hii, %l
pneumatically [nju:'meetikali] ad. FEE4ETS
preheat [prizhi:t] v. &n. Tk

ramp [reemp] n». #E, Bt

regenerative [ri'd3zenarativ] a. FAEMN
remote [rimaut] a. MK

render [renda] v. 2, KL

restrictor [ris'trikta] ». iR, FRAEE
sensing ['sensin] a. &n. (55L&

shrinkage ['[rinkid3] n. W4d, Wb

shutoff [[ato:f] n. M

simulation [,simju'leifan] n. #iHl, {HE
simultaneously [simal'teinjesli] ad. [FifHb
string [strig] n. HHE

therein [Bgar'in] ad. X

thrust [Brast] v. THA

transient ['treenzient] n. B

turbine trip  YEHLBIT R 5AT

w3 E R

1. This characteristic, combined with...to no-load.

A total pumping head & H R Ak, BAIEN: XM SEMKTIE FH KRG BEE
FH I3 NPIASRIZE —ild, R T AT Th 38 28 T Ty 48 6 38 B Sk A /Mg A 38

2. The preheat steam generator...steam nozzle.

] preheat steam generator TR AR, FRHZH A (economizer) MK
E4%: later model RHA S . BAJIFEN: BAKBR KA S HRIKOER R LS
WA RE R G, EEERNEOE R .

3. Functionally, the flow signal is used...feedwater pumps.

A using 5| FIAEMAKLE, {F plants (€ TR . BTN HIHEE L, BaESH=
MR KRS ITER, e A AR £ A KRB s h B E N AR RS .
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4. Additional lines are taken from the condensate pump...dump operation.

]9 flexible exhaust connection 2RIV HL 5 HEAE 2 | FIHERE, BT EEZENA
REIRIEAE, 4T ik m) i, XA E A REAME, X BUERRA TR . #
RN A NERRMNERE /KR O5| W, AEESRFEPLAEEE Z A Rtk R 4t
R HIEM,  FEARVHFIBEBAT I A B as A A v 21k .

5. To assure stable valve control of the feed system, using...steam generators.

0 across & ATid], & %15 1E pressure drop I iE. ¥AIFEN: H TIREL KRS
W RRRE, AR, ERERRE T, BRIPRERBR T RS T KR H 03
AINRESZ RINGKRGERIZ IR .
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Unit 14 Operation of a Nuclear Power Plant

14.1 Introduction

The usual measure of nuclear power’s operational efficiency is the total amount of
electricity produced and the cost of producing that electricity. A small number of plants may
have somewhat different criteria; for example, some reactors are designed to produce both
process heat for industrial companies and electricity for the utility grid '. In any case because the
capital cost associated with a nuclear power plant far exceeds its operating costs and because its
power is often the least expensive on the electric power grid, utilities try to run their nuclear units
as close to 100% power level as long as possible. This is called base load operation. When a
nuclear plant is out of service, replacement power from a fossil fuel plant will often have an
incremental cost in excess of $5 750 000 per day for a 1000 MWe plant. With such a large cost
penalty, even the start-up rate of a nuclear unit can have significant financial impact. Therefore,
an attempt is usually made to come to full power (from 0 to 100% power) as fast as possible
without compromising the safe efficient operation of the unit.

14.2 Plant Safety

Safety requirements that restrict the operations of a nuclear plant necessarily are a
judgment between the benefits and potential hazards of nuclear power. At one end, the safest
nuclear power plant would not be allowed even to approach criticality; of course, no public
benefit would be derived from the plant. At the other end, a nuclear plant allowed to operate
without operable safety systems would be an undue risk to the public. Unacceptable operations
are ones that threaten the safety of the public or might lead to plant damage. In the United
States, criteria protecting the former are contained in 10CFR Parts 20, 50, and 100, while the
latter is the subject of engineering codes. This lesson examines how safe operation is achieved,
how a plant is operated, and what is necessary for high reliability.

14.3 Plant Operations

Normal plant operation refers to planned maneuvers needed to run a plant without
significant incidents. Operations during an incident are not considered normal until the plant
returns to pre-incident status. A plant operates according to prescribed guidelines called
procedures. There are many volumes of these procedures in a plant’s control room. They specify
the steps required to go from one operating state to another and the plant’s operating limits.
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Only two operating states are desired for a nuclear plant: refueling outage and full power
operation. The former should be as short as possible. Occasionally, plants must shut down
because of equipment failure, or for safety inspections mandated by the NRC. Many planned
maintenance operations and periodic safety inspections required by the NRC take place during
a refueling outage.

In the United States, NRC licensing procedures overlay a degree of formality on all
nuclear plant operations. Operational requirements restrict both the plant’s condition and the
range of operability of plant systems. Such requirements must be observed during all modes of
plant operation (not just while the plant is at power) to assure safe operation. Two kinds of
requirements are placed on plant equipment.

(1) Performance criteria while the reactor is operating.

(2) Surveillance requirements to assure that the system is capable of performing its
essential functions.

Table 14.1 shows the nuclear safety criteria used to set operational requirements. These
criteria reflect the NRC approach to protecting the public health and safety by assuring a
nuclear plant operates only in a safe way. These criteria are reinforced by technical operating
specifications and limits that are a part of the licence for every nuclear plant.

Table 14.1 Nuclear Safety Operational Criteria

Applicability Criteria

Planned operation, normal operational transients,

s accidents The plant shall be operated in a safe manner at all times

The plant shall be operated so that no single active
component failure can prevent vital safety actions. However,
this requirement is not applicable during system repair if the
availability of the safety action is maintained

Abnormal operational transients and accidents

The emphasis on safety has resulted in all operations being conducted according to
written procedures. Modern instrumentation, by reducing the complexity of monitoring and
controlling the plant, has greatly simplified these procedures, the procedures are intended to
keep the plant running evenly and to allow smooth transitions between operating states.

Steady-state operation implies that the plant is not undergoing any change; we are also
concerned with plants undergoing changes of state (i.e., from one power level to another),
referred to as transients. Both steady-state and transient conditions are classified according to
mode: normal, abnormal, and off-normal. The following three sections describe these basic
modes of plant operations.

14.4 Normal Mode

Those operations that routinely performed in producing the electric power, including
starting up and shutting down the plant, are considered normal. Also included is dealing with
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random changes in output which are not planned but which happen frequently enough that
handling them is a routine matter. An example of the latter is a sudden change in demand for
power caused by transmission lines downed in a storm.

The five following transients are considered normal conditions:

(1) Heatup and Cooldown. Heatup and cooldown are limited by plant operating
specifications to rate 55°C/h. In actual practice, the rate of 55°C/hr will not be usually
attained because of: (1) criteria for preventing brittle failure of components in the primary
coolant system, which establish lower permissible temperature rates; (2 slower initial rates
achieved when energy from the coolant pumps is used to heat the system; (3) interruptions in
the heatup and cooldown cycles. These interruptions might be due to various operating
procedures such as drawing a pressurizer steam bubble, control rod withdrawal, or coolant
sampling.

Ideally, heatup and cooldown would occur only before and after refueling. In practice,
additional unscheduled plant cooldowns may be necessary for plant maintenance.

(2) Unit Loading and Unloading. The loading and unloading of a unit’s electrical
generator on the utility’s grid cause power changes. A load swing of 5%/min is the maximum
that the automatic reactor control system for most reactors can handle. The reactor coolant
temperature will vary with the load during such a transient.

(3) Step Increase and Decrease of 10%. A+10% change in load demand is a transient
which occasionally occurs. If a turbine control valve were to open, such a transient would be
possible. It might also be caused by disturbances in the electrical network into which the plant
output is tied. Nuclear plants have reactor control systems that restore plant equilibrium
without a reactor trip. In effect, during load change conditions, the reactor control system
attempts to match turbine and reactor outputs in such a manner that peak reactor coolant
temperature is minimized and gradually restored to its desired value. For example, following a
decrease in turbine load, the steam pressure and temperature in the primary system increase
since the nuclear power does not decrease as fast as the turbine load. In a PWR, this power
mismatch between the turbine and reactor cause the control system to insert the control rods
partially to reduce core power. In a BWR, the expanding steam fraction inside the core
automatically reduces the power. Following a load increase in turbine load, the reverse
situation occurs.

(4) Large Decrease in Load. This transient is caused by a major decrease in turbine load
from full power. The resultant rapid increase in reactor coolant temperature initiates the steam
dump system. This prevents a reactor shutdown or lifting of the coolant system safety
valves. For example, in a 95% load decrease from full power to 5% power, the steam dump
system accepts 85% of the turbine load. The remaining 10% of the total change is handled by
the rod control system (pressurized water reactor, PWR) or void expansion (boiling water
reactor, BWR). If the steam dump system could not cope with the transient, the reactor would
trip and the safety valves would lift.



152 ZeEEVIE (F )

(5) Steady-State Fluctuations. According to commonly used operating specifications, the
reactor coolant temperature may not increase or decrease more than 3°C in 1 min. These
temperature changes are assumed to fluctuate around the average temperature value
(Twet1.5°C). Temperature changes lead to pressure changes according to the equation of state
for the coolant. The reactor coolant pressure, therefore, fluctuates up and down proportionally

to the system’s (absolute) temperature.

14.5 Abnormal Mode

Abnormal operation can result from unplanned transients. Such transients are more severe
than those encountered in the previous section. There are eight conditions that are considered
potentially serious.

(1) Nuclear system pressure increase.

(2) Moderator temperature decrease.

(3) Positive reactivity insertion.

(4) Coolant inventory decrease.

(5) Coolant flow decrease in the core.

(6) Coolant flow increase in the core.

(7) Coolant temperature increase.

(8) Excess coolant.

These variations, if uncontrolled, could result in damage to the reactor or the fuel, or
both. A pressure increase threatens the reactor piping and will cause the safety/relief valves to
open. In a BWR, a pressure increase also collapses voids in the moderator, causing an insertion
of positive reactivity which threatens fuel damage as a result of overheating. On the other
hand, a temperature decrease of reactor vessel water (i.e., the moderator) in either BWRs or
PWRs also results in an insertion of reactivity as density increases, again leading to fuel
overheating. A coolant temperature increase also threatens the integrity of the fuel; such a
variation could be the result of a heat exchanger or steam generator malfunction during
operation. Moreover, reactivity insertions are possible from causes other than moderator
temperature or pressure changes. Such reactivity insertions are obviously undesirable.

Both a coolant inventory decrease and a reduction in coolant flow through the core are
more serious in a BWR than in a PWR since they both reduce the void content of the
moderator, resulting an increased power. Another serious condition, an excess of coolant
inventory, could be the result of malfunctioning water level control equipment; this can result
in a turbine trip which causes an increase in nuclear system pressure and an increased power
level.

The above abnormal conditions could result from either equipment failure or an operator
mistake. Examples of the latter are opening the wrong valve or withdrawing the control rods in
the wrong sequence. To prevent damage to the plant, detailed procedures are available to the
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operators to handle such abnormal system states.

14.6 Off-Normal (Upset) Mode

The following transients are considered as upset conditions.

(1) Loss of Load Without Immediate Turbine or Reactor Trip. This transient is caused by
a rapid decrease in turbine load from full power. It represents the most severe transient on the
reactor coolant system. The reactor and turbine will eventually trip; however, before any
serious damage to the system occurs in a PWR, the trip would be caused by a high pressurizer
level.

In a BWR, the situation is more serious, since the reactor would continue to operate,
although at much lower power (about 20%). The safety/relief valves would open, but the steam
continuing to be generated would eventually lead to a core meltdown due to depletion of the
cooling water if not terminated’. This scenario is referred to as an ATWS (Anticipated
Transient Without Scram) in safety analysis reports. Since redundant means of tripping all
reactors are provided as a part of the reactor protection system, transients of this nature are
very rare.

(2) Loss of Power. This transient might result because of an area-wide electrical blackout
around the plant resulting in the loss of outside electrical power. Under these circumstances,
the reactor coolant pumps are without power will“coast down”. Following the coast down of
the coolant pumps, natural circulation will permit removal of core residual heat (i.e. , through
the steam generators in a PWR). Diesel generators are also available to provide emergency
power to the plant.

(3) Loss of Flow. This type of transient could be caused by a reactor coolant pump
inadvertently shutting down, for instance, due to a faulty signal, resulting in partial loss of
coolant flow. The reactor and turbine will trip because of low reactor coolant flow, terminating
the transient. The steam dump system will subsequently open, helping to control pressure in
the system.

(4) Reactor Trip from Full Power. A reactor trip from full power may occur for a variety
of reasons, such as a problem on the electrical grid. A plant trip results in temperature and
pressure transients in the reactor coolant system. The transients continue until the reactor
coolant and the heat sink temperatures are in equilibrium. A continued supply of feedwater to
the core will remove any residual heat in the system and prevent the safety valves from lifting.

(5) Inadvertent Auxiliary Spray (PWR). In a PWR, a transient will occur if the pressurizer
auxiliary spray valve is opened inadvertently. This will introduce cold water into the
pressurizer, a very sharp pressure decrease will result. The reactor trip that would occur would
only accelerate the pressure decrease. The pressure is finally stabilized at the hot leg saturation
pressure. This transient is more severe on a two-loop PWR plant than on a three-loop or
four-loop plant.
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(6) Earthquakes. Mechanical stresses on the plant and equipment can occur from the
deflections caused by earthquakes. The plant components, especially those that perform safety
functions, are engineered to handle such stress. Their design incorporates margins according to

the seismic conditions where the plant is located.
14.7 Control Rooms and Instrumentation

The actual operation of a nuclear plant is usually no more difficult than operating a
modern fossil fuel power station. In some sense it may be easier, since the operational strategy
calls for constant full power operation, if possible. As a result, very little load following
(power maneuvering to keep up with daily fluctuations in the demand for power) occurs. Also,
much of the actual control of the plant is automatic. Consequently, a few trained people could
actually run a nuclear plant, aided, of course, by the automatic instrumentation and process
computers i)

Reliance on plant process computers has grown with the demands for improved
availability, efficiency, and safety. In the early plants, process computers were frequently
designed as peripheral elements. The newer plants use techniques that improve plant
operations.

Advanced control rooms and instrumentation in nuclear plants are currently being used to
assist operators with the analysis and integration of plant status information. These new
designs incorporate the concept of functional modularity at the hardware level. This simplifies
validation and modification, thereby minimizing obsolescence. Such systems help overcome
the increasing complexity of plant control required to maximize availability and still meet
stringent safety and environmental requirements. Almost all reactor control rooms now have a
“safety panel” to inform the operator of the status of the plant during an accident’. The panel
groups together all relevant information, presenting it more clearly. It helps find the cause of
the accident, and determines the action needed. The safety panel emphasizes the validation of
system parameters. Thus, values recorded by the sensor are compared, to assure the
information is consistent. The safety panel computer functionally integrates the information,
verifies it, and interprets it. As an example, coolant level, density, temperature, and pressure
information are processed to yield the coolant inventory, void fraction, and subcooling.

During the last decade, there has been a dramatic escalation in costs of plant construction,
operation, and fuel, as well as a growing public concern about conservation. As a result,
utilities are committed to the improvement of plant performance. This commitment, the
increasing size and complexity of power plants, the greater stringency of regulatory
requirements, and the rapid advances in the electronics industry are all contributing to the
introduction of new instrumentation and control technology °.

Consequently, in a power-generating facility there are thousands of monitoring and
control points that must be individually hard wired between the field and the control
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building. Hard-wired requires that hundreds of miles of cable be strung, costing millions of
dollars in materials and labor. Cable separation and fire protection requirements compound the
complexity of plant wiring.

Recent advances in electronics make it possible to reduce instrumentation and control
wiring through the use of remote multiplexing. Remote Multiplexing Systems (RMSs) are able
to transmit many signals on a small number of wires. The individual field sensors and actuators
are wired to remote terminals that are strategically distributed throughout the plant and
sequentially sampled for transmission by the remote multiplexer®. In the control building, the
signals are separated and distributed on short cables to their final destinations.

14.8 System Parameters

During normal operation of a nuclear reactor, the temperature and pressure of the coolant
are carefully controlled. In a PWR, the operating pressure is maintained by the pressurizer as is
the coolant volume. The latter is adjusted by a water level control system. The water level is
designed to change with the operating conditions of the reactor. In contrast, a BWR maintains
coolant inventory by changing the rate at which the feedwater pumps operate.

System temperature is controlled by the nuclear heat produced in the core, that is, by the
regulation of the core reactivity by the reactor control system. At low power levels, the control
system is operated manually. Above a predetermined percentage of full power, the reactor
control system operates automatically, thereby regulating the system temperature.

The actual power in the reactor is monitored by neutron level detectors which are
sensitive to the wide range of power levels that the reactor might produce. To cover so wide a
range of power, three sets of neutron detectors are used: source range, intermediate range, and
power range. Any change in core reactivity can be inferred by the rate of change of the neutron
flux seen by these monitors, while the core power level is proportional to their signal.

The long-term control of core reactivity is usually accomplished by means of chemical
“shims”. This means use of boric acid in the coolant for PWRs and burnable poisons (usually
gadolinia, although europia and hafnium are sometimes considered) in the fuel for BWRs. In
the case of a boron shim technique, the concentration of the boric acid must be adjusted
downward as the nuclear fuel builds up fission products throughout core lifetime. This is
referred to as boron“letdown”. The boron concentration is usually dropped quite rapidly during
the first 200 MWd/t of fuel burnup after refueling due to the effects of the new fuel
elements. Thereafter, the boron concentration is more slowly adjusted downward until the next
loading of new fuel. The burnable poisons are routinely used in BWRs to control excess
reactivity, especially in the first fuel cycle. This reduces power peaking in the core and leads to
better fuel utilization. However, more recently, the use of such materials in PWRs is being
contemplated. The main disadvantage of burnable poisons seems to be the more difficult
design and manufacture of the fuel assemblies.
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Self-test

1. The nuclear power station provides____for the utility grid.

A. expensive electricity B. base load

C. peak load D. full load

2. From the text the safest nuclear power plant may bea

A. expensive one B. cheap one C. bigone D. small one

3. _ specify the steps required to go from one operating state to another.

A. The codes B. The NRC

C. The operators D. The procedures

4. Following a decrease in turbine load, the water pressure and temperature in the
reactor. o .

A. will increase B. increase

C. decrease D. will be unchanged

5. When large decrease in turbine load the steam from the steam generators is sent to
the

A. steam condenser B. atmosphere

C. steam dump system D. heat exchanger

6. A temperature decrease of reactor vessel water results inan____.

A. insertion of control rods B. power decrease

C. power increase D. increase of reactivity

7. An excess of coolant inventory can resultina __ .

A. power increase B. temperature increase

C. reactor trip D. turbine trip

8. Lossofpowerisa__ .

A. upset condition B. abnormal condition

C. turbine trip D. reactor shutdown accident

9. Following the coast down of the coolant pumps, the core residual heat will be removed
by .

A. condensers B. natural circulation

C. boiling heat transfer D. emergency power

10. Inadvertent auxiliary spray will resultin_____.

A. temperature decrease B. power decrease

C. pressure decrease D. abnormal condition

11. The operation of a nuclear plant is____than operating a modern fossil fuel power
station.

A. easier B. more difficult

C. rather D. more complex
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12. The long-term control of core reactivity means adjustment of. .

A. control rods B. boric acid
C. power output D. coolant
X B 7 iR

ATWS: Anticipated Transient Without Scram.
A HEA5 HE R FUYIIR 25 .

Diesel generator: An electric generator using internal combustion engine as power

source.

WA AL LLAAHL A B U8 B A B AL

Heat sink: A substance or device for the absorption or dissipation of unwanted heat.

RS BTt AT A E B BRI 2 ) R

Mode: Situation or method of performing a specified task.

B SRR ARSI KT .

Multiplex: Use of one channel for several messages by time-division multiplex or
frequency division.

ZpiE s AN EHEG S BHERE, & MEEEEEEZAMER.

NRC: Nuclear Regulatory Commission

mES GEED

Sampling: The survey of a small but representative part of water or gas, with the intention
of obtaining an estimate of some characteristics of the whole.

KA K KBSAERGAGRMER—5r, Al & 3 AAFE

Scram: General term for emergency shutdown of a nuclear power plant, especially of a
reactor when the safety rods are automatically and rapidly inserted to stop the fission process.

HEUEHE: S HERERR, RRHE B TR B Bh A e R N R I R Y
AR L

il i

abnormal [seb'no:mal] a. ARIEHH

actuator ['eektjueita] n. HIzhes, FATHIY

anticipate [een'tisipeit] v. TiskE%E

availability [a.veila'biliti] ». AT F|H M

coast down [kaustdaun] ». J5&E, T

collapse [ka'leeps] v. %, 5

commit [ka'mit] v. ZHEFE, HFRIEIES

commitment [ka'mitment] n. Vi, {FiF
compromise [ kompramaiz] v. ZE4HE, #Hrd, Z4)
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conservation [konsa'veifan] n. HARFRERT, R
consistent [kan'sistent] a. —#H

contemplate ['kontempleit] v. H&, 7
encounter [in'kaunta] v. &F

escalation [\eska'leifen] n. (ZEL) %

europia [ju'raupia] n. FfbHf

fluctuation [flaktju'eifen] n. #2fk, ¥zh
formality [fo:'meeliti] ». F&E

hardwired a. EIEZEN

inadvertent [.inad'va:tent] a. BRI

incremental [inkri'mental] a. 0

infer [infa:] v. T

licensing n. fitHE, $UR, HiF

mandate ['mzendeit] v. FG&

modularity [[modju'leeriti] n. BIARME

multiplexer [ maltipleksa] n. ZEfH i) 2%
obsolescence [,obsa'lesans] n. Z¥fid I
off-normal a. EHFMK, BAH

overlay [auvalei] v. L, &L

peripheral [pa'riforal] a. #MEIM (&
pre-incident n. HHHHT

random [reendem] a. FHHLE)

scenario [si'na:riau] n. 1EHE, F£E

strategically [stra'ti:dzikali] ad. Hkb& L, HwgHh
stringency ['strind3zansi] ». B&, iaf)

swing [swin] n. %23

terminate [ta:mineit] v. £k, 4K
unacceptable [Anak'septebl] a. AEEIESZH, AEHKH
validation [veeli'dei[an] n. FH&, ik, iEsE
vital ['vaitl] a. HEEH

w X E R

1. A small number of plants may have somewhat. . .utility grid.

1) 7 process heat /& TV #: utility grid 2 AR HEMN . #aFEL. DEEEHLARFK
bR, BN L i N HE ST Tk 2 &) A 7= Tk #0F 4 25 B o P 4 e .

2. The safety/relief valves would open, but...not terminated.
' 7] core meltdown FEHETFIL, RNV HER™ EMHRZ —; due to 5| FMEEMR
. ¥AFEN. ZeREURBIRSATIF, BERES S E, fKAHER, WEX—dRER
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2k, ¥l TR EUKFR T FBUE A .

3. Consequently, a few trained people could actually...process computers.

Al of course AL, KA TFWIF, MiE N BV ZE aided by.... #A)EFER:
FEit, DEMSEVIGMAGBGEEFREFZS NIRRT, JARFEBT s GEEAEE
AL RBY .

4. Almost all reactor control rooms...an accident.

A safety panel &2 MERMHE. BANFEN: BAEZANZPIA KRS HE—
MR RE, RERIAN RAEFHRE TRERRE.

5. This commitment, the increasing size and complexity...control technology.

) the increasing size and complexity of power plants fil the greater stringency of
regulatory requirements #f & commitment [f][F{715, #—2 W commitment I 7., 4]
WA XFRWE, BEESRE RS AE R, B APREESK, DL Tk
TR R, HRRRAE T B AR A R AR

6. The individual field sensors...remote multiplexer.

)b field sensors AIIHMEKEE: sampled &5 distributed #3711, ¥A1ER: &4
AL TEL e SR BT UL N o3 A, FH AR B AR A&, b, 3 Fl A % B i o 28
REATH FPEUEE o
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Unit 15 Radiation Hazards and Shielding

15.1 Introduction

One of the most important characteristics of nuclear radiation such as alpha, beta, gamma
radiation and neutrons is that these radiations and particles are a hazard to health of human
beings and animals due to their ionizing effect in body tissue. Gamma radiation and neutrons,
which have a high penetrating power, are an external hazard, and sources of these radiations
must be shielded. Alpha and beta particles have a low penetrating power and are only
dangerous if a substance emitting these particles is breathed or ingested into the body'.

In view of this hazard it is important in the construction of a nuclear reactor to provide
adequate shielding so that neutrons and gamma radiation originating in the reactor core are
prevented from escaping into the reactor’s surroundings where people are working. The same
problem arises to a smaller extent with radioactive isotopes which are used on a large scale in
science, engineering and medicine. In this case the size and strength of the radioactive source
are very much less than the core of a nuclear reactor, but it is nevertheless necessary to reduce
the radiation escaping from such a source to an acceptable low level.

In this lesson we will discuss first the effects of radiation on living tissue, the units by
which these effects are measured, and the presently accepted limits of radiation dose. The
shielding of simple radioactive sources will be studied to establish the relationship among
source strength, shield thickness and dose rate. The problem of reactor shielding, which
involves complex sources of both neutrons and gamma radiation, is beyond the scope of this
book and will only be described qualitatively. Finally, the heating of shields due to the
absorption of radiation will be discussed.

15.2 Health Physics

The study of the effect of nuclear radiation on human beings is known as health physics,
and it has become an increasingly important branch of science in recent years as a result of the
expanding use of nuclear power as a source of energy, and the widespread use of radioactive
isotopes in science, medicine and industry. As a result of these developments there has been a
growing public concern about the health effects of the radiation levels which are now present
in the environment. Only with a good understanding of the effects of radiation can adequately
safe standards of exposure be set, and public fears allayed. Several different sources of
radiation exist in the environment to which the public may be exposed. These include the
following;:
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(1) Natural background radiation, which has three components. (DCosmic radiation, the
stream of charged particles (protons and alpha particles) originating in space which bombards
the earth’s atmosphere and interacts to produce gamma radiation. This gamma radiation
reaches the earth’s surface, being more intense at high altitude (where the atmosphere is
“thinner”) than at low altitude. @Naturally occurring radioactive isotopes in the earth’s crust,
such as “**U and *’Th, and their radioactive decay products. The intensity of this source is
greater than average in regions of granite rocks, as these contain uranium, and also at one or
two places, such as Kerala in India, where the Monazite sands contain quite large quantities of
thorium’. The most important of the decay products is radon, an inert and heavy gas produced
by the decay of both **U and ***Th. Radon in very small quantities diffuses from uranium and
thorium bearing rocks and tends to accumulate in closed spaces, such as unventilated mines, or
poorly ventilated buildings. The decay products of radon include radioactive isotopes of lead,
bismuth and polonium, and when breathed these can lodge in the lungs and pose a health
hazard. Many deaths among early uranium miners were due to this effect. (3)Naturally
occurring radioactive isotopes, principally potassium40, in the human body.

(2) Medical X-rays and gamma-rays used for diagnostic purposes and the treatment of
certain types of disease. Radiation which can cause diseases such as cancer can also be used, in
carefully controlled doses, to cure cancer. This is the largest man-made contribution to the
radiation dose of the population, but it does not affect the entire population.

(3) Miscellaneous natural sources, including the burning of coal which releases very small
quantities of uranium and its daughter products into the atmosphere.

(4) Fallout from the atmospheric testing of nuclear weapons. This effect is related in terms
of time to the atmospheric testing of nuclear weapons. In the months following tests the
radiation level is quite high, and in years when there is no testing the level drops.

(5) The discharge of radioactive effluents and the disposal of radioactive waste from
nuclear reactors and reprocessing plant. Gaseous fission products, principally krypton,
discharged into the atmosphere may be widely disseminated, and liquid waste discharged into
the sea may be carried to other places by tides and currents.

(6) Occupational exposure, that is the radiation received at work by workers in nuclear
power plant, reprocessing plant and other places where radioactive materials are used and
handled.

15.3 The Biological Effects of Radiation Exposure

The biological effects of exposure to radiation have been studied since the nineteen-twenties
when it first became obvious that radiation could cause serious damage to health, and in
extreme cases, death. The international Commission on Radiological Protection (ICRP) was
established in 1928, and since then it has been the one internationally recognized, body
responsible for setting standards relating to radiation levels.
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In the seventy years of existence the ICRP has gathered data from many sources,
including early workers using radioactive materials in a way which would now not be
permitted, survivors of the two atomic bomb explosions over Japan in 1945, people who have
received radiation diagnosis and therapy in hospital, workers in the nuclear industry and people
living either near to a nuclear plant, such as power stations, or in areas of high natural
background radiation. More recently, as a result of the serious reactor accident at Chernobyl in
the former USSR, another large group of exposed persons, those living near to that reactor at
the time of the accident, will provide scientists with much data for years to come on the
long-term effects of a reactor accident which resulted in a massive discharge of radioactive
material into the environment’.

During these seventy years the ICRP has continuously reviewed radiation dose levels that
in the light of existing knowledge were regarded as having a negligible probability of causing
serious illness. These levels have from time to time been reduced as more evidence has
become available, and in 1977 the ICRP recommendation replaced the use of a maximum
permissible dose by a more comprehensive system of dose limitation.

The 1977 recommendations may be summarized as the following items.

(1) No practice shall be adopted unless its introduction produces a positive net benefit.

(2) All radiation exposures shall be kept as low as reasonably achievable (ALARA),
economic and social factors being taken into account.

(3) The dose equivalent to individuals shall not exceed the limits recommended for the
appropriate circumstances by the Commission.

The present whole body dose equivalent limit recommended by the ICRP for members of
the public (not including the dose due to natural background radiation and medical sources) is
5 millisieverts per year (mSv/y). In the case of workers undergoing occupational exposure, the
corresponding dose limit recommended is 50 millisieverts per year (mSv/y).

The health effects of radiation exposure can be divided into two categories, namely acute
and delayed effects. Acute effects are commonly called radiation sickness. The symptoms
depend on the magnitude of the dose received. In order of increasing dose the symptoms are
fever, internal bleeding, vomiting and diarrhoea, tremors, cramps and coma. The dose
threshold for the onset of radiation sickness is about 1 Sv, and for a dose of 4 Sy about 50
percent of the victims would probably die. Few people could survive an exposure of more than
6Sv. Radiation sickness may not be evident for up to two weeks following exposure,
depending on the dose, and death, if it occurs, may not happen until tight weeks after
exposure”. In cases of very severe exposure, however, death may follow within two days.

Delayed effects take the form of cancers and hereditary effects, and in discussing them the
following terms should be noted.

(1) Somatic effects: those effects in which the radiation induced sickness appears in the
irradiated person.

(2) Hereditary effects: those effects which are evident only in the children of the irradiated
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person as a result of radiation damage to the reproductive organs.
(3) Stochastic effects: those effects for which the probability or occurrence is regarded as

a function of the dose of radiation received.
15.4 The Effects of Inhaled and Ingested Radioactivity

Studies of the effects of accidents involving the release of radioactivity show that, with
the exception of those very close to the scene of the accident at the time it happens, the main
hazard to the population as a whole arises from the inhalation or ingestion of air or food which
is contaminated by the radioactive material from the accident. For example, the accident at the
former USSR nuclear power station at Chernobyl in April 1986 produced severe acute somatic
effects in a few hundred people, namely the power plant operators and firemen exposed to
radiation at the time of the accident and the subsequent fire’. In addition, many thousands of
people may suffer in years to come from delayed stochastic effects from the radioactive debris
of the accident (principally fission products) which was carried in the atmosphere for hundreds
of miles from Chernobyl and deposited on the ground by rain, where it entered the food chain
of humans and animals. Fallout from nuclear weapons testing produces a similar hazard.

In order to make calculations about the risks of such exposure, it is necessary to consider
the following points.

(1) How much of each radioactive isotope is inhaled or ingested.

(2) The organs of the human body in which each isotope may become concentrated.

(3) The dose which each organ receives from a given quantity of inhaled or ingested
radioactive material.

(4) The dose-risk coefficient, known as the weighting factor, for each organ.

The first point depends on the amount of radioactivity released and its subsequent
dispersion in the atmosphere and return to ground level. The second and third points have been
the subject of medical research, and Table 15.1 shows the organs affected by each of three
important radioactive fission products, and the dose (Sv) which results from the inhalation or
ingestion of 1 GBq of the fission product concerned.

Table 15.1 The dose due to certain fission products
[sotope Principal organ (s) affected lnh?lsi:[/io(}';;;; i lng(essiifo(;ll:;c):tor
Mgy (1) Red bone marrow 330 190
(2) Bone 730 420
131y Thyroid 290 480
By Whole body 8 13

The weighting factors mentioned above are the rations of the stochastic risk resulting from
radiation damage to an individual organ to the total risk when the body is uniformly irradiated.
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15.5 Reactor Shielding

The problem of reactor shielding is great deal more complicated than that of shielding a
simple source of gamma radiation. In a reactor the principal source of radiation, neutrons and
gamma radiation, is in the core itself, however radioactive coolant flowing in ducts and heat
exchangers, and irradiated fuel elements in storage pits may provide additional sources of
gamma radiation.

Neutrons and gamma radiation produced in the core have a wide spectrum of energies,
and neutrons passing from the core into the shield produce more gamma radiation as a result of
(n, y) reactions in the shield. Beta radiation is produced by fission product decay, but only high
energy beta radiation is important because as it is slowed down, gamma radiation known as
Bremsstrahlung (braking radiation), is produced.

The important sources of radiation in a reactor can be summarized as follows.

(1) Neutrons.

(2) Prompt gamma radiation. This is the gamma radiation emitted at the instant of fission;
the average number of photons emitted per fission is 8 with an energy spectrum up to about 7
MeV. The average energy per photon is about 1 MeV.

(3) Fission product gamma radiation. This is the gamma radiation emitted during the
decay of radioactive fission products. The radiation from short-lived fission products is
important during reactor operation and rapidly decays when the reactor is shut down. The
radiation from long-lived fission products may be of more importance after shut-down,
particularly in the cooling of fuel in the core and the shielding of irradiated fuel
elements.

(4) Capture gamma radiation. This radiation is emitted as a result of (n, y) reactions in
the core and (to a lesser extent) in the shield. It provides a source of radiation in the shield
itself.

(5) Activation product gamma radiation. If the product of an (n, y) reaction is radioactive,
it will provide a further source of gamma radiation as it decays. Reactor coolants which
become radioactive as a result of (n, y) reactions in the core are a source of radiation in
external ducts and heat exchangers both during operation and after shutdown. Sodium is an
important example of such a coolant.

Less important sources of radiation are as follows.

(1) Gamma radiation from the inelastic scattering of fast neutron.

(2) Photo-neutrons resulting from(n, y)reactions in reactors containing significant
quantities of heavy water and beryllium. (*H and “Be are the isotopes responsible for this
reaction. )

(3) Annihilation radiation. This is the name given to the 0.51 MeV gamma radiation
which results from the annihilation of positrons with electrons. The positrons may originate
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from high energy gamma radiation undergoing pair production processes.

(4) Bremsstrahlung. This gamma radiation is produced by the deceleration of high energy
beta particles. It may be of importance if 'Li is used as a reactor coolant because neutron
capture in "Li produces “Li which decays by the emission of high energy beta particles.

The main radiation shield of a reactor is known as the biological shield. Its function is to
reduce the intensity of neutrons and gamma radiation escaping from the reactor to a level
which is acceptable from the health physics point of view. The design of the biological shield
involves the following steps.

(1) Determine the neutron flux distribution in the core of the reactor, and hence determine
the distribution of sources of gamma radiation in the core, and the energy spectrum of these
sources.

(2) Determine the current and energy of neutrons leaking out of the core into the shield,
and hence the rate of slowing down and absorption of neutrons in the shield. This establishes
the sources of gamma radiation in the shield.

(3) The neutron current through the outer surface of the shield is determined.

(4) Once the sources of gamma radiation in the core and shield are known, the gamma
flux and energy in the shield, and the current through its outer surface are determined.

(5) The dose rate at the outer surface of the shield is calculated from the neutron and
gamma currents through it. The shield thickness is designed so that this dose rate is within
acceptable limits.

(6) The rate of energy absorption of gamma radiation and neutrons in the shielding must
be determined. This energy absorption results in the heating of the shield, and in the case of
power reactors this heating may lead to unacceptable temperatures and thermal stresses.

To reduce the heating effect in the biological shield, a comparatively thin thermal shield is
placed between it and the core of the reactor. The function of the thermal shield, which is
cooled by a suitable flow of coolant, is to reduce the neutron and gamma currents from the
core into the biological shield, and thereby reduce the rate of energy absorption and the
temperéture rise in this shield. The thermal shield should have a good thermal conductivity,
and be able to withstand thermal stresses. Steel is commonly used as the material of the
thermal shield.

The biological shield should contain some hydrogen compound to slow down fast
neutrons, and be dense enough to attenuate gamma radiation effectively. Concrete satisfies
both these requirements fairly well and is suitable for land-based reactors. Barytes concrete,
containing the heavy element barium, and steel-shot concrete have been used for biological
shields®. They are more dense than ordinary concrete, with improved shielding properties,
however their higher cost offsets this advantage. The biological shield for a marine reactor,
which is usually a fairly compact pressurized water reactor, must satisfy a minimum space and
weight requirement. This leads to a shield design which consists typically of alternate layers of
water (for fast neutron slowing) and steel (for gamma ray attenuation).
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Self-test

1. The biological shields for a marine reactor are usually ]

A. thermal shields B. barytes concrete

C. water and steel D. lead and water

2. The hazard of nuclear radiation to human beings is due to the____of radiations and
particles.

A. high power B. ionizing effect

C. penetrating power D. high energy

3. If someone receives a little dose, the symptom is____.

A. fever B. internal bleeding

C. both Aand B D. neither A nor B

4. The person received 8 Sv exposure will be___ .

A. internal bleeding B. fever

C. bothAand B D. dead

5. The ICRP investigated the people from____ .

A. different places B. Japan

C. nuclear plant D. nuclear industry

6. The delayed stochastic effects come after_ .

A. two weeks B. amonth

C. long time D. several years

7. In areactor the principal radiations are_____.

A. beta and gamma radiations B. o and P radiations

C. neutrons and gamma radiations D. fission products

8. The radiation from long-lived fission products is important____ .

A. during reactor operation B. long time

C. after reactor shutdown D. several years later

9. Capturing gamma radiation is a resultof .

A. bremsstrahlung B. (n,y) reaction

C. fission D. radiation decay

[e—
=

. The main radiation shield of a reactoris____ .
biological shield B. thermal shield
concrete shield D. neutron shield
11. The heat of the thermal shield is cooled by .
A. water B. gas C. liquid D. coolant

o>

12. Cosmic radiation consists of !

>

. neutron and gamma radiation B. protons and alpha particles
C. heavy particles D. radon
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Biological shield: Screen made of material highly absorbent to radiation used as a
protection.
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Bremsstrahlung: Electromagnetic radiation emitted when a charged particle changes its
velocity.
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Cosmic radiation: Strongly penetrating ray coming from beyond the earth’s atmosphere
and containing particles that move at extremely high speed.

T KREMBRAXTUSNFERE DIRBRNLE, 56 &SEEs R 1.

Daughter product: A nuclide that originates from the radioactive disintegration of another
parent nuclide.
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Effluent: Liquid sewage after having passed through any stage in its purification.
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Fallout : Airborne radioactive contamination resulting from nuclear explosion,
inadequately filtered rector coolant, failure of reactor containment after an accident.
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ICRP: International Commission of Radiological Protection.

BRI AR AR

Natural background: In the detection of nuclear radiation, the radiation due to natural
radioactivity and to cosmic rays, enhanced by contamination and fall-out.
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Shielding: Use of dense matter to attenuate radiation when it might be harmful to operator
or measuring systems.
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acute [o'kjuit] a. 2K

adequately [‘eedikwitli] ad. 74l
allay [a'lei] v. ZEHI

altitude [‘eeltitju:d] ». &

barite(s) [bearait(s)] ». FEiA GEREEL)
barium [beariom] »n. 4
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bismuth [bizmal] n. %

bombard [bom'ba:d] v. Eif
coma [keuma] n. ik

cramp [kreemp] n. %JF

crust [krast] »n. 7%

debris ['debri:] n. ®F, R
diagnostic [,daiag'nostik] a. ZWift
diarrhea [daia'risa] n. [§I5
disseminate [di'semineit] v. {&4%
evident ['evident] a. HIEMH
granite ['greenit] n. {ER%A
hereditary [hi'rediteri] a. /&M
inhale [in'heil] v. WA

krypton [kripton] »n. 4

lodge [lod3] n. HfA, JIIE
marrow ['meerau] n. HE
millisievert n. Z&H{R
miscellaneous [misi'leinias] a. Z4Tif), &FriH
pit [pit] . &

polonium [pa'lsuniem] n. %
potassium [pa'teesjom] n.
radon [reidon] n. &

somatic [seu'meetik] a. HEK
spectrum ['spektrom] n. %
stochastic [steu'keestik] a. FEHLHY
survivor [sa'vaive] n. EffH
symptom ['simptem] n. fEJk
therapy [Berapi] n. GIT
threshold [Brefhauld] ». I&5A, BE, @E{E
thyroid ['Baieroid] ». HURE

tissue [tisju:] n. (40f) AL
tremor ['trema] n. ¥}

vomit ['vomit] v. et

w3k R

1. Alpha and beta particles have...into the body.
) only dangerous if... & AT 2 I A REKIT . BHIER: o B B B THITIER
&, RS RGX IR T )RR BRI R A B R .
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2. The intensity of this source is...of thorium.

i) Kerala in India 2 EPFERIME R H R, BALTENEERIPEEEER, PHlmPTH{HiE. Monazite
sands R FENHTRFVOME. BAJER. FOAXEEHA, XRIFEFERE R T 1M a X R ME;
SAh, AL, BInEDRE R R A T A TR, S KB

3. More recently, as a result of the serious...the environment.

fJ# Chernobyl in the former USSR i J3BXHI VI /R 1 DIF R Lty , 3X B9 R AR ™
HIAZ MR S . BAIER: BAETERT BRI VIR v WAL Bl R AR T P B SR S HESE I, Ad
I AETEE LR NZ 2RSS, X— BB HOE KBRS Y RS %, 2R
K JLE, XL A B F TR R N HE F S K BT w e gt 7 E R EEE .

4. Radiation sickness may not be evident...after exposure.

A9 if it occurs &l ALE L TE death FiFE 2 [ FPRIE: tight weeks & BHE L E
WM. BAER: BRRREZIBEENHNERN—BAKRHE, X555 245810
AR WRHINFTHIE, —REZBERGERI/LEHAAS I

5. For example, the accident at...the subsequent fire.

fJh namely ZE1E “BiE” MER, EREHPMKEIERE people (IAME, B ZM—L A,
BEAJVR N . BN T BT R 5 DU A% s 3 1986 4F 4 A R AR, A LE AR T M E K2
JEl 5 R . IX e A O R A% FL AT A D DL RS I e ROk T Bl B .

6. Barytes concrete, containing the heavy...biological shields.

fi)9 Barlytes concrete & & fi £ JE#%E T, steel-shot concrete ENERIRAE T . £A)IFN:
A BT R E A JREE R R BRTREE - O 29 H R AE O A B
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Unit 16 Nuclear Safety

16.1 Safety and Hazards in Nuclear Power

From the earliest years of nuclear reactor development it has been realized that an
accident in which a reactor becomes supercritical by a substantial amount (i. e. greater than the
delayed neutron fraction), resulting in a sudden rise in the fission rate, power and temperatures,
is an event that can have very serious consequences. These consequences might include fuel
overheating and meltdown, release of radioactive fission products into the coolant and possibly
eventually into the atmosphere, and very rapid increases in temperatures and pressures
resulting in possible rupture of pressure vessels and other containment structures.

As a result reactor designers have paid great attention to the inherent safety of reactors
which can be achieved by negative temperature and power coefficients and fail-safe control
systems. It can be said with some confidence that present-day thermal reactors are sale in the
sense that under no conceivable circumstance can they explode like a bomb, and control
systems have been designed which can, in the event of any malfunction on the part of the
reactor or its associated plant, automatically and rapidly shut down the reactor, i. e., make it
subcritical by a substantial amount, in a very few seconds'.

Fast reactors, with their greater concentration of fissile fuel, would appear to be inherently
more hazardous than thermal reactors, and it is conceivable that if the core of a fast reactor
melted the fuel might slump into a supercritical configuration which would result in a very
sudden energy release, but hardly an explosion. Needless to say, fast reactors are designed in
such a way as to eliminate this possibility, and a negative temperature coefficient is an
important characteristic for a fast reactor.

Many reactor-years of operating experience have shown that it is not the fission chain
reaction in the reactor core that is the most likely source of malfunction and accidents. but the
‘conventional’ components of the power plant such as pumps, valves, switches, relays and
parts under stress such as pressure vessels or pipework. Human error on the part of operating
and maintenance staff has also been proved to be a rather frequent source of trouble in nuclear
power plant.

These factors are not peculiar to nuclear power plant, but they assume great importance
because of the hazardous nature of nuclear reactors. Designers have to ensure that all systems
should as far as possible be fail-safe and redundant, i.e. if one system fails to function
correctly, another is available to fulfill the same function.

As stated above, nuclear reactors cannot explode like nuclear bombs. This is primarily
because of the fast acting negative thermal feedback due to Doppler broadening of the ***U
absorption resonances’. In addition in thermal reactors where neutrons are moderated, the
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prompt neutron lifetime L, is the order of 10 seconds: in a bomb, since the neutrons are
unmoderated, the prompt neutron lifetime is of the order of 10® seconds. Finally, reactor fuel
consists typically of 2 to 3 percent 23U, whereas nuclear weapons contain almost pure
239pu. The net effect of these differences is that, even in a reactor which is totally out of control
and gone prompt critical (as happened at Chernobyl), the reactor period will not be much less
than a second or so. In a nuclear bomb, the period is of the order of nanoseconds.

16.2 Reactor Accidents

Serious reactor accidents, which might lead to a significant release of radioactivity, can
only arise following events which may be described under four broad categories, as described
below. In a well-designed system, each accident route requires a number of coincident failures
for a release of radioactivity to occur; the probability of any given accident is thereby
minimized. Two serious reactor accidents which have occurred in the last decade, at Three
Mile Island, USA in 1979 and at Chernobyl, USSR in 1986 will be described in this section.

16.2.1 Reactivity Insertion Accident (RIA)

This can occur if a significant amount of reactivity is added to a reactor core. Such an
event could arise due to an uncontrolled withdrawal of control rods from the reactor due to
faults in their control systems, with a coincident APS failure. This event could also arise in a
reactor design which has fast-acting positive reactivity coefficients (leading to instability), with
a coincident APS failure and/or a poor fast shutdown capability (The last scenario occurred at
Chernobyl). The probability of such accidents is minimized by ensuring that all fast-acting
reactivity coefficients are negative, and that reliable, fast-acting, diverse shutdown systems
exist. These accidents cannot lead to nuclear explosions.

16.2.2 Loss-of-coolant Accident (LOCA)

This arises as a result of a breach of the primary coolant circuit, with a coincident failure
of the emergency core cooling system (ECCS). In particular, the term LOCA usually relates to
water-cooled reactors, where a complete loss of coolant will also give rise to a loss of decay
heat rejection capability, and hence fuel damage. The Three Mile Island accident was such an
event. Gas-cooled reactors are not subject to LOCAs, but to the less severe event of a
depressurization of the primary circuit, decay heat rejection would normally be sustained in
such accidents.

The term anticipated transient without scram (ATWS) is used in water-cooled reactor
systems to refer to event which would follow a ‘routine’ plant failure, a turbine trip or a
feedwater pump trip when the reactor trip systems fail to insert the control rods into the core.
Such events should not lead to any activity release in any well-designed systems; the negative
reactivity coefficients should lead to a rapid fall in reactor power, and in any case, most power
reactors are fitted with secondary shutdown systems.

Certain external events could conceivably lead to reactor accidents, say an earthquake or
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collision from a crashing aircraft. Reactors are commonly designed to resist the maximum
magnitude of earthquake that is foreseeable in the district where the plant is to be sited.
Similarly, reactors are often designed to resist light aircraft crashes and they are usually sited
away from civil airline or airforce training routes. Hence the risk from external events can be

minimized.
16.3 The Accident at Three Mile Island

The Three Mile Island Power Station is situated on an island in the Susquehanna River ten
miles from the town of Harrisburg in Pennsylvania’. The layout of reactor and its associated

plant are shown in Fig.16.1.

reactor

'|" ventilation
coptaiment

stack

turbine building
pressurizer
auxiliary
building
& == G

| =3 ‘

Fig.16.1 layout of the three mile island PWR

The accident, which affected only one of the two reactors, originated with a failure of the
feedwater system which caused the feedwater pump A to cut out. The turbine and the reactor
shut down automatically, but with the feedwater pump out of action, fission product decay heat
was not transferred from the reactor via the heat exchangers. As pressure in the reactor and the
primary system increased, the pressure relief valve B opened and primary coolant was released
to the pressurizer relief tank C. At the same time the standby feedwater pumps D started up,
but were unable to deliver water to the heat exchangers because valves E were closed, contrary
to operating regulations. About 8 minutes after the start of the accident the operators opened
valves E and flow was established in the secondary circuit; at the same time the pressure in the
primary system continued to drop because the safety valve B was stuck in the open position.
As the reactor pressure dropped, the ECCS was automatically started (as it is designed to do)
and cold water was injected into the reactor. A few minutes later an instrument indication of
rising water level in the pressurizer led the operators to shut off the ECCS.

An hour or two later severe vibration in the primary circuit pumps F led the operators to
switch off these pumps and circulation in the primary systems stopped. Meanwhile with decay
heat still being produced, the water in the core boiled and part of the core was uncovered for a
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few hours, with the steam environment unable to provide adequate cooling.

The resulting high temperature caused damage to the fuel elements resulting in release of
certain volatile fission products into the primary system, and these fission products found their
way via the pressurizer, the still open pressure relief valve, the pressurizer relief tank (which
overflowed) into the sump in the reactor containment floor. From there the contaminated water
was transferred by the pump G into the auxiliary building and there the radioactive volatile
fission products vented from the water and escaped into the atmosphere via the ventilation
stack. Thus significant quantities of xenon 135 and iodine 131, with smaller amounts of
krypton, escaped into the atmosphere; the iodine release, which was the most significant in
radiological terms, amounted to some 16 curies.

Meanwhile, back in the reactor the very high fuel temperatures in the uncovered part of
the core caused the zirconium-steam reaction and hydrogen was formed, collecting in the top
of the pressure vessel and causing a restriction to the flow of primary coolant. It was though at
the time that this hydrogen presented an explosion risk, but this is unlikely as oxygen was not
present in the pressure vessel. Hydrogen did, however, escape into the containment building,
and ten hours after the beginning of the accident there was a hydrogen ‘burn’ which caused a
rise in the pressure within the containment building.

About 16 hours after the start of the accident the primary coolant pumps were restarted
and water flow through the reactor was re-established to cool the core. Gradually during the
next few days the hydrogen in the pressure vessel was removed and the accident was brought
under control. There can be no doubt that, although there were no immediate disastrous
consequences, this was a very serious accident resulting in the release of considerable
quantities of radioactivity into the atmosphere and the destruction of the reactor itself, which is
now out of action.

The lessons to be learned from this accident are many. It certainly illustrates how a
relatively simple fault can lead through a sequence of events to a major accident, and how this
sequence of events can occur as a result of a combination of malfunction of everyday
engineering components such as pumps and valves, human error and misjudgment and
inadequate design.

It has been estimated that this accident may lead to one additional cancer death among the
nearby residents in the years to come. The financial cost of one destroyed reactor and the
subsequent clean-up operation has been huge.

16.4 The Accident at Chernobyl

In April 1986, the No.4 reactor of the Chernobyl power station, situated on Pripyat River
north of Kiev in the former USSR, suffered a major accident which caused a significant release
of radioactivity to the environment®. The reactor was of the graphite-moderated, water-cooled,
pressure-tube design, which is a design unique to the former USSR. The layout of the plant is
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shown in Fig.16.2.
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Fig.16.2 Layout of the reactor at Chernobyl

The reactor has many features which are not found in other reactor systems, and which
raised concern about its safety. A team of British engineers visited the former Soviet Union in
the 1970s and reported the following concerns about the reactor design (amongst others).

(1) The reactivity worth of the control rods was inadequate to meet all possible shutdown
requirements.

(2) The reactor had a positive void coefficient and a positive power coefficient at low
powers. This arose because the design was over-moderated which, in turn, was apparently
because a decision had been made to use fuel that was only about two per cent enriched, since
the USSR was short of enrichment capacity.

(3) There was no secondary shutdown system.

(4) The graphite moderator normally operated at temperatures in excess of 700C, at
which it spontaneously ignites on exposure to air.

(5) The containment structure was less robust than would normally be the case for
Western water-cooled reactors.

Furthermore, we now know that the design allowed greater freedom of action for the
operators than might be considered normal in a Western design. For example, the operators
were apparently able to override trip systems at the flick of a switch; in Western designs, key
interlock systems prevent such precipitate action. Also it was essential for the safe operation of
the plant that the control rods should never be withdrawn beyond the point at which the control
rod “reactivity margin” became dangerously low; this vital aspect was left entirely to the
operators, with no automatic trip system.

Finally, it would appear that reactor emergency shutdowns were normally carried out by
motoring the rods into the core, and not by disconnecting electromagnetic clutches. Because
the rods were driven-in instead of being allowed to drop, shutdown could take 20 seconds to
occur.
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Ironically, the accident occurred during a test to check whether the emergency core
cooling systems were adequate. The test was to be performed during a routine shutdown. The
main events were as follows.

(1) Power was to be reduced in stages from 3200 MW (th) to 700 MW (th). Operator error
caused the power to undershoot to 30 MW, and the consequent increase in xenon poisoning
meant that the operators could only manage to raise the power back to 200MW. This power
level was lower than stipulated in the test instructions, the operators should have abandoned in
the test instructions.

(2) In violation of the test procedure, the operators started up the standby coolant pumps.
This meant that core power was 7 percent normal and coolant flow was 120 percent normal.
This made the whole core virtually isothermal.

(3) Difficulties in steam drum water level control at this juncture led the operators to
override the reactor trip signals generated by low drum level. They then topped up the drum
water level under manual control, with relatively cold feedwater. This caused a fall in reactor
temperature, and hence (via the positive void coefficient) the control rods had to be withdrawn
yet further to maintain reactor power level at 200 MW (th).

(4) The operators noticed that the control rod reactivity margin was too low. Indeed, the
reactivity margin was at a level where operating rules stipulated that the reactor should have
been shut down. No such action was taken.

(5) The test was to be initiated by tripping the turbine. Normally, this would have tripped
the reactor also. However, it would appear that the operators wanted to reserve their options in
case the test of the emergency core cooling system was unsatisfactory, hence they overrode the
reactor trip. This meant (they thought) that they would be able to repeat the test if necessary.

(6) At 1: 23'10" on the 26th April 1986, the turbine was tripped. The operators had
contrived, unwittingly, to put an already unstable reactor into a highly dangerous condition.
The reactor was operating at low power, and was almost isothermal due to the high coolant
flow-rate. By tripping the turbine the only significant heat sink had been removed. In addition,
the control rods were too far out of the core to have any significant immediate effect in the
event of a reactor trip.

(7) The coolant temperature now began to rise steadily until it approached the saturation
temperature, at which point bulk boiling occurs. Because of the virtually isothermal state of the
reactor, the value of the positive void coefficient had been maximized, i.e. bulk boiling would
begin throughout the core more-or-less simultaneously.

(8) At 1: 23'40", a rise in power was noted and a reactor trip was initiated manually, by
starting to drive the control rods into the core. Because the rods were so far out of the core,
however, they had no significant immediate effect on reactivity, which continued to rise.

(9) Coolant bulk boiling led to a rapid rise in power, which Doppler broadening could not
counteract.

(10) The power rose to 530 MW (th) at 1: 23'43", and thereafter rose exponentially with a
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period of a fraction of a second. The reactor went prompt critical; the fuel (uranium oxide
ceramic) shattered due to the thermal shock of the sudden power rise, and the cladding malted;
the white hot fuel fragments came in contact with the cooling water, and there was a steam
explosion at 1: 23' 48".This was followed a few seconds later by a hydrogen explosion; the
hydrogen was generated by zirconium-water and graphite-water reactions. There was no
nuclear explosion, for reasons stated earlier. The explosions ruptured the containment.

(11) The hot graphite moderator caught fire upon exposure to air.

(12) Truly heroic efforts by firemen, helicopter pilots and engineers led to the fire being
extinguished, and the radioactive release being stopped, by 5 May, ten days after the accident
began. In the interim, it is estimated that 20 percent of the iodine inventory and 12 percent of
the caesium inventory was released to the atmosphere, together with practically all of the noble
gas fission products.

Many significant conclusions may be drawn from the accident. However, few, if any, of
the following conclusions are likely to affect Western reactor design”.

First and foremost, reactors should have no fast-acting positive power coefficients under
normal or foreseeable operating conditions. The reactor design is unique in this respect among
all of the world’s commercial reactor designs. Secondly, reactor protective systems should shut
down the reactor automatically when important safety parameters exceed normal margins. It is
insufficient to leave such action to the operators. The protective system should not be easily
overridden. Thirdly, reactor shutdown systems should be fast-acting and highly reliable (There
is no real need for a fast-acting shutdown system if fast-acting reactivity coefficients are
negative). To obtain a sufficient degree of reliability, it may be necessary to have an alternative
(secondary) shutdown system. This is common practice with Western designs. Finally,
water-cooled reactor designs need sound containment buildings for the reasons previously
stated.

The consequences of the accident have been that 31 people died either at the time of
accident or from radiation sickness. In addition, 135 000 people living within 30km of the
plant had to be evacuated from their homes, because of the doses they received. It is possible
that 200 additional cancer deaths may occur amongst them. Soviet data suggest that some 10
percent of the population dies from cancer in any case. Hence, this excess mortality may just
be observable with statistical confidence, when the results of epidemiological surveys become
known in years to come.

Those further from the plant did not receive significant doses of radiation; the doses
measured are of the order of a few millisieverts. If the (pessimistic) linear doses-risk
hypothesis is assumed valid at such small doses, then it is possible that several thousand
additional cancer deaths may arise in Eastern Europe over the next few decades. However, the
natural incidence of the disease will mean that this additional mortality, if it occurs at all, will
probably not be observable. In other words, there is no significant increase in the individual
risk of death due to cancer as a result of the accident, except among those living close to
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Chernobyl.
The Chernobyl accident is about as bad a reactor accident as can be envisaged. The

reactor core burned without any containment for the days; it is difficult to postulate an accident
which could lead to a greater release of radioactivity to the environment.
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Self-test

Inherent safety of reactors can be achieved by___ .

negative temperature and power coefficients

fail-safe control system

both A and B

neither A nor B

In terms of inherent safety the fast reactors are more_____than thermal reactors.

safe B. hazardous C. fastreaction D. sound

The reactor period is about____.

one second B. much less than a second

several nanoseconds D. several seconds

If a significant amount of reactivity is added to a reactor core it means a(n)____ .
LOCA B. APS C. ECCS D. RIA

The Three Mile Island Accident wasa____.

RIA B. LOCA C. APS D. both Aand B

The accident at Three Mile Island originated with the .

water level in reactor B. lower pressure

feed water system D.. ECCS

During Three Mile Island accident high temperature in the core is caused by .
decay heat B. fission C. boiling D. fission products

During the accident the hydrogen come from the .
reactor B. coolant C. fuel D. zirconium-steam reaction
The lesson from Three Mile Island accident is that can lead to a major accident.

a small accident B. asimple fault
hydrogen D. a bad operator
. The reactor in the Chernobyl Power Station is cooled by .
. gas B. graphite C. water D. sodium
. The void coefficient in the reactor of Chernobyl Power Station is____.
negative B. a constant
positive D. positive at lower power

. From the text the containment of Chernobyl Power Station :
. 'was not sound B. is a small building

is a good building D. was fired



178 BEEWIE (E2HR)

xR R

APS: Automatic Protective System

Hah R RS

Curie: Unit of radioactivity. 1 Curie is defined as 3.7x10" decays per second, roughly
equal to the activity of 1 gram of **Ra. Abbrev. Ci. Now replaced by the Becquerel
(Bq).1Bq=2.7X10"'Ci.

R BRI, 1B EE S 3.7x10" 32 / B, A%T 1 5 PRa HBURYE, 45
% Ci. MO NA (Bq), 1Bg=2.7x10""'Ci.

Delayed neutrons: Those neutrons arising from fission but not released instantaneously.
Fission neutrons are always prompt neutrons, those apparently delayed arise from breakdown
of fission products, not primary fission. Such delay eases control of reactors.

ZRPT RARPER, EREBERBRNS T, REPTFEIBERT T, HEZRNT
TREEFYBRER, ARIRRAEFAER, TP EEER{E N HERZ HIB A 5 .

Doppler broadening: Frequency spread of radiation in single spectral lines, because of
Maxwell distribution of velocities in the molecular radiators. This also broadens the resonance
absorption curve from atoms or molecules excited by incident radiation.

ZEPWD: 15 THONAT, 22 70 iH 3B A0 5 R K R — iR R 9 &,
X AR AR ESBOR T J5 1 B 1 SRR i i 2 194 9

ECCS: Emergency Core Cooling System.

N BRI RS

Fail-safe: Design in which power supply, control or structure is able to rectum to a safe condition
in the event of failure or mal-operation, by automatic operation of protective devices or others.

WP 4y FER A MR ER R SR AR Y, G AR R E K B B BN B A i, ) RE At
HL L P ER G AL [B] B B 2 e RS I — Pt

Prompt critical: Condition in which a reactor could become critical solely with prompt
neutrons. In this situation the reactor is difficult to control because the reactor period is much
reduced.

W A M - S S HEAL T R FEBR A b 1 st eI R ARAS, IS B I HE F AR 19 AR B, S B HE
TRAEFE ] .

Prompt neutron: Those neutrons released in a primary nuclear fission process with
practically zero delay.
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abandon [@'beendan] v. JFF
clutch [kIatf] n. =&
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conceivably [kan'sitvabli] ad. FILIAES HY
consequence ['konsikwans] n. J5R

contrary [kontrari] v. .o FH R

contrive [ka'traiv] v. FEIRFEF--- 3, Wik
conventional [kan'ven[anl] a. HHK, %41
counteract [kaunta'reekt] v. W/, KIEH
envisage [in'vizid3] v. #%

epidemiological [epidi:mia'lod3ikel] a. WHFTHH
exponentially [[ekspau'nen[ali] ad. $&IgEENHH
flick [flik] n. ¥

foreseeable a. AT

helicopter ['helikopta] n. HEFHL

inherent safety [&f %4

interim ['interim] n. 1A

ironically [ai'ronikali] ad. 4 ARi%EAE
isothermal [aisau'Ba:mal] a. &n. i (D
juncture ['d3Anktfa] n. &%

mortality [mo:'teeliti] ». Zantt

nanosecond [nensusekeand] n. =M, ¥, 1078
peculiar [pikju:lja] a. %FEH

pessimistic [pesi'mistik] a. IEWH
precipitate [pri'sipiteit] ». &a. R ()
radiological [reidiau'lodzikal] a. 2
relay [rizlei] n. Zkrg8

robust [rau'bast] a. B[

shatter ['[eeta] v. ®EE, %

slump [slamp] n. &v.

staff [sta:f] ». TAEAMH

stuck v. stick it £l FAE

sump [samp] n. HEKA

supercritical [.sjuipa'kritikel] a. #BilEAE
undershoot ['Anda’fu:t] v. &n. Fif
unwittingly [an'witinli] ad. FTEH

volatile ['voletail] a. &P
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1. It can be said with some...very few seconds.

7]% under no conceivable circumstance can... 75 7E A AB % 19 & E F ARfGeeeeer . )R
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2. This is primarily because of the fast acting...resonances.
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3. The Three Mile Island Power Station...Pennsylvania.
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4. In April 1986, the No.4 reactor...to the environment.
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5. However, few, if any, of the...reactor design.
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Unit 17 Westinghouse AP1000

Advanced Passive Plant

17.1 Introduction

The Westinghouse AP1000 Program is aimed at making available a nuclear power plant
that is economical in the US deregulated electrical power industry in the near-term. The
AP1000 is a two-loop 1000MWe pressurizer water reactor (PWR).It is an uprated version of
the AP600. Passive safety systems are used to provide significant and measurable
improvements in plant simplification, safety, reliability, investment protection and plant costs.
The AP1000 uses proven technology, which builds on over 35 years of operating PWR
experience. The AP1000 received Final Design Approval from the United States Nuclear
Regulatory Commission in September 2004; the AP1000 has also received Design
Certification by the USNRC in December 2005. The AP1000 and its predecessor AP600 are
the only nuclear reactor designs using passive safety technology licensed anywhere in the
world. The safety performance of AP1000 has been verified by extensive testing, safety
analysis and probabilistic safety assessment. AP1000 safety margins are large and the potential
for accident scenarios that could jeopardize public safety is extremely low.

Simplicity is a key technical concept behind the AP1000, which makes the AP1000 easier
and less expensive to build, operate, and maintain. Simplification also provides a hedge against
regulatory driven operations and maintenance costs by eliminating equipment subject to
regulation'. The AP1000’s greatly simplified design complies with NRC regulatory and safety
requirements and the EPRI advanced light water reactor (ALWR) utility requirements
document.

Plans are being developed for implementation of the AP1000 plant. Key factors in this
planning are the economics of AP1000 in the de-regulated US electricity market, and the
associated business model for licensing, constructing and operating these new plants.

In December 1999, the Nuclear Regulatory Commission granted Design Certification to
the AP600.The AP600 plant meets the US utility requirements (ALWR, Volume [II) including
the cost goals. Westinghouse recognized that the current estimate of 4.1~4.6Z /(kW = h) for
the AP600 is not competitive in the US market. It, therefore, embarked on the development of
the AP1000, which applies economies of scale to passive safety plants to reduce the cost per
kW * h to about 3.0~3.5¢ /(kW = h).

Simplicity is a key technical concept behind the AP1000 plant. It makes the AP1000

easier and less expensive to build, operate, and maintain.
The AP1000’s greatly simplified design complies with all of the NRC regulatory and
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safety requirements and EPRI advanced light water reactor (ALWR) utility requirements
document (ALWR Utility Requirements Document, 1999). A minimum number of changes
have been made to the AP600 to realize a significant increase in power in AP1000. The large
safety margins of the AP600 have been maintained. The AP1000 plant footprint and auxiliary
systems remain unchanged from AP600. The API1000 design continues to use proven
components, and the inherent safety and simplicity of the AP600 has been retained.

17.2 Major Equipment Description

AP600 and AP1000 are based on proven Westinghouse PWR technology that has been
successfully operated in hundreds of reactor-years of operation. The reactor coolant system (RCS)
consists of two heat transfer circuits, with each circuit containing one steam generator, two reactor
coolant pumps, and a single hot leg and two cold legs for circulating coolant between the reactor
and the steam generators. The number of welds in the main loop piping system is reduced by about
67%. The system also includes a pressurizer,' interconnecting piping, and the valves, and
instrumentation necessary for operational control and the actuation of safeguards. The RCS
arrangement is shown in Fig.17.1 and selected plant parameters are shown in Table 17.1.

steam generator

=
0
1 I .
pressurizer

steam generator

ISl

[/

- J‘
== avAWLY,

ST AWAWAVAYA
\

'Illiilmii‘
1N
PN

%
\

TN
&Y
Ay
. “
(‘-—
h

surge line

reactor coolant pump

hot leg pipe
cold leg pipe

safety injection nozzle

reactor vessel

Fig.17.1 AP1000 reactor coolant system



Unit 177 Westinghouse AP1000 Advanced Passive Plant

183

Table 17.1 Select AP1000 RCS parameters

Parameter Doel4/Tihange3 AP600 AP1000
Net electric output, MWe 985 610 1117
Reactor power, MWt 2988 1933 3400
Hot leg temperature, C (F) 330 (626) 316 (600) 321 (610)
Number of fuel assemblies 157 145 157
Type of fuel assembly 17X17 17X17 17X 17
Active fuel length, m (ft) 4.3(14) 3.7¢12) 43 (14)
Linear hear rating, kW/ft 5.02 4.1 5.71
Control rods/gray rods 52/0 45/16 53/16
R/V LD, em (in.) 399 (157) 399 (157) 399 (157)
Vessel flow (thermal)10°m?/h (10° gpm) 67.1 (295) 44.1 (194) 68.1 (300)
Steam generator surface area, m * (ft%) 6320 (68 000) 6970 (75 000) 11600 (125 000)
Pressurizer volume, m’ (ft°) 39.6 (1400) 45.3 (1600) 59.5 (2100)

NSSS equipment is located in the reactor containment. All safety-related equipment is
located in containment or in the auxiliary building. These two buildings are on common,
seismically qualified basement, greatly reducing the plant’s seismic footprint’. All major
components of both AP600 and AP1000 have been proven in operating reactors under similar
flow, temperature, and pressure conditions, except for the AP1000 reactor coolant pump. It is a
modest extension of proven pump designs.

Nomenclature

ADS: automatic depressurization system

ALWR: united states advanced light water reactor

CMF: core melt frequency

CMT: core makeup tank

COL: combined operating license

EPRI: electric power research institute

ESP: early site permit

[&C: instrumentation and control

IRWST: in-containment refueling water storage tank

LRF: large activity release frequency

LOCA: loss of coolant accident

PCS: passive containment cooling system

PRHR HX: passive residual heat removal heat exchanger

PRA: probabilistic risk assessment

SGTR: steam generator tube rupture accident

USNRC: United States Regulatory Commission
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17.2.1 Reactor design
Although different from each other, the core, reactor vessel, and internals of both the

AP600 and AP1000 are essentially those of conventional Westinghouse PWRs. For both, the
reactor vessel is the same as that for a standard Westinghouse three-loop plant, with nozzles
adjusted to accommodate the AP600/AP1000’s two loops. The internals are also standard, with
minor modifications.

Several important enhancements, all based on existing technology, have been used to
improve the performance characteristics of the design. For example, there are fuel performance
improvements, such as Zircaloy grids, removable top nozzles, and longer burnup features. This
optimized fuel is currently used in approximately 120 operating plants worldwide. Both plants
use a standard 17x17 fuel assembly. AP600 has a 145 assembly low power density core, while
AP1000 has a 157 assembly higher power density core; there are Westinghouse PWRs
successfully operating with higher power densities. Compared to Table 17.1.

The AP600 has a 3.66m (12ft) long core, AP1000 has a 4.27m (14f{t) core. This makes the
AP1000 core very similar to that in Doel 3 and Tihange 4.Both AP600 and AP1000 have more
than 15% margin to the departure from nucleate boiling (DNB) limit for non loss-of-flow
accidents.

A core shroud similar to Waterford 3 is employed; this proven design eliminates bolts
from the barrel/baffle region. In addition, movable bottom mounted in-core instrumentation
has been replaced by fixed top mounted instrumentation. Inconel 600 is not used in the reactor
vessel welds.

17.2.2 Steam generators

Two model Delta-75 steam generators are used in AP600. Two model Delta-125 steam
generators are used in AP1000. Although larger, they can still be used within the AP600
containment diameter of 39.6 m (130ft).Both steam generator models are based on standard
Westinghouse Model-F technology. There are many 75 Model F-type units in commercial
operation, with the highest level of reliability achieved by any steam generator worldwide.
This reliability record is due to such enhancements as full-depth hydraulic expansion of the
tubes in the tube sheets; stainless steel broached tube support plates; thermally treated
corrosion-resistant Inconel 690 (In-690) tubing; upgraded anti-vibration bars to reduce wear;
upgraded primary and secondary moisture separators; and a triangular tube pitch’. Two steam
generators that are very similar to the Delta-125 model were installed at the Arkansas station in
the US. The steam generators at Palo Verde are larger than the AP1000 steam generators.

17.2.3 Reactor coolant pumps

Both plants use canned motor pumps to circulate primary reactor coolant throughout the
reactor core, piping, and steam generators. Canned motor reactor coolants pumps have been
very successfully employed in naval reactors with over 1500 pumps in service. Two pumps are
mounted directly in the channel head of each steam generator.

The AP1000 reactor coolant pump motors are rated on the less dense hot water at
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operating temperature in lieu of the more dense ambient temperature water for the AP600. This
provides the required increase in reactor coolant flow with only a small increase in the physical
size of the canned motor. A variable speed controller is used in AP1000 for cold operation to
compensate for the higher water density. At power the variable speed controller is disconnected
and the pumps operate at constant speed, like AP600. Elimination of the pump shaft seals
greatly simplifies the auxiliary fluid systems that support a canned motor pump, eliminates
planned maintenance, eliminates possible accidents involving seal failures and eliminates the
use of oil (and the potential for fires). They also require no planned maintenance.

The integration of the pump suction into the bottom of the steam generator channel head
eliminates the crossover leg of coolant loop piping; reduces the loop pressure drop; simplifies
the foundation and support system for the steam generator, pumps, and piping; and eliminates
the potential for uncovering the core during a small LOCA.

17.2.4 Pressurizer

The AP600 pressurizer is essentially the Westinghouse design used in approximately 70
operating plants worldwide. The AP1000 pressurizer is larger with a volume of 59.5 m’ (2100 ft’).
This same size pressurizer is used in the South Texas plants. Since the AP1000 reactor vessel is
only slightly longer than the AP600 vessel and the primary loop piping sizes are the same; the
AP1000 pressurizer provides similar enhanced margins and operating bands as the AP600
pressurizer.

17.2.5 Containment vessel

Both plants utilize a 39.6m (130 ft) diameter freestanding containment vessel. The
AP1000 containment cylindrical section is 7.77m (25.5 ft) higher than provide additional free
volume. The AP 1000 containment design pressure has been increased from 3.10bar (45 psig)
to 4.07bar (59 psig); as a result, the AP1000 post accident pressure margins are slightly larger
than those of the AP600.

17.3 Safety Through Simplicity

The safety systems for both AP600 and AP1000 include passive safety injection, passive
residual heat removal, and passive containment cooling. All these passive systems meet the
NRC single-failure criteria and addresses. Three Mile Island lessons learned, unresolved safety
issues, and generic safety issues. These passive systems have been proven through extensive
testing and computer code analysis at two different power levels (AP600 and AP1000).

Passive systems and the use of experience-based components do more than increase
safety, enhance public acceptance of nuclear power, and ease licensing—they also simplify
over-all plant systems, equipment, and operation and maintenance”. The simplification of plant
systems, combined with large plant operating margins, greatly reduces the actions required by
the operator in the unlikely event of an accident. Passive systems use only natural forces such
as gravity, natural circulation, and compressed gas, simple physical principles we rely on every
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day. There are no pumps, fans, diesels, chillers, or other rotating machinery required for the
safety systems. This eliminates the need for safety-related AC power sources. A few simple
valves align the passive safety systems when they are automatically actuated. In most cases,
these valves are “fail safe”. They require power to stay in their normal, closed position. Loss of
power causes them to open into their safety alignment. In all cases, their movement is made
using stored energy from springs, compressed gas or batteries.

Simple changes in the safety-related systems from AP600 to AP1000 allow accommoda-
tion of the higher plant power without sacrificing design and safety margins. Since there are no
safety-related pumps, increased flow was achieved by increasing pipe size. Additional water
volumes were achieved by increasing tank sizes. These increases were made while keeping the
plant foot-print unchanged. This ensures that the designs of other systems are not affected by
layout changes. Note that detail design of a significant portion of AP600 is complete.
Enforcing a rigorous “no unnecessary change policy” makes that portion of the detail design of
AP1000 also complete.

17.4 Passive Safety Systems

Passive systems provide plant safety and protect capital investment. They establish and
maintain core cooling and containment integrity indefinitely, will no operator or AC power
support requirements. The passive systems meet the single-failure criteria and probabilistic risk
assessments (PRA) used to verify reliability. The passive safety systems are significantly
simpler than typical PWR safety systems. They contain significantly fewer components,
reducing required tests, inspections, and maintenance. The passive safety systems have
one-third the number of remote valves as typical active safety systems, and they contain no
pump. Equally important, passive safety systems do not require a radical departure in the
design of the rest of the plant, core, RCS, or containment. The passive safety systems do not
require the large network of active safety support systems needed in typical nuclear plants.
These include AC power, HVAC, cooling water, and the associated seismic buildings to house
these components.

This simplification applies to the emergency diesel generators and their network of
support systems, air start, fuel storage tanks and transfer pumps, and the air intake/exhaust
system. These support systems no longer must be safety class, and they are either simplified or
eliminated. For example, the essential service water system and its associated safety cooling
towers are replaced with a non-safety -related service water cooling system.

Non-safety-related support systems and passive safety systems are integrated into the
plant design. Licensing safety criteria are satisfied with a greatly simplified plant.

The passive safety systems have been sized to provide increased safety margins,
especially for more probable events. Table 17.2 illustrates the improved margins. Both AP600
and AP1000 have the same passive safety-related systems and they include:
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Table 17.2 AP1000 safety margins
typical plant AP600 AP1000
loss flow margin to DNBR limit 1%~5% about 16% 16%
feedline break 'C(T") subcooling >0(>0) about 94(about 170) | about 78(about 140)
margin
SG tube rupture operator actions required | operator actions NOT | operator actions NOT
in 10 min required required
small LOCA 3" LOCA <8" LOCA <8" LOCA
PCT 'C(°F) about 815 (about 1500) NO core uncovery NO core uncovery
large LOCA PCT C(°F) with 1093~1204 .
<= <
Ll 77 (2000~2200) 913 (1676) 870 (<<1600)
ATWS, Pres bar(psig) 221(3200) 221 (3200) 193 (2800)
(% core life) 90% 90% 100%

*Based on ASTRUM analysis of AP1000 which is more realistic than the “bounding™ large LOCA analysis
performed for AP600.

17.4.1 Emergency core cooling system

The passive core cooling system (PXS), shown in Fig.17.2, protects the plant against RCS
leaks and ruptures of various sizes and locations. The PXS provides core residual heat
removal, safety injection, and depressurization. Safety analyses (using NRC-approved
computer codes) demonstrate the effectiveness of the PXS in protecting the core following

depressurization
valves
IRWST - pressurizer
SG
]
A
A RV | A
sump ACC
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~
screen ' pumps s
loop
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Fig.17.2 AP1000 RCS and passive core cooling system
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various RCS break events. Even for breaks as severe as the 20.0 cm (8 in.) vessel injection
lines, there is no core uncovery for either AP600 or AP1000. Following a double-ended rupture
of a main reactor coolant pipe, the PXS cools the reactor with ample margin to the peak clad
temperature limit.

17.4.2 Safety injection and depressurization

The PXS uses three sources of water to maintain core cooling through safety injection.
These injection sources include the core makeup tanks (CMTs), the accumulator, and the
in-containment refueling water storage tank (IRWST). These injection sources are directly
connected to two nozzles on the reactor vessel so that no injection flow can be spilled in case
of lager breaks.

Long-term injection water is provided by gravity from the IRWST, which is located in the
containment just above the RCS loops. Normally, the IRWST is isolated from the RCS by
squib valves and check valves. This tank is designed for atmospheric pressure. The RCS must
be depressurized before injection can occur. The RCS automatically controlled to reduce
pressure to about 0.83bar (12psig), at which point the head of water in the IRWST overcomes
the low RCS pressure and the pressure loss in the injection lines. The PXS provides
depressurization using the four stages of the automatic depressurization system (ADS) to
permit a relatively slow, controlled RCS pressure reduction.

To maintain similar margins for accidents requiring safety injection, a few lines in the
PXS were made larger for AP1000. In addition, the CMTs were enlarged to provide adequate
margin without requiring redesign of adjacent piping and structure.

17.4.3 Passive residual heat removal

The PXS includes one passive residual heat removal heat exchanger (PRHR HX).The
PRHR HX is connected through inlet ad outlet lines to RCS loop 1. The PRHR HX protects
the plant against transients that upset the normal steam generator feedwater and steam systems.
It satisfies the safety criteria for loss of feedwater, feedwater line breaks, and steam line breaks.

For AP1000, the PRHR HX horizontal tube portions were made slightly longer and a few
tubes were added to the existing AP600 PRHR HX tube sheet. PRHR piping was made larger.
These modifications resulted in a 100% capacity system without affecting surrounding piping
and layout design.

The IRWST provides the heat sink for the PRHR HX. The IRWST water absorbs decay
heat for more than one hour before the water begins to boil. Once boiling starts, steam passes
to the containment. The steam condenses on the steel containment vessel and, after collection,
drains by gravity back into the IRWST. The PRHR HX and the passive containment cooling
system provide indefinite decay heat removal capability with no operator action required. For
AP1000 the normal water level in the IRWST was raised to provide adequate water inventory
without changing the structure.

17.4.4 Passive containment cooling system

The passive containment cooling system (PCS) provides the safety-related ultimate heat
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sink for the plant. The PCS cools the containment following an accident so that the design
pressure is not exceeded and the pressure is rapidly reduced, dropping to ~—~40% of the design
pressure in less than 5h. The steel containment vessel provides the heat transfer surface that
removes heat from inside the containment and transfers it to the atmosphere. Heat is removed
from the containment vessel by the continuous, natural circulation of air. During an accident,
air cooling is supplemented by water evaporation. The water drains by gravity from a tank
located on top of the containment shield building.

The containment for AP1000 has the same diameter as that for AP600. The height has
been increased to provide additional free volume. This additional free volume, with a change
of material for the vessel shell, provides increased margin to vessel design pressure from
accident pressure over AP600. Analysis shows that during severe accidents the AP1000
containment is likely to remain intact and not to be bypassed. As a result, the plants have a
significantly reduced frequency of release of large amounts of radioactivity following core
damage in an accident. The PCS cooling capability is very reliable with its three way
redundant (and diverse) water drain valves. In addition, even with failure of water drain,
air-only cooling is capable of maintaining the containment below the predicted failure
pressure. Containment isolation has been improved by eliminating about 50% of the
penetrations and all of the ECCS lines that circulate highly radioactive water outside
containment after an accident. Note that all of the penetrations are routed directly from the
containment to the auxiliary building such that any leakage would enter the auxiliary building’.
The potential for containment bypass sequences has been significantly reduced including those
involving steam generator tube ruptures (SGTR). This enhanced containment performance
supports the technical basis for simplification of offsite emergency planning.

17.5 Probabilistic Risk Assessment

PRA has been used interactively as a part of the design process since the beginning of the
AP600 program in 1985. Seven major PRA quantifications have been performed on the
AP600. Two major quantifications have been performed on the AP1000. During each of these
quantifications, the PRA results were reviewed for potential modifications. Many design and
operation changes have been made based on these PRA insights, especially during the earlier
AP600 quantifications.

As a result, the AP1000 PRA (AP1000 Probabilistic Risk Assessment, 2004) results show
very low core melt and large release frequencies that are significantly below those of operating
plants and well below the NRC safety goals. Table 17.3 shows the core melt frequency (CMF)
and large release frequency (LRF) per reactor year. The AP1000 frequencies include shutdown
events and external events. Shutdown events have typically not been quantified for operating
plants.
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Table 17.3 CMF and LRF per reactor year
Operating NRC AP1000
CMF ~1 E-4 1E-4 4.2 E-7/year
LRF ~1 E-5 1 E-6 3.7 E-8/year

A major safety advantage of passive plants versus conventional PWRs is that long-term
accident mitigation is maintained without operator action and without reliance on offsite or
onsite AC power sources. The passive safety systems provide long-term core cooling and
decay heat removal without the need for operator actions or without reliance on active
safety-related systems. For limiting design basis accidents, the core coolant inventory in the
containment for recirculation cooling and boration of the core is sufficient to last for at least 30
days, even if inventory is lost at the design basis containment leak rate. PRA sensitivity studies
illustrate this improvement. Table 17.4 shows the CMF for at-power internal events with and

without operator action:

Table 17.4 CMF for at-power internal events with and without operator action
Operating AP1000
CMF with operator action ~4 E-5 2.4 E-T/year
Without operation action ~2 E-3 1.8 E-5/year

Severe accident phenomenon has been addressed with AP1000 design features. The
highly redundant and diverse ADS prevent high pressure core melt sequences which can
challenge the containment through direct containment heating and steam explosions. Core
concrete interactions are prevented by in-vessel retention of core melt debris. In-vessel
retention has been shown to be applicable to the AP1000 through testing and analysis that was
reviewed by the US NRC (Scobel, 2005). Hydrogen ignitors and passive autocatalytic
recombiners prevent hydrogen explosions. As a result, the AP1000 can maintain the integrity
of the containment following a core melt for an indefinite time.

17.6 Simplification

The AP1000 incorporates significant simplifications through the use of passive
safety-related systems and other advanced technologies. The use of passive safety-related
systems eliminate many safety-related components including pumps, valves, pipe and their
associated buildings as shown in Fig.17.3. In addition, many other safely-related components
have been reduced to non-safety. These changes result in great simplifications in procurement,
construction, startup, and operation including in-service inspection/testing and maintenance.

Other advanced technologies have also been used to gain additional simplifications,
including the use of digital instrumentation systems, canned motor reactor coolant pumps and
ion exchange based radioactive waste processing.
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Fig.17.3 AP1000 passive safety system simplifications
(a) current PWR; (b) AP1000

Fig.17.4 shows the quantitative simplifications that have been achieved by the AP1000 as
compared to currently operating PWRs. The savings are even greater when compared with
advanced evolutionary PWRs using safety systems with greater redundancy (four-trains) and
diversity (four large safety diesel generators and two medium station blackout diesel
generators).

reduced number of components:

1000 MW reference AP 1000 reduction
safety valves 2844 1400 51%
pumps 280 194 34%
safety piping 11X 10*feet 1.9 10% feet 83%
cable 9.1mil feet 1.2mul feet 87%
seismic building volume 12.7mil ft* 5.6mil ft’ 56%

Fig.17.4 AP1000 quantitative simplifications
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17.7 Cost and Construction Schedule

The AP600/AP1000 plant costs and construction schedules benefit directly from the great
simplifications provided by the design. There are 60% fewer valves, 75% less piping, 80% less
control cable, 35% fewer pumps, and 50% less seismic building volume than in a conventional
reactor. In addition, modular construction techniques have been adopted. Three types of
modules are employed: structural, mechanical, and piping. The approach was to design the
plant from the beginning to maximize the use of modules. These modules are rail shippable
and would be built in factories and then shipped to the plant. At the plant these modules would
be assembled into larger modules in parallel construction areas and then lifted into the plant as
needed. The AP600/AP1000 plants uses over 270 modules. The use of modules provides
several benefits, including:

® Reduced construction schedule.

Reduced field manpower.

Increased factory work (better quality control).

® Reduction in site congestion.

Westinghouse has developed an extensive, detailed 3D computer model of the AP600
nuclear reactor plant. This model was developed over 8 years, using input from a number of
design participants from a variety of countries. Westinghouse also led the effort by
Morrison-Knudsen (now a part of the Washington Group) to develop a construction schedule
using Primavera for AP600 over the same period as the 3D-model development. MK used its
construction experience and a detailed knowledge of the plant to create a detailed schedule for
construction of the entire plant.

This schedule was “logic” driven and included activities with industry standard durations.
It is based upon a 50 h, 5 days a week and resulted in a 36-month duration from start of
basement concrete pour to the beginning of fuel load.

More recently, the 3D plant model was linked to the construction schedule so that the
construction of the plant could be viewed as a function of time(4D) (Winters, 2001). These
evaluations have demonstrated the benefit of reviewing these schedules with construction
specialists using the visualization capabilities of a 4D-plant model. This initial evaluation of
the first portion of the AP600 construction schedule showed that the 36-month construction
schedule could be reduced by at least 4 months. This study also increased the confidence of
potential investors concerning the viability of the schedule and the plant’s ultimate cost.

The AP1000 uses power producing components that have been used before. As a result,
there is a track record for the reliability of these components and the AP1000 availability can
be predicted based on experience instead of conjecture. With proven components, design
simplifications, margins, and lessons learned, the AP600/AP1000 plants are expected to exceed
93% availability since current operating plants are exceeding this value.
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The total operating costs (including capital, O0& M, and fuel) for the AP600 is calculated
to be 4.1~4.6¢/(kW = h). The AP1000, with its small capital cost increase and large power
increase, results in a cost of about 3.0~3.5¢/(kW < h) for a twin unit plant.

17.8 Licensing

In June 1992, AP600 safety analysis and probabilistic risk assessment reports were
submitted to the NRC. The Commission documented its acceptance of the AP600 plant in the
final design approval (FDA) on September 3, 1998. In December 1999, the NRC issued the
Design Certification for AP600 as Appendix C of 10CFR Part 52. This made the AP600 the
only licensed passive safety system nuclear power plant in the world.

Licensing discussion on the AP1000 began with the US NRC with a pre-certification
review phase in September 2001, which successfully established the applicability of the AP600
test program and AP600 safety analysis codes to the AP1000 Design Certification.

On March 28, 2002, Westinghouse submitted to US NRC an application for Final Design
Approval and Design Certification of the AP1000 standard plant (AP1000 Design Control
Document, 2004). The application includes the AP1000 Design Control Document Standard
Safety Analysis Report and Inspections, Tests, Analysis and Acceptance Criteria (ITAAC) and
Probabilistic Risk Assessment (AP1000 DCD, AP1000 PRA). The NRC formally docketed the
application on June 25, 2002 signifying its acceptance as a complete safely case. Because of
the few design changes from AP600, approximately 80% of the AP600 Standard Safety
Analysis Report remains unchanged for AP1000.

The NRC reviewed the DCD and PRA documents. They issued~700 requests for additional
information (RAI) by September 30, 2002. Westinghouse provided responses to the NRC requests
by December 2,2002. When the NRC issued the draft safely evaluation report in June 2003, there
were~~ 180 open items from the~700 RAIs issued for the AP1000. These DSER open items were
resolved and the NRC issued their FDA on September 13, 2004. In December 2005, the NRC
issued the Design Certification for AP1000 as Appendix C of 10CFR Part 52.

As shown in the Table 17.5, Westinghouse provided very detailed information for the
NRC to review and the NRC review was very extensive and complete. The NRC performed
independent safety analysis and testing to confirm the AP1000 safety performance. Schulz
(2005) provides additional discussion.

This milestone, together with the review and approval of the AP600, provides a high
certainty for the license ability of the AP1000 in international markets. Note that the design
information in the AP1000 Design Control Document (DCD) is final and will not be
re-reviewed by the NRC in the future. The AP1000 DCD includes a small number of items that
require additional work to address. These items are clearly defined. They were not addressed
during the AP1000 FDA/DC because they require information from the owner/operator
(training, procedures), on as-procured equipment, or on fast changing technologies (1& C).
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Table 17.5 The Information for the NRC to review of AP1000 and AP600
US NRC review of AP1000 and AP600
AP1000 AP600
Level of review Final design approval Final design approval
Material reviewed "

SSAR ~6500pg” ~6500pg”

PRA ~4500pg ~4500pg
Dates of review 2 1/2years(3/02—9/04) 6+years(6/92—9/98)
US NRC effort 31man-year 110man-year

(D This only considers the information submitted initially for review. This does not include reports and

answers to questions.
@ The SSARs are consistent with US NRC Regulatory Guide 1.70 plus a Chapter 18 on human factors and a

Chapter19, which summarizes the PRA.

Westinghouse and the utilities interested in the AP1000 have begun to address these items
in the AP1000 DCD using a standard design approach. The approach is to submit technical
reports to the USNRC during the 2006 (March through December) and get their review and
concurrence. This approach reduces the resources and time required to bring these items to

closure.
17.9 AP1000 Deployment

In 2002, the US Department of Energy (DOE) launched a major initiative, called Nuclear
power 2010, to work with the nuclear industry on projects that would lead to the construction
of new nuclear plants in the US by 2010. During the first year, DOE awarded three contracts to
US utilities to cost-share in applications to the US Nuclear Regulatory Commission (NRC) for
Early Site Permits (ESPs). Under NRC’s 10CFR52 regulation, these utilities will be able to
pre-license plant sites in advance of deciding on the type of nuclear plant to be built or when it
would be built. It is expected that these US power companies will receive ESPs by 2005.

At the end of 2003, DOE issued a solicitation to cost-share with utilities and consortiums
for projects that would (Dcomplete Design Certification of standardized nuclear plants under
10CFR52; @prepare and submit applications for Combined Construction and Operating
Licenses (COLs) for specific nuclear plant projects under 10CFR52; B)complete the detailed
design of the standard plants; and @provide the utilities with the engineering and financial
information on the designs necessary for them to make decisions on whether to actually
proceed to construction of the plants.

Westinghouse joined with nice utilities and another reactor supplier in a consortium called
NuStart Energy, to respond to DOE’s solicitation. The nine utilities involved in the project are
Exelon, Entergy, Constellation, Duke, Florida Power and Light, Progress, Southern, EDF of
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North America, and Tennessee Valley Authority. The NuStart proposal has been accepted by
DOE. Expected funding is about 100 million USD over next 4 years. Westinghouse’s AP1000
design and the other supplier’s design were chosen by the utilities to be a part of the NuStart
project because they believed that the designs’ simplified passive safety features are important
to reducing the construction and operating costs of new nuclear plants—while assuring the
highest levels of safety achievable with proven technologies. NuStart has selected the
Bellefonte site for application of the AP1000.

Other utilities have announced their intention to individually submit COL applications
based on the AP1000. These utilities include Duke Power, Southern Company, Progress
Energy and South Carolina Electric and Gas. The number of the plants involved with these
COL applications in about 11 AP1000’s. Interest is also being expressed by other US power
companies.

Westinghouse is preparing additional AP1000 design information to support these
applications. In addition, Westinghouse will prepare information needed by these utilities to
support making commercial decisions to proceed with these applications. By 2007, the AP1000
COL application will be complete and ready to submit to NRC. It is expected that the NRC
will be able to issue The COL before 2010.

In the Peoples Republic of China bid invitations have been extended for four advanced,
Generation [II, PWRs. These plants would be built at two sites, Sanmen and Yangjiang.
Westinghouse will offer the AP1000 in response to this bid invitation. It is expected that there
may be as many as 25 additional advanced generation [II PWRs built in China by 2020.

17.10 Conclusions

The AP1000 is a simple plant, which is licensed, mature design, using proven components
in an innovative and elegant approach to safety. The simplifications incorporated into the
API000 provide real and quantified benefits in construction, operation and safety. The AP1000
has a very attractive operating cost per kW * h in the range of electricity prices today [3.0~
3.5¢/(kW ¢« h)]. The US NRC completed its review of the AP1000 and issued its FDA in
September 2004 and DC in December 2005. The Westinghouse AP1000 represents a nuclear
power plant that is economical in the US deregulated electrical power industry that is ready for
deployment now.

Self-test

1. The AP1000 uses____technology, Which builds on over 35 years of operating PWR
experience.

A. new B. proven C. passive D. design

2. ___ makes the AP1000 easier and less expensive to build, operate, and maintain.
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A. Passive safety B. new technology

C. New concept D. Simplicity

3. Movable bottom mounted in-core instrumentation has been____ by fixed top mounted
instrumentation.

A. moved B. removed C. placed D. replaced

4. A variable speed controller is used in AP1000 for cold operation_____the higher water
density.

A. to compensate for B. compensate

C. to compensate D. compensate for

5. Enforcing a rigorous “no unnecessary change policy” makes that portion of the detail
design of AP1000 also complete. In this sentence, “no unnecessary change” means °

A. no change B. a little change

C. all change is necessary D. little change

6. Following a double-ended rupture of a main reactor coolant pipe, the PXS cools the
reactor with____ to the peak clad temperature limit.

A. water B. margin C. ample margin D. enough water

7. The RCS must be____ before injection can occur.

A. depressurized B. pressurized

C. pumped D. boiled

8. For AP1000 the normal water level in the IRWST was raised to provide

adequate without change the structure.
A. water B. water inventory
C. tank D. inventory

9. The steel containment vessel provides the heat transfer surface that removes heat from
inside the containment and transfers it to__ .

A. water B. air C. the outside D. the atmosphere

10. For limiting design basis accidents, the core coolant inventory in the containment for

recirculation cooling and boration of the core is sufficient_ at least 30 days.
A. to last for B. for C. duration D. for duration
11. This approach reduces the resources and time required_____ these items to closure.
A. for B. to make C. to bring D. to bring for
12. Westinghouse ____ nine utilities and another reactor supplier in a consortium called
Nustart Energy.
A. joined B. joined with C. with D. together with
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ADS: Automatic Depressurization System.
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ALWR: United States Advanced Light Water Reactor.
3 [H S K R HE .
Ambient temperature: The term used to denote temperature of surrounding air.
HEERBE: X —HEARRER R A B2 AR .
CMF: Core Melt Frequency.
SR
CMT: Core Makeup Tank.
HER AN KA -
COL: Combined Operating License.
GRS
EPRI: Electric Power Research Institute.
CEWILTIS A
ESP: Early Site Permit.
A 7T
[&C: Instrumentation and Control.
(TN )
Inherent safety: The Safety present naturally as a system or an equipment.
BHZet: —PRERKEBRFEN e,
IRWST: In-containment Refueling Water Storage Tank.
TN HRLIK A4 .
Licensing: An official paper or card show that permission has been given to do some thing.
WAlUE: —MERBSCAFEAETS, R RVFEEEF A .
Moisture separator: A trap in a flow system containing vapor and droplets, which can
remove droplets to produce dry steam.
VUK B TEEHZANKRREI RGO —FERS, IR EER AR B HoKig
7= A 2595
Passive Safety: Keeping the safety without an effective source or outside power.
EREBh 2 TRAT EA MAIREIRFIS sl 4R 4.
PCS: Passive Containment Cooling System.
IEREBh Z TR AR .
Deployment: To spread out or arrange for effective action.
e fEHE) B H— S S A RS .
PRHR HX: Passive Residual Heat Removal Heat Exchanger.
JEREB RAHEBR R MATHAR .
SGTRA: Steam Generator Tube Rupture Accident.

BRI EWRE .
USNRC: United States Nuclear Regulatory Commission.

XEREHREZERR.
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1. Simplification also provides a hedge against regulatory driven operations and
maintenance costs by eliminating equipment subject to regulation.

1)t regulatory driver operation and maintenance costs /&35 F 280 2 3R [ 1% £ [ {§ 24T
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2. These two buildings are on common, seismically qualified basement, greatly reducing
the plant’s seismic footprint.
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3. This reliability record is due to such enhancements as...tube pitch.
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4. Passive systems and the use of...and operation and maintenance.
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5. Note that all of the penetrations...the auxiliary building.
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Unit 18 European Pressurized

Water Reactor (EPR)

18.1 Introduction

The EPR project started in 1989 when the French company Framatome and the German
firm Siemens created a joint company called Nuclear Power International(NPI). NPI was
established to market the existing products of the two companies for export markets and more
importantly to develop the EPR design so that it could pass a common regulatory approval
process for resources of two large nuclear engineering firms the new NPI could claim
involvement in more than 25% of global nuclear power generation, a figure higher than any
competitor.

In 1999 following several years of successful collaboration between Framatome and
Siemens in NPI and the design work on EPR, the two companies decided to fully merge their
nuclear businesses to form Framatome ANP. Today, Framatome ANP is a joint activity of the
Areva group and Siemens, providing a range of energy services, but with a particularly strong
base in nuclear power systems.

The EPR is not characterized by the adoption of the types of passive safety systems
favored by Westinghouse for the AP1000". Rather the EPR is an active reactor design building
upon experience gained with the N4 and Konvoi models. Safety enhancements include a
designed-in capacity to minimize adverse consequences arising from a core melt. Debris
arising from a major and unmitigated loss of coolant accident would be prevented from
reaching the bottom of the reactor pressure vessel by a core catcher. The base of the reactor
pressure vessel would be fitted with a melt plug and in the event of a core melt this plug would
give way and allow the molten core pieces to flow down a special channel into a prepared
spreading compartment slightly displaced from the reactor. It is this compartment which is
designed to catch the core. Such core catching concepts are not completely new, but they from
a key part of the enhanced safety credentials of the EPR. The reactor also has enhanced
containment compared with its precursors, and this gives far greater control over any gaseous
fission product leaks from the core. The EPR design does incorporate one passive emergency
feature, which is a capacity to flood the core in the event of serious over-heating.

From the start the proposed 1750 MWe units have been designed to use mixed oxide
(MOX) fuels. The original proposal was for a 1500MWe EPR fuelled with up to 100% MOX,
but more recently designs have moved to a slightly higher power level operating with a
maximum 50% MOX fuel contribution. If not using MOX, the uranium fuel would be low
enriched at a level of approximately 5%.
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As with many designs proposed for the first wave of a nuclear renaissance, economics has
been a key concern of the EPR project managers. The original 1500MWe design failed to
match the projected lifetime costs of combined cycle gas turbine electricity generation and for
this reason the designers were instructed to optimize the economic efficiency of the EPR
proposal’. This was the main driver in flavor of a higher power (1750 MWe) design. In
addition the reactor has a design life of 60 years rather than the 40 years of pervious European
PWR systems. The EPR is also designed so as to require fewer refueling interruptions and
cycles of between 18 and 24 months are planned. The EPR will use instrumentation and
control based upon the N4 series of reactors.

Although established as a clear Franco-German project to be matched to the needs and
regulatory concerns of those two countries, Framatome ANP is particularly conscious of the
possibility of orders arising from any new nuclear building programmed in other European
countries. In December 2003 Framatome was able to announce a breakthrough that some
believe heralds the start of a long-awaited European nuclear renaissance. The Finnish
electricity company Teollisuuden Voima Oy (TVO) agreed to purchase an EPR plant for their
Olkiluoto site in western Finland. The announcement of the Framatome ANP success followed
the earlier Finnish parliamentary decision in May 2002 that paved the way for the building of a
fifth Finnish power reactor, on economic, energy security, and environmental grounds.

Framatome ANP is following closely political developments in Eastern Europe. As
several Eastern European countries continue on the path towards full European Union
membership then so increases the pressure on these countries to replace their Soviet designed
RBMK and VVER reactors with more modern designs.

In addition to Finland, Areva has recently started to stress business opportunities for the
EPR in China and the United States. Framatome ANP already has almost two decades of
experience of doing business in China and has recently extended the range of technical
cooperation with that country. The United States is a potential large market in a nuclear
renaissance and Areva have highlighted that fact. Despite that, however, Areva and Framatome
ANP did not file for pre-licensing of their design with the US Department of Energy under the
2004 test licensing procedure for new nuclear power plants. Three consortia have proposed the
AP1000, the ACR and the GE Advanced Boiling Water Reactor, but despite Framatome ANP’s
enthusiasm for the US market, no such pre-licensing has so far been sought for the EPR in that
country”.

Any optimism in Framatome ANP from the Finnish success and potential in other markets
must have been tempered somewhat by the political trends in Germany. The last two German
governments have been so-called “red-green” coalitions between the Social Democratic Party
and the Green Party. The German Green Party has a long-standing hostility to nuclear power
generation, particularly the new nuclear power plant construction. In France there are more
grounds for optimism about the possibility of new nuclear build based upon the EPR. A recent
French government study showed that the EPR would represent a more economic source of
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electricity generation than either coal or gas under a range of scenarios concerning interest
rates. The EPR option is the most cost effective even in the absence of any carbon costs for the
fossil-fuelled technologies. In 2004 the French utility Electricite de France (EdF) has been
bringing forward plans to develop a demonstration RPR in France. While the board of the
company has decided upon the strategy, no specific site for the new power plant has yet been

identified.
Table 18.1 summarizes the main technical characteristics of the EPR design. For a

detailed assessment of how the EPR matches the needs of European utilities the reader is
recommended to consult the work of Holger Teichel and Xavier Pouget-Abadie.

Table18.1 Technical characteristics of the European Pressurized Water Reactor (EPR)

Thermal power 4250/4500MW
Electrical power In the 1600MW range
Efficiency 36%
No. of primary loops 4
No. of fuel assemblies 241
Burnup 60GWd/t
Secondary pressure 78 bar
Seismic level 0.25g
Service 60 years

The EPR is not without its critics. On 15 December 2003 Greenpeace activists
occupied the offices of TVO in Helsinki objecting to the plans for the construction of a
new nuclear power plant in that country. In France the independent scientific commentators
Global Chance have produced a lengthy report. The English translation of the title of their
report is The EPR Nuclear Reactor: An Useless and Dangerous Project. Thus far most of
the criticism of the EPR plan seems to be an objection to any form of new nuclear build
rather than a criticism of this particular technology. It will be interesting to see in due
course how the economics of EPR with its particular technology choices compares with the
economics of AP1000 and ACR with a more distinctively modular approach emphasizing
simplicity of design.

The EPR was designed to meet the requirements of European utilities set out in a
“European Utility Requirements” document, as well as a “Utility Requirements Document”
issued by the US’s Electric Power Research Institute. It also complies with the
recommendations (1993) and positions on major issues (1995) that were set up jointly by
French and German safety authorities.

The technical guidelines covering the EPR design were validated in October 2000 by
France’s standing group of experts in charge of reactor safety (the advisory committee for
reactor safety to the French safety authority) supported by German experts.
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The EPR is the direct descendant of the N4 and Konvoi reactors, developed by
Framatome and Siemens KWU respectively, which are themselves derivatives of standard
US-type PWRs.

Thanks to an early focus on economic competitiveness during its design process, the
vendor believes that the EPR has significantly reduced power generation costs, estimated to be
10 percent lower than those of the most modern nuclear units currently in operation.

This high level of competitiveness would be achieved through:

e Unit power in the 1600M We range (the highest unit power to date).

® A 36-37 percent overall thermal efficiency, depending on site conditions (presently the

highest thermal efficiency for any light-water reactors).

® A shortened construction time.

® A 60-year design life.

e Enhanced and more flexible fuel utilization.

18.2 Construction Schedule

Provisions have been made in the design, construction, erection and commissioning
methods to shorten the EPR construction schedule. For example, the general layout of the main
safety systems in four trains housed in four separate buildings simplifies, facilitates and
shortens performance of the erection tasks for all work disciplines *.

Location of electromechanical equipment at low levels means that it can be erected very
early on in the program, thus shortening the critical path of the construction schedule.

Three main principles are applied to the EPR construction and erection: minimization of
the interfaces between civil works and erection of mechanical components; modularization;
and piping pre-fabrication. Optimizing the interfaces between civil and erection works results
in the implementation of a construction methodology “per level” or with “grouped levels”.
That means that it is possible to carry out equipment and system installation work at level “N”
where civil construction is finished, while at the same time finishing construction works at the
level above ('N+1') and carrying out major construction work at the two levels above ('N+2'
and 'N+3").

18.3 Operation, Maintenance and Services

The key to ensuring an economic return from the nuclear reactor is keeping it in
operation: that means that scheduled outages (for refueling and maintenance) should be
minimized and unscheduled outages should be reduced, if possible, to zero.

The EPR and its equipments and systems have been designed to allow for efficient
refueling outages and to simplify and optimize inspection and maintenance in order to
increase plant availability and reduce maintenance costs, two major objectives of plant
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operators.
The EPR is designed to reach 92 percent availability over the entire 60 years of its design

lifetime. This is made possible by short scheduled outages for fuel loading or unloading and
for in-service inspections and maintenance, and also through reduced downtime attributable to
unscheduled outages.

Moreover, the reactor building is designed to be accessible, under standard safety and
radiation protection conditions, while the reactor is at power. This development enables outage
and maintenance operations to be prepared before the scheduled outage begin, reducing the
length of the outage. Access to the reactor building during power operation allows preventive
maintenance and refueling tasks to begin up to seven days before reactor shutdown and can be
continued for up to three days after reactor restart.

The possibility of gaining access throughout the reactor building with the reactor online
also makes it easier to carry out servicing and some maintenance if they are required outside
scheduled outage periods.

The duration of the plant shutdown phase is reduced by decreasing the time required for
reactor coolant system cooldown, depressurization and vessel head opening. Similarly the
length of the restart is reduced: the time needed to run the beginning-of-cycle core physics tests
have been reduced. Durations of about 70 and 90h are scheduled for the shutdown and restart
phases respectively. For the fuel loading or unloading operations, a period of about 80h is
scheduled.

Thanks to these changes, the duration of a regular outage for preventive maintenance and
refueling should be reduced to 16 days, while a refueling outage can be reduced 12 days.
Ten-year outages for main equipment in-service inspection, turbines overhaul and containment
pressure test are planned to last 38 days.

18.4 Operational Flexibility

In terms of operation, the EPR is designed to offer the utilities a high level of flexibility. It
can be operated over the long term at any power level between 20 percent and 100 percent of
its nominal power, with the primary and secondary frequency controls in operation.

This allows it to respond to scheduled and unscheduled power grid demands for load
variations, help manage grid perturbations and mitigate grid failures.

The EPR’s core design and higher overall efficiency, compared to the reactors in
operation today, also claims the following advantages:

® 17 percent saving on uranium consumption per produced megawatt hour.

® 15 percent reduction on long-lived actinides generation per megawatt hour.

® 14 percent gain on the “electricity generation” versus “thermal release ratio”

(compared to 1000 MWe-class reactors).
® The ability to use mixed oxide fuel.
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18.5 Safety Systems

The safety design of the EPR builds on the experience of other French and German
reactors.

The design is simplified by separating operating and safety functions. Four-fold
redundancy is applied to the safeguard systems and to their support systems. This architecture
allows one system to undergo maintenance during plant operation without requiring the plant
to be shut down, as there is still three-fold redundancy, thus helping to ensure a high plant
availability factor.

The four trains of the safety systems are located in four different buildings in which strict
physical separation is applied. Each has systematic functional diversity.

The emergency power supply system is designed to meet the requirements of the N + 2
concept (1. e. assuming a single failure on one train and a maintenance operation on another).

Buildings and components

The reactor building houses the main equipments of the nuclear steam supply system
(NSSS) and the in-containment refueling water storage tank (IRWST). Its main function is to
ensure the protection of the environment against internal and external hazard consequences
under all circumstances. It consists of a cylindrical pre-stressed inner containment with a
metallic liner surrounded by an outer reinforced concrete shell. The main steam and feedwater
valves are housed in dedicated reinforced concrete compartments adjacent to the reactor
building.

The primary system contents the following components:

® The pressurizer is located in a separate area.

® There are concrete walls between the loops and between the hot and cold legs of each

loop.

® There is a concrete wall (the secondary shield wall) around the primary system to

protect the containment from missiles and to reduce the spread of radiation from the
primary system to the surrounding areas.

The fuel building, located on the same common basement as the reactor building and the
safeguard buildings, houses the fresh fuel, the spent fuel in an interim fuel storage pool and
associated handling equipment’. Operating compartments and passageways, equipment
compartments, valve compartments and the connecting pipe ducts are separated within the
building. Areas of high activity are separated from areas of low activity by means of shielding.
The mechanical floor houses the fuel pool cooling system, the emergency boration system and
the chemical and volume control system. The redundant trains of these systems are physically
separated by a wall into two building parts.

Two diesel buildings house the four emergency diesel generators and their support
systems and supply electricity to the safeguard trains in the event of a complete loss of
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electrical power. The physical separation of these two buildings provides additional protection.

To withstand a major earthquake, the entire nuclear island stands on a single thick
reinforced concrete basement. The building height has been minimized and heavy components
and water tanks are located at the lowest possible level.

To withstand a large airplane crash, the reactor building, spent fuel building and two of
the four safeguard buildings are protected by an outer shell made of reinforced concrete. The
other two safeguard buildings are protected by geographical separation. Similarly, the diesel
generators are located in two geographically separate buildings to avoid common failures.

18.6 Primary System

The EPR primary circuit is a four-loop design (i.e.it has four coolant loops each with a
steam generator and associated pumps).

The reactor pressure vessel, pressurizer and steam generators feature larger volumes than
similar components from previous designs to provide additional benefit in terms of operation
and safety margins.

The increased free volume in the reactor pressure vessel, between the nozzles of the
reactor coolant lines and the top of the core, provides a higher water volume above the core
and thus additional margin with regard to the core “dewatering” time in the event of a
postulated loss of coolant accident.

This increased volume would also be beneficial in shutdown conditions in case of loss of
the residual heat removal system function.

Larger water and steam phase volumes in the pressurizer smooth the response of the plant
to normal and abnormal operating transients, allowing the operator more time to counteract
accident situations and extend equipment lifetime.

The larger volume of the steam generator secondary side results in increasing the
secondary water inventory and the steam volume, which offers several advantages. Due to the
increased mass of secondary side water in case of an assumed total loss of the steam generator
feedwater supply, the dry-out time would be at least 30 min, sufficient time to recover a
feedwater supply or to decide on other countermeasures. In addition, the primary system
design pressure has been increased in order to reduce the actuation frequency of the safety
valves, which is also an enhancement in terms of safety.

18.6.1 Pressure vessel

To minimize the number of large welds, and consequently reduce their manufacturing cost
and time for in-service inspection, the upper part of the RPV is machined from one single
forging and the flange is integral to the nozzle shell course. The reduced number of welds and
the weld geometry decrease the need for in-service inspection facilitate non-destructive
examinations and reduce inspection duration as well. Nozzles of the set-on type facilitate the
welding of the primary piping to the RPV and the welds’ in-service inspection as well.
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The lower part of the RPV consists of a cylindrical part at the core level, a transition ring
and a spherical bottom piece. As the in-core instrumentation is introduced through the closure
head at the top of the RPV there is no penetration through the bottom of the vessel. The
elimination of any penetration through the RPV bottom head strengthens its resistance in case
of postulated core meltdown and prevents the need for in-service inspection and potential
repairs.

The RPV has been designed for non-destructive testing during in-service inspections. In
particular, its internal surface is accessible to allow 100 percent visual and/or ultrasonic
inspection of the welded joints from the inside.

Consistently with the EPR’s 60-year design life, there is an increased margin with regard
to reactor pressure vessel embitterment. The ductile-brittle transition temperature of the vessel
material remains lower than 30°C at the end of the design life, achieved by the choice of the
material and its specified low content in residual impurities, and also thanks to a reduced
neutron fluency due to the inclusion of a neutron reflector surrounding the core.

18.6.2 Steam generators

The steam generator is an enhanced version of the axial economiser steam generator
implemented on N4 plants. The axial economiser allows for higher steam pressure output
compared to a conventional design, without impairing access to the tube bundle for inspection
and maintenance. The very high steam saturation pressure at tube bundle outlet (78 bar) is a
major contributor to the high efficiency of the EPR (37 percent).

The increase in steam volume and the set pressure of the secondary safety valves prevent
any liquid release to the environment in case of steam generator tube rupture. Particular
attention was given during the design of the EPR steam generator to cancel out secondary
cross-flows to protect the tube bundle against vibration risks.

The steam drum volume has been augmented. This feature, plus a safety injection pressure
lower than the set pressure of the secondary safety valves, would prevent the steam generators
from filling up with water in case of steam generator tube rupture to avoid liquid release.

18.6.3 Reactor coolant pumps

The reactor coolant pumps provide forced circulation of water through the reactor coolant
system. This circulation removes heat from the reactor core to the steam generators, where it is
transferred to the secondary system.

A reactor coolant pump is located between the steam generator outlet and the reactor
vessel inlet of each of the four primary loops. The pump design is an enhanced version of the
model used in the N4 reactors. The pump capacity has been increased to comply with the EPR
operating point. In addition, a new safety device, a standstill seal, has been added as shaft seal
back-up. It ensures that even in case of total station blackout or failure of the main seals no loss
of coolant would occur.

18.6.4 Pressurizer

The pressurizer has a larger volume to smooth operating transients for the following
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reasons:
® To ensure the equipment’s 60-year design life.

® To increase the time available to counteract an abnormal operating situation.

® To make maintenance and repair easier and reduce radiological doses.

A dedicated set of valves for depressurizing the primary circuit is installed on the
pressurizer, in addition to the usual relief and safety valves, to prevent the risk of high-pressure
core melt accident.

18.6.5 Safety injection system

The safety injection system (SIS/RHRS) performs a dual function both during the normal
operating conditions in residual heat removal mode and in the event of an accident. The system
consists of four separate and independent trains, each providing the capability for injection into
the coolant system.

During normal operating conditions, the system should have the following capabilities.

e Transfers heat from the reactor to the Component Cooling Water System (CCWS)

when heat transfer via the steam generators is no longer sufficiently effective.

e Transfers heat continuously from the coolant system or the reactor refueling pool to
the CCWS during cold shutdown and refueling shutdown, as long as any fuel
assemblies remain inside the containment.

In the event of an assumed accident and in conjunction with the CCWS and the Essential
Service Water System (ESWS), the SIS in RHR mode maintains the RCS core outlet and hot
leg temperatures below 180°C following a reactor shutdown.

The four redundant and independent SIS/RHRS trains are arranged in separate divisions
in the safeguard buildings. Each train is connected to one dedicated coolant loop and is
designed to provide the necessary injection capability required to mitigate accident conditions.
This configuration greatly simplifies the system’s design.

The design also makes it possible to have extended periods available for carrying out
preventive maintenance or repairs. For example, preventive maintenance can be carried out on
one complete safety train during power operation.

Within the containment the in-containment refueling water storage tank (IRWST) contains
a large amount of borated water and collects water discharged inside the containment. Its main
function is to supply water to various systems and to flood the spreading area in the event of a
severe accident.

The EPR complies with the safety objectives set up jointly by the French and German
safety authorities for future PWR power plants. They include further reduction of core melt
probability, practical elimination of accident situations which could lead to large early release
of radioactive materials and the requirements for very limited protective measures in the case
of a core melt, that is, no permanent relocation, no need for emergency evacuation outside the
immediate vicinity of the plant, limited sheltering and no long-term restriction in the
consumption of food®.
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The protection and safeguard actions needed in the short term in the eventuality of an
incident or accident are automated. Operator action is not required before 30 min for an action
taken in the control room, or 1h for an action performed locally on the plant.

The increase in the volumes of the major components (reactor pressure vessel, steam
generators, pressurizer) gives the reactor extra inertia which helps to extend the time available
to the operators to initiate the first actions. The choices taken for the installation of the
safeguard systems and the civil works minimize the risks arising from the various hazards
(earthquake, flooding, fire, aircraft crash).

The safeguard systems are designed on the basis of a quadruple redundancy, both for the
mechanical and electrical portions and for the I&C. This means that each system is made up of
four sub-systems, or “trains”, each one capable by itself of fulfilling the whole of the safeguard
function. The four redundant trains are physically separated from each other and
geographically shared among four independent divisions (buildings). Each division includes
the same systems as followed.

® A low-head injection system and its cooling loop, together with a medium-head

injection system, for borated water safety injection into the reactor vessel in the case of
a loss of coolant accident.

® A steam generator emergency feedwater system.

® The electrical systems and 1&C linked to these systems.

The building housing the reactor, the building in which the spent fuel is interim-stored
and the four buildings corresponding to the four divisions of the safeguard systems are given
special protection against externally generated hazards such as earthquakes and explosions.

This protection is further strengthened against an airplane crash. The reactor building is
covered with a double concrete shell: an outer shell made of 1.30m thick reinforced concrete
and an inner shell made of pre-stressed concrete and also 1.30m thick which is internally
covered with a 6mm thick metallic liner. The thickness and the reinforcement of the outer shell
on its own have sufficient strength to absorb the impact of a military or large commercial
aircraft. The double concrete wall protection is extended to the fuel building, two of the four
buildings dedicated to the safeguard systems, the main control room and the remote shutdown
station which would be used in a state of emergency.

18.6.6 Limiting severe accident consequences

In response to the new safety model for the future nuclear power plants, introduced as early as
1993 by the French and German safety authorities, the plant design must be such that a core melt
accident, although highly unlikely, causes only very limited off-site measures in time and space.

In addition to the usual reactor coolant system depressurization systems on the other
reactors, the EPR is equipped with valves dedicated to preventing high-pressure core melt in
the eventuality of a severe accident. These valves would then ensure fast depressurization,
even in the event of failure of the pressurizer relief lines.

Their relieving capacity guarantees fast primary depressurization down to values of a few
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bars, precluding any risk of containment pressurization through dispersion of corium debris in
the event of vessel rupture.

The high mechanical strength of the reactor vessel is sufficient to rule out its damage by
any reaction, even high-energy, which could occur on the inside between corium and coolant.

The portions of the containment with which the corium would come in contact in the
eventuality of a core melt exacerbated by ex-vessel progression-namely the reactor pit and the
core spreading area-are kept “dry” (free of water) in normal operation. Only when it is spread
inside the dedicated area, therefore already partially cooled, surface-solidified and less
reactive, would the corium be brought into contact with the limited water flow intended to cool
it down further.

In the case of a severe accident, hydrogen would be released in large quantities inside the
containment. This would happen first of all by reaction between the coolant and the zirconium
which is part of the composition of the fuel assembly claddings, then, in the event of core melt
and ex-vessel progression, by reaction between the corium and the concrete of the corium
spreading and cooling area.

For this reason, the pre-stressed concrete inner shell of the containment is designed to
withstand the pressure which could result from the combustion of this hydrogen. Further,
devices called catalytic hydrogen recombiners are installed inside the containment to keep the
average concentration below 10 percent at all times to avoid any risk of detonation.

18.6.7 Collection of inter-containment leaks

In the eventuality of a core melt leading to vessel failure, the containment remains the last
of the three containment barriers: this means that provisions must be taken to make sure that it
remains undamaged and leak-tight. For the EPR, the following measures have been adopted:

® A 6mm thick metal liner internally covers the pre-stressed concrete inner shell.

® The internal containment penetrations are equipped with redundant isolation valves

and leak recovery devices to avoid any containment bypass.

® The architecture of the peripheral buildings and the sealing systems of the penetrations

rule out any risk of direct leakage from the inner containment to the environment.

® The space between the inner and outer shells of the containment is passively kept at

slight negative pressure to enable the leaks collect there.

® These provisions are supplemented by a containment ventilation system and a filter

system upstream of the stack.

Self-test

1. The EPR is not characterized by the adoption of the types of __ favored by
Westinghouse for the AP1000.

A. active safety system

B. passive safety system



212 BRETWHRE (B

C. advanced CCW system

D. new RHR system

2. This was the main driver in_____of a higher power (1750MW) design.

A. need B. alot C. favor D. the start

3. While the board of the company has____the strategy, no specific site for the new power
plant has yet been identified.

A. decided upon B. decided to C. agreed with D. approved

4. Optimizing the____between civil and erection works results in the implementation of a
construction methodology “per level” or with “grouped Level”.

A. design B. work C. interfaces D. middle

5. This development enables outage and maintenance operations____before the scheduled
outage begins.

A. to be done B. going C. worked D. to be prepared

6. The duration of the plant
coolant system cooldown, de-pressuring and vessel head opening.

is reduced by decreasing the time required for reactor

A. operation time B. shutdown phase
C. shutdown times D. outage

7. The design is simplified by__ operating and safety functions.
A. combining B. facilitating

C. optimizing D. separating

8. The four trains of the safety systems are located in four different buildings in
which____ separating is applied.

A. strict physical B. no C. strict D. good

9. It consists of a cylindrical pre-stressed inner containment with a metallic

linear an outer reinforced concrete shell.
A. in B. surrounded by
C. near D. around

10. The building height has been and heavy components and water tanks are located
at the lower possible level.

A. reduced B. reinforced

C. minimized D. increased

11. The primary system design pressure has been increased in order to reduce the  of
the safety valves, which is also an enhancement in terms of safety.

A. actuation frequency B. activity

C. size D. pressure

12. In the case of __, hydrogen would be released in large quantities inside the
containment.

A. normal B. LOCA

C. abnormal D. severe accident
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core catcher: a special compartment below the reactor vessel. In the event of a core melt
this compartment can catch the corium and cool it.
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EPR: (European Pressurized Water Reactor) a Franco-German collaboration that has
developed a new pressurized water reactor system ready for immediate deployment.
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MOX Fuel: a kind of fuel mixed-oxide uranium and plutonium, which combines uranium
and plutonium oxides and utilizes the thermal neutron fissile properties of the uranium-235 and
plutonium-239 isotopes.
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RHRS, Residual Heat-removal System: During the reactor shutdown, this system provide
cooling water to remove the decay heat from the core, which consists of heat exchangers and
circulating pumps together with associated piping, valves, and controls.
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SIS, Safety Injection System: During the accident, this system provides water to cool the
core and prevent the fuel pins from melting if normal cooling is interrupted.
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consortium [ken'so: tjem] n. &1, BE
counteract [ kaunta'reekt] ve. k¥, FHAS
countermeasure [ kauntameza] n. Tk
course [kais] n. —F, —47, I
debris ['debri:] n. WH

deployment [di'ploimant] n. #E)™
destructive [dis'traktiv] n. BEERPE
detonation [detau'neifan] n. 1B
dewatering n. FE/K, PFREAKAL
discipline ['disiplin] ». #&E, #H
diversity [dai've:siti] n. ZFM, R
downtime n. {5Hl, ATAE

ductile ['daktail] a. ZEPEM

economiser n. AR, MRS
embrittlement n.  ffith, %

enthusiasm [in'Bju:zieezm] n. #uly, FHME
erection [irek[an] »n. &&%THE, HE
evacuation [iveekju'eifan] n. %, S
eventuality [iventju'eeliti] ». fBRZF/:
exacerbate [eks'sesa:beit] v. InE, %L
file [fail] v. &, o108
fluence [fluans] n. REEFE, ME
geographically a. i FfY, X
herald ['herald] n. Tig#& v. EAMK
hostility [hos'tiliti] n. i, %
immediate [i'mi:diat] a. B, LI
inertia [i'na:fia] =». 104, HMH

instruct [in'strakt] v. &%, S,
interim-stored I i £ A& (1)

involvement [in'volvment] »n. f&, 4%
modularization n. Fik{k

molten corium n. HELIEY)

optimism ['optimizem] ». SWE X
overhaul ['ouvaho:l] n. K&
parliamentary [pa:lemanteri] a. EHZ (GL2) 11
performance [pa'fo:mans] n. SCifi, B4
peripheral [pa'riferal] a. J&iLf
perturbation [pa:ta'beifan] n. £z
preclude[pri'’klu:d] v. Filh, PHRE
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precursor [prikaise] n. LUK, EIE

preventive [pri'ventiv] a. B

project [prod3zakt] v. kI, &A:; nHE
proposal [pra'pauzal] n. &I, #H

quadruple ['kwodrupl] a.  PYff-----
radiological [reidiau'lodzikal] a. BUH2#H
recommendation [rekamen'deifan] n. i
redundancy [ri'dandensi] »n. T4

renaissance [ra'neisans| ». X

set-on fffixE, LH, W

sheltering #Eil, R

stack [steek] n. HEFH

standstill {53, [A] &K

supplement['sapliment] v. %7

temper [tempa] v. Btk AR

train [trein] n. R, HARBEEBERN RS
ultrasonic ['Altre'sonik] a. HEK

unmitigated [an'mitigeitid] a. BLZER, 3
upstream ['Ap'striizm] a. LI

versus [vaisas] prep. fEH---WIEE, He KR

W X iE R

1. The EPR is not characterized ...for the AP1000.

HJH passive safety system ZAEREZ) %4 RS, Westinghouse REE IR AT . 4F)
M2 EPR KR SRR TER A A 7E AP1000 TSI dEREsh 22 4 B %k

2. The original 1500 MWe design ...the EPR proposal.

a)H fail to RANBREME]; projected lifetime costs F it RN, A% N, &
KIK) 1500 MWe R8¢t Toik SRR A IR R B A A TS, T ixABE, ®it
R T AL EPR 25 M.

3. Three consortia have ...for the EPR in that country.

fiJHH consortia J consortium M EHER, FREMHSHBEA, ACR /& Advanced CANDU
Reactor, % 7= SE3E B KHE: that country FEXHLRIEEE. 20FEN: HEN AL
AP1000. SEREF/KHER GE 2w MI5EEB K HE, RAETAIE ANP W EE T HL, HE
404 1k ERP I3 ¥ B8 58 B ) S U

4. For example, ...for all work disciplines.

T train R RR A EEII RS, simplifies. facilitates 1 shortens & =4 331 {118
WBN o AR BULICRE DUEE A RS R AR B R 224 RGRHE VI 4 BB T R b
AT M 2R TAEE N A R, 455 7 TR SCHE i .
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5. The fuel building ...handling equipment.

f] the same common basement /&5 [A]—/N L HBEE, spent fuel 2 Z K. £A)FN:
R B3 5 RN HE KT M2 4 KT B R — A LA A B, BT WIsCE BB, KRk
JRAEP E A K, SHXMAETEE .

6. They include further ...in the consumption of food.

fJH limited £ AR AZ 1, no permanent relocation & & /5B ASTE 7647 B A
BRI OL. SRR ENESE TH— SR/ N ESBI R, HBT S8R 2R
PR AT REtE, FEMEDALE R ERARR TR, Wil RIS IEER B ARk
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Unit 19 The Heavy Water Moderated Reactor

19.1 General Characteristics of the Heavy Water Reactor

The incentive to use heavy water as moderator arises from the excellent neutron economy
made possible by the low neutron cross sections of both deuterium and oxygen (0.5 and 0.27
mb, respectively). In combination with its slowing-down power of 0.175¢cm™, the low cross
section of D,0 leads to a moderating ratio of 6000, making heavy water, by a wide margin, the
most desirable moderator on purely theoretical grounds. The fast and slow leakages from a
heavy water reactor tend to be roughly equal, in contrast to the situation for a light water
system, where the fast leakage is much greater.

The neutron lifetime is also greatly different from that of a light water reactor. It can be as
large as 50ms, in comparison with a typical light water value of about 0.1ms. The prompt
response to a change of reactivity is therefore much slower for the heavy water
system. Another phenomenon which affects the kinetic response of a heavy water reactor is the
production of photo-neutrons by y radiation from fission product decay. y rays of energies in
excess of 2.23 MeV can interact with deuterium to produce neutrons through the (y, n)
reaction. Since the photo-neutron periods, determined by the B-decay periods of their
y-emitting precursors, are generally much longer than the delayed neutron periods, the
longer-term kinetic behavior of a heavy water reactor can be considerably more sluggish than
that of other types .

The excellent neutron economy associated with the D,0 moderator leads to a highly
efficient use of the U content of the fuel; in comparison with a light water reactor, twice as
much energy is generated per unit of **U consumed with typically some 50% of this coming
from **’Pu generated from **U. The discharged fuel also has around twice the **Pu content of
that discharged from a light water system.

The economics of a D,O moderated reactor are basically a matter of balancing the better
fuel utilization against the higher capital cost of the system, due in part to the relatively high
cost of the moderator”.

Because of its good neutron economy, the heavy water reactor is an obvious candidate for
the role of thermal near-breeder or advanced converter, using the **U- *Th fuel cycle. The
value of the cycle depends on the high thermal # value of U™ (approximately 2.29) and the
greater absorption cross section of “*Th as compared with 2*U. While the production of
plutonium in a natural uranium D,O reactor is about 2.7g of **’Pu per kilogram of uranium, the
equilibrium production of **U is typically 16g per kilogram of thorium.

The distinction between the pressure tube and the pressure vessel design is shown
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schematically in Fig.19.1. In the former, the fuel elements are located in individual tubes
through which the high-pressure coolant is pumped: these tubes pass through a separate tank
containing the D,O moderator, which can thus be maintained at a relatively low pressure and
temperature . In the pressure vessel design, the heavy water moderator is within the
high-pressure containment (although it may be physically separated from the coolant by
relatively thin tubes which do not have to withstand a pressure differential).

to steam from steam to steam from steam
generator generator generator generator

oy <:\~:

ﬁu LI[_—I from steam
generator

fo steam
generator

(a) (b)

Fig.19.1 Comparison of pressure tube and pressure vessel designs of heavy water reactor

(a) pressure tube; (b) pressure vessel

One of the main advantages of the pressure vessel design is the avoidance of the highly
complicated pipework associated with the large number of individual cooling pipes of the
pressure tube reactor. The main disadvantage is the requirement for a heavy pressure vessel to
contain the pressurized moderator. This may well impose an economic limitation on the size of
pressure vessel reactor that is practicable with natural uranium as fuel. Among the advantages
of the pressure tube system are the following: flexibility in choice of a coolant other than D,O;
readier demonstration of safety in the event of pressure system rupture, arising from the
subdivision of the pressure circuit; simpler scaling-up to larger reactor sizes on the basis of
experience, since all that is basically involved is the addition of further fuel channels; simpler
access for fuel changing on account of the individual channel arrangement facilitating on-load
refueling, which is particularly advantageous for natural uranium reactors °. On the other hand,
the complexity of the individual channels layout involves a significantly higher capital cost for
the pressure tube system, and one is also faced with the problem of providing pressure tubes
which combine the property of low neutron absorption with the assurance of an adequately
long life under irradiation in the reactor core. This problem has been approached by the
development of various alloys of zirconium.

Similar advantages and disadvantages can be cited for the various coolants which may be
used in a heavy water reactor. The use of D,O itself for coolant has the advantage of retaining
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the optimum neutron economy in the system, at the expense of maximizing the total D,O
inventory, which is a significant factor (typically of the order of 15% for a CANDU-PHW)in
the overall capital cost. The control of leakage, both of expensive D;O and of radioactive
tritium gas, demands high standards of engineering for all joints and seals in the high-pressure
primary circuit. Employment of D,O as coolant may be considered to imply an indirect cycle,
with the associated capital cost of steam generators, since the attempt to operate on a direct
cycle has not been encouraging.

The use of H,O as coolant in the pressure tube reactor has the advantage of direct cycle
operation, thus eliminating the complication of heat exchangers and, in addition, further
lowering capital cost by the reduction of D,O inventory. (In the U.K. steam-generating heavy
water reactor, for example, approximately 30% of the moderation takes place in the light water
coolant.) Leakage from the cooling circuit becomes less of a problem, although there will be a
higher activity level at the turbine, which is now coupled to the reactor directly, rather than
through a heat exchanger. Among the disadvantages of operation with boiling coolant is the
limitation in system power which is imposed by the requirement to maintain an adequate
margin against dryout in the fuel channels. A further operational and safety consideration is the
high positive void coefficient of reactivity which can arise with natural uranium fuel in an
H,0-cooled pressure tube reactor; this may be avoided by the use of enriched fuel and a
relatively close fuel spacing to give a degree of under-moderation, as a SGHWR, where the
void coefficient is close to zero®. Another consideration with light water cooling, which has to
be balanced against the capital cost savings due to the direct cycle, is the lower burn-up
attainable owing to the poorer overall neutron economy.

Owing to the restrictions on steam temperature and pressure imposed by the need to
minimize the thickness of pressure tube material for reasons of nuclear absorption, the thermal
efficiency is relatively low when either H,O or D,O is used as coolant. A significant
improvement in thermal efficiency may be obtained by the use of gas cooling with CO,. The
high fuel temperatures necessary to achieve this improvement impose more rigorous demands
on the cladding and primary circuit materials, necessitating the use of elements which have
higher absorption cross sections than the zirconium alloys acceptable for the cladding and
pressure tubes of the water-cooled reactors. In addition, limitations on fuel and cladding
temperatures make it difficult to obtain a power density comparable to that achieved with
water cooling. The advantage of higher temperature operation to the overall system efficiency
is partially offset by the higher auxiliary power demand for gas circulation.

High pressures are required with either light or heavy water cooling in order to attain
temperatures high enough to give adequate thermal efficiency. An alternative method of
improving efficiency is the use of a kind of coolant of sufficiently low volatility to allow the
reactor to operate at high temperature but moderate pressure. A kind of suitable coolant of this
type is an organic liquid such as a hydrogenated terphenyl oil, which allows the coolant outlet
temperature to be raised to around 400°C, compared with the 300°C temperature characteristic
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of a CANDU-PHW, where the coolant circuit has to operate at a pressure of about 87atm. High
power density and a thermal efficiency in the range of 36%~40% are obtainable with organic
coolant. A further potential advantage is the low coolant activity, since neutron irradiation of
the hydrocarbon coolant gives rise to a negligible amount of radioactivity. Another benefit is a
great reduction in the D,O inventory, and consequently in the size of the reactor, owing to the
good moderation characteristics of the organic coolant; it is estimated that the total D,O
inventory per kWe for an advanced organic-cooled CANDU would be reduced by a factor of 5,
relative to standard designs, as a result of changing from D,O to organic coolant.

The use of organic coolant (terphenyl mixtures) in a D,O-moderated system has been
investigated in the Canadian WR-1 research reactor at Whiteshell, Manitoba °. Experience has
confirmed that zirconium-based alloys are suitable for extended operation in organic coolant
provided careful control of the coolant chemistry to prevent excessive hydrogen uptake and
fuel tube fouling.

For economic operation, the organic-cooled, D,O-moderated reactor requires fuel of
higher density than that of UO,. Encouraging results have been obtained in WR-1 with
uranium carbide(UC)and triuranium silicide(U; Si). The consensus of opinion at the present
time, however, appears to be that the cost advantage of organic cooling is not sufficient to
justify diversion of the CANDU natural uranium reactor on to this type. The combination of
organic cooling with the thorium fuel cycle, however, appears promising as a longer-term
development of the CANDU system.

19.2 The CANDU Pressure Tube Heavy Water Reactor

The CANDU heavy-water-moderated and cooled pressure tube reactor represents the
main line of development of the Canadian nuclear program. Following experience with the
Nuclear Power Demonstration Reactor(NPD), which began operation in 1962, and the
prototype 200-EWe CANDU reactor at Douglas Point, commissioned in 1967, the major
application of the concept has been in the four-unit station in Ontario. This station, which is
operated by the Ontario Hydro electrical utility®, is one of the largest nuclear stations
constructed to date, with a total gross capacity of 2160 MWe.

Apart from minor differences of detail, the four Pickering reactors are of identical
design(see Tablel19.1). All share the following features: natural uranium fuel, heavy water
moderator, pressurized heavy water coolant, indirect steam cycle, and on-load bidirectional
refueling for the horizontal pressure tubes. The heavy water moderator is contained in a
horizontal cylindrical tank (calandria) of about 8-m diameter, constructed of austenitic stainless
steel. A total of 390 zircaloy-2 calandria tubes run through the calandria from one end face to

. 1 . 5
the other. The zircaloy-2 or Zr-2 5 %ND pressure tubes, in which the fuel bundles are located,

are separated from the calandria tubes by a sealed insulating annulus containing nitrogen. Each
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pressure tube is attached at the ends by rolled joints to stainless steel end fittings, which are
supported in sliding bearings at the end faces of the calandria.

Table 19.1 Data for Pickering CANDU Reactor

Reactor type: CANDU-PHW

Length of fuel bundle: 49. 5cm

Moderator: Heavy water

Fuel pellet diameter: 14. 33mm

Coolant: Heavy water

Thickness of zircaloy sheath: 0.41mm

Fuel: Natural uranium (UO,)

Total mass of UO, in core: 105t

Diameter of calandria: 8. Im

Average fuel irradiation: 8300 MW d/t

Overall length of calandria: 8.25m

Average linear rating of fuel pin: 37.6W/cm

Total D,O content of moderator circuit: 284t

Total D,O content of coolant circuit: 158t

Number of fuel channels: 390

Coolant temperature at channel inlet: 249°C

Lattice spacing: 28. 6cm

Coolant temperature at channel outlet: 293°C

Core radius: 318. S5cm

Mean pressure at outlet headers: 90 kg/cm®

Core length: 595c¢cm

Total heat output: 1744 MWt

Fuel bundles per channel: 12

Net electrical output: 508MW

Pins per fuel bundle: 28

Overall station efficiency: 29.1%

The heavy water coolant, which, as in a PWR, is pressurized to prevent boiling, is
circulated through the pressure tubes and thence to the heat exchangers. The heat transport
system is divided into two identical loops, each containing six tube-in-shell heat exchangers,
where the heat is transferred to light water to produce steam. In addition to some engineering
convenience, the division into two circuits has advantages from the safety viewpoint, as it
effectively halves the voidage which would be produced by a gross failure of the primary
containment system. The coolant circuit contains some 160 tonnes of heavy water, the inlet and
outlet temperatures being at about 250°C and 293°C, respectively.

The 280 tonne of heavy water moderator in the calandria is maintained nominally at
atmospheric pressure and is continuously circulated through an external cooler to maintain its
temperature at around 60°C. Inside the calandria there are a number of spray nozzles which
provide a drenching spray to cool any parts not covered by the moderator.

The Pickering reactors are fueled with natural uranium fuel in the form of cold-pressed,
sintered UO, pellets of diameter 14.3mm, cladded in collapsible zircaloy sheaths of 0.4mm
wall thickness. Each pellet is dished at one end to allow for axial expansion. The short fuel
element cluster, of length 495mm, is made up of 28 fuel pins(See Fig.19.2). Interpin and
bundle-to-pressure tube spacing is provided by zircaloy spacers brazed to the sheaths. Each
pressure tube contains 12 fuel bundles placed end-to-end. The fuel bundle is designed to give
maximum neutron economy, and only the minimum of structural material is included. All
related components, such as orifices, fuel handling hardware, and control and monitoring
facilities, are parts of the reactor capital equipments. As a result, the non-fuel component of the
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bundle accounts for only some 0.7% of its
total neutron absorption.

The CANDU system, like the natural
uranium Magnox reactor, requires on-load
refueling for optimum economy of operation.
Remotely operated refueling machines are
located at both ends of a given channel for
insertion and removal of the fuel assemblies.
A fuel shuffling scheme is used to equalize
burn-up of the clusters, the two identical
fueling machines being arranged to move
fuel in opposite directions in adjacent channels,

1—Zircaloy bearing pads; 2—Zircaloy fuel sheath; thus maintaining an axially symmetric neutron
3—Zircaloy end cap;4—Zircaloy end support plate; g\ gistribution. The burn-up attained is 8000
S—uranium dioxide pellets; 6—canlub graphite interlayer; ) L el
T interslament Spadatsy B+ pionmire Gibb MWd/t or better, and the fuel residence time is
only about 20%~30% of that which is typical
for the fuel of a light-water-moderated reactor. The increased complexity associated with
on-load refueling is partly compensated, therefore, by the less stringent requirements on the
material of the fuel bundle, the sheathing for which is only about half the thickness necessary
in a BWR or PWR. Despite the reduced thickness, failure rates due to corrosion or fretting are
negligible. The thin sheath has the advantage of deforming under the coolant pressure to rest
on the fuel pellets, thereby providing excellent heat transfer. Fuel densification effects are
avoided, since the reduced need for voidage provision allows the use of high-density fuel in the

Fig.19.2 Fuel bundle for CANDU reactor

first place.
The arrangements for reactivity control and shutdown of the reactor are as follows.

(1) Once an equilibrium cycle has been achieved, the reactivity is maintained at a suitable
value by on-load refueling. The average rate of refueling required is nine fuel bundles per day,
to compensate for a reactivity decline due to burn-up of about 0.04% per day.

(2) Normal operating control of reactivity is provided by 14 zone control compartments
located throughout the core. These are tubes which can be filled with ordinary water, thus
reducing reactivity by increasing the neutron absorption. The requirement for stabilization of
the core power level on a zone basis arises from the fact that the core radius is many times
larger than the diffusion length, and consequently the control system must be designed to
prevent xenon-induced spatial instability.

(3) An additional facility, used both for adjusting the flux shape for optimum peak-to-
average ratio and to overcome the xenon transient following a trip from power, consists of 18
adjuster rods which may be inserted vertically among the calandria tubes ’. Cobalt is used as
the absorber in the adjuster rods because of the commercial value of the radioisotope produced
by irradiation.
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(4) Rapid shutdown is effected by dropping eleven cadmium-loaded shut-off rods
operating through the top of the calandria tank, backed up if necessary by dumping of the
moderator into a dump tank situated below the calandria. During normal operation, helium gas
in the dump tank is maintained at a high pressure. Release of this pressure allows the
moderator to fall under gravity into the dump tank. It is interesting to note that, in later
CANDU designs, the use of moderator dump has been discontinued in favor of the rapid
injection of poison (a salt of gadolinium) into the moderator.

(5) For dealing with reactivity variations beyond the capacity of the other systems, for
example, at the start of life, when the reactor is loaded with fresh fuel, boron can be added to
the moderator in the form of a soluble oxide. The boron can be removed when necessary by
ion exchange.

The void coefficient in CANDU is positive, yielding a reactivity change of about 0.75%
for complete voiding of all channels in the equilibrium core. With this magnitude of
coefficient, suitable subdivision of the primary circuit limits the rate and extent of the transient
associated with any possible void increase to a revel which can easily be covered by the
shut-down rods.

The Pickering containment consists of a two-stage system. Each of the four reactors in the
station is enclosed within its own concrete containment building, which is maintained slightly
below atmospheric pressure. In the event of a sudden buildup of pressure, due to a major
breach of the primary circuit, pressure relief valves would open and the mixture of steam and
air would be discharged to a “vacuum building” which serves all four reactors. This building,

3 is constructed from reinforced concrete, and is normally

which has a volume of 8x10*m
maintained at an absolute pressure of 50mmHg. The vacuum building is capable of containing
all the steam produced by the discharge of the entire primary coolant, but the process of
containment is aided by a cooling spray which is automatically actuated at a preset pressure to
cool the air and condense the steam. The water tank supplying the spray is located in the top of
the vacuum building and has a capacity of two million gallons. The combination of reactor
building and vacuum building is designed to contain all the energy release in the worst
conceivable rupture of the primary circuit, the reactor building being exposed to a pressure
transient of not more than 1.4 atm absolute, which is well within its capacity to withstand.

The choice of the CANDU type of reactor for the Canadian nuclear power program was
initially motivated by the country’s possession of an abundant supply of natural uranium and a
large supply of hydroelectric power which could be used for the production of heavy water.
Early problems with the prototype at Douglas Point included failure of coolant pumps,
difficulties with the refueling machines, and an excessive rate of heavy water leakage, which
was of concern not only on economic grounds but also on account of the associated tritium
hazard.®

The economics of the present CANDU system are based on the natural uranium,
once-through, throwaway fuel cycle, that is, the fuel is passed through the reactor once before
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being discharged to permanent storage. No-credit is currently allocated for the plutonium
content of the irradiated fuel, although this may be worth recovering at a later date. The simple
fuel cycle has the advantage of eliminating expensive enrichment costs and reprocessing costs,
but in the longer term CANDU offers good development potential through the possibility of
combining the use of thorium and plutonium-based fuels with the high thermal efficiency of
organic coolant. On a shorter time scale, improvements can be expected from the use of
stronger zirconium alloys which are currently under development. These can be employed
either to improve the neutron economy by reducing sheathing thickness or to increase the
steam conversion efficiency. The latter objective will also be aided by the adoption of indirect
cycle boiling, which will be standard in the later reactors of the CANDU type.

A development of the CANDU system which retains the advantages of the heavy water
moderator while permitting the use of a direct coolant cycle is the CANDU-BLW(boiling light
water)reactor, of which a prototype operated at Gentilly in Quebec from 1971 to 1980.” One of
the major concerns at Gentilly was the study of operation with positive void and power
coefficients. Measurements during commissioning indicated a strongly positive power
coefficient of the order of 10™ per percent increase in power. In practice, no problem was
encountered in controlling the reactor, since the long time constant of around 18s associated
with the large (19. Smm-diameter) fuel pins in the 18-pin bundle led to an appreciable delay in
the formation of voids following an increase in power. Close control of steam drum pressure
was necessary, however, during transients, such as a turbine trip, to avoid over rapid variation
of core voidage.

19.3 Advanced CANDU Reactor

The Advanced CANDU Reactor (ACR) marks a shift in the CANDU design from using
heavy-water coolant to using light water for cooling. Heavy water, used in the original
CANDU design for both cooling and moderating the reaction, is now used only as a moderator.
That means the ACR-700 design requires 75 percent less heavy water than the previous
version, CANDU 6.

Other similarities with PWR and BWR designs include the balance of plant systems
(outside the NSSS) and the steam generators, but some differences still remain.

The ACR retains the basic configuration of the CANDU design with reactor pressure
tubes in a horizontal configuration passing through a calandria. However, the distance between
each fuel channel in the reactor core has been increased to improve access at the reactor face
and make the design more amenable to reactor face installation, inspection and maintenance
activities.

The ACR, like all previous CANDU designs, includes online fuelling, i.e. fuel is replaced
at power and without shutting the plant down. Current light-water reactors shut down on an
18-month or 24-month cycle fbr refueling, whereas the ACR design aims for a three-year
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operational cycle with a 21-day maintenance outage.

The ACR fuel is similar to that of other CANDU designs, in which it is contained in short
fuel bundles that are moved progressively through the reactor in the horizontal pressure tubes.
The fuel is enriched to only around 2 percent, compared to slightly higher enrichments in
PWRs and BWRs, but this represents a change from the conventional CANDU design, which
uses natural uranium fuel.

The other difference is that the ACR-700 does not have boron in the reactor coolant
system, which ensures long-term plant life.

The ACR design has two independent safety shutdown systems; an inherent passive
emergency fuel coolant capability, in which the moderator system can absorb excess heat; and
limited challenge to containment barriers, even in the event of a severe accident. The ACR
design incorporates further passive safety, such as a highly stable core design. large operating
margins and long times available for operator action.

Due to data showing that 65 percent to 75 percent of forced outage items are related to the
balance of plant(the area outside the NSSS), AECL is working with Bechtel Hitachi to reduce
that rate either by adding redundancies or by re-engineering equipments.

To reduce construction costs, AECL is examining the plant design to standardize pipe
sizes, valves, hangers, supports and other equipment across all systems of the plant. This will
also help ease maintenance efforts and minimise spare part requirements.

AECL has decided to focus the ACR program on the development of the ACR-1000
product as the lead design, moving on from the lower-power ACR-700. AECL’s planned
approach to new build in Ontario envisions the first ACR-1000 going into service in 2016.

Self-test

1. During the event of sudden buildup of pressure, the relief valves would open and the
steam would be discharge to .

A. the atmosphere B. storage tank

C. containment D. steam generator

2. The adoption of___will be latter objective of CANDU type.

A. pressure vessel B. indirect cycle boiling

C. direct cycle boiling D. boiling light water

3. The main merit to use D,O as moderator is result from its___ .

A. long neutron life B. photo neutrons produced
C. low fast leakage D. low neutron cross sections

4. The discharged fuel from CANDU contains more than that from light water
reactor.

A. fission products B. y-rays
C. 239Pu D 238U
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5. The heavy water reactor is a candidate of ___.

A. converter B. breeder

C. advanced reactor D. power station

6. The direct cycle operation means____the complication of heat exchanger.
A. reducing B. eliminating C. increasing D. decreasing
7. In order to attain high temperature in a water cooling reactor, __is required.
A. apump B. higher pressure

C. higher efficiency D. moderator

8. The Pickering reactors are_____.

A. pressure vessel reactors B. direct steam cycle

C. water cooling reactors D. indirect steam cycle

9. The overall heavy water in a Pickering reactor is about____.

A. 280 tons B. 160 tons C. 440 tons D. 200 tons
10. Each pressure tube contains____ .

A. 12 fuel bundles B. 12 fuel elements

C. one fuel bundle D. one fuel element

11. The CANDU has void coefficient.

A. negative B. large C. small D. positive

12. The pressure in the Pickering containment is atmosphere.
A. at B. lower than C. higherthan D. above
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Calandria: Closed vessel penetrated by pipes so that liquid in each pipe does not mix.
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CANDU: CANadian Deuterium and Uranium reactor. It uses natural uranium fuel canned
in zircaloy and heavy water as moderator and coolant.
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CANDU-BLW: CANadian Deuterium and Uranium-Boiling Light Water reactor.
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CANDU-PHW: CANadian Deuterium and Uranium-Pressurized Heavy Water reactor.
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Fast leakage: The leakage of fast neutrons from nuclear reactor.
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Neutron lifetime: The average time between the appearance and disappearance of
neutrons in the reactor.
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Photoneutron: Neutron resulting from interaction of photon with nucleus.
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Power coefficient: The change of reactivity of a reactor with the power increasing.
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Power density: Energy released per second per unit volume of a reactor core.
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Pressure tube reactor: Reactor in which the fuel elements are contained in a large number of
separate tubes through which the coolant water flows, rather than in a single pressure vessel.
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Refueling machine: A device for inserting or removing fuel in a nuclear reactor.
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SGHWR: Steam Generating Heavy Water Reactor. The heavy water moderated reactor
that light water as coolant and direct cycle is used.
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Thermal efficiency: The efficiency of a heat engine. The ratio of the work done by the
engine to the mechanical equivalent of the heat supplied in the steam or fuel.
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Xenon: One of the noble gases, formed as a result of radioactive decay of uranium fission
fragments, this isotope forms the most serious reactor poison, and may delay restart of a
reactor after a period of shutdown.
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Unit 20 Generation IV Nuclear Power

20.1 Introduction

In the preceding chapters we have considered technologies and policies that would be
central to any moves towards a nuclear renaissance in Europe and North America. In doing
so we have emphasized near-term technologies with relatively well understood engineering
issues and economics and have been considering technologies from the second and third
generations of nuclear power. It has become standard to describe the successive
developments in nuclear power plant engineering in terms of the following generations of
technology.

® Generation I: early prototype reactors of the 1950s and early 1960s (e.g. Shipping port

and Magnox).

® Generation [[ : commercial power reactors of the 1950s and 1980s (e.g. LWR of both

PWR and BWR types, CANDU and AGR).

® Generation [II: advanced light water reactors (e.g. systems maturing in the late 1990s

such as ABWR, AP1000, ACR and EPR).

e Generation [[I+: these are innovation new reactor designs showing promise for the

near term future (e.g. PBMR and GT-MHR high-temperature reactors).

It is expected that Generation [II+ deployments will come to an end by approximately
2030, to be superseded by a next generation of economic, safe, low waste and proliferation-
resistant plants to be known as “Generation [V”.

For some, Generation [V technologies represent the core of any nuclear renaissance. They
would argue that the issues of nuclear renaissance are synonymous with the issues surrounding
Generation [V and that the successful deployment of Generation [V technologies will be the
defining stage of any nuclear renaissance. This author, however, disagrees. I believe that the
issues of near-term deployment of Generation III technologies are the key determinants of the
future of commercial nuclear power. Without plans for new build starting in this first decade of
the century, it is hard to imagine that nuclear power in the west has any future whatsoever. It is
unlikely that North America and Europe would be able to deploy Generation [V technologies in
the years after 2020 if nuclear power had not already experienced substantial new build based
upon Generation III and Generation III+ technologies'. In part this is a consequence of the
continued erosion of the skills base and the concomitant loss of industrial and regulatory capacity
that will occur without near-term new build.

It is important to acknowledge that those working on Generation IV technologies
for deployment in 2030 are, of course, extremely conscious of today’s prerequisites in terms of
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nuclear skills and underpinning research. That is to say, while Generation [V looks to
the long term, all acknowledge that it raises technology and policy issues for the
present.

Some might argue that the maintenance of nuclear industrial capacity, in the spirit of
keeping the nuclear option open, could allow for a late renaissance based upon generation [T+
and Generation [V technologies in the 2020s and 2030s without intervening new builds.
However, it seems more likely that defining decisions towards or away from a nuclear
renaissance are required in the nearer term. Such decisions will concern new builds using
existing Generation [l technologies.

In the past few years, the term Generation [V has assumed a second, much more specific,
meaning than that referred to above. It has come to be associated with a particular international
collaborative group led by the United States Department of Energy. This group, known
formally as the Generation IV International Forum (GIF), was chartered in the summer of
2001 following an earlier series of preparatory meetings starting in January 2000. Initially led
by an inner policy group, the GIF brings together governmental representatives from ten
countries (Argentina, Brazil, Canada, France, Japan, South Korea, South Africa, Switzerland (a
late entrant), the United Kingdom and the USA).

In December 2002 the GIF published a major report under the title of 4 Technology
Roadmap for Generation [V Nuclear Energy Systems. In March 2003 the Roadmap was
presented to the US Congress. The Roadmap summarizes the work of the GIF up to the end of
2002 and presents an outline path towards eventual deployment of Generation [V systems
based upon international collaboration. The US leadership of the GIF project shaped the
process by which competing technologies were assessed for Generation IV development.
Furthermore, the US leadership of the GIF process is clear from the scope and emphasis of the
GIF documentation.

Prior to the launch of the GIF, the US DOE had set up a Nuclear Energy Research
Advisory Committee (NERAC)’. A NERAC study published in October 2001 had focused on
technologies deployable by 2010. Eight candidate designs were assessed in that process
(ABWR, SWR1000, ESBWR, AP600, AP1000, IRIS, PBMR and GT-MHR) against six
criteria: regulatory acceptance, industrial infrastructure, the commercialization plan, the
cost-sharing plan, economic competitiveness, and fuel cycle industrial structure. In this book
we do not attempt to survey all possible nuclear power designs that might contribute to a
nuclear renaissance. We merely seek to explore the range of technology and policy issues
affecting new build decisions. Consequently this book does not emphasize the small
Westinghouse PWR (100~300MWe) known as IRIS, the ABB Westinghouse advanced
PWR System 80+, or the GE ESBWR. This latter design has many similarities to the ABWR
designs.

The NERAC work informed the early meetings of the GIF, but it was immediately
acknowledged that there was a need to broaden the range of designs under consideration to
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reflect international interests. The GIF therefore created the International Near Term
Deployment Group. This extended the NERAC list of near-term technologies to 16 designs
including both the Canadian ACR-700 and the EPR.

The enlarged GIF international near-term deployment list defines a set of reactors from
which any nuclear renaissance based upon generation Il and generation [II+ technologies
would need to be emerged.

However, as its name suggests, the primary attention of the GIF is not devoted to
near-term Generation [II and Generation III+ issues, but rather is devoted to the longer-term
task of advancing true Generation [V technologies. Contenders for Generation [V status have
been assessed by the GIF against eight equally weighted goals.

The GIF itself acknowledges that the sustainability criteria adopted are narrow and do not
span the range of considerations currently accepted internationally as being central to balanced
sustainable development. The GIF accepts the Brundtland formulation of sustainable
development, namely that our actions should meet the needs of the present while not
compromising the ability of future generations to meet their own needs. However, the
Brundtland report of 1987 built the fundamental framework for sustainable development based
upon three equal criteria——the economic, the environmental and the social. These three
pillars of sustainable development are sometimes referred to as “the three Ps”: Prosperity,
Planet and People.

Technology goals for Generation [V nuclear energy systems is as follows:

Sustainability—1. Generation [V nuclear energy systems will provide sustainable energy
generation that meets clean air objectives and promotes long-term availability of systems and
effective fuel utilization for worldwide energy production.

Sustainability—2. Generation [V nuclear energy systems will minimize and manage
their nuclear waste and notably reduce the long-term stewardship burden in the future, thereby
improving protection of the public health and the environment.

Safety and reliability—1. Generation [V nuclear energy systems operations will excel in
safety and reliability.

Safety and reliability—2. Generation [V nuclear energy systems will have a very low
likelihood and degree of reactor core damage.

Safety and reliability—3. Generation [V nuclear energy systems will eliminate the need
for offsite emergency response.

Economics—1. Generation IV nuclear energy systems will have a clear life-cycle cost
advantage over other energy sources.

Economics—2. Generation [V nuclear energy systems will have a level of financial risk
comparable with other energy projects.

Proliferation resistance and physical protection—1. Generation IV nuclear energy
systems will increase the assurance that they are a very unattractive, and a least desirable route
for diversion, or theft, of weapons-usable materials. Furthermore they will provide increased
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physical protection against acts of terrorism.
The GIF sustainability criteria focus exclusively on environmental sustainability with

considerations for economic sustainability arguably covered under other goals. The
economic goals include reference to the full life cycle of the technology including
long-term waste management. However, the pillar of sustainability that is completely
omitted in the GIF goals is the concept of social sustainability. In author’s opinion this
omission is the most serious weakness in the GIF approach, which in other respects has
been a model of ambition and vision. It seems that the lack of explicit considerations of the
social and political needs and concerns of current and future generations have already
started to shape the balance of work undertaken by the GIF and the projects favoured by
it. The GIF process has neglected to factor in what types of nuclear power plants or fuel
cycles the various national publics and their representatives might actually want in the
years after 2030. Experiences with consensus conferences and other forms of public
engagement have shown that ordinary citizens are willing to participate in, and to
contribute to, policy making and prioritization in these intensely technical areas. For
instance, any strong public aversions to separated plutonium in the fuel cycle or to nuclear
waste “disposal” (as opposed to monitored and retrievable storage) would be important
factors to incorporate into Generation [V planning. At present such inputs seem to be lacking.
Generation [V priorities, having been developed in the tradition of engineering-led design and
shaped by technocratic policy-making, risk falling at the final hurdle *. The risk is real that
the publics of liberal western democracies might refuse to allow Generation [V new build
for reasons which are deeply held, widespread and visible, but which the technocrats have
dismissed as idiosyncratic and naive.

Technocracy is defined as “rule or control by technical experts”. The GIF approach seems
to be a technocracy tempered by national policy priorities rather than political forces. It is
noteworthy that the GIF goals make no explicit reference to what is arguably the greatest factor
driving the need for Generation [V technologies——fossil fuel-based CO, emissions and their
impact on global climate change. Rather, the first GIF sustainability goal emphasizes the role
of Generation [V technologies in delivering “cleaner air”. It is important at this point to note
that this clause, in a US context at least, does not include consideration of CO, emissions. The
US Environmental Protection Agency regulates emissions of numerous pollutants and harmful
gases, but notably CO; is not among them. The GIF goals seem to be shaped by current US
political considerations that would seem to pull away from best science and engineering
practice regarding both global climate and the dangers of uncontrolled greenhouse gas
emissions.

Even more amazing than the interest in closed fuel cycles is the fact that three of the six
reactors being proposed by the GIF are fast reactors. Some have the possibility of being
developed as fast, epithermal or thermal reactors. Only two are clearly designed to operate as
thermal reactors similar to all western commercial nuclear power plants in operation today. The
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ambition and vision of the GIF does not stop there, because only one of the six proposals is
cooled by light water. Two are helium-cooled and the other three have metal or molten salt
cooling. The GIF recommendations for Generation [V are indeed radical and ambitious, albeit
in ways that refer back to several of the dreams of the nuclear technologists in the years before
the slowing of western nuclear power.

The six technologies selected for research and possible development by the GIF as “most

promising systems” are as follows.

20.2 The Gas—cooled Fast Reactor (GFR)

This concept builds upon the gas turbine-modular helium reactor. That design, however,
uses a thermal neutron spectrum and a once-through fuel cycle. The GIF recommends building
upon Generation [II+ experience with high-temperature gas-cooled reactors, such as the
GT-MHR and the PBMR, and to extend the concept to incorporate the use of a fast neutron
spectrum and a closed fuel cycle.

The use of a fast neutron spectrum allows the use of fertile fuels as well as fissile
fuels. The successful use of depleted uranium as fuel would greatly increase the nuclear
fuel resources available and so enhance the long-term sustainability of nuclear power. This
together with a move to a closed reprocessing-based fuel cycle would allow for a very
significant reduction in the total quantities of high-level radioactive wastes requiring
management or disposal. The GIF estimates that the conversion of mined reserves into
useful heat will be two orders of magnitude more efficient than with thermal spectrum gas
reactors with once-through fuel cycles. Moving towards a closed fuel cycle in
high-temperature gas-cooled reactors also requires some thought as to the form of nuclear
fuel to be used. At present both GT-MHR and PBMR intend to make use of Triso granular
fuel formed into respectively prismatic blocks or “pebbles”. Triso fuel is, however, poorly
suited to reprocessing given the in-built silicon carbide barrier layer in the fuel
granules. These concerns have prompted the GIF to adopt a more open-minded approach to
possible fuel forms. Currently ceramic fuels and ceramic-clad fuel kernels made from
actinide compounds are under consideration complementing developments in Triso fuel.
Significant research will be required to establish novel fuels suitable for use at very high
temperatures in a fast neutron flux.

As Fig.20.1 makes clear, the GFR concept builds upon the elegant General Atomics
proposal employed in the GT-MHR for a single combined turbine and compressor shaft.

The GIF predicts that a conceptual design for an entire GFR prototype system can be
developed by 2019 with an international prototype in operation by 2025.
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Fig.20.1 schematic of the GIF gas-cooled fast reactor

20.3 Very High Temperature Reactor System (VHTR)

The other reactor system that builds upon Generation III+ experience with high-temperature
gas-cooled reactors is the very high temperature reactor system (VHTR) (see Fig.20.2).
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Fig.20.2 schematic of the GIF very high temperature reactor system

This proposal suggests a graphite-moderated, helium-cooled reactor with a once-through
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uranium fuel cycle. Attention is also being given to the use of mixed uranium/plutonium fuel
cycles. The VHTR is described as a next step in the evolutionary development of high-temperature
gas-cooled reactors. The GIF Roadmap acknowledges the technical debt of the VHTR to the
Japanese prismatic HTTR and the Chinese pebble bed HTR-10 as well as earlier HTGR
experiments®. It acknowledges the current development of the PBMR and GT-MHR, but does
not emphasize the fact that these two existing projects clearly fit the GIF description for the
VHTR. Central to the research needs of the GIF VHTR are the properties of Triso fuel, a topic
currently widely studied independent of the existence of the GIF.

The GIF adds one significant new idea to HTGR thinking in the context of the VHTR.
The new idea is sufficiently imaginative that it alone takes the VHTR concept from the arena
of Generation III+ firmly into the zone of Generation [V. The idea is that the VHTR could
separate commercial nuclear energy from its technological bedfellow, the electricity industry.

Thus far this book has focused almost exclusively on the idea that the form and impact of
a nuclear renaissance will relate inevitably to the economic and policy issues surrounding
electricity generation. The GIF VHTR concept frees nuclear energy from these difficulties and
allows nuclear energy directly to address a different societal need that will probably grow to
prominence on a timescale similar to the timescale of Generation [V deployment, the resource
depletion of fossil fuels needed for transport. The GIF Roadmap discusses the possibility that
the VHTR might be used to create hydrogen to fuel a hydrogen economy without the need for
wasteful energy conversion steps involving electricity.

20.4 Supercritical Water—cooled Reactor (SCWR)

The GIF acknowledges that the supercritical water-cooled reactor(SCWR) (see Fig.20.3)
builds upon much experienced from the Japanese supercritical light water reactor (SCLWR).
Key to the SCWR concept is that the water used to cool the reactor is above its thermodynamic
critical point of 374°C and 22.1 MPa. At such high temperatures and pressures water no longer
exists as two phases (liquid and steam); rather it comprises a single compressible fluid of
smoothly varying density in response to changes in pressure or temperature.

The SCWR benefits from much pre-existing technological development. It benefits from
experience gained with LWR design and operation (particularly in the development of
BWRs). It also benefits from the development of super-critical water energy extraction in
fossil-fuelled electricity generation. SCWR systems offer the prospect of significantly higher
thermodynamic efficiencies than that available from conventional LWRs. The GIF Roadmap
estimates that the SCWR will achieve thermal efficiencies of 44% compared with 33%~35%
for conventional LWRs. Supercritical water can absorb more heat than steam per unit mass or
volume. That is, its enthalpy is higher. This allows for a reduction in the coolant mass flow
required and therefore a reduction in the size of the reactor coolant pumps, the piping and the
containment building housing the key equipments. As the process of energy extraction deals
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Fig.20.3 schematic of the GIF supercritical water-cooled reactor

with a single fluid phase there is no need for expensive steam dryers, steam separators,
recirculation pumps and steam generators. The far greater simplicity of the SCWR results in
far lower capital costs. The GIF estimates that an SCWR could be constructed for
approximately US$900 per kWe, that is for roughly half the cost of Generation III LWRs.

Design and licensing of an industrial scale SCWR is likely to be far from
straightforward. There remain significant unknowns and challenges in the area of materials
for nuclear components in a supercritical water environment. While the SCWR builds upon a
large body of experience in the design and operation of LWRs, it pushes LWR technology,
placing far larger physical stresses on the plant under normal operations. The SCWR
operating pressure of 25MPa, the order of magnitude changes in coolant density and the high
operating temperatures at around S500°C all require investigation and engineering
development, particularly in the area of fuel claddings and structural materials, to ensure safe
and reliable operations.

The GIF reports that, if all goes well, a conceptual design should be available by
approximately by 2016.

While initially the GIF proposes a thermal SCWR, attention is also being focused on the
possibility of a fast neutron variant of the SCWR. This would be similar to the thermal
SCWR, but would have no structural moderator complementing the liquid water flowing into
the pressure vessel. Moving to a fast neutron spectrum would bring with it the usual
advantages of lower fuel resource depletion, but at the price of far greater radiation damage
to the structural elements of the reactor. The Roadmap document estimates that the doses to
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the cladding and structural materials could be larger than in the thermal version by a factor of
five or more.

20.5 Sodium-cooled Fast Reactor (SFR)

The concept of a sodium-cooled fast reactor (see Fig.20.4) is the most mature of all the
Generation [V technologies proposed in the GIF Roadmap. Sodium-cooled fast reactor
demonstrators have ranged from the US 1.1 MW, EBR-1 of the 1950s to the 1200 MWe
Super Phenix reactor in France in the 1980s. At various times France, Japan, Germany, the
UK, the USA and Russia have pursued such programmes. There has been more than 300
reactor years of fast neutron reactor operation experience already in the whole world. At
present, however, only Japan and Russia have substantial ongoing plans of their own. Most
of the countries listed abandoned their efforts in the face of falling uranium prices and the
high levels of technological challenge involved in developing the technology. It seems likely
that SFR technologies will not become economic until such time as uranium price rises
significantly. In the meantime technology innovations should be dedicated to reducing
capital costs of construction, improving intrinsic safety (particularly via a greater use of
passive systems), and further works on the fuel reprocessing system essential for the
sustainable operation of fast reactor systems. There is much interest within GIF in moving
the SFR fuel cycle towards pyrochemical reprocessing and away from aqueous
approaches. This has the benefit of improving the proliferation resistance of the technology.
A developed SFR would be able to play an important role in the management of current
surplus materials arising from Generation II and [II technologies. For example, SFR
technology would have much to offer the UK in terms of disposal (and use) of the UK’s
legacy of separated civil plutonium. For countries with legacies arising from the operation to
a once-through fuel cycle the SFR would be able to allow for the unlocking of unused energy
remaining in the spent fuel. The SFR was originally strongly supported by France and the
UK as a means by which to close their reprocessing-based fuel cycles. Indeed the prospect of
eventual SFR Dower generation was a major driver behind the development of PU
REX-based reprocessing in these countries. The fuels needed by the SFR include the
plutonium mentioned above, but also”*U, which has no beneficial use in conventional

thermal neutron fuel cycles.

The proposed SFR would operate at approximately 550°C. Importantly the reactor vessel
would be held at a pressure only slightly above atmospheric pressure, the over-pressure
required being merely that needed to allow the circulation of the liquid metal coolant. As a
power station, the SFR technology could be deployed in either of two sizes: a medium sized

machine in the range of 150~500 MWe, and a large-scale machine in the range of 500~ 1500
MWe.



240 BEEUEE (E2HR)

steam
generator

—

— cold plenum
— hot plenum generator
1 ‘ > electrical
control i i l power
rods heat
nooo exchanger

condenser
A b= I

—_—

heat sink

4 —\2'
"/q
B

Fig.20.4 schematic of the GIF sodium-cooled fast reactor

20.6 Lead-cooled Fast Reactor (LFR)

The lead-cooled fast reactor (see Fig.20.5) borrows much from the Russian concept of the
BREST fast reactor. That technology in turn benefits from much experience gained by the
Soviet Navy in the use of lead-bismuth eutectic cooling in naval propulsion reactors in its
Alpha class submarines. Russia is not a formal partner in the GIF although links between the
Russians and the American-led GIF process do exist. Expertise with lead-cooled and
lead-bismuth-cooled reactor systems among GIF member countries is restricted to the US
STAR and the Japanese LSPR programmes respectively. In addition, much of the work on
materials undertaken in western countries in connection with sodium-cooled fast reactor
technology can most probably be applied to the LFR project.

As a fast-spectrum reactor with full actinide fuel recycle, the system has much in common
with the sub-critical fast-spectrum nuclear waste transmutation technologies. The GIF restricts
itself to consideration of critical fission-based systems, and hence does not include
technologies such as the energy amplifier. However, it is through the LFR proposal that the
greatest synergies between Generation [V and the energy amplifier will be possible.

The LFR reactor outlet temperature is likely to range between 550°C and 8807,
depending upon the use of advanced materials. If the higher temperatures can be attained (in
this version the coolant would not include bismuth), the LFR will be well suited for the
thermochemical production of hydrogen. It is envisaged that LFR technology could proceed
via step-wise phased development with initial applications being dedicated to electricity
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Fig.20.5 schematic of the GIF lead-cooled fast reactor

production and with later development focusing on hydrogen production.

In the short term it is proposed that the LFR would use metal alloy fuel or nitride fuel, if
available. Possible metal alloy fuels and the back-end recycling of uranium, zirconium and
(using the US definition) TRU waste would also benefit from likely synergies with
developments occurring in the parallel SFR programme.

Nitride fuels are required for the high temperature version of the LFR. Moves to full
actinide recycle in nitride fuels will require significant new research and development. In this
context the GIF Roadmap recommends moves towards non-aqueous pyrochemical reprocessing.

Among the six GIF concepts, the LFR is distinguished by the possibility that it can be
developed in three different sizes: a large monolithic plant rated at 1200 MW, a small to
medium sized modular system at 300~400 MW, and most interestingly of all, a very small
system rated at 50~ 150 MW with very long refueling intervals. This last system, known as the
LFR “battery”, would utilize modular factory-built replaceable reactor cores. The fuel cores
needing to be changed only every 15~20 years. The only refueling would be that associated
with the changeover of an entire reactor core module or “battery”. In some applications one
could even imagine LFR technologies being deployed with no intention to ever refuel the
reactor. The small, modular battery concept is extremely well-suited to deployment in
developing countries with no interest in developing their own nuclear fuel cycle infrastructure.
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It would, for instance, be a technology well suited to delivering the obligations of nuclear
weapons states under the Nuclear Non-Proliferation Treaty to share peaceful nuclear
technologies with developing countries that are signatories to the NPT and who have

constrained their own nuclear ambitions.

20.7 Molten Salt Reactor (MSR)

The molten salt reactor (MSR)(see Fig.20.6) is the most technological radical of all the
six GIF preferred technologies. At the heart of the radical thinking is the fact that the nuclear
fuel is not in the form of prefabricated engineered fuel assemblies; nor even is the fuel
solid. Rather, the fuel for the MSR takes the form of a liquid pumped through the reactor
core. The liquid molten fuel is composed of uranium or plutonium fluorides dissolved in
sodium or zirconium fluorides, selected for optimal neutronic properties.
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Fig.20.6 schematic of the GIF molten salt reactor

The GIF MSR would be characterized by the following attributes: it would be a
large-scale (1000 MWe)base load generator; it would utilize graphite moderated epithermal
neutrons; it would operate at high temperature (700~850°C) permitting hydrogen production;
it could operate flexibly with a range of fuel compositions. In particular, the reactor could
benefit from fertile isotopes in the fuel mix, such as uranium-238 or thorium-232. Also the
MSR is well suited to actinide disposal, although this would require offsite fuel processing.
Otherwise it would be expected that on-site fuel processing would be sufficient to maintain
healthy neutronics of the salt such that it could be used for several years without being



Unit 20 Generation IV Nuclear Power 243

changed. The MSR does not produce significant actinide wastes owing to very high burn-up.
This offers good proliferation resistance and excellent primary fuel resource efficiency.

It is believed that, despite its radical and somewhat experimental conceptual status, the
MSR concept offers good prospects for reactor safety. The reactor generates almost negligible
vapors and so can be regarded as a single liquid phase at all points. Over long periods the build
up of radioactive gases could be cause for some concern, but the volume of gas should never
be sufficient to jeopardize the fundamental design concept of a uniform liquid fuel. In the
event of a serious problem, a “freeze plug” at the base of the reactor would melt passively
allowing the reactor fuel to drain safely to a set of emergency dump tanks® (see Fig.20.6).

The MSR is likely to employ two separate molten salt circuits. The primary circuit would
contain the nuclear fuel and resulting fission products, while a secondary circuit would
exchange heat with the primary circuit and then pass that heat to a second heat exchanger. The
heat exchanger could pass the heat to a gas coolant that would pass through a Brayton cycle
gas turbine or alternatively pass it to a system designed to catalytically generate hydrogen in a
high temperature reaction. The use of primary and secondary molten salt circuits is believed to
offer improved safety and easier decommissioning and maintenance.

Although a series of research molten salt reactor did operate successfully in the United
States in the 1950s and 1960s. These reactors were originally developed with the intention that
they might one day be used to power aircraft, hence the name of the first such reactor: the
Aircraft Reactor Experiment. At the end of the 1990s, the second such American reactor, the 8
MW Molten Salt Reactor Experiment, proved a concern for decommissioning after it had
stood idle for almost 30 years. It required attention to remove the radioactive salts that had lain
undisturbed in tanks close to the reactor throughout that time. The challenges for safely
decommissioning this aged facility were substantial. Despite of the low vapor pressure in
molten salt reactors over the long period there had been significant build-up of radio-active
uranium hexafluoride gas and hazardous fluorine. In addition, special care was required to
avoid criticality incidents in defuelling the facility.

These difficulties relate, in part, to a large set of unknowns regarding the fundamental
design and operation of a new MSR concept. Much remains to be understood about the
long-term fuel chemistry, the materials behavior of reactor components, risks of metal
clustering and precipitation, and the necessary salt processing, both on-site and offsite.

20.8 Generation IV and the Hydrogen Economy

The potential for using nuclear energy for hydrogen production has been discussed.
Generation [V International Forum strongly endorses this vision. Of the six preferred
technologies in the GIF Roadmap four are deemed suitable for thermo-chemical hydrogen
production. Three of these four have expected maximum operating temperatures around 800°C.
Maximum operating temperatures of around 800°C are problematically low, given that the
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efficiency of thermo-chemical hydrogen production increases rapidly with increasing
temperature. These three concepts (GFR, LFR and MSR) are primarily planned to be
electricity generating technologies.

The truly exciting technology for hydrogen production is the very-high-temperature
reactor. With expected operating temperatures in the range of 1000°C, this technology has the
potential to be led by the needs and opportunities of the hydrogen economy. The GIF estimates
that the VHTR could reach the stage of a conceptual design by 2015. This timing is well suited
to the probable needs of those pursuing hydrogen as an energy vector for vehicular transport. If
the links binding nuclear energy and the electricity industry can be weakened, then it seems
likely that a wider range of more ambitious new nuclear energy technologies can be developed.
Generation [V’s emphasis on hydrogen is an important positive step in that direction.

Self-test
1. It has become standard to describe the developments in nuclear power plant
engineering. .
A. successive B. continue C. large D. fast

2. In this book we do not attempt to survey all possible nuclear power designs
contribute to a nuclear renaissance.

A. which can B. which C. that might D. that

3. Generation IV nuclear energy systems____for offsite emergency response.

A. don’t need B. eliminate the need

C. have a little need D. need

4. Three of the six reactors being proposed by the GIF are__ .

A. gas cooled reactors B. LFR

C. fastreactors D. new type reactors

5. The use of a fast neutron spectrum allows the use of fertile fuels as well as____.

A. fissile fuels B. UO,fuels C. Triso fuels D. plutonium fuels

6. These concerns have prompted the GIF ____a more open-mined approach to possible
fuel forms.

A. play B. introduce C. adopt D. toadopt

7. The VHTR is described as a next step in the of high-temperature gas-cooled
reactors.

A. development B. evolutionary development
C. evolutionary D. field

8. Design and licensing of an industrial scale SCWR is likely to be_ .

A. far away B. near

C. no much difficulty D. far from straightforward

9. A developed SFR would be able to in the management of currently surplus
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materials arising from Generation [l and III technologies.

A. play an important role B. make it easy

C. production D. beuse

10. The small modular battery concept is extremely___ to deployment in developing
countries.

A. well suited B. adopted C. well-suited D. available

11. The MSR does not produce significant actinide wastes ____very high burn-up.

A. for B. dueto C. for it has D. owing to

12. The use of primary and secondary molten salt circuits is____ offer improved safety
and easier decommissioning and maintenance.

A. to B. believedto C. possible D. for

X # 7 R R

Actinides: A group name for the series of elements of atomic numbers 89~ 104
(inclusive), which indicates that they have similar properties to actinium.

PR FTFHE 89 B 104 HEANRIITRENESET, ERFXLETENMET S
FAEL

AGR: Advanced Gas-cooled Reactor.

St S R HE o

Fluorine: The lightest halogen and the most electronegative element, symbol of F, which
is chemically highly reactive and thus never found as the free element.

A BERKETE, BEBARERIITE, HAS F £x, ERAREMILESNE,
BIEA AT BELL B T R FPRSHF7E -

GT-MHR: Gas Turbine-Modular Helium Reactor. The reactor is cooled by helium, then
the heated helium is introduced to gas turbine, which drives electric generator.

BT R TR RN HE: R NVHERR A, MR EE BT, hiE
FIREN K L.

HTTR: High-Temperature Test Reactor.

T S 6

IRIS: International Reactor Innovative and Secure. It is a small integral PWR designed
by Westinghouse.

[ s s K e e Y N e R o TG R 2 R R U I /N — A s K R v

PBMR: the Pebble Bed Modular Reactor. The fuel for the reactor consists of spherical
fuel assemblies a little larger than a billiard ball. These are the “pebbles™ of the pebble bed
concept. Each pebble contains around 15 000 Triso fuel particles.

BRPRBESR I S B HE s XA S I HE R ER LE & BROK— AU B BRR R R 4 i, X 2
BRI S DEHEIHRRIER, 45N IXRERIRORLER B K40 15 000 4 Triso BUARRHEURIZH A -

Technocrat: Often derogates a highly skilled scientific specialist in charge of the
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organization of a country industry, etc.
BAREf: REETHERAOEAER (—RER .
VHTR: Very-High-Temperature Reactor.
i e S S M
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acknowledge [ak'nolid3] vr. &Ik, ik
actinides [‘eektinaidz] n. HIRITE
advisory [ed'vaizeri] a. JHija
albeit [0:I'bizit] conj. EMR, EIfE
ambition [eem'bifen] n. D
ambitious [em'bifes] a. FHHELE
aqueous ['eikwiss] a. E/KK, KM
arguably ['a:gjuabli] ad. F[IEMY
assess [@'sas] vt. it

assume [asju:m] vr. R

attribute [8'tribju:t] v. BT

aversion [@'va:[an] n. AERX
bedfellow [‘bedfeilou] n. 1k
bismuth ['bizmeB] n. %k

catalytically ad. 1k (fEFD

charter [tfa:te] ». &R, WAliF
civil ['sivil] a. ERHK

clause [kloz] n. 4%k

cluster [klasta] »n. &, ik
complement [kompliment] »n. %7
compromise [kompramaiz] n.&v.
concomitant [kan'komitent] a. 4R
conscious [konfas] a. HEIRM, H¥EH
consensus [kan'sensas] n. JLiH
context [kontekst] »n. H#IEX%
decommission [dikemifen] vr. B
debt [det] n. {#

democracy [di'mokrasi] »n. RF
dismiss [dis'mis] vr. fi#il

endorse [in'dois] vt. % ¥

enthalpy [en'Beelpi] ». &

envisage [in'vizidz] v. &, BH
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epithermal [epi'Ba:mal] a. FEHH
erosion [ireuzan] n. &M, HIS
eutectic [ju: 'tektik] n. &

excel [ik'sel] v. Ml

exclusively adj. MM&5H, E11H
expertise [ekspa'tiiz] n. HFE
explicit [iks'plisit] a. BH, B4
formulation [formju'lejfen] n. 21k
forum [foirem] n. Bz

granular ['greenjule] a. KR
granule ['greenju:l] n. Fik:

hurdle ['ha:dl] n. F4F

idiosyncratic [idiasin'kreetik] a. 45/
idle [aidl] a. AT{E, WEH
infrastructure ['infra'strakt[e] ». ZEAfii%iE
intervene [inta'vi:n] v. ItA

intrinsic [in'trinsik] a. WER, EHH
issue [if(pu:] v. &n. Wi 4%
jeopardize ['d3epedaiz] vr. fak
kernel [ka:nal] n. #

legacy [leigasi] n. 1&4;

liberal [libaral] a. F&EM

mature [ma'tjus] a. B
monolithic [monaliBik] a. &K
naive [na:'izv] a. HRK

near-term a. IITKRE, ERK
neutronics n. PTFYHE

nitride ['naitraid] ». %k

novel [naval] n.

obligation [obli'geifan] n. X%
omission [au'mifen] »n. &L, HZ
option ['opfen] n. #EF#F

pebble [pebl] n. §if

pillar [pile] »n. /h

precipitation [prisipi'teifen] n. TiE
preparatory [pri'pserateri] a. &M
prerequisite ['prirrekwizit] a. JE¥4ft
prioritization n. 5%

prismatic [prizmeetik] a. BHEHN
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proliferation [proulifa'reifan] n. ¥k
prominence [prominans] n. K, Bk
promise [promis] n. #%E

prototype ['prautsutaip] n. JR%
pursue [pa'sju:] vi. M, KW
pyrochemical [ pairau'’kemikal] a. miRALFZHLH]
radical [reedikal] a. #RAMH

renaissance [ra'neisens] n. &%
resistant [ri'zisitent] a. #&HL
retrievable [ri'triivebl] a. WIKE
roadmap n. “H, HEE

signatory ['signateri] n. #iZ1E

silicon ['siliken] n. %&£

societal [so'saiatal] a. #4&H

span [speen] n. B

stepwise ['stepwaiz] a&.ad. ZEHH] (H)
stewardship ['stjued[ip] n»n. & IT/E, KE
successive [sok'sesiv] a. EZEM
supersede [sjupa'si:d] w. U

surplus ['sa:ples] a. ILFH
sustainability n. WAJFFEERME

synergy ['sina:d3i] »n. (&tE) A1E
synonymous [si'nonimas] a. [FXH
technocracy [tek'nokrasi] n. HFHEH
temper [tempa] v.&n. [Flk, B
terrorism [terarizam] n. ®HiE X
treaty ['tri:ti] n. 44

underpinning n.  FEAH]

variant ['veariont] a. AR

vector ['vekta] n. fil, K&

vehicular [vi'hikjule] a. ZMHK
whatsoever=whatever JTLi2ft4

be synonymous with 51 & R —FEH

12 " S S 4

1. It is unlikely that North America and...Generation [II+ technologies.
]9 unlikely 2 AKATREFER, BAERENER, EREEHMNAMEE;: new build
XRfEHRIEZ Y. 2% MRABRERE=AN=RmEAREERREZEY, 6%
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2. Prior to the launch of the GIF, the US DOE had set up a Nuclear Energy Research
Advisory Committee.

] Prior to ZRAE-+--- ZH, GIF 25 VU N HEE PRz, DOE (Department Of Energy )
RIS, @a)FA: ERNARNERFRIZRZAT, RERRERGL T — MXBET A
DIRE AR

3. Generation [V priorities, having been...falling at the final hurdle.

]9 priorities 7EiX BRI [H]_E AL ENUFERALSER, SRR PR R SHEMR A
AN TES | RO PE LR, HaFEBSRMEXIER, REEHER T 5E k&
5 L.

4. The GIF Roadmap acknowledges...earlier HTGR experiments.

f]% acknowledges BZAAMBAKER, £2FA: GIF HRIAINH AWEEE &R
G HE R o [E A9 ER PR HE HTR-10 LLE R MM ERSA L REEAEH AR LS VHTR &F
Z .

5. The SCWR operating pressure of 25 MPa, the order...and reliable operations.

fJ+ the order of magnitude changes in coolant density #2417 i) %% i A B 22 (19 %
47, engineering development & TR . £A)1FN: @I FKHERZEITIE N K 25MPa, %
HAPFERERPDAERERANE, BITREKRAH 500C, XL EZmiif LRFR,
Fr Al RAERREH RS APR T, RXFEA RERIER &M A 51T .

6. In the event of a serious problem, a “freeze plug” ... of emergency dump tanks.

fJ freeze plug RIRIBERERILRAIE T, asetof B—HMER. 20N . EHILE
B, R NHER R TG B Eh e SR B AR RE s M1k, A S B HERARL 2 A b HE R — 41N &
HEAE+
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collision [ka'lizan] n. filtfE

coma [keuma] n. §ik

commence [ka'mens] v. JFih
commissariat [komi'seeriet] n. 4%
commission [ka'mifan] n. #AIZE{T
commissioning n. RIE1T

commit [ke'mit] v. ZFHHE, FAME(TSE
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commitment [ka'mitmant] »n. Vi, RIE
competition [kompi'tifen] n. &5
complement ['kompliment] n. #*h7

comply [kem'plai] v. [F&E, ¥

component [kem'paunant] n. JT&E, AL
composition [kompa'zifan] n. L, 4
compound [kompaund] v. &n. E&
compounding n. EAH, &6

comprise [kem'praiz] v. 2K
compromise [ kompramaiz] n. & v. i, ZELBE, g, Zh
conceivable [kan'si:vabl] a. WAIHEM
concentration [, konsen'treifen] n. K/E
concentric [kon'sentrik] a. R0
concomitant [ken'komitant] a. L4
concrete ['konkri:t] n. JE&EL

concurrence [kan'karens] n. [@&

condense [kan'dens] v. ¥kt

conditioning [kan'difenin] n. kb
conductivity [kondak'tiviti] ». {£5%

conduit ['kondit] ». S

configuration [kanfigju'reifen] n. 4, BLE, BIR, Hi7
congestion [kan'd3zestfan] n. #H#H

conjecture [kan'dzekt[a] »n & v. HEill
conscious [kon[as] a. HEIRM, HIUEM
consensus [kan'sensas] n». LR, —FH[EE
consequence [ konsikwaens] n. J5H
conservation [konsa'veifen] n. BERBEHY, fR5F
conservative [kan'sa:vativ] a. {#5FH)
consistency [kan'sistensi] ». —#t
consistent [ken'sistant] 4. —&1
consistently [kan'sistantli] ad. —H#h
consortium [ken'so: tjam] »n. &1E, B4
constituent [kon'stitjuant] a. 41K
constraint [ken'streint] ». 4

containment [kan'teinmant] »n. %45%
contaminate [kan'teemineit] v. {54t
contemplate [kontempleit] v. &, il
context [kontekst] »n. HiEXE

contour ['kontue] n. JEIR, AE
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contrary ['kontrari] v. A&

contrive [kan'traiv] v. FRFEH|---H1P, Wik
conventional [kan'ven[enl] a. {4, WK
converging [kan've:dzin] n. 4k

corium [koiriem] n. HETMEY)

correlation [kori'leifan] n. XA

corrosion [ka'rauzan] n. &

coast down [kaustdaun] n. &, &
coulomb [ku:lom] n. FE (£)

counteract [kaunta'reekt] vr. T, FHMS, w2, RAEH
countermeasure [ kaunte,me3a] n. THi
course [kois] »n. —F, —17, I

crack [kreek] v.&n. B3

cramp [kreemp] n. %&

creep [kri:p] v. & n. IHA

crescent-shaped a. HZFEH

crevice [krevis] n. 4%, 446

critical [kritikal] a. I&F

criticality [kriti'keeliti] ». &5 (M, K&
crossover [ kros,auva] n. ik

crust [krast] n. Hb5%

crystalline [kristalain] a. &IRH

culminate ['kalmineit] v. AF#&A, 4W
curious [kjusries | a. &N, HTLH
curved [ko:vd] a. ZEHIK

D

debris['debri:] n. @ F, i

debt [det] n. fii%%

decay [di'kei] v.&n. FA&

decline [di'klain] v. T
decommission [ditke'mifen] vt. B
deduce [di'dju:s] v. #ib, §H
deficit ['defisit] ». S

deflect [di'flekt] v. #f4¢

deflection [di'flek[an] n. W%, 4t
deform [di:'form] v. fF4E
deliberate [di'libereit] a. & v. (fF41) &MY, EEE: %E, Fit
democracy [di'mokrasi] ». R
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densification [densifi'keifen] n. %3
deplete [di'pli:t] ». HR

deployment [di'ploiment] n. #EJ™

deposit [di'pozit] n. & v. fEfF, HEIE. FHE
deregulate [di:'regjuleit] vr. HENT - HOE B E
derivation [deri'veifan] n. FHi, EIE
derive [di'raiv] v. S, Mo fGH
destructive [dis'traktiv] n. BEREER
detector [di'tekta] n. #EM|2:

detonate ['detauneit] v. B, B#%
detonation [detau'neifen] n.
deuteron [dju'tizrion] n. i, EE
deuterium [dju'tieriem] n. i, EH
dewatering [di:'wo:terin] n. HEK, BREALNL:
diagnostic [.daiag'nostik] a. £
diaphragm ['daiefreem] n. [atR,
diarrhea [ daia'ria] »n. JEJ5

dictate [dik'teit] v. g

diffraction [di'freek[an] n. fi7it

diffuse [di'fjuiz] n. ##

deficiency [dififansi] n. #H=

diluent ['diljusnt] »n. R

dilution [dai'lju:[an] »n. R, Mk
dimensional [di'menf[anal] a. Rt
dioxide [dai'oksaid] n. —E kW
disassembly [disa'sembli] ». #FF
discipline [disiplin] ». #M&E, #H
discrepancy [dis'’krepansi] »n. A, =&/, T
discrete [dis'kri:t] a. AELLMN, 4L
dislodge [dislod3] v. Bah, H

dismiss [dis'mis] vr.  f##

disrupt [dis'rapt] v. {FHH

disseminate [di'semineit] v. &%

dissipate ['disipeit] v. Ml

distinguish [dis'tingwi[] v. K&, 2%
distortion [dis'to:[en] »n. A, i, WA
diverging [dai've:d3in] a. ¥ 9K

diverse [dai've:s] a. ZHH

diversity [dai've:siti] ». ZHMH, =5
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division [di'vizen] »n. 4+, X

docket ['dokit] v. & n. M, HMEE
dome [deum] n. [A#T

domed [deumd] a. [ETif

Doppler ['dopla] n. %)

dormant ['do:ment] a. EEH

dose [deus] n. #HIE

downstream [daunstri:m] a. 7E F#FHY
downtime n. &4, AITA/E

drain [drein] v.&n. HEH, HiKE
drawing n. HhitH, 3|4, £2H

drench [drent[] v. &i&

dryness ['drainis] »n. T/%

dryout [drai'aut] n. T

ductibility [daktibiloti] n. WEEHE, TEKE
ductile ['daktail] a. WIEER, 5HAETE
dumbbell [dambel] »n. M4

dynamic [dai'neemik] a. BhH%¥M, BHEHN

E

eccentricity [eksen'trisiti] ». fWO»
economizer n. T3, HIER

eductor [i'dakta] »n. HEEEE

ejection [i'dzek[an] ». ., Hd
elastic [i'leestik] a. HPER

elastomer [i'leestema] n. FtEik
electrostatic [i'lektrau'steetik] a. FFeaH
elevation [eli'veifen] n». IEME, HHE, e, &E
eliminate [ilimineit] v. 4k

embark [imba:k] v. F#h, #%E

embrace [im'breis] v.&n. UF, #BZ
embrittlement [em'britimant] ». ffifk, HE3
emission [imifan] n. &K&t
empiricallem'pirikal] a. 2K
encapsulate[in'keepsjuleit] v. Hf3
encounter[in'kaunte] v. #EFE|, &3
endorse[in'do:s] . %F

enrich[in'rit[] v. &#&, ¥4

enthalpy [en'Ozelpi] ». &
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enthusiasm [in'Bju:zisezeam] n. #uby, M
entitle [in'taitl] v. MYfE

entrain [in'trein] v. #&7F

envisage [in'vizidz] wv. #WAH, BE
envision [in'vzan] vr. T, JB#
epidemiological [epidi:mig'lodzikal] a. WITIHH
epithermal [epi'Ba:mal] a. HHK
equivalence [i'kwivalens] n. %%, %
erection [i'rek[an] »n. W&%LeH:, i
erosion [i'reuzen] n. @i, Ehl, #HI5E
escalation [eska'leifan] n. (ZFH) F#
europia [ju'raupia] n. S ik
eutectic[ju:'tektik] a. FLEHH

evacuation [iveekju'eifan] n. #=%, S
eventuality [iventju'eeliti] ». {BARF/
evidence ['evidons] »n. &%, iFiE

evident ['evident] a. HHEH
evolutionary[i:va'lu:[eneri] a. #k
exacerbate [eks'aesa:beit] v. fNE, {#%4k
excel [ik'sel] v. i

exclude [iks'klu:d] v. [&Z

exclusively F &6, HTH

expertise [.ekspa'ti:iz] n. HX

explicit [iks'plisit] a. H®H, BHR

explicitly [iks'plisitli] ad. B @H, 7E&EH
exponential [ekspau'nen[al] a. F5%
exponentially [.ekspau'nen[ali] ad. XN
exposure [iks'pauza] n. @K

extrapolation [ekstrepau'leifon] n. #hif

F

fabricate [‘feebrikeit] v. #ili&, 4=
ringriser n. ¥HJEEN

ferritic [fa'ritik] a. ZE{H)H

fertile [fa:tail] a@. WARRHEYIRE, HFEK
file [fail] v. 3RHHIE, TR

fin[fin] »n. WK

fissile [fisail] n. 535

fitting [fitin] ». MfF, R
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flange [fleend3] v. & n. HEE; HX
flashing [flee[in] n. [AZ&
flask [fla:sk] n. fEfE
flexible [fleksabl] a. K
flexural ['flek[oral] a. MM, K

flick [flik] »n. ®Bi%

fluctuation [ flaktju'eifan] n»n. &R, #zh

fluence [flusns] n. BEEFE, (hF) &, BEFE J/cmd)
fluorescent [flua'resant] a. I

fluoride [flusraid] ». #ikH

flywheel ['flaiwi:l] »n. K%

foil [foil] n. W, 9

foreseeable [fo:'sizebl] n. AT ALK

forging [fo:dzin] ».

formality [fo:'meeliti] »n. F4t

formulation [fo:mju'leifen] n. 234k

forum [foirem] n. iz

fouling [faulin] ». FiE, 45

fraction ['freek[an] n. 4%, &%

fractional ['freek[onl] a. 4rE5HY

fragment [freegmant] n. WA

fretting [fretin] n. IREEH

friction [frik[en] n. JE#E

fusion [fju:zen] n. KB

G

gadolinium [,geeda'liniam] n. 4L
gag [geeg] n. i, JER
gaseous [geizjas] a. “SAEH
generic [d3i'nerik] a. [FEJEK, EHE
giga n. +12, Tk, 10°
GJ=Giga Joule +{ZEEH
glance [gla:ns] vi.&n. —H&
gradient ['greidiant] n. FBEEE
granite ['greenit] n. £
grant [gra:nt] v.&n. 4AF
granular ['greenjule] a. ¥R
granule ['greenju:l] n. Fik:
graphite ['greefait] n. H&E

grid [grid] n. {4
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gross [graus] a. SIH, HEKH

H

hafnium ['heefniem] n. %

halve [ha:v] v. Bfe--yikf

hanger [heena] n. 4, &%
hard-facing n. KL

hardware ['ha:dwesa] n. #%&

hardwired a. WHELK

hedge [hed3] ». [ ()

helical ['helikal] a. BEHEEHY

helicopter ['helikopta] »n. EFHL

helium [‘hi:ljam] »n. =

helical ['helikal] a. & n. EHE(H)
hemispherical [hemi'sferikal] a. IR
herald ['herald] »n. FE#H w. EHHH
hereditary [hirediteri] a. MR
hexafluoride n. N#EALY

hitherto [[hida'tu:] ad. ZE4
homogeneous [homa'dzi:njes] a. 15
hookup [‘hukap] n. H:#y, %
hostility [hos'tiliti] ». &#, &%
HP=High Pressure &k

hurdle ['ha:dl] n. F4HF, [R5
hydrocarbon ['haidrau'ka:ben] »n. BEILEY
hydroelectric ['haidrai'lektrik] a. 7KHLf
hydrogenated [hai'drod3zineitid] a. Z{Li
hydroxide [hai'droksaid] n. Z% Y
hyperbolic [\haipa:'bolik] a. XUHIZH
hypothesis [hai'poBisis] n. fiik

1

idiosyncratic [idiasin'kreetik] a. Al

idle ['aidl] a. ALfE, WER

ignitor [ig'naite] n. sik#d

immediate [i'mi:diat] a. HER, STHIK
impair[im'pea] v. H5§

impart[im'pa:t] v. 47

impermeability [impa:mia'biliti] ». AA[BiENH
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impermeable [im'pa:mjabl] a. HEEM
impingement [im'pind3maent] n. i
imply [im'plai] v. EkE

impose [im'pauz] v. Hibn, KLEFM
inadvertent [inad'va:tent] a. fEARK
incentive [in'sentiv] n. #H, 3l
incident ['insident] a. ASfH
incipient[in'sipiant] a. FFRH

Inconel [in'konal] ». EHEEMREE
incremental [inkri'mental] a. INKY
indefinite [in'definit] a. ABAWK
index ['indeks] »n. #8/R%%, Pr&, FEbR
indium ['indiem] n. 4

inert[i'na:t] a. MHEMER

inertia [i'na:[ia] n. MM, B

infer [info:] v. H#E¥T

infinite ['infinit] a. JCMEM
infinitesimal [infini'tesimal] a. JCFR/DNE
infrastructure ['infra'strakt[e] n.  ZEAliEHE
ingest [in'dzest] v. WA

inhalation [,inha'leifen] n. WA
inhale [in'heil] v. WA

inherent [in'hisrent] a. FEAHK

inhibit [in'hibit] v. Bk, Bk
innovative ['insuveitiv] a. K
inoperable [in'oparabl] a. AAEEAEM
installation [insta'leifan] n. &
instantaneous [instan'teinjes] a. WA
instruct [in'strakt] v. %1, ES, #HEx
insulate ['insjuleit] v. fHEZa#H, R
intact [in'teekt] a. REZHE, LI
integral ['intigral] a. ¥R

integrity [in'tegriti] ». 58%, —&fk
interaction [inter'sek[an] ». AHEAEH
interactively ad. FHE{ERH
interconnect [intaka'nekt] v. Hi&
interim ['interim] n. H[d]

interim-stored a. IGAERER

interlocking [iinta'lokin] a. WEBIHI, AL
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internal [in'ta:nl] »n. HEWHIMG

interpin TG [A]

intervening [iinta'viin] /t A

intriguing [intrigin] v&. & n. Gl 2R P
intrinsic [in'trinsik] a. WER, FEHH
inventory ['inventri] ». ¥Ek&E, RS
investor [in'vesta] n. #H%H

involvement [in'volvmant] ». &%, %
iodine ['aiadi:n] n. fill

ironically [ai'ronikali] ad. 4 AWFZEEIE
irradiate [i'reidieit] ». ME, BEH
isothermal [aiseu'Ba:mal] a. & n. ZER(H)
issue [isju:] v. MK

J

jack [d3eek] n. 1£3)

jeopardize [d3epedaiz] vt. fak, {FZfaE
juncture ['d3anktfe] n. #$

justifiable [ d3astifaiabl] «. &K, EZHH)

K

kelvin ['kelvin] n. #xHEE
kernel [kainal] n. %

key [ki:] v. FMEZ

keyway ['kirwei] n. SR, 855
kilovolt [kilouvault] n. T4k
krypton ['kripton] »n. &

L

lashing ['leefin] n. W%

latch [leet[] n. (%

lattice ['leetis] ». HHE

layout [leiaut] »n. ME

lean [li:n] a. K

ledge [led3] n. RHEHH
legacy [leigasi] n. 1&4t
letdown [letdaun] ». #HE, T
liable [laiobl] a. 5 F++H
liberal [libaral] a. ZFEAH
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licensing [laisensin] ». fit#E, $HE, HiF

lieu [lju:] »n. T

lithium [1iBiam] n. 42

locomotive [lauka'mautiv] »n. #HL%

lodge [lod3] n. HA, UiE

logic [lod3zik] n. ¥4

longitudinal [lond3i'tju:dinl] a. & n. RNH); AR
LP=Low Pressure {&/E

lug [Iag] »n. REHW, OHE

M

macroscopic [[meekrau'skopik] a. ZEMH
magnesium [maeg'ni:ziem] n. B

Magnox ['meegnoks] n. HiEmieae
maintainability [menteina'biliti] ». FI{#IFFEM:
malfunction [meelfank[ean] ». TAEARIEH
mandate [meendeit] v. L&

maneuvering n. 4., H3h

manually [meaenjuali] ad. Fzahitt
manufacturer [maenju'feekt[ora] n. Hli&w
marrow [maerau] n. ‘EiE

massive [meesiv] a. Kif), KEK

mat [meet] n. &K

mating [meitin] ». &M, HEMF

mature [ma'tjus] a. AR

mb=milli barn  ZIE, 107 A

mechanism ['mekanizam] ». #LE, {EHRHE
mega [mega] n. JK, BN

membrane [membrein] n. i
metallurgical [meta'la:dzikal] a. WH&H
metallurgy [me'teelod3i] n. 14
meteorology [mi:tje'roledzi] n. AZRE, AH%¥
microgram ['maikragreem] n. 5
microstructure [ maikra'straktfa] »n. ML
midplane [midplein] n. #FH

migrate [mai'greit] v. I#

mild [maild] a. BHE, BFAK

mill [mil] ». %/R, T4Z—3%t

millisievert n. =&
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mineral [minaral] ». #4% (i), LA
mineralization [minaralaizeifen] n. 4%, WiL{EH
miniature ['minjatfa] a.&n. /NE (D
miscellaneous [misi'leinies] a. Z¥IM, FFH
missile [misail] ». =3

mitigate [mitigeit] v. WEE, WE

moderate ['moderit] a. &M, FEEK
moderation [mada'reifan] n. 18{k, W
modular [modjule] a. HEHALH
modularization n. HEB{L

modularity [madju'leeriti] n. A

moist [moist] a. @K

mol [maul] n. &R

momentum [mau'mentam] »n. ZhE
monolithic [mona'liBik] a. &K
monopolize [ma'nopalaiz] v. &

mortality [mo:'teeliti] ». Zdrtk

motivate [mautiveit] v. H#ezh,
motivation [[mauti'veifen] n. 31J1, R
mount [maunt] v. %

multiplexer[ maltipleksa] n. £ EREHIEE#H)LE
multiplication[mAltipli'keifan] n. £
mutation [mju:'teifen] n. Z8{k, #3F

mutual [mju:tjual] a. AHEK, FLFEK

N

naive [na'iv] a. BARK, ERAL
nanosecond [neenau,sekand] »n. ZME, i, 107
near-term a. HATM

neptunium [nep'tju:njem] n. #
neutronics n. P

nickel ['nikl] n. 4%

nil-ductility n. ZTHEH:

nitride ['naitraid] »n. %tk

notably [nautabli] ad. 4#55HIE, BEi
novel [novel] n. ¥

nozzle [nozl] n. QO

nut [NAt] ». RiE
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obligation [obli'geifan] n. X%
obsolescence [obsa'lesens] n. ZE#iL
off-normal a. EHH, BHFH
offsite n. 7%k

omission [au'mifen] n. &%, WA
optimism ['optimizem] »n. SWE X
optimize ['optimaiz] v. ik
option ['op[an] n. E#F

ore [9:] n. W

organic [0:'geenik] a. HHLK
orifice ['orifis] ». fLH, LI
outweigh [aut'wei] v. ®ET, it

overestimate [‘ouva'estimeit] v. & n. idEfhit

overflow [auva'flau] v. & n. FHif, %A
overhaul [[euve'ha:l] n. Kf&

overlay [euva'lei] v. L, @& L
override [,ouva'raid] v.&n. @k, Tk
oxide [oksaid] n. & a. EHYI(H)
oxidize ['oksidaiz] v. {#% L, 445

P

package [paekid3] »n. #F

parabola [pa'reebale] n. MWLk
paraffin [peerofin] »n. Fif

parasitic [paera'sitik] a. FHNH
parliamentary [pa:le'mentari] a. EH%&
participant [pa:'tisipent] »n. 5%
particle ['pa:tikl] ». ¥i7, fk

passive [paesiv] a. #zhaN, TIEM, #shil, JERES)

pebble ['pebl] »n. UiA
peculiar[pi'kju:lje] a. 4FHM

pellet [pelit] n. #ELSE, H

penetrate [penitreit] v. %Fi&E, BEA
performance [pa'formans] ». sZifi, iz

peripheral [pa'riferal] a. kM, AEFIEHE)

periphery [pa'riferi] n. 4%, M4
permeation [pa:mi'eifan] n. B&E
perspex [paispeks] n. FHHLBEE



268 REEFVRE (TR

perturbation [pa:ta'beifen] n. 3l
pessimistic [pesi'mistik] a. FEMH

phase [feiz] »n. #H

phosphorous [fosferas] n. #%
PHW=Pressurized Heavy Water fjji /& 8K

pillar ['pile] n. /h

pin[pin] n. F&, ##

pipework n. &g

pit [pit] n. i

plugging n. %%

plutonium [plu:'teuniam] n. #f
pneumatically [nju:'meetikli] ad. FRE4EZES
polonium [pa'lsuniam] n. %}

pond [pond] n. it

pose [pauz] n &v. BE: M

possession [pa'ze[en] n. HH
post-tensioned a. JEIK 1M

postulate ['postjuleit] v. R

potassium [pa'teesiam] n. #f

powder [pauda] n. ¥k

precipitate [pri'sipiteit] » & a. T8 (H); v. Ui, Tk
precipitation [prisipi'teife] n. UTIE
preclude [pri'klu:d] v. Ty, FHE
precursor [prika:sa] n. &I, Bi&, YA
predate [pri:'deit] v. fE--eZH0
predominant [pri'dominent] a. FE[
pre-eminent [pri:'eminant] a. {LFHH
preheat ['pri:'hi:t] v. & n Tk

prehistoric [prithis'torik] a. RALLEIH, $ETH
pre-incident n. FHH]T

preparatory [pri'peerateri] a. #EZK
prerequisite ['pri:rekwizit] n. SEH%&At
preset [pri:'set] a. TsEEEM
prevailing[pri'veilin] a. TEH, HRHEH
preventive [pri'ventiv] a. Fipif
prioritization f:5%

prismatic [prizmeaetik] a. #HEHEEH
probabilistic [probabi'listik] a. MM
probability [proba'biliti] »n. #H*E
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procure [pra'kjua] v. HUE, XKW

procurement [pra'kjuemeant] »n. Kl

project [prodzekt] v. it&l, ®#; n. HE
projectile [pro'dziktail] n. #h5HE, AGRIT
proliferation [prau lifareifan] n. ¥
prominence [prominans] »n. =i, B&E
promise [promis] n. A&

pronounced [pra'naunst] a. RBEH

propagate [ popageit] v. &%

proper [prope] a. #A§, [EX, A&

proposal [pra'pauzal] n». it&l, 24

prototype ['proutataip] »n. JR#%!

protrude [pra'tru:d] v. /4iHi

proximity [prok'simiti] ». 48

psig=pounds per square inch gauge, 1psi=0.07kg/cm’
punched-out ». PO, (il

pursue [pa'sju:] vi. MEHE, FH

pyrochemical [paireu’kemikal] a. FEiEAFEELE
pyrolytic a. ##EIH

Q
quadruple [kwodrupl] a. PUf&ee-- i

qualitative [ kwolitetiv] a. EEH

quality ['kwoliti] ». 4if, T8, K&
quantitative [kwontitativ] ». EEKH
quantum [kwontam] »n. (&% quanta) BF
quench [kwent[] v. &%

R

radiation [reidi'eifen] n. JUHE, K&, 4
radical ['reedikal] a. #HAM

radiological [reidiau'lodzikal] a. %K
radon [reidon] »n. 4

ramp [reemp] n. #@, EFF

random [reendem] a. BHENLE

rating [reitin] »n. %, HElE

reasonable [ri:znabl] a. &4
recommendation [rekemen'deifen] n. &l
redundancy [ri'dAndensi] ». U4
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redundant [ri'dandant] a. JL&RH
reed [rird] n. ¥

refuel [ri:'fjual] v. K
regenerative [ri'd3zenareitiv] a. F4ER
regulatory [regjuleiteri] o. EXEE, ME (FRHD AK, #HHH
reiterate [rii'itereit] v. HFEH, KREHIK
relay [rizlei] n. #kE4%

reliance [ri'laisns] n. {&5#i, &K#
remote [rimaut] a. ZEEH
renaissance [ra'neisans] n. ®HX
render [renda] v. R4, #I
repetitive [ri'petitiv] a. FEH
reposition [ri:pa'zifan] n. HJRALL, HEE--- I E
reprocessing ['ri:'prousesin] n. L, JEAbHEE
repulsion [ri'pAlfan] n. HfF

reservoir [rezavwa:] n. fEf7E3: At
resistant [rizistent] a. &4

resonance [rezenans] n. Itk

restrain [ris'trein] v. ZyK

restrict [ris'trikt] v. [FR#I, 2R, T
restrictor [ris'trikta] n». TiE, PRAAS
retain [ri'tein] v. {R##F. 8

retard [ri'ta:d] v. ZER

retention [riten[an] n. {RfF
retrievable [ri'tri:vebl] a. #[{kE
rev/s=revolutions per second HFPE /b
rhodium [reudiam] n. 4

rigidity [ri'd3iditi] ». Witk

rigorous [rigeras] a. A&
rigorously ad. JEHEHh, KHfih
ring-forged #%iE H AER

roadmap n. %H, HEE

robust [roau'bast] n. B[

rolling [raulin] n. &Ik

roughen [rafan] v. {HASHHES
rpm=revolutions per minute &5 §p %
ruggedness ['ragidnis] ». 9REE, R[E
rupture [raptfe] n. BEH
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S

sacrifice ['saekrifais] v. #i%k

saturation [seet[a'reifan] n. MHFI

scale [skeil] n. ##, RE

scaling-up n. FEHBIHECK

scatter ['skeete] v. & n. HU, ¥
scattering ['skeeterin] n. HUH

scenario [sina:risu] ». &M, HE, HE
schematically ['skimaetikali:] ad. Fw~EE, K&
scheme [skiim] n. HE, &%

scoring n. XJE

seismic ['saizmik] a. HIFEH

seldom ['seldem] ad. 1R/>
self-annealing ». HiEk

self-sustaining a. H¥#FH
semi-permeable a. BB

sensing ['sensin] a. & n. {554
serration [se'reifen] n. ETE

set-on #fisE, LE, AT

severe [si'via] a. FH[

shale [[eil] n. Ti&

shallow ['[eelou] a. M

shatter['[eete] v. R, W&

sheath [[i:0] n. 4%, EE

shedding [edin] n. &1, BIFRE
sheltering »n. ik, #"

shielding [[izldin] n. BE#: a.  BidPH
shippable [[ipabl] a. ™z
shrinkage ['[rinkid3] ». W45, Wb
shuffling ['[aflin] ». HEHE

shutoff ['[Ato:f] »n. %A

SI=System International [E iz #i47

signatory ['signateri] »n. #44H
significance [sig'nifikens] ». &EX, & X
signify ['signifai] v. 7x, &bk

silicide ['silisaid] n. ®A4Y)

silicon ['siliken] n. &

simulation [,simju'leifen] n. Fiftl, {iE
simultaneously [simal'teinjosli] ad. [&&fHL
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sink [sink] n. ##as,

sketch [sket[] v. HREHE

slab [sleeb] n. FiR

sleeve [sli:v] n. EH

slot [slot] n. & v. #8, Peisg, A
sluggish ['slagif] a. 28K

slump [slamp] n. &v. H}H

snubber ['snAba] n. ZEME%
societal[sa'saiatal] a. £
sodium['saudjem] n. 4

solder ['solde] v. /&

solicitation [so/lisi'teifan] ». &K, FK
somatic [seu'meetik] a. H&K
spacer|'speisa] n. SEfr4

span [spaen] n.

spatial ['speifal] a. [EBH, SHFEM
specimen ['spesimin] n. #&, R4
spectrum ['spektram] n. i¥%

speculative ['spekjulativ] a. #Eillf

spider ['spaida] n. BBk

spill [spil] v. %

splice [splais] v. &

split [split] v. 2JF, 2fi#

spring-back »n. [BI3#, FHEER

spun [SpAN] v. spin ik E 4, ek
stack [steek] n. HEFE, 4%

staff [sta:f] ». T{EAR

stage [steid3] »n. ZL(H—HBIHH F A —A R AR )
stamp [steemp] v. T

standstill {53, A&k

stationary ['steifeneri] a. #HiLMH

steam line »n. ZEAEHK

steepen ['sti:pan] v. 4Bk

stellite ['stelait] ». HAHFHERE S
step-wise ['stepwaiz] a & ad. FEH (H)
stewardship ['stjuadfip] n. EFT{E, L&
Stiff [stif] a. Ri#EH

stochastic [sto'keestik] a. BEHLH

stockpile ['stokpail] » & v. &, HR, EF
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strategically [stro'ti:dzikali] ad. /&g E, RESH:
strategy ['streetidzi] n. /&Rg
stratification [streetifi'’keifen] »n. 42
string [strin] n. &
stringency['strindzansi] ». &, &)
stringent ['strindzent] a. =K

strip [strip] n. #, %

stuck [stak] v. stick M E40E, B4
stud [stad] n. XUkEE#

subcool ['sAb'’ku:l] v. &K#, iI¥
subcritical [sAb'kritikal] a. &I&E5H
subdivision ['sAbdi,vizen] »n. —#4%, B9
sublime [sa'blaim] v. FH#

subscript ['sAbskript] n. Fi#R
substantial [seb'steen[al] a. LK
sub-system ['sAbsistem] n. #HEIRS:
subtle ['satl] a. @K, MK
subtract [seb'treekt] v. W3
successive [sak'sesiv] a. ELEM
sulfur=sulphur ['salfe] n. #i

sump ['samp] n. fif/Ki, Kb
supercritical [sju:pe'kritikal] «. HIEH
superior [sju'piaria] a. &M
superscript ['sju:paskript] ». _LF#R
supersede [sju:pa’si:d] vr. fE
supplement ['sapliment] v. #h%
surge [se:d3] n. E#F

surplus ['sa:ples] n. EFK

survivor [s@'vaive] n. EfF#H
susceptible [sa'septabl] a. UK
suspend [sas'pend] v. &i¥F

sustain [ses'tein] v. 4
sustainability »n. FJRFLEM

sustainer [sas'teina] n. IR T, 4gFFE
swing [swin] n. #£5)

symmetric [si'metrik] a. XFTFRE
symptom ['simptem] ». fEJk

synergy ['sine:d3i] ». (HfE) &k
synonymous [si'nonimas] a. [F X



274 ZEEWIE (F2HR)

T

tail [teil] n. BB

taper [teipa] v. E¥HZEH

tapered ['teipad] a. ZEERHM

target ['ta:git] ». £, H#x

teardrop n. JHEE

technocracy [tek'nokrasi] n. HFEH
temper [tempa] v.&n. [Blk, i, AR
tendon ['tenden] n.

tension [tenfen] n. K7

terminate ['ta:mineit] v. £k, 4%
terminology [ta:mi'noladzi] »n. H[IARE
terphenyl [ta:'finil] ». =%

terrorism ['tererizem] n. Rt X

therapy [Oerepi] n. JHIT

therein [Bear'in] ad. Ht

thermalize ['0a:malaiz] v. fHE#AELL
thermodynamic [ ,8a:maudai'neemik] a. #7241
thimble [8imbl] n. %%

thorium ['@o:riem] n. &t

threshold [Brefhauld] ». &S A, R, RE
throttle [Brotl] ». it

thrust [Brast] v. A

thyroid [Bairoid] ». HURAR

tilt [tilt] v. fEgh W

tin[tin] n. %

tissue ['tisju:] n. (4if)HZR

tornado [to:'neideu] n. MER, JE#EK
torsional['to:[enal] a. FHHIH

toxic ['toksik] a. HIEMH

track [treek] ». #iF, W

train [trein] ». R, ¥AEREBEROERS
transient ['treenziant] ». B&

transition [treen'sifen] n. #4

transuranic [traensju'reenik] a. EHIN, BEFFEHE T
transuranium [treensjua’reinjom] »n. #ij5TE
trap [treep] n». . WEESS

treaty ['trizti] n. 44

tremor ['treme] n. ®iHl
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triangular [trai'eengjule] a. = (¥) i
trip [trip] ». i, S

triuranium n. =i

tsunami [tsjuna:mi] 7. W
tube-in-shell ~ ‘&7E

tubular ['tju:bjule] a. HMEHRK, EFHK
turbine ['te:bin] n. &EF, KHHL
turbulence ['ta:bjulens] »n. #ah

twist [twist] v. Hi#

U

ultrasonic ['Altra'sonik] a. #EH

unacceptable [Anak'septabl] a. AREEEZH, A
undermoderation n. 55184k, Ki8{k
underpinning n. FEfill

undershoot [Anda'fu:t] v.&n. Fif

uniform [‘ju:niform] a. ¥WAEK

unionized [An'aignaizd] a. & (3F) HEH
unmitigated [An'mitigeitid] . WEMK, ZExtH
unwittingly [An'witinli] ad. &

upstream ['Ap'stri:m] a. _LFiFHY

uptake [Apteik] n. WA

utility [ju:'tiliti] ». 2AHFILAF

A%

vacant ['veikent] a. ZHY

valid ['veelid] a. B, EWHH

validation [veeli'deifen] n. B, #hik, iFsL
variant ['vearient] a. REH

vector ['vekta] ». filkl, K&

vehicular [vi'hikjula] a. ZEHM

vendor [vendo:] n. ¥, HEEER

verify ['verifai] v. iiF

version ['va:fan] n. B (RK), Fh%k

versus [vaisas] prep. HeeeothER, fEHeeeee FIBREL, G kR

viability [vaia'biliti] n. ‘Edr, Ak
vicinity [vi'siniti] »n. [T

violate ['vaisleit] v. Hx

viscosity [viskasiti] n. FifE
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visualize ['vizjualaiz] v. Hilll, W

vital ['vaitl] a. WEER

void [void] n. ZIE

volatile ['volatail] a.&n. #HEHEH, EEY
volatility [vola'tiliti] ». LK

vomit ['vomit] v. Xt

W

warp [wo:p] v. Figh

waste ['weist] n. &Y

wax [waeks] n. &5

weld [weld] v.&n. &
whatsoever=whatever B4
whip [hwip] v. & n. 3T
withstand [wid'steend] v. %%

X
xenon [zenon] n. i

Z
zircaloy [za:kaloi] n. #&4%

il ‘H

A

a factor of two —42—

as a rule of thumb RIEZLK
as faras Jjieeee-

atall cost AEEMAAM, T

B
be synonymous with 55 R —FEH
boric acid &

C

check valve 1-[A]j&
chemical shim L2 %M
conform to &V

D
dead band %X, AHFEEHRLE TENEX
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deal with 4bEE, X

dieout JHK, K4t

drive mechanism (###)X a0 L
due in partto #4rHT

E
emerge from HI

F
finned cladding #7fth i 455
free from A e 0}

G
a great deal KE

H
heat sink #JF
hold...apart -G FF

| |

in lieu of &

in the long run A KZEXRF
inherent safety [ %4M

M
make up #h7E
more or less A /4

N
nucleate boiling %71 i

0
on-load refueling A& HE #k)

|
pickup W, pniE
pottype i
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R
reed switch #FE K
relief valve BRI

S

shut down {&HE
solongas HE, HEH
spacer grid  SE & EE
superior to  fF

surge line  FHFNE

T

taking account of % &

tendto #&ET

tube sheet &R

turbine trip YREHLEIN CBARD
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