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PRINCIPLES OF NUCLEAR ENERGY

21 INTRODUCTION

There 1s strategic as well as economic necessity for nuclear power i the United States
and indecd most of the world. The strategic importance lies primarily in the fact that
one large nuclear powerplant saves more than 50,000 barrels of oil per day. At 830
0 $40 per barrel (1982), such a powerplant would pay for its capital cost in a fow
short years. For those countries that now rely on but do not have oil. or must reduce
the importation of foreign oil, these strategic and cconomic advantages are obvious.
For thuse countries that are oil exporters, nuclear power represents an insurance against
the day when oil is depleted. A modest start now will assure that they would not be
left behind when the time comes to have to use nuclear technology.

The unit costs per kilowatthour for nuclear encrgy are now comparable to or lower
than the unit costs for coal in most parts of the world. Other advantages are the lack
of environmental problems that are associated with coal- or oil-fired powerplants and
the near absence of 1ssues of .mine safety, labor problems, and transportation beotile-
necks. Natural gas is 4 good, relatively clean-burning fuel, but it has some availability
problems in many countries and should, in any case, be conserved for small-scale
industrial and domestic uses. Thus nuclear power is bound 1o become the social choice
relative (o other socictal risks and overall health and safety risks.

Other sources include hydroclectric.generation, which is nearly fully developed
with only a few sites left around the world with significant hydroelectric potential,
“Solar power, although useful in outer space and domestic space and water heating in
some parts of the world, is not and will not become an economic primary sonrce of

slectiic powes, _
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Yet the nuclear mdustry 1s facing ﬁmn_r difficulties, particularly n the United
States. primarily as a result of the negative impact of the issues of nuclear safety.
waste disposal, weapons proliferation, and cconomics on the public and government,
The impact on the publc 1s complicated by delays in hicensing proceedings. court,
and ballot box challenges. These posed severe obstucles to electric utilities planning
nuclear powerplants, the result being scheduling problems, escalating and unpredictable
costs, and cconomic sks even before a construction permit is issued. Utilities had to
delay or cancel nuclear projects so that in the early 1980 there was a de facto
moratorium on new nuckear plant commitments in the United States

It is, however, the epinion of many. including this author, that despite these
difficulties the future of large clectric-energy generation includes nuclear enerpy as a
primary, if not the man, source. The signs are already evident in many European and
Asian countrics such as France, the United Kingdom, Japan, and the U.S.S.R

In a powerplant techrology course, 1t is therefore necessary to study nuclear energy
systems. We shall begm i this chapter by covering the energy-generalion processes
in nuclear reactors by starting with the structure of the atom and its nucleus and the
reactions that give rise to such energy generation. These include fission, fusion, and
different types of prutrop-nucleus interactions and radioactivity. The following two
chapters will cover the twa mua <lasses of nuclear powerplaats in use or under active
development in the world today , tiwe thermal and the fast-breeder reactor powerplants.

9-2 THE ATOMIC STRUCTURE

In 1803 John Dalton, ancmpung o explam the laws of chemical combination, proposed
his simple but incomplete wzomic hypothesis. He postulated that all elements consisted
of indivisible minute pamicles of matter, aroms.* that were different tor different
elements and preserved their indentity in chemical reactions. In 1811 Amudeo Avo-
gadro introduced the malecular theory based on the molecule, a particle of matter
composed of & finite nuimber of atoms. It 1s now known-that the atoms are themselves
composed of subparticles, common among atoms of all elements.

An atom consssts of a relatively heavy, positively charged nucleus and a number
of much lighter negauvely charged efectrons that exist in vanious orbits around the
nucleus. The nucicus, in tumn, consists of subpanicles, called nucleans. Nucleons are
pamarily of two kinds: the newrons, which are electrically neutral, and the protons,
which are positively charged. The electric charge_on the proton is cqual in magnitude
but opposile in sipn to that on the electron. The atom as a whole is electrically neutral:

- the number of protons equals the number of electrons n orbit.

One atom may be mansformed into another by losing or acquinng some of the
above subparticles. Such reactions result in a change in mass Am and therefore release
(orubsorh) large quantiies of enzipy A, accamding to Cinstein’s law

* Much earlier, in the fifth century B U, the Greek Democritus declared that the sumplest thing out of
which everything is made 15 an atom (The Greek word atomos means “uncut™.)
- :
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AE = L Amc? 9
where ¢ is the s'pcrd of light in vacuum and g, is the familiar engineering conversion
factor (Sec. 9-4). Equation (9-1) applies to all processes, physical, chemical, or
nuclear, in which energy is released or absorbed, Energy is, however, classified as
muelear if 1t is associated with changes in the atomic nucleus,

Figure 9-1 shows three atoms. Hydrogen has a nucleus composed of one proton,
na meutrons, and one orbital electron. Itis the only atom that has no neutrons. Deuterium
has one proton and one neutron in its nucleus and one orbital electron. Helium contains
two protons, twa neutrans, and two clectrons, The clectrons cxist in orbits, and cach
is quantitized us a lumped unit charge as shown.

Most of the mass of the atom is in the nucleus. The masses of the three primary
atomic subparticles are

Neutron mass m, = 1,008665 amu
Proton mass m, = 1.007277 amu
Electron mass m. = 0.0005486 amu

“The abbreviation amu, for atomic mass unit, is  unit of mass approximately equal To
1.66 > 10 " hg. or 3.66 X 1077 Ib,,. These three particles are the primary building
blocks of all stoms. Atoms differ in their mass because thy contain varying numbers
of them,

Atoms with nuclei that have the same number of protons have similar chemical
and physical charactenstics and differ mainly in their masses. They are called isotopes.
For example, deutenum, frequently called heavy hydrogen. is an 1sotope of hydrogen.
It exists as one part in about 666() in naturally occurring hydrogen. When combined
with oxygen, ordinary hydrogen and deuterium form ordinary water (or simply water)
and heavy water, tespectively,

The number of protons in the nucleus is called the sfomic number 7. 1 ne ol
number of nuclcons in the nucleus is called the mass number A. As the mass of a

(b

O =ndulicn 0 = proton ® =cjeclicn

a

Flgure 9-1 Structure of some light atoms: (a) hydrogen; (£) dewterium of heavy hydrogen, and (c) helium.

.
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neutron or i proton s nearly 1 amu, A s the integer nearest the mass of the nucless,
which in turn is approximately egual to the atomic mass of the aton. lsotopes of the
same clement thus have the same atomic number but differ in mass number. Nuclear

symbols are written conventionally as
o

where X is the usual chemical symbol. Thus the hydrogen nueleus is (H'. deuterivm
1s  H (and sometimes D). and ordinary helium s ;He'. For panticles contaming no
protons, the subscript indicates the magnitude and sign of the clectric charge Thus
an electron is 2" (sometimes e or ) and a neutron is gn'. Symbols are also often
written in the form He-4, helium-4, etc. Another system of notation, writen as X,
will not be used in this text.

Many clements (such as hydrogen, above) appear in nature as mixtures of isotopes
of varying abundances. For example, naturally occurmng uranium. calked narural
wranium, is composed of 99.282 mass percent U, 0.712 mass percent U™, and
0.006 mass percent U™, where the atomic number is deleted. 1t is 92 in all cases.
Many isotopes that do not appear in nature are synthestzed in the labortory or in
nuclear reactors. For example, uranium is known to have a total of 14 isotopes that
range in mass numbers from 227 to 240

The known elements, their chemical svmbaols. and therr aromie numbers are fisted
alphabencally in App. J. Figure 9-2 shows, schematically, the gructure of H. He',
and some heavier atoms and the distribetion of their electrons in vancus erbis

Two other particles of importance are the positron and the neutrine, The posron
15 2 posttively charged clectron having the symbols | 0", ¢~ or 7. The neutrino
{lmle neutron) is a tiny electrically newtral particle that is difficult o observe cxper-
imentally. Initial evidence of its existence was based on theoretical considerations. In
nuclear reactions where a 8 particle of either kind is emitted or captured, the resulung
energy (corresponding to the lost mass) was not all accounted for by the encrgy of
the emitted B particle and the recoiling nucleus. It was first suggested by Woltzang
Pauli in 1934 that the neutrino was simultaneously ejecied in these reactions and that
it carried the balance of the encrgy, often larger than that carried by the B particle
itself. The importance of neutrinos is that they carry some 5 percent of the total energy

produced in fission. This energy is completely lost because neutrinos de not react
and are not-stopped by any practical structural material. The neutrino is given the
symbol v,

There are many other atomic subparticles, An example is the mesons, unstable
positive, negative, or neutral particles that have masses intermediate between an elec-
<tron and a proton. They are exchanged between nucleons and are thought © account
for the forces between them. A discussion of these and other subparticles is. howeves,
beyond the scope of this book. :

“Electrons that orbit in the outermust thell of an atom are catled valence elecirons.
The outernost shell 15 called the valenss shell Thus hvdrosen has one valenee plactron
and s K shell 15 the vaience sheli, ctc. Chemica! propertics of an cloment aiv o
Tunction of the numbcr of valence electrons. The clcc:rons play little or not part n

nuclear i mtcracl;onc;
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9-3 CHEMICAL AND NUCLEAR EQUATIONS

Chemical reactions involve the combination or separation of whole atoms. For example

2 O;_' CO;! (9-2)
This reaction is accompanied by the release of about 4 electron volts (eV). An eleciron
veltisaunit of energy in common use in nuclear engineering. leV = 1,6021 x 10°'°

joules (1) = 1.519 x 1072 Btu = 4.44 % [0°% kWh. | million electron volts (1
MeV) = 10" eV, _

In ehemical reactions, each atom participates as a whole and retains its identity.
The molecules change. The only effect is a sharing or exchanging of valence electrons.
The nuclei are unaffected. In chemical equations there are as many atoms of cach
participating element in the products (the right-hand'side) as in the reactants (the left-
hand side). Another example is one in which uranium dioxide (UO,) is converted into
uranium tetrafluoride (UF.), called green salt, by heating it in an atmosphere of highiy
corrosive anhydrous (withoul water) hydrogen fluoride (HF), with water vapor (H,0)
appearing in the products

UO, + 4HF — 2H,0 + UF, A (0-3y

Water vapor s driven off and UF, is.used to prepare gascous uranium hexafioride
(UF.). which 15 used 1 the separation of the U™ and U** isotopes of uranium by
the gaseous diffusion method. (Fluorine has only one isotope. F'%, and thus combi-
nations of molecules of uranium and fluorine have molecular masses depending only
on the wranium otope.)

Both chemical and nuclear reactions are either e whermic or endothermic, that
is, they either release or absorb energy. Because energy and mass are convertible, Eq.
(3-1). chemical reactions involving energy do undergo a mass decrease in exothermic
reactions and a mass increase in endothermic ones. However, the quantities of energy
assocated with a chemical reaction are very small compared with those of a nuclear
reaction, and the mass that is lost or gained is minutely small. This is why we assume
a preservation of mass in chemical reactions, undoubtedly an incorrect assumption but
one that1s sufticiently accurate for usual engineening caleuiations.

In nuclear reactions, the reactant nuclei do not show up in the products, instead
we may find either isotopes of the reactants or other nuclei. In balancing nuclear
cquations it is necessary to see that the same, or equivalent, nucleons show up in the
products as entered the reaction. For example, if K. L, M, and N were chemica
symbols. the corresponding nuclear equation might look like )

.

({KAI + ?:I'LA:_. ?‘bii- _|_ I‘N.h X {9_4)

To baiance Eq. (9-4), the following relationships must be satisfied.

Z: 1 Z; = Z) + Z, 5 (9-5(1)

and - T A+ A=A, 4+ A, (9-5b)
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Sometimes the symbols y or v arc added to the products to indicate the emission
of electromagnetic radiation or a neutrino, respectively. They have noeffect on equation
balance because both have zero Z and A, but they often carry large portions of the
resulting energy i

Although the mass numbers are preserved in a nuclear reaction, the masses of the
isotopes on both sides of the equation do not balance. Exothermic of endothermic
energy iy obtained when there is a reduction or an increase in mass from reactants+o

products, respectively

Example 9-1 Onc exothermic reaction occurs when common aluminum is bom-
burded with high-cnergy a particles (helium-4 nuclei), resulting in $i' (a heavy
isotope of silicon whose most abundant isotope has mass number 28). In the
reaction, a small particle is emitted. Write the complete reaction and calculate the
change in mass,

Sorution The reaction is '

AR 4 JHet = (8% 4, XA
where X is a symbol of a yet unknown particle. Balancing gives o
Ay =122 =14 =1 and Ay =21+ 4 =30 = |
Fhe only particle satistying these is a proton. Thus the complete reaction is

AT+ GHe!' — LSPY + HY (9-6)

The 1sotope masses of the nuclei showing up in this reaction are’

Reactants Products
AFT L 26.95153 amu i 2997376 amu
He! 1 00260 amu H'- 1.00783 amu
Total 30.98413 amu Tolal  30.98159 amu

Thus there is a decrease in mass, as Am = 30.98159 — 30.98143 = —0.00254
amu. The corresponding energy is negative; i.c., energy is released or is exother-
" mic. In nuclear reactions, the results depend on a small difference between large
numbers, which makes it necessary to carry the isotope masses to the fourth or

fifth decimal places.
An example of an endothermic nuclear reaction is

£ N4+ GHe' = .07 + 1! (9-7)

The sum of the masses of these reactants and products are 1400307 +
4.00260 = 18.00567 amu and 16.99914 + 1.00783 = 18.00697 amu, respec-,
tively. Thus theie is a net gain 1n mass of 0.00130 azuu, which means that energy
is ubsorbed and the reaction is endothermic. ' .

-
- -
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In the above two reactions, the positively charged @ panicles must be accelerated
to high Kinetic energies o overcome electrical repulsion and bombard the positively
charged alumnum or nitrogen nucler. The reactants possess initial kinetic energy equal
to the kinetic energy of the a panticle plus the Kinetic energy of the nucleus, though
the latter is usually negligible. (This process is analogous to raising a fuel-air mixture
o its ignition temperature by adding activation energy before combustion can take
place.) When the reactions are completed, the energy released will be cqual to the
nitial energy of the reactants plus the encrgy corresponding to the lost mass (or minus
the energy comresponding to the pained mass).

This cnergy shows up in the form of kinetic energy of the resultant particles,
the form of y energy, and sometimes as excivation energy of the product nucleus, if
any become so excited. The total kinetic energy of the products is divided among the
nucler and particles in such a manner that the lighter particles have higher kinetic
energies than the heavier ones )

The isotope masses used above included the masses of the orbital electrons. The
nuclear masses can be computed by subtracting the sum of the masses ef Z orbiral
electrons.  For  example, the mass of the AP nucleus = 2698153 —
[3 % 0.0005486 = 26.97440 amu. and so on. Such corrections are vinecessyry in
most cases because the sume numbzr ot electrons show up on both sides 01 the equation,
For example, in Eq. (9-6), the eneroy priduced corresponds to the change 1n muasses
of the nucler as given by

dm o= (Mg = Hm) = Moo= m] = My = 13m0 = (M.~ |

where M is the isotope atomic mass and m, the mass of the clectrun. !t can be seen

that the number of electrons balance and that
Am = (Mg + My) — (M, + M)
The priniciple holds even if ncutrons (whose mass, 1. ()08&65 amu, does not inciude
any electrons) are involved. In general then -
(9-8)

and the electron masses are neglected. This rule applies even if an electron appears
0i. either side of lhc equation. An example is

165 ~* nCIY + _je? (9-9)

_\m =X Mioodiicis, — M

In this case

Am = (Mo = 1Tm) + m,] — (Ms — 16m,) = Mg, — Ms

An exception, however. is in reactions involving pasitrons ) 4
L= B+ _ (9-1u)

Ip thi= once

= [(Ma.— 5m,) + m,] - (Mc — 6m,) = My — Mc + 2m,
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Two clectron masses are added if the positron is on the right-hand shle of the equation
and subtracted if it is on the left-hand side.

9-4 ENERGY FROM NUCLEAR REACTIONS
The energy corresponding to the change in mass in a nuclear reaction is calculatgd
from Einsteins law, Eq. (9-1), here repeated

AE = L1 Amc? (9-1)

e

where g, is a conversion factor® that has the following values

kg - miN -+ 5%
g - cm¥f(erg - 5%)
32, Ib.. - fU(lb, - s%)
4.17 x 10° Ib, - fu(lb, * hr?)
0.965 x 10" amu - cm¥(MeV - s?)

tu——
h..}C)C

Thus if Arr is in kilograms and ¢ in meters per second, AE will be in joules. Since
¢ = 3 x 10% mvs, Eq. (9-1) can be wntten in the form

AE (in)) = 9 x 10" Am (in kg) (9-11)
But as it is convenient to express the masses of nucler in amu = 1.66 x 10777 kg
and the energy in joules (1) and MeV, Eq. (9-11) becomes
AE (inJ) = 149 x 10" Am (in amu) (9-12)
and
AE (in MeV) = 931 Am (in amu) {9- I'H

a useful rt,[anonshtp to remember. The reaction in Example 9.1 thus produces
—0.00254 > 931 = —2.365 MeV of energy. Mass- -energy conversion factors are
given in Table 9-1.

-

9-5 NUCLEAR FUSION AND FISSION "
Nuclear reactions of importance in energy production arc fusion, fission, and radio-
acriviry. Radioactivity will be discussed in Sec. 9-8. In fusion, two or more light nuclci
fuse to form a heavier nucleus. In fission, a heavy nucleus is split inlo two or more
lighter nuclei. In both, there is.a decrease in mass resulting in exothermic energy.

* Thz zame as in force = Jig, x mass x accelerstion,
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Table 9-1 Mass-energy conversion factors

Ercrpy
Mass  MeV ] Bu W MW - day
amu 931 478 14929 = 1™ 13048 « 10" 41456 x 107 99994 . i
kg L Th e 89873 = W0 B S51R4 - 0" 24965 x 10" S9916 . 0
Ib, 15444 x| 40766 « 10" LR635 « 0! 11324 » 1™ ANTT o« he

Fusion

Energy is produced in the sun and stars by continuous fusion reactions in which four
nuclel of hydrogen fuse in a series of reacions involving other particles that continually
appear and disappear in the course of the reactions, such as He', nitrogen, carbon,
and other nuclel, but culminating in one nucleus of helium and two positrons

400 — He' = 2., (9-14)

resulting an o Jdecrease inosmuse of shout 00270 ..Illll.l. corresponding 1 23 7 Moy
The heat produced i these reactions nntans emperatures of the order of sever.)!
mulhon degrees 10 therr cores and serves w mgeer and sustain succerding reachions
On earth, although Hssion preceded fuson i both w capons and power generation,
the busic fusion reaction seas discovered fntin the 1920, during rescarch on partcle
accelerators, Antiticially prodoced wsion mias be accomplished when two light atems
fuse into & larger one as there is @ mveh ereater probability of two panticles collids ¢
than ot tour. The 4-hydrogen reaction requires, on an average, billions of yeurs for
completion, whereas the deutesrium-deucnium reaction requires a fraction of a second,
To cause fusion, it is necessary to aceelerate the positively charged nuclei 1o high
Ninetic energies, 1n order to overcome clectncal repulsive forces, by raising’ their
temperature o hundreds of millions of degrees resulting in a plasma. The plasma must
be prevented from contacting the walls of the container, and must be confined for a
peried of time (of the order <f a second) at a minim. m density. Fusion reactions are
called thermonuciear because very i temperatures are required to trigger and sustain
thern [3.83]. Table 9-2 lists the possible fusion reactions and the energies produced

Table 9-2
Fusion reaction
——  Encrny per :

Number  Reactants Produ sachen, Mok

I Do i g -

2 D+D He' + n 2 .

3 T+ D, He* + n 17.6

4 .R'+D He' + p 183 5
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by them. n. p. D, and T are the symbeols for the neutron, proton, deuterium (H?), and
tritium (H'), respectively.

Many problems have to be solved before an artitficially made fusion reactor be-
comes a reality [3,83]. The most imporant of these are the difficulty in generating
and miaintaining high temperatures and the instabilitics in the medium (plasma), the
conversion of fusion energy to clectricity, and many other problems of an operational
nature. Fusion powerplants will not be covered in this text,

Fission

Unlike fusion, which involves nuclei of similar electric charge and therefore requires
high kinctic encrgics, fission can be caused by the neutron, which, being clectrically
necutral, can strike and fission the positively charged nucleus at high, moderate, or low
speeds without being repulsed. Fission can be caused by other particles, but neutrons
are the only practical ones that result in a sustained reaction because two or three
neutrons are usually released for each one absorbed in fission. These keep'the reaction
going. There are only a few fissionable isotopes. U, Pu*", and U™ are fissionable
by neuirons of all energies. U™, Th*™, and Pu®™ arc fi cionable by high-cnergy
neutrons only. An example, shown schematically in Fiz. -3, ix

U ! = (Xe!™ 4 gt oy 0 (9-14)

The immediate (prompt) products of a fission reaction, such as Xe"™ and Sr™
above, are called fission fragments. They, and their decay products (Sec. 9-7), are
called fission products. Figure 9-4 shows fission product data for U™** by thermal and
fast neutrons (Secs. 9-10 and 9-11) and for U™ and Pu” by thermal neutrons [84].
The products are represented by their mass numbers.

—~
AR . (-f(_;‘\') Neutron |0:l'hv escape
.(( ~ ) or consumed in
) e / nonfission reaction
O

7\

(@] ——r-(‘ ( -j’)) R R
Neutron o ) =
"-\._J‘J I
- Uranium
nucleus
20
") Sitosliunm nudieus
e -
-
Flgure 9.3 A ypical fission reaction. - 3
T x a
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i'lgurt 9.4 Fussion product yield data for (a) U™ by thermal and 14 MeV neutrons and (b U5 and PLE™
by thermal neuvtrons [84]

9-6 ENERGY FROM FISSION AND FUEL BURNUY
There are many fission reactions that release different energy values. "l vae in Eq.
(9-15), for example, yields 196 MeV. Another

_ 22U + on' = 5Ba'? + K1 + 2 | (9-16)
has the mass balance

235.0439 + 1.00867 — 136.9061 + 96.9212 + 2 < |.umn”
236.0526 — 235.8446
Am = 235.8446 — 236.0526 = —0.208) amu

Thus = . ®

AE =931 x —0.2080 = —193.6 McV = —3.1 x [0 1]
i s = 22937 % i~V B

G tiie average the fission of a U™ nucleus vields about 193 vicv. 1 sanikc
tigure roughly applics to U?** and Pu™. This amount of encrgy is prompt. 1.c.. reicaseu
at the time of fission. More energy, however, is produced because of (1) the slow
decay of the fission fragments into fission products and (2) the nonfission capcturc of
“excess neutrons in reactions that produce energy, though mfich less than that of fission.
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The total energy, produced per fission reaction, therefore, is greater than the prompt
energy and is about 200 McV, a useful number to remember.
The complete fission of 1 g of U™ nuclei thus produces

e aot) 12 24 !
i\\.ﬂt.l‘dm s number % 200 MV = 0.60225 x 10 x 200
U=" isotope mass « 235.0439

0.513 % 10* MeV
2276 x 107 kWh

B.190 = 10™1
0.948 MW-day

Il

Another convenient figure 1o remember is that a reactor burning 1 g of fissionahle
material generates nearly 1| MW-day of energy. This relates to fuel burnup, Maximum
theoretical burnup would therefore be about a million MW-dayfton (metric) ol fucl.
This figure applies if the fuel were entirely composed of fissionable nuclei and all of
them fission. Reactor fuel, however, contains other nonfissionable isotopes of wranium,
plutonium, or thorium. Fue! is defined as all uranium., plutonium, and thorium isotopes.
It does not include alloying or other chemical compounds or mixtures. The term fuel
mttertad s used ta reter 1o el plus such other materials,

Even the fissionable isotopes cannot be all fissioned because of the accumulation
of fission products that ahsorb neutrons and eventually stop the chain reaction, Because
of this—and owing to metallurgical reasons such as the inability of the tuel material
to operate at high temperatures or to retain gaseous fission products [such as Xe and
Kr. Egs. (9-15) and (9-16)] in its structure except for limited periods of time—burnup
values are much lower than this figure. They are, however, increased somewhat by
the fissioning of some fissionable nuclei, such as Pu®™, which are newly converted
from fenile nuclei, such as U** (Sec. 11-2). Depending upon fuel type and enrichment
(mass pereent of fissionable fuel in all fuel), burnups may vary from about 1000 to
100,000 MW - day/ton and higher. ' \

9-7 RADIOACTIVITY
Radioactivity is.an important source of energy for small power devices and a source
of radiation for use in research, industry, medicine, and a wide variety of applications,
as well as an environmental concern.

Most of the naturally occurring isotopes are stable. Those that are not stable, i.e.,
radioactive, are some isotopes of the heavy elements thgllium (Z =-81), lead (Z = 82),
and bismuth (Z = 83) and all the isotopes of the heavier elements beginning with
polonium (Z =>84). A few lower-mass naturally occurring isotopes are radioactive,
such as K*?; Rb*", and In!'. In addition, several thousand artificially produced isotopes
i ali masses are radioactive Naters! and artificial radioactive isotopes, also ealled
radioisotopes, have similar disintegration rate mechanisms. Figure 9-5 shows a Z-N
chart of the known isotopes. i g

.
]
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Radioactivity means that a radioactive isotope continuously undergoes spontancous
(1.c.. without outside help) disintegration, usually with the emission of one or more
smaller particles from the parent nucleus, changing it into another, @r dunghier,
nucleus. The parent nucleus is said to decay into the daughter nucleus, The daughter
may or may not be stable, and scveral successive decays may occur dntil a stable
isotope is formed, An example of radivactuvity 13

“ln”‘-- “anrl‘i + _}‘,n = 9-17)
where the parent. In'', is a natrally occurring radioisotope and its daughter, S§n''%,
15 stable. :

Radioactivity is always accompanied by a decrease in mass and is thus always
exothermic. The energy liberated shows up as kinetic energy of the emitted particles
and as y radiation. The light particle is ejected at high speed, whereas the heavy one
recoils at a much slower pace in an opposite direction.

Naturally occurring radioisotopes emit a. B, or ¥ particles or radiations. The
antificial isotopes, in addition to the above, emit or undergo the following particles or
feactions: positrons; orbital electron absorption, called K capture; and neutrons. In
addition, neutrino emission accompanies 3 emission (of either sign).

Alpha deeay Alpha particles are helium nuclei. each consisting of two protons und
teo neutrons. They are commonly emitted by the heavier radioactive nucle; An
examnpie is the decay of Pu™ into fissionable U2

P — L U 4 Het (9-18)

Bria decay An example of g decay, besides Eq. (9-17), s
2P — (BT 3 0 4y 1e-14)

wiicic v, the symbol for the neutrino, is often dropped from the equation. The pen-

ctiating power of B particles is small compared with that of y-rays but is larger than .

ihat of a particles. B- and a-particle decay are usually accompanied by the emission
ol ~ rudiation.

Gamma radiation This is electromagnetic radiation of extremely short wavelength
and very high frequency and therefore high energy. y-rays and X-rays are physically
similar but differ in their origin and energy: y-rays from the nucleus, and x-rays from
the atom because of orbital electrons changing orbits or energy levels, Gamma wave-
lengths are, on an average, about onc-tenth those of x-rays; although the energy ranges
overlap sumewhat. Gamma decay does not alter either the atomic or mass numbers,

= -

Toriti i decay  Posivon decay occurs wnen the radioactive micleps containe an axcess
Al s

- P, i ellectvely converts a proton intg a neutron. An example is

NI = (€F 4 0 : (9-20)

a

- . a?
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Because the dasghter has one less proton than the parent, onc of the orbital electrons
is released 1o maintain atom neutrality. It combines with an emitted positron according
w

g ety (9-21)

The two particles therefore undergo an annihilurion process, which produces yenergy
equivalent to the sum of their rest masses 2%, or —(2 % 0.0005486)931 = -~ 1.02
MeV, g

The reverse of the annthilation process is called pair production. In this, a ¥
photon of at least 1.02-MeV energy forms a positron-clectron pair. ‘This is an endo-
thermic process that converts energy 1o mass. It occurs in the presence of matter and
never in a vacuum.

K capture K capture also takes place when a nucleus possesses on excess of protons
but not the threshold of 1.02 MeV necessary to eimit a positron. Instead it captures
an orbital electron from the orbit or shell nearest to the nuclews, called the K shell;
hence the name K capiure. The vacancy in the K shell is filled by ancther electron
falling from a higher orbit. Thus K capture is accompanicd by x-ray emission from
the atom. K capture also effectively changes a praton inte 2 nevtron. The process is
shown in Fig, 96, An example of K capture is

Higher shell

K shell

Nucleus

———

Figure 9-6-K caprure.
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#Cu™ 4 — NI (9-22)

in which Ni®* is stable. Because the parent acquires an electron, the clectron symbol
is on the left-hand side. _

Neutron emission  This occurs when a nucleus possesses an ¢xtremely high excitation
energy. The binding eaergy of a neutron in a nucleus (the energy that would have
be added to a nucleus o expel a neutron) varies with mass number but averages about
8 McV. Thus, 1f the excitation energy of a nucleus were at least 8 MeV. it could
decay by the emission of a neutron. An example is

suXe!' — saXe'™ 4 on! (9-23)

The parent Xe'*” is a fission product resulting from the B decay of the fission fragment
I''" (called a precursor). In neutron decay the daughter is an 1sotope of the parent. It
15 a rare occurrence except in nuclear reactors where it is the source of delayed fission
newirons, which are of utmost importance in reactor control.

9-8 DECAY RATES AND HALF-LIVES

there can be no ndication of the time that it takes any one particelar radioactive
nucleus to decay, However. if there is a very large number of radioactive nuclei of
the same kind, there is a definite statistical probability that a certain fraction will decay
in & certain time. Thus if we have two separale samples, one contaimng 107 and the
other 10" of the same radioisotopes, we will find that the same fraction in each, say
one-half or 10°%2 and 10*/2, will decay in the same time. In other words. the rate
of decay is a function only of the number of radioactive nuclei present at any time,
provided that the number is large (true in most cases of practical interest).

Radioactive-decay rates, unlike chemical-reaction rates, which increase exponen-
tially with temperature, are practically unaffected by temperature, pressure, or the
physical and chemical states of matter. i.c., whether in a gaseous, liquid, or solid
phase or in chemical combinations with others.

If N is the number of radioactive nuclei of one species at any time 6, and if dNV

is the number decaying in an increment of time 46, at 6, the rate of decay = dN/do
is directly proportional 1o N.
N k
-—= AN & 9-24
of ( !
A is a proportionality factor called the decay comsiant. Tt hice different values for
different isotopes and the dimension time ™!, yeually '
Integrating Lelween wa aibitrary ume, 8 = 0. wien the numboer of radioisotopes
was Ny, gives =

N dN 0
"J'm?-AL'do
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Thus
N = N (9-25)
The rate of decay AN is also called the acrnviy A and commonly has the dimension
disintegrations per second (dis/s) o 571 The initial activity A, is equal to ANy, Thus
A= Apt (9-26)
A common way of representing decay rates is by the use of the half-life, 6, ;.
This is the time during which onc-half of a number of radioactive specics decays or
onc-half of their activity ceases. Thus

N - i _ _! - AM2
No A; 2
and
In2 06931
g m e T 9.7
0, A A ( )

and the half-life is inverscly proportional to the decay constant. Starting at =20
when N = Ny, onc-halt of Ny decay after one bhalf-life; one-half of the remaining
atoms, or one-quarter of Ny, decay during the second half-life; one-cighth of Ny during
the third. and so on (Table 9-3 and Fig. 9-7). The fraction of the initial number of
parent nuclei or activity remaining after a half-lives is equal to (1/2)".

Theoretically. it takes an infinite ime for the activity to cease. However. about
10 half-lives reduce the activity to less than one-tenth of 1 percent of the originul—
negligible in many cases, Half-lives of radioisotopes vary from fractions of 4 micro-
second to billions of years, and no two have the same half-lives. They are “fingerprints”
by which a particular radioactive species may be identificd. This is done by measuring

Table 9-3 Activity and
half-life

Number of-

1
half-lives Hillig ok Aldo

0 | 100000 o
| 1”2 0.50000

1 114 0.25000

3 18 012500

4 116 0.06250 s

[ 1132 0.031250

6 164 0.015625

7 1128 0.007813 : .-
8 11256 0.003906

3 lisiz IRT TFLLY]

10 piozs  0.000977

1 172048 = 0.000488 =
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Number of half lives

Figure 9-7 Rudinactive-decay rates as & function of half-life

the change in activity with time and computing A from the slope of the activity history
on a semilog plot (Fig. 9-8), from which 0,.z and the unknown specie are identificd
There are cases that involve two transitions from the parent isotope with two
decay rates and two half-lives. In some cases two different half-lives represent one
transition. “lable 9-4 gives the half-lives and type of activity of some important ra-
dioisotopes. Note that the readily fissionable isotopes U™, U™, and Pu?® have
extremiely long half-lives, so they can be stored practically indefinitely. U and Pu>™
B¢ danciali/ produced (from Th?? apd U2, respectively, themselves very long-
lived), whereas U™ is found in nature, :
- The energy generated by the decaying fission products results in continuing, though
much-reduced. energy generation in a reactor after shutdown and must be removed
by an adequate coolant system.

Example 9-2 Radium 226 decays into radon gas. Compute (1) the decay constant
and () rhe initial activity of | g of radium 226. The atomic mass is 226.0245
amu. > '

SoLuTioN
(1) Half-life of Ra™ = 1600 yr = 5.049 x 10 (fror Table 9-4) ..

<
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0
Time 6

Figure 9-8 Radioactive-decay cune on a sermlog plot

Table 9-4 Half-lives of some isotopes

Isolope 5 By Activily
Tritium (H") 12.26 yr il
Carbon 14 5730 yr B
Kiypton 87 76 min B
Strontium 90 28.1 yr B
Xenon 135 9.2h « PBandy
Barium 139 82.9 min Band ¥y
Radium 223 11.43 days aand ¥y
Radium 226 1600 yr eand ¥
Thorium 232 141 710yt aand y
Thorium 233 22.1 min B
Protactiniym 233 27.0 days Band y
Uranium 233 165 x 10y aand y
Uranium 235 7.1 =% 1y annd y
Uranium 238 4.51 X 10" v aand ¥y
Neptunium 239 2.35days - - Band ¥
Plutonivm 239 2.44 X 10yt annd ¥
s
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. - 0.693]

A= s = 13727 X 107 )
5099 x joo - 72 x 107s

Avogadro's number :

“alomic mass
0.60225 = 10* i
= = = 26645 % [{F
226.0245

L3727 10" % 2.6645 x 107

(2) Number of atoms per gram

fl

Initial activity A, = AN,

3.6576 < 10" dis/s

Thus the activity of | g of Ra™®is very small comipared with the number of atoms
in it and may be considered practically constant, true for any species with a
sufficiently fong half-life. Early measurements showed the activity of | g of radiym
to be 3.7 X 10" dis/s instead of the more correct value above. 3.7 % 10™ was
adopted as a unit of radioactivity and is called a curie (ci). A millicurie {mei) is
one-thousandth of-a curie and is a common unit.

9-9 NELUTRON ENERCIES

Because neutrons are essential to the fission process, this and suhsequent sections will
deal with them and their interactions. As any other body. the kinctic encrgy of a
is piven by

neutron KE,,
; | n
KE, = —m.\~ (9-25)
25

mass of neutron

=
g
a
§
]

-
It

speed of neutron
& = conversion factor (the same as in Sec. 9-6)
The term: Linetre js wcusionui!;} dropped and the symbol KE, simplified 10 £, so that

neviron enc2y wicans nzutron kinetic energy. £, is commonly expressed in eV or
MeV. Since m1, = 1.008665 amu, then . “ ]

I

E, = —————— x |.008665V*
2 X 0.965 x 107 S -
or )
E, = S77 x 107 MeV = 5227 x 10"2" oy (9-29)

wheie Vs “he contimeters per second.
The acvly Bom fission neutrons have energies ranging between less than 0.075
to about 17 MeV. When they travel throiigh matter, they collide with nuclei and are

e

£

P v
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decelerated, mainly by the lighter nuclel, thus giving up some of their energy with
each successive collision. This process is called scarrering.

Neutrons are classified into three calegones according to energy: fuse (greater than
10% eV). intermediare, and slow (less than 1 eV). One of main reactor classifications
1s the enerpy range of the neutrons causing fission. A fust reactor is one dependent
primanly on fast neutrons for fission. A thermal reactor 1s one utilizing mostly thermal
metetrons (See. B-1(0))

Newly born fission neutrons carry, on an average, about 2 percent of a reactor

0.400— T I = T

0.300

)

~ 0.200

0.100

.0 | . M
0 2 4 6 8-10 12 14

Fission neutron energy, Mcv

Figure 9-9 Encegy spectrum of fission neutrons,

o
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fission energy. They are either prompt 8 delayed. Prompt neutrons are released at the
time of fission, within about 10" s (from fission fragments with a neutron-proton
ratio the same as the vriginal nucleus but greater than that corresponding to their mass
number). Delayed neutrons, produced in radioactive decay of some fissipn products
(Sec. 9-7). constitute only 0.645 petcent of the total lission neutrons in U fission
(less for Pu™™ and U*™). Their energies are small compared with thosé of prompt
neutrons but they play 4 major role in reactor control,

Prompt neutrons have an energy: distribution shown in Fig. 9-9 and given Ifnr
U?** and Pu® fission) by [85]

2.
nlE) dE, = \f; sinh V2E, ¢ * dE, _ {9-30)

where n(E) is the number of neutrons having energy £, per unit energy interval dE,.
Most of the prompt fission neutrons have energies less than 1 MeV but average around
2 MeV,

9-10 THERMAL NEUTRONS
-

Fission neutrons sre scattered or slowed down by the matenals in the core. An effective
scatenng medum, called a mederaior, 15 one which has small nuclel with high neutron.
scattering and low neutron-absorption probabilities. such as H and D on H,Q and
13:0), C (graphite). and Be or BeO. The lowest energies they reach are those that put
them an thermal equilibnium with the molecules of the medium they are in. They
become thermalized and are called thermal neutrons, a special category of slow neu-
rons,

Neutrons. iike molecules at a given temperature, possess a wide range of energics
and corresponding speeds (Fig. 9-10a). The velocily distribution, shown for two
temperatures in Fig, 9-10b, is expressed by the Maxvell distribution faw

nv)ydv = 41m( ) VRN RN (9-31)

m
B 2wkT

wiere a(V) = number density of particles, present in given voiume
of medium, per unit velocity interval dV between V'
and V + aVv

‘n = total number of particles in same volume of medium
m = mass of particle

& = Boltizmann's constant (universal gas constant divided

by Avogadro's number) = 1.3805 » 10 J/K, or 8.617
® 10-1 MAVIK) : '

~
n

" absolute lemperature -
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Density
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Particle velocity V

1]

Figure 9-10 (&) Kinetic energy and velovily distributions of thermal neutrons at 2 fiven temperature. (b)
Velocity distribintion al two tempersiures

The most probable speed V. is the one that comresponds to the maximum number
density evaluated by differentiating the right-hand side of Eq. (9-31) with respect 1o
V and equating the derivative 1o zero, resulting in

L UT\™ -
5 Vv, = (5_.__) (9-32)

m

The energy correspondg 1o the most probable speed (which is not the same as
the mast probable energy) is

L sy
b= Sty = &T _19-33)
u -
"\R('
£ o 4
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Table9-5 Thermal-neutron speeds and

energies
Temperature ;
Most probgble . Comesponding 1
b & F speed, m's encrgy, ¢V
i
i} By 3K 0.0252
2ty Sin 20 0045y
hETE | {58} LT [ER ]
1K) 1832 4,580 017

Thus the.energy of the thermalized particle is independent of mass and a function only
* of the absolute temperature of the medium. The independence is also true for the shape
of the energy-distribution curve so that when neutrons become thermalized in a me-
dium, they possess the sume energy distribution of the molecules of the medium. The
speeds, however, are dependent on mass, and the speed distributions of neutrons and
molecules are different. Using the neutron mass in grams and Boltzmann's constant
in eV/K gives

; o .
Voodin mis) = 128 390 tior a neutron only) - (9-34)
and =
L, uneN) = K617 x 1077 (tor any particle) (9-35)

where 715 i kelvins. Table 9-5 contains sonz2 thermul-neutron most probable energies
and speeds as o function of emperature. The speed of 2200 m's and cnergy of 0.0232
eVt 2000 are somenmes sind 1o be “standard. " Cross sections (Suc. 9-11) for thermal
neutrons are custornarily tabuiaisd for 2200-m's neorons. Neutrons having cnergies
greater than thermal, such as those in the p_oess of slowing down in a thermal reactor,
are called epithermal neutn :

9-11 NUCLEAR CROSS SECTIONS

Assume a beam of monoenergetic neutrons of intensity /, neutrons/s impinging on a .
body having a target area A cm? and a nuclear density N nucleifem? (Fig. 9-11). The
nuclei have radii roughly 171000 those of atoms and, therefore, have a cross-sectional
area, fucing the neutron beam, that is very smail compared with the total target area.
Taking onc nucleus into consideration, we may use the analogy of a large number of
peas (nelitrons) being shot at a basketball (nucleus) in the center of a window (target
arca). The number of peas that will collide with the busketsa! is preporticnal 1o its
cross-sectionai aiva. However, the fraction coiiiding with the basketball, or the prob-
whiluny ot colnsion, 15 equal to the cross-sectional area ol tne basketball divided by
the area of the window. The actual cross-sectional area of a nucleus is obtained from
Jts radius r,, which is given by [86])
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= B
S ——p — |
| IO————* — b
I ]

Target area A I J—df
ER—.. i L
— —]
X e —
—— X ——l ~—

Figure 11 Neutron beam striking targel arca A,

= Ealt (9. 36)

where ry 15 & constant varying for different nucler with en average of 1.4 % 10" cm
and A 1s the mass number. The averape cross-secuesol areas of nuclel therefore 1s
about 10 - em”. 7

The probabifity of neutrons colliding or interacuing with nuclel is proportional (o
an ¢ffective, rather than actual, cross-sectional area of the nuclei in question. This o
called the microscopic cross section, or simply the cross secrion, of the reaction and
is given the symbel o, 1t vanies with the rucleus, type of reaction. and neutron eneres

In Fig. 9-11 the number of nuclel in volume A Ax s (M Ax). As the nentron
beam passes through Ax, some of the neutrons are removed (by ahsorption or scatier)
from the beam. The fraction removed is cqual to the ratio of effective cross-sectional
areas of the nuclel, o{fNA Ax), to the total area A. Thus, if at x and x + M. il Leamn
intensities become f and £ ~ AJ, respectively, it follows that, in the limit

—di _ o(NA dv)
/ A

: . tl o ‘ i
Integrating —f T e N J’ dt
du (]

from which = fip= o ! (9-37a)

= gN dr

mhas the 0Rits of ares. Because nueler are small, em’ is ioc 'azge = unit Inctend
the actwal cross-sectional area of an average nucleuy, 107°* cm?, was taken as the unit
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of the microscapic cross section and given the name barn. Cross-sectional values vary
from small fractions of a millibarn to several thousand bams. Neutrons have as many
cross sections as there are reactions. The most important are the scattering and ab-
sorption cross sections: o,, ,, o.. and oy '

where o, = microscopic cross section for scattering*
o, = MICroscopic cross section for absorption = o, 4 o
U, = microscopic cross section for radiative (nonfission) capture
oy = MICroscopic cross section for fission

Sometimes only a toral cross section o, is given, where o, = o, + g, + any other,
Cross-sectional cnergy plots for some nuclet of interest are shown in Figs. 9-12 through
9-14 [87].

The product oV is cqual to the total cross sections of all the nuclei present in a
unit volume. It is called the macroscopic cross section and is given the symbol 3. It
has the unit of length~'. commonly cm™'. Thus

= No (Y- i¥a)
and Fq. (9-37a) can be written in the form
I = [ t4-37h

Macroscopic cross sections are also designated according 1o the reaction thiey
rzpresent. Thus X, = Noy, 3, = Na,, ete. The reciprocal of macroscopic cross \:-r-*rion
for any reuction is the mean free path for that reaction. It has the symba! A, pot 1o
be confused with the decay constant in radioactivity (Sec. 9-8).

For an element of atomic mass A, and density p (g/em®), N (nucleizcin') can be
colculated from

Avogadro's number

N=p = 9-39)°

9-12 NEUTRON FLUX AND REACTION RATES

The number of neutrons crossing a unit area per unit time in one direction is called
the neutron current and is proportional to the.gradient of neutron density. In a reactor
core, however, the neutrons travel in all directions. If n is the neutron density (neutrons

* Scattering is of two kinds, inelastic and elastic. Inelastic: scatiering vocuns with high-enerzt neutrans
2nd the reduction in neutron kinetic encrgy shows up partly as kinetic encrey and P & CaCilon enerpy
e suUCR lULiEUs, £l scattering occurs with low-energy nestrons when the penirons have slowed
Lo ik MG Raiger possess sufficient encrgy 1o excite the nucleus. The struck neutron is fot exciied. and
the kinetic-encrgy loss of the neutron is equal to the imcuc-cncr;y gain of the nucleus.

& .

. ¥
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cm') and V the neutron velocity (cm/s), the product 2V is the number of reutrons
crossing a unit area from all directions per unit time and is called the neatron flix &
Thus

$ = nV (9-30)

& has the unit neutrons/(s + cm®), which 1< ofien dropped. Because filix involves
all neutrons at a given point, the reaction rate between neutrons and nuclei is pro-
portional to it. »

Fluxes are dependent upon velocity V. that is, upon energy. bul are often yuoted
for broad energy ranges, such as thermal and fast. In a reactor core they vary from
maximum, usually at the core geometric center, 1o minimum, near the edges. In thermal
heterogencous reactors, where the fuel and moderator are separate, fission ncutrons
are bom in the fuel and thermalized in the moderator. Fast fluxes thus peak above
averuge inthe fuel, whereas thermal fluxes peak in the moderator (Fig. 9-15). Maximum
full-powcer thermal fluxes vary from 107 for small training reactors to as high as 10"
for power and research reactors. -

Now. if a medium containing nuclei of density N is subjected to a neutron flux
@. the reaction rate, between the nuclei and the neutrons, is given by

Reaction rate = nV Ne = &% reactions/ls + em?) (9-41)

where @ and Y are the cross sections of the particular reaction in question (i¢,
absorption. scatter. ete ). Equation t9.41) stnipiy states that the number of neutrons
cntenng a particular reaction tthe same as the number of reactions) per unit time and
volume is proportional to the total distance traveled by all the neutrons ina unit volume
during a unit time (V) and to the total number of nucles per umit volume (N); o, the
probability of the reaction., is the proportionality tactor. Since in general N s fixed in
a medium, the rates of a particular reaction (fixed ) arc directly proportional ta the
neutron Aus. It will suffice here to state that heat seneration by fission at a given point
in a reactor core is proportional to the neutron Aux at that point. A knowledge of the

Actual {.1'51 ~

\ /—;\\cuge last

— A ctual thermal

/_”/z\rua;r thermal

Moderator .—
L]

Flgure 5-13 iveuuon-tlux distributions in fuel and moderaior in 3 hetcrogencous-thermal reactor,
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peatron- Bux distribution in @ reactor core is therefore necessary for the study of heat
generation amd removal in thin core {21,

UTRON CROSS SECTIONS WITH

9-13 THE VARIATION OF !
NEUTRON ENERGY

i = £, plots ate usually made on log-log coordinates. In many but not all cases,
so small compared with absorption eross sections that the

seatlenng Ccross sechons are
e very nearly cqual to the absorption cross sections Alsa,

total cross sections shown
for many nuclei, scatlerning €ross scetions ~ary little with neutron energy

Vanations of absorption cross sections with neutron energy, such as those in Figs.
9-12 through 9- 11, wre represeated by three regions which, beginning with low eeutron
enerpies, are (1) the JA regron, 12) the resenance regron, and (3) the fas-neatron

regiont,;
1V region In the low-cnergy range, the gbsorption cross sections for many, but nt
ai, nuclei ars inversely proportional 1o e square root of the neutron energy £,

5 =€ [ ;) l 19420
Thus

1 TE

| 1 e

du= G| = = Cs (0420

Lantv= 2

where C, and €5 are constants, m, is the neutron mass. and Vis the neutron velocity.
This relationship, known as the I’V fuw, ind.=ates that the neutron has a higher

probability of absorption by & fsicns 0 n moving at a lower velocny and 1s thus

spending a longer time in the viciny ol Lt necleus, The 1/V law may also be wrnitten

in the form

E‘." N ‘.‘, 5 {[:-ﬂ.! o (g I),]
L7 ll| \\ Eﬂ, 1

where the subscripts | and 2 reter to two different neutron energies W ithin the 11V
range. ‘Absorption cross sechions for menpenergetic neutrons, within the 1V region,
may thus be caleulated at any erergy from tabulated values at 2200 m/s

On the Tog-log plots of Figs 9-12 10 Y- 14, the 1/V region is a straight line with
aslope of —0.5. The upper limit of the 1V repion is different for Jifferent nucler,
being around .3 ¥ for indinm. 005 e\ for cadmium, 0.2 eV for U™, 150V for.
haoron, i

Resonance repion Following the DV region, most neutrorn absorbers exhibit one or
more peaks occurring at definite neutron energics. called resonance peaks. They affect
ncutrons in the process of slowing down, Note that indium has but one peak. whereas

&t
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U™ and UM hgve many. Uranium 238 has very high resonance-absorption eross
sections, with the highest peak, about 4000 barns, eceurring at about 7 eV, This laet
affects the design of thermal reactors beeause U™ absorbs many of the neutrons
passing through the region and affects the reactor neutron balance Many elements,
especially those of low mass numbers, do not exhibit resonance absorptibn and thus
cian be used as reactor construction IllilTL‘Fi.‘iIﬁ..t‘.‘i[mt‘i.]ﬂ)' if their absorption cross
sections are low. .
Fast-neutron region Following the resonance region, cross sections usually undergo
2 gradual decrease as neutron energics increase. At very high energies, the sum of
absorption and scattering cross sections approaches twice the actual cross-sectional
arca of the target nucleus, that is, 2772 Combining with Eq.(9-16)

o, = 2arl AY?

Using ry = 1.40 % 10-" cm and | bam = 10 ¢m?
oy = 0.1254% bamns (9-43)

In the very high neutron energy range, therefore, total cross sections are rather
low, usually less than 5 barns each for the largest nuclei. Some nuclei, such as boron,
carbon, and bervllinm. exhibit some resonance in the high encrgy range (Fig. 9-12).
but the peaks are rather low. and the phenvmenon is of litde importance

9-14 FISSION REACTOR TYPES

With the information on nuclear-Tuel cross sections and their vamation with neutron
cacrgies in hund, we are now abic 10 put together a qulitative picture of the cffects
of fuel enrichment on reactor core design and confizuration.

We already know that in tission one neutron is absorbed by the fissioning nucleus
hut between two and three fast fission aelitrons are proviuced. The exact number is
given the symbol v, given in Table 9-6 for the three fissionable nuclei.

In order for a reactor using U™ as fuel to operate at a steady rate, no more than
L.47 'neutrons should be lost 1o the fixsion process. Such losses occur in two ways:
(1) nonfission absorption in reactor-core materinle whick include structural matenals,
coolant channel walls, fuel cladding, coolant, moderator, ard the fuel material itself;

Table 9-6 Fuel constants

Number of fission neutrons

Number of fission neutrons per termal neutron
Nucleus rer fssion, v s dnsrhed, = -
[g.‘ll Dy .oy 2w v
1R AT R Vi il .
Pul®, 290 = 0.04 2,10 = 0.02
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and (2) leakage of the core, a function of both core materials and size. More leakage
occurs if the neutron mean free path in the core materials is large and if the reactor
size is small, i.e., ils surface-volume ratio is large. For the pumpose of discussion, we
will fix the fractions of ncutrons leaking and engaging in nonfission absorption in
reactor materials other than the fuel itself. The on'y vaniables, then. will be nonfission
and fission absorptions in the fuel

The simplest fuel o use 1 a reactor is natural uranium. composed of about (0.7
percent U™, about 99.3 percent U™, and a trace of U™, Let us now try 1o build a
reactor core from a sohd mass of this relatively cheap and plentiful fuel with possible
small holes for cooling (Fig. 9-16). Let us start with 110 newly born fast neutrons
within this fucl and assume that 10 will leak out of the core during their lifetime. The
remaining 100 neutrons will be subjected only to scatter, radiative capture, and fission
in the fuel. Because the cross-sectional curves of Figs. 9-13 and 9-14 do not contain
all reactions, we will use Table 9-7, which contains the average cross sections of the
above reactions for U™, U™, and natural uranium,

The average energy of the newly -born fast neutrons s 2 MeV. At this energy the

o AL EETE
FAE R
i /

L V.

Figure 9-16 A‘homogencous l}lln of matural uranium metal with coolant flow channels
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Table 9-7 Microscopic cross sections for uranium fuels

-

Microscapic Nucleus

Cruss sections, e Natural
Neutron bams K i uranium

|

Fast, | MeV o, $.30 b6 6.6 ’

a, 093 0.4 0,14 ’

i 1.20 0018 0.026 :
Thermal, 0 (0253 eV o, 6.00 800 B.00

. 112 0 2:73 la7

o 577.10 0 4.16

fission cross section of U™ is about 0.53 barn. The majority of these ncutrons,
however. will possess the most probable encrgy. just below 1.0 MeV (Fig. 9-9). where
the fission cross section in nutural uranium is so low compared with the scattering
cross sections that only very few of the 100 original neutrons will engage in fission,
producing 2.47 neutrons each. This production is so far below the ariginal 100 that,
alone, it cannot sustain the chain reaction.

The great majority of the neutrons will then be scattered down to lower energivs,
from ibie right to the left on the cross-sectional diagrums of Figs, 9-13 and Y- 14, They
baat Beve o cooss the resonance-absorption regions. There, the nonfission resonance
cross sections ol the abundunt U™ are so great that, despite the increased fission cross
sections of USY, the neutrons are effectively eliminated and vinually none will reach
the thermal energy region.

Now il a moderator is homogencously mixed with or dispersed throughout the
natural-uranium lump, some of the neutrons will be slowed down past the resonance-
energy region of U=* by the strongly scattening moderator. However, because of the
presence of U™ throughout the core, a sufficient number of neutrons of resonance-
energy range ure absorbed in U*.that the few neutrons reaching thermal encrgies will
be less than 1/2.47 of the original 100 and the new fission neurons will be less than
100. This causes the reaction to dic down rapidly,

Thus a sustained (critical) chain reaction is impossible in a mass of natural uranium
orina homogeneous mixture of natural uranium and moderator. Actually, it is possible
0 store natural praniem plaies in contact with each other to any desired height without
fear of a critical reaction.

In order to obtain criticality or steady power, three methods are used: (1) building
a heterogeneous reactor, (2) enriching the fuel. or (1) both.

- If nawral uranium or, in general, low-enriched fuels are to be used, the fuel must
be subdivided into separate fuel clements in the form of pins, rods, plates, hollow
cylinders, pellets, spheres, etc. These are placed in the core, with space between them
filled with 4 moderator (Fig. 9-17). This i a heterogencous reactor core. Because the
fuel clements are relatively thin. 2 newly born fission neutron, even near the center
ul dic eiements, has a gnad chance of eseozc Yofiee araining resopance energies
pecause of the low fucl-scatter cross sections and the short distance it has to travel to
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Flgure 917 Schematic of a heterogeneous reactor.

get out of the element—a distance that 1s short compared with fe neutoon mean free
path for scatter in the fuel. Thus this nevtron spends the resonance-energy period
outside the fuel element and cscapes resonance capture, Opce in the moderator. the
neutron becomes thermalized in a few collisions. When o reenters the fuel, at therml
energies, the probability of fission by L' rar exceeds that of nonfission absorption
by U*'* and U*™, and a chain reaction 1s perssible.

Actually, some resonance absorption s unavordahle but nat cnough to adversels
affect neutron economy. Also some fission of U™ by high-energy neutrens occurs in
a heterogeneous reactor. Some nonfission absorption by U*® results in the produciion
of Pu*®, a fissionable isotope. a process similar to that which occurs in fasi-breeder
reactors (Sec. 11-2).

Because neutron economy is difficult to come by with natural uranivm, the mod-
erator has to have a very low neutron-absorption cross section. Thi- climinates ordinary
water and other hydrogenous matenals, such as the viging s, as inodviaion s with nsmral
uranium because they have relatively high neutron-absorption cross sections and con-
sequently low moderating-to-absorption ratios. All water- and organic-moderated and
cooled reactors must use fuels slightly ennched in U***. A heterogencous natural-
uranium reactor can be built, however, with moderators of low neutron-absorption
cross sections, such arg:mphi:c or heavy water, D,0. The latter, caiied the heavy-
water reactor (HWR), 1s the basis of the Candu reactor {Sec. 10 14

The second method of attaining criticality is to enrich the fuei by anificially
increasing the percentage of U™ (or other fissionable menial) in it. I this caxc, the
eltect of u' is less PI'\:N-ID;;HCLJ' L m G i aicd 1Ll (i uie Viuel U ow e ymw-o'-:;.
however, still have to be gf the helerogencous type tor teasons similar o those given
for natural uranium. QOrdinary water, often incorrectly called light water, may bp used
as a moderator, resujting again in thermal hgterogenous reactors.

© "Light-water reactors are of two main types: (1) the pressurized- uu!er reactor
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(PWR) (Sec. 10:6) and (2) the boiling-water reactor (BWR) (Sec. 10-7). Both con-
stitute the largest number of reactors built during the finst few decades of nuclear
[\}l\\{fr.
A third thermal-reactor type is the gas-conled reactor (GCR). The g;[h coolant 1s
cither CO,, which is a poor moderator despite the presence of C becaude of ity low
density, or helium. which has no moderating capabilities, A separate solid moderatoy
such as graphite, Be, or BeO 1s used, with graphite the usual choice, There are several
types ol such reactors, including the British Magnox and AGR types [3], the U.S.
HTGR (Sec. 10-12). and the German THTR (See. 10-13).

Slightly higher enrichments (about 20 pereent) allow the thermal homogencous
reactors (o be built. The fuel is mixed with the moderator either in liquid form. called
a fluid-fueled reacior, or solid [orm, such as uranium-zirconium hydride or UQ,-
polyethylene mixtures. None of these have been buill as power reactors.

In highly enriched fucls (beyond about 20 pereent) the contribution of U™ res-
onance is no longer of prime impertance, The contribution of U™ w the fission cross
sections of the mixture outweighs U™ nonfission-capture effccts. In this case, no
moderator is necessary, and we may have a fast reactor, i.e., one relying primarily
on high-energy (fast) noutrons tor fission. Fast reactors can be homogencous but are
usudlly heterogencous.

The fssion eaergy gencrated in the fuel in all reactor types must be remuoved by
a coolant, which leaves the reactor at g higher temperature than when it entered it
The rate of heat remaoval must be such that the fuel vperates within sale temperature
or boiling limits [2]. The energy carried out by the coolant is used in a thermodynamic
cyele to generate electnicity. 1t is fortunate that in most thermal reactors the coolant,
ordinary or heavy water, can double as a moderator, Gas-cooled thermal reactors use
cither CQ, or He for cooling and need a separate moderator. Fast reactors use no
moderator and need a coolant that does not moderate the neutrons and that has a high
heat-transter coefficient because of the large power densities in fasi-reactor cores.
Liquid metals, particularly molten sodium (Na) are the most common. Such reactors
are called liquid-metal fasi-breeder reactors (LMFBR) (Secs. 11-3 to 11-5). Gases,
particularly helium. have also been considercd as fast-reactor coolants. Such reactors
are called gas-cooled fast reactors (GCFR) (Sec. 11-6).

Table 9-8 contains the most common fission-power reactor types in use com-
mercially, or under serious development, in.the world today.

Table 9-8 The most-common fission-power reactor types

Neutron Reactor Fuel, .
energy type Covlant Moderator  enrichment Examples :
Thermal WE H;0 14:0 L0, low Sec. 10-2
BWR H.O - H0 - U0 dow See 107
CR CO,. e Graphis UC, low Sec. 10-11
HWR D:0 DO = . UOsmatural ' ~Sec. 10-14
Fast LMFBR  Na None Pt +UH0; . Sec 11310 1145

GCFR ™ He None Y0, + U™0; Sec. 146
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9-15 REACTOR CONTROL

There are several methods to control a nuclear reactor, i.c., 1o start, increase, decrease,
and turn off its power. The most common method is the use of control rods. These
rods may be shaped like the fuel rods themselves and are interspersed throughout the
core (Fig. 9-17). Instead of containing fucl, they contain a neutron absorber, also
called poison, such as boron. cadmium, or indium. They have high neutron-absorption
cross sections (Fig. 9-12) and do not contnibute to neutron multiplication.

Such control rods are designed with sufficient absorber to change the ncutron
balance in the core so that less than one neutron is left for fission for each neutron
engaging in fission, a situation that would lead o 2 power decrease and eventual
shutdown, The contro] rods are operated by control-rod drives that can move them in
and out of the core around a power equilibrium position which is usually a panially
inseried position. The rods are moved out 1o increase power at a prescribed safe rate
or are moved in to decrease power. In either case, when the required power is attained
the rods are returned to the equilibrivm position. 5

The rods can also be used to adjust power levels selectively within the core t¢
help cven out the radial power distribution, Fuel zoning, 1.¢., the use of varichl= fuel
enrichnient within the core (usually three rotghly concentric zones are used) is also
used o attain the same purpose.

Control rods can be suddenly and completely inserted in the core to shut it down
m case cf an emergency. Such an operation is calied a seram, It can be done auto-
matically or manually by a visible colored button ea the reactor console in the control
roent. A number of rods may be built into the system which are usually fully veithdrawn
fzam the core during nomal operation and which have the sole function of shutdown
by becoming fully inscried upon demand.

The equiliorium position varies with the life of the core. As more fuel is depleted,
1 e, is fissioned withtime, fewer neutrons are produced and more neutrons are absorbud
in nonfission reactions. The rods are then slowly moved to less-inserted positions 15
compensate for this loss of neutrons and to keep the core in equilibrium.

The rods are smd 1o possess a reacriviry worth that should be adequate 1o cover
cperational control during the life of the core, fuel depletion, safety shutdown, and
such uth 1 effects as Doppler, samarium, and xenon poisoning {2].

.+ Another method of control in pressurized-water reactors (Sec. 10-5), called chem-

ical shim, is used in addition to, not in lieu of, control rods. Chemical shim is the
usc of a soluble absorber, usually boric acid, in the moderator coolant. The con-
centration of this absorber in the moderator coolant is decreased slowly during the
core lifetime to overcome the effect of fuel depletion. The concentrations are sufficieat
to permi. operating the core almost unrodded, i.e., with all control rods nearly fully
withdrawn, :

and that the ror of » RWR can be in equiliorivis st several positions ui thc ceatm!
rods because of the strong effect of the steam voids on reactivity (Sec. 10-8).
Another control system is the use of reflectors. These are mechanically operated
devices, situatel just outside the core, that contain material -that reflects some of the
neutrons cscapirg the core ‘back into it. The reflectors are swung away or toward or

. ! «
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are axtally moved with respect to the core to inerease or decrease power. This method
is used only for small:pawer reactors and in special cases, such as the SNAF 10A
reactor which was operated in space 1)

Another method of control of lesser use yet is the use of some movable fitel rods.
These are withdrawn from the core to decrease power and inserted to indrease 1, the
opposite of the poison control rods .ot

PROBLEMS

Y- Fanstem's Buw (ly 9-1) applies to all priwesses. physical, chemical, and nuclear. Find the percent
change in mass for the follow inge physical and chemical processes: (a) when copper is heated from 100 10
HRKCaf the speailic heat of copper 1y tuhen as 0.40 kIkgK, and (&) when carbon and oxygen bum to
carben divside, releasing 30,435 k) kg of carbon

9:2 Find the percent chunge in mass for the following nuclear process: () when radioactive polunium:210
underzoes alpha decay for 365 days. o/ has a half-hie of 1384 d and an atomic mass of 2095529 anu
The products Ph™ and He' have Sitomic mavaes of 208 9745 and 4.00260 anu, respectively

9-3 Find the percent ehange in mass for the following auclear processes (a) when uranium-235 undeegocs
complete fission, and (4) when hedrogen:1 undergoes complete fusion. .

9-4 A nuclear reactor powerplant operated continually for one year producing 500 MW. The powerplant
cfficiency is 33 percent The reacior cortaned 75 metne toas of 3 percent enriched uranium dioxide fuel.
Culeulare (ar the mass of U3 consunies i1 kimgrams, and (h) the fuel bumup, in MWAT,

95 Tonte e complete decay reactions and caleulate the enerpy venerated, i millon electron volts arid
poudes per action of the following rsdiosetopes () o™ an alpha emitter, (h) 25, a beta emitier, 10 )
Yo d position ematter, () Cu™, in a Kecapture reaction, and (¢) Kr¥, a nestron emitter The necessany
ANMERC maaes Bn s e S5 = 907X, PY o= 2997863, Ni™ = 639380, Cu™ fhl G288 kr”
= K5 0100, Kr*™ = 80 9136, Ze™ = g 472, MR = 9 900, PRY = 206 9759, and Po™ = 210 48es

96 Rutherford once postilated that wiven the eanth wes formed., 1t contained an equal number af atonw of
L nd U7 B thus e was able W aelenine te ape-of the earth. His answer was not far from that
abtained by astronomical investigativns. What s the Rutherford age of the eanh?

9-7 Radioactivity exists aliost everywhere, even inside our own bodies. The human body contains about
035 percent by mass of natural polassium. which contains 0.0118 atomic percent of radiosctive potassivm-
A K s an atomie mitss of 39,9740 wmu and & half-life of 1.28 x 10° years. Calculate the radioactivity,

microcuries, in a ) 75-1b., person

9-8 When pure ordinary water is passed through a reacter core as a coolant-moderator, il becomes slightly
radioactive. The most important of the radioactivities is dus to the absorption of a neutron by an oxygen-
Vo nucleus. This absorption reaction results in a proton and a radioactive nucleus that has a 7.2+ half-life,
as products. (a) Idenufy the nucleus, and (5} calevlate the percent radioactivity left in the water 28.8 s alier
the abuve reactions., %

-9 Carbon dating 1s used to derermine she age of materials of organic origin. The process involves the
determination of the amount of rasiocarbon (carbon-14) in them. When a nitrogen- 14 nucleus in the
amosphere is bambarded by slov: neutrons emitted in cosmic radistion, they result in carbon- |4 and a
peoton. Carbon- 14, like ordinary carbon 12, converts o CM*0,, which constitutes 0.1 percent of all CO-
n the atmasphere. Both are absorbell by living orpanisms. When absorption ceases due to the death of the
organisni. the fraction of carbon- 13 begins e decrease by radioactive decay. Estimate the age of an old
marusenpt il the amount of carbon: 14 was determined by analysis to be 0,030 percent of all carbun in it

910 Tritium decays by emitting low -tt;c(p' B particles. This radianion acts on a phosphor producing
Humination. llluminaters <an thus be made by addiag titium to a phosphor in the form of paint which are
stajed in & plastic container fthat ix transparent ro dilunmnation but that blocks the B particles so that no
hazard is encountered. The illumingjors am used for such: devices as locks, timepicces, aireralt Tafety
markers, exit signs. ctc. Regulations limit the amount of original radioactivity in such devices, depending
upon scrvice. Assuming that 4 mei are permitted foe lulngnrl safety device, calculale (a) the maximum

N . ?
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mass oF tritium that Can be used, in grams, and (b) the percent decrease in luminosty (which s propertional
1o radwactivity ) after 10 years of senvice

9-11 Promethium- 147 w another [§ emitter that 1s used 1n the manutacture of liuminators when combined
with a phosphor (1t has ahalf-life of 25 years. Tt produces more luminosiy than tatum at a lower cost.)
Calculate (a) the activity, mmillicunies, of T 10 g of Pm™, and (M) the percens decrease in ivmination
tv after 1 vear of operation

(proportionsl to the ad
9-12 In fast-breeder reactors, plutonium. 239 14 the pamary fucl. A relatvely stationan Pu®™ nucleus
tatomic mans 2390522 amw 15 fssioned by o 1 0 million electron voliy newiron resaling in o fission
fragments: knpton-93 and cenum-i44 Ke'' undergoes five stages of B decay and Ce'™ w0 stages of 8
decay, botl o stable products which bave atormie masses of 92 060 and 143 9099 amy (a0 Keanfy all the
fission products. and (h) cabculale the woral energy produced in muthon electron valls per Pu'™ nucleus, and
kilowait-hours per gram of Pu’™

9-13 When a spent fucl rod s remosed from a reactor core, 10 is stored in an on-site storage poul of waler
so that the most intense, shortlived radioactive fission products decay, and the rod 18 «fe for funther
handling and possible shipmeat o a reprocessing plant, Consder for simplicity only the radioisotope xenon-
L33 which @ decays into a stable isotope with a hall-life of 5.27 days. If a 30-kp fuel rod contains 0.1
percent by mass of Xe!'™ when remaved from the core, what is the minimum time it shoukd be stored in
the pool so that the activity may not exceed 300 mei? .

9-14 Boron-10 is used in reactor corss a5 a control-rod material, Naturi! boron has an atomic mass of
10.8110 a density of 2.3 g/em’ and contains 19.78 2tomic percent of B which has an atomic mass of
10 01294 amu and a microscopic absorphion cross section for 2200 mes thermai newtrons ot 3§37 bam.
vits ol per accond By a ke prece of naturs! bonn

Calculate the number of such

915 Conswder thar 1 kg of pare cnd nan water 1 subjected Lo an insta it nal peutron pubeof
10" per centimeters squared. Caleulte 1ol the radioactinaty, in mallicurics, penerated immediately atter the
b rnbsictise mitrogen- 16 which has o ball e o0 7 25 and (hy
srizes of [ R 05502

pulse iy owhich ouvpen- 16 comvers
the radioactivies . i mithicures, oae hoalr anter the event Ordinary souter has o 3

amu O constitutes W 739 AT peregnt of all UANECT W .-r\:nn.:r‘-. A S TR S L I AT (YE
secton for thenmal neutrons of O 000 78 bamn .

916 The carth rotates around the sur wih o mean radies of a4 5« [ e The
measured just outside the canth’s atmosphere (called the solar consiant 5, Sev. 15-3) 0 1353 MW The
reactions in the sun are of the hydrogen- 1 fusion type, Bg. 9-14 Estimate ta) the total power generated by
the sun, in megawalts, (b) the energy per fusion reaction, in million electron voiis a:d joules. and {c) the
mass of hydrogen-1 bumed. in the sun in metric tons per day.

9-17 SNAPS (systems for nuclear auxiliary power) are devices that geperate clectnig poveer directly from
the heal generated by radiowsotopic “fuels.” in which case they are given odd nombers: or by fission nuclear
reactors, in which case they are given even numbers, Direct peneration is usually accomplished by ther-
moelectric encrgy comversion, An evtmple 1s the Apollo lunar surface eapenuw it pack we | RLSER), called
SNAP-27, which was placed on the lunar surfacg by the Apello astronauts dunng thar lessr landings in
the late 19605 and carly 1970s. SNAP-27 used plutonium-238 as “fuel i the form of pluwtonum carbide
PuC. Pu?™ is an alpha emitter with an 86-year Lalf-life. Assuming thar the fucl deployed has a mass of |
kg and that the efficiency of the thermoelectnic conversion device 3s 8 percent, caleulaie tab the power
gencrated upon deployment, m o watts, and (b the power generated 5 yewrs larer Atomue masses in amu:
Pu™ = 2380495, U™ = 220408, € = 120112 Demsuty of PuC = 125 piem' ;
9-18 Calculate the power geacraled per unit volume in milhen electron volts per cubic centrmeter,: Mrus
per hour per cubie foot, and kilowatts per meter squared of a 3.5 percent ennched urnim diosde fucl
element in‘a thermal reactor if the effestive fission cross section is 350 bamns aid e veutron fux s 10"
The density of UO: is 10.5 gem'

919 A 12-ft-high fuel element has a 3 8 [rn:m"mnrhod weaniops oxide fuel with a U- density o o3
w 10" puclei'em® The fucl clement diameter is 0 9 em. The peutron Mus i the e (s & s onam vajue
at the center plane of the mmh = 10", It varies in the axial direction sinusoidally according 10
(2) = & m/H. where 2 is thé auial distance from the_center plane and H 15 the height of the clemeni: The
effegtive fission cross section is 350 bam, Calculate the puwer generated by the fuel clement, in kilowatts,
and the average lincar power, in kilowatts per foot,, - F

+ fluvas
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920 A reactor core contains 43,120 vertical fuel elements of the type deseribed in Prob. 9-19. The core

may, for simplicity, be considered cylindrical with a diameter of 14 fi. The clement in Prob. 9-19 is siwated

in the center of the core. The neutron flux varies radially according to @ (r) = J;, (2.4048 riR) where Jy

is the Besscl function of the first kind, zcro order, r is the radius measured from the core genter line, and

R s the radius of the core. Consider an approximation where cach fuel element generates power evenly

over an arca #R%n, where n is the number of fuel elements. Calculate the total power penerated by the
R

core in megawatts, Note. [ r Jo (24048 p/R) = (R/LA048) [r J, (24048 rR,]‘;‘ where J is the Bessél
0 ;

function of the first kind, first order, and Jy (0) = 0 and J, (2.4048) = 0.519.

9.21 The neutron fission cross for uranium-235 for 2200 mvs peutrons is 577.1 barn. A uranium dioxide

fuel pellet 0.9 ¢m diameter and 1.5 cm high is subjected to a monenergetic neutron flux of 10", which

was thermalized to a temperature of 260°C. The U™ deasity in the pellet is 8.3 » 10™ nuclei/em’. The

cross sections are within the 1V range. (The encrgy of ncutrons, like that of a perfect gas is given by AT,

where & is the Baltzmann constant and 7° the absolute temperature.) Calculate the power generated by the

pellet, in kilowais

9-22 Lithium is considered for use as a blanket matenal snnm:ndmg fusion reactors of the D-T type. It

" would receive high-cnergy neutrons from the D-T reaction, moderates (slows them down), absorbs them,

and converts their kinctic energy (o hieat. That heat is then to be used in a thermodynamic eycle for power
gencration. Lithium also acts as a breeder of tritium for use with new deutenium fuel 1o keep the reactor
going. Naturally occurrng lithivm is composed of 7.42 percent Li® and 92,58 Li’. Upon neutron absorption
cach prodiices one helum npucleus gnd one tritium nucleus. (a) Write the complete nuclear equation for
each. th) Caleulate the energy of cach reaction, in million electron volts, stating whether exothermic or
endothermic. (¢) What needs to be done to natwrally occuming lithwm to make it 3 net energy penerator
assuming, for simplicity, that both reactions are equally probable. Atomic masses in amu: Li® = 601512,
Li' = 7.01600. H' = 301605
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TEN
THERMAL-FISSION REACTORS AND POWERPLANTS

1.1 INTRODUCTION

Nuclear fission was first discovered in Germany by Otto Hahn and Faatr S

in F938. Since then, great strides hase Jed w0 s wlilization i fiest, unfioq.
destruetive uses, then in peacetul uses tor meeting the increasing demand [or abur
and relable electric power. The tune span between discovery and utitizat
dirrvingly short ‘when compuared with vier techaologics. Becawe of the ;.
development and the suill ingenng destructine specter, public acceplance presizon
have ansen.

As with all complex technologies. the first gencration of nuclear-fission -
plants needed improvements in design, construction, and operation. The preseni- .o
now are concentraling on improving the design, safety, and operation of prove: sis-
tems, such as, the pressurized-water, boling-water, and gas-cooled thermai reaciorn,
and on building demonstration planis o7 the fast-breeder reactor,

The Hahn and Strassmann experiments that led (o the discovery of fission came
about, as with many great scientific discoveries, almost by accident. It showed 11
uranium was split, or fissioned, into smaller elements. This was the opposite of whai
was expected, namcly the formation of larger and heavier elements than uranivn: the
. = now called rransuranivm elements. Within a few short weeks, worldwide interpresa-
tions led to significant and far-reaching effects on the technological. econvomn il

political future of the world.

“Ten days after publication of the Hzhn and Strassmann cxperiments, en 16 5o o
FM Lise Meitner and Ono Rabert Frisch published notes. in Natare in v hish i
Miade thegisical inerpretations of these expenimente. On 7 April 1030 Frodane Pt

“Hlans von Halban, and Lew Kowarski published the paper “Liberation of Neutrons in
the Nuclear Exgiosmn of Uranium,” which dealt wnh the POSSIbIhI)’ of a nuclear chain

reaction,
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letter 1o President Franklin D, Rowsevs  that Jdrew atention 1o the possibihty of an
atomic bomb and, considering the possibility of o German lead, urgently advised the
president to make preparations for the production of nuclear weapons i the United
States. This dramatic event was made possible by Hahn and Strussmann’s discovery,
the final necessary link in a chain of stennfic discoveries that made the whole thing
feasible. ,
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Earlier, in 1905, Albert Einstein, then a young physicist and an assistant at the

patent office in Bem, published in the German Journal Annals of Physics a 2}-page
supplement to his theory of relativity catitled “Is the Inertia of a Body Dependent an
Its Energy Content?” In it, Einstein arrived at his famous theory of the convertability
of mass m and cnergy £, expressed as

(]

; a
E = me?

where ¢ is the velocity of Tight (300,000 kmvs), Einstein himself calculated that 1l
mass is reduced by 1 g, an ameunt of energy cqual 10 9 % 10™ etgs is produced He
wrote at the ume:

The mass of a body i 3 messure of its energy contenl. I the energy is chinged, then the mass will
change  the same way

At a later date, he wrote:

-
I it ot impossible that substances whaose energy content can be varied to a high degree (for example,
the radium salts) will make it possibile 1 test the theary? If the theory is in accondance with the facts,
then radiation fransmits incrtia between the emitiing and the absorbing body.

On 2 August 1939, Einstein. tir+ biving in the United Stutes. wrote a historic

Unfortunately, then, the fist use of fission was for destructive purposes, a birth

from which the nuciear industry coniinues ta suffer today. However. for the sake of
completeness, a word on weaponry is appropriaie. The first fission bomb exploded at
Hiroshima, Japan, had a uraniua:
alent destructive power of 20,000 tons of irinitrotoluene (TNT). OF the 50-kg content,
only 1 kg actually fissioned, and of that only 1 g of mass was converted to energy
and disappeared. The second bomb, which exploded at Nagasaki, Japan, used plu-
tonium as fuel. The largest known nuclear explosion was deionaled by the USSR in
1961. It was a hydrogen bomb (fission plus fusion) and had the equivalent destructive
power of 60 miilion tons of TNT. In ali such explosions ‘considerable amounts of
fission products are formed, thus producing large amounts of lethal radioactive radia-
tions as a by-product, Although this may have been “desirable” from 2 military stand-
point, it is definitely unacceptable for peaceful, commércial uses of nuclear encrgy,
Such radiations must be minimized and contained. )

mt o wpproximately 50 kg, and had the equiv-

ey

The first known thoughts regarding hamessing the tremendous explosive powers

of fission for the production of energy were voiced by a 3&8-year-old German nuclear
physicist named Werner Heisenberg (who had provicusly received a vooel Frize ate
2ge 21} in a 1939 paper entitled “The Possibility of Large-Scale Energy Production
Using Uranfum Fission."” In it, he wrote:
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The data available at present indicate that the uranium fisston processes discovered by Hahn and
Strassmann can alse be used for large-scale energy production The niost reliable method for developing
# suitable muchine is the enrichiment of the uranum-235 isatope The greater the degree of ennchment,
the smaller the swre ol the machine needed. The canchment of uraruum: 235 s the only method that
allows the volume uf the machine (o stay small, that s about | cubic metre. Morcover, 11as the only
method of producing explosive substances that exceed by weveral decimal powers the explosive force
of the strongest explosive hnown to date. T, bowever, alvo possible to use normal uranium withou
uramum- 235 ennchment, 1f the uranium 1 combined with another substance that slows down the
neutrons of the uraninn without absorbung them Water o not suitable for this purpose, but present
data indicate that heavy water and very pure carbon fultill this purpase

In a February 1940 paper, Heisenberg described the construchon and operation of a
nuclear “reactor.” The theoretical concepts presented in that paper do not differ greatly
from those cumently used in present-day reactors.

Practical work on peaceful energy production required the use of enriched fucel.
The ennchment process posed almost insurmountable difficulties. Several methods
were considered, including the ultracentrifuge, the diffusion process, and others. In
Germany the ultracentrifuge process was pursued but did not meet with much success,
and the use of natural uranium and heavy water to produce plutonium was pursued.
Only small ameounts of heavy water were available. The laree amounts needed were
sought from Norsk Hydro. the Norwegian hvdroclectric utility locuted in Vermork
near Rjukan in southern Norway. This company vy engaged in the production of
ordinary hydrogen for ammonia synthesis, and heany water wis produced as a waste
product. The plant was destroyed in a danng raid by allied forces

In the United States, huge diffusion insallations erecied at considerable cost
succeeded in separating the chemicaily identcai, but nuclearly differeni, wranium
isotopes. Also a team lead by Enrico Fermi werked with great miensity on a natural
uranium reactor moderated by graphite instead of heavy water, a process tried by the
Germans but not pursued further by them because their graphite was not pure cnough
and absorbed o many neutrons. The Gumans slowed down in any case because of
the indifference of the Third Reich. The Unitad States, on the other hand, gave high
priority to nuclear research. It was interested i both uranium-235, as fuel for both
peaceful and military purposes. and plutonium, 2 transuranium element discovered in
1940 by Edwin McMillan and Gienn Seaborg {a discovery that eamned them both a
Nobel Prize in 1951).

On 2 December 1942, a coded message was sent to Washington. It read “The
Italian sailor has ammived in the new world.” This signalled that the world's first nuclear
reactor went critical. It was situated under the stands of the University of Chicago
football stadium. The “ltalian sailor™ referred to was Enrico Fermi, who had come to
the new world only on 2 January 1937, That reacior, cailed the Chicago Pile-1 (CP1),
was 9 m wide, 9.5 m long, and & m high. & contained about 52 tons of natural uranium
and about 1350 tons of graphite. Cadmium rods were used as controf devices. The
cxperiment produced an output of 0.5 W and lasted only a few minutes. Iicwever, it
was definite proof that a continuous chain reaction was possible, a feat that had eluded
scientists previously. The Fcrrm chpin reaction was the event that signalled lhc dawp

of the nyclear age. : a

£
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Parallel efforts of imt:-;pc separation at Oak Ridge, large plutonium production
reactors at Hanford, and rescarch at Los Alamos (2 town constructed for atomic research
in 1943 with people like Niels Bohr, James Chadwick, Enrico Fermi, Hans Bethe,
and J. Robert Oppenheimer as the leader) paved the way to making the United States
the leading atomic power at the time. :

Many events took place after this, including the construction of hydrogen weapans
by both the United States and the USSR. But the event of most concern 1o us here 18
the famous and dramatic Atoms for Peace address by President Dwight Eisenhower
to the United Nations General Assembly on 8 December 1953, In part, he said:

The United States knows that peaceful power [rom atomic energy is no dream of the future. That
capability, already proved. is herc now—today. Who can doubl, if the entire body af the world's
scientists and engineers had adequate amounts of fissionable material with which to test and develop
their ideas, that this capability would rapidly be wransformed into universal, efficient and ccopomic

usage?
Ta hasten the day when fear of the atom will begin to disappear from the minds of people and
the_govermnments of the East and West, there are cenain steps that ean be taken now . . . without

irriations and mutual suspicions incident 1o any atlempt 1o set-up a completely accepsble system of
a worldwide inspection and control. The atomic energy agency could be made responsible for the
impaunding. storage and protection of the contributed fissionable and wihgr matcnals.

The more impuriant respnaibility of this atom. 2 emergy agency would be w devise methods
whereby this tissionable matertal world be allocated 1o sorve the peacelul pursuits of mankind, Experts
would be mobilzed o apply atomic energy o the needs of agricubiure, medicing and other peaceful
activities A special purpose would be 1o provide abundant electrical energy in the pow er-starved areas
of the world, Thus, the contributing powers would be dedicating some of their strength (o serve the
needs rather than the fears of mankind

The first reactor to produce clectricity was @ small 5-MW unit built near Moscow,
USSR. But perhaps the most significant contribution to commercial nuclear power
was the development of the nuclear submarine. The U.5.5. Nautilus, launched in 1954,
signaled the age of controlled nuclear power. Another milestone was the commissioning
of the world's first fufi-scale powerplant at Calder Hall, England, a 180-MW(e) gas-
cooled, graphite-moderated, natural-metallic-uranium-fueled reactor that can be con-
sidered the true descendent of the Fermi pile. .

In the United States, and then most of the world, development proceeded with
water-cooled-and-moderated reactors that use slightly enriched fuel. The first plant
had a 60-MW(e) pressurized-water reactor (PWR) that began operation in 1956 in
Shippingport, Penn. It was followed by a 184-MW(c) boiling-water-reactor (BWR)
plant that began operation in 1960 in Dresden, M. Capacities reached 500 MW(c)
with the San Onofre, Calif-, PWR in 1968 and the Oyster Creek BWR in 1969 and
inched upward to the present 1000 to 1250 MW(e) in several plants around the world.

In the previous chapter we learned that there are two kinds of fission rcactors,
thermal and fast. Thermal-reactor powerplants, i.e., those using thermal reactors as &
heat source, will be discussed in this chapter. Fast-breeder-reactor powerpline will
he discussed in the next. Thermal reactors are those in which fission is primarily caused
by thermal neutrons. They, therefore, need a moderatot o thermalize the peutrons as
well 4s a coolant to remove the heat generated by the fission process. The moderator

&
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and coolant can be one and the same, such as hght water or heavy water, or different,

such as a graphite moderator and-a pas coolant such as helium or carbon dioxide.
Although there have been many concepts for thermal reactors, we will it our

discussion in this chapter to four powerplant types that have been built commercially

These are

1. Pressunzed-water-reactor (PWR) powerplants
2 Boiling-water-reactor (BWR) powerplants

3. Gas-cooled-reactor (GCR) powerplants

4. Heavy-water-reactor (PHWR) powerplants

There are 511 thermal reactor powerplants that are operable, under construction
or on order in the world as of early 1983, OFf these there are 284 PWRs, 132 BWRs,
53 GCRs, and 39 PHWRs; the rest not yet decided. They represent about 391,600
MW of power. In addition, there are 7 fast-breeder reactor powerplants representing
about 3280 MW, In the United States the number s 144 thermal and one fast breeder,
represzating about 135,000 MW [38]. In 1982 the United States had 76 operating
plants that gen=rated 280 biliion kWh. about one ecighth of the country’s consumption

10-2 THE PRESSURIZED-WATER REACTOR (PWR)

oo WHL the coolant pressure s higher than the saturation pressure corresponding
to the mavimum coolant ternperature in the reactor, so that no coolant butting tekes
place A PWR powerplant is composed of two loops tn series, the coolant loop, calic:
the prmgev loop, and the water-steam or workeng-fluid loop (Fig. 10-1), the coviam
picks up reactor heat and transfers it to the working fluid in the steam gencrator. Tia
steam is then used in a Rankine-type cycle to generate electricity.
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Figure 181 Schematic arrangement of a PWR powerplant
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Figure 10-2 PWR reactor vessel and intemals, (Courtesy Westinghouse Eleciric Curporation. )

A typical PWR reactor is shown in Fig. 10-2. The reactor core comtains a total
of 121 fuel assemblics of which 33 contain control-rod clusters (Fig. 10-3). The core,
unlike in a BWR, is of the open type, ie, the fuel assemblies are not enclosed in
individual channels. The fuel elements aze Ziialoy -clad rous, U.422 n O, eontaining
L0, pellete each 0.3669 in ia diamcter and 0,600 in long. The cladding tube is sealed
at both ends by a plug welded to it. Sufficient void is left at the top 10 accommodate .

- . o -
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¢

both gascous fission products and fuel thermal expansion. A compression spnng is
placed within the void between the top plug and the top fuel pellet to prevent shifting
of the Tuel during shipment.

All fuel subassemblics are about 13.5 ft long with a 12-ft active fuel leagth,
composed of a 1dex 14 amay of fuel rods, and located on a square 'pitch. Fach
subassembly is supported axially by seven Inconel spring clip grids and bottom and
top nozzles (Fig. 10-4). Five of the gnds are mixing grids that help intermix coolant
within the core and thus reduce temperature gradients. Each fuel rod is supported in
two perpendicular directions by spring ¢clips whose forces (11 to 14 Thy) are opposed
by two rigid dimples. This provides ngid support, reduces flow-induced vibrations of
the fuel rods, and allows the rods to expand axially. .

The fuel is loaded in three approximately equal-volume concentric regions in the
core of 40, 40, and 41 fuel subassemblies (Fig. 10-5), with first-core fucl enrichment
of 3.40. 3.03, and 2.27 percent in the outer, intermediate, and inner regions, Tespec-
tively, Refueling takes place according to an inward loading schedule.

Each control-rod cluster is composed of 16 contral rods that arc inserted directly
into 16 puide thimbles welded to the grids and top and bottom nozzles of the fucl
subassemblics (Fig. 10-3). The control clements are fabricated of a silver (80 percent)-
indium (15 per.cai)-wacmium (5 percens) alloy and are clad in stainless stecl. Contol-
ol drives aze of the magnetic-luted type. The latches are controlled by three magnctic
cotls that relzase the elusters upon loss of power. thus making them fall into the core
by pravity (o shut the reactor down. Sume control-rod clusters, called the control
group. are used to compensate lor weactivity changes caused by variations in reactor
operating conditions such as power or temperature. The rest of the control-rod clusters,
called the shuwrdown group, are used 1o shut down the reactor in an emergency.

ﬁ_}.—ﬂ'
L

Fleure 104 Fycl cloment spring ~0p end
detail, (Courfesy Westinghouse Electric
Carporation.)

I
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The core is surrounded by a form-fitting baffle (Fig. 10-5) that restricts the bulk
of upward_coolant Mow to the fucl. The bartie 15 10 wm svirounded by i woi bamrsi,
A small amount of coolant is aliowed to flow between baffle und barrel. The coolant
is diffused uniformly into the core by a perforated flow-mixture plate situated between
the core support plate and the lower core plate. A thermal shield, supported by the
<ore barrel, is provided to intercept core radiations and protect the pressure vessel.

The primary coolunt cnters the reactor vessel at about $52°F (289°C) via a nimber
of inlet nozeles (two for SO0 MW, four for 1000 MW and farger, three for intermediate)
and flows downward through the annulus betwaen the care barrel and reactor vessel
wall (Fig. 10-5), thus cooling the thermal shicld cn both cidos It then entais a plenum
al hie Boitom of the veascd, ieveres dieeuun, gues upward throueh the cone where
1 picks up fission heal, and icaves through an equal number of exit nozzles at about
605°F (318°C). The maximum coolant temperature at the exit of the center fue) as-
semblics is about 650°F (343°C). The reactor coolant pressure is 2235 psig (155 bar),
greater than the saturation pressure at 650°F.
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10-3 THE PWR PRIMARY LOOP

The primary loop, also called the nuclear steam supply svstem (N555), consists of
_the reactor and a number of loops. depending upon reactor power, operating in parallel
(Fig. 10-6). Each loop consists of a steam generator and a primary or main coolant
pump. In addition, there is one pressurizer (Sec. 10-4) connected to one of the loops.

The coolant leaving the reactor enters the steam generators where it imparts its’
heat to the working fluid and leaves the steam generators to the main pumps where it
is pumped back to the reactor. The steam generators can be of two common designs.
shell-and-tube, with U-tube bundles (Fig. 10-7) or once-through (Fig. 10-8).

In the U-tube steam gencrator, the more common of the two, the hot coolant
enters an inlet channel head at the bottom, flows through the U tubes, and reverses
direction to an outlet at the bottom. The inlet and outlet channels are separated by a
partition. ‘The tubes are made of Inconel. .

A typical U-tube steam generator has a capacity of over 250,000 kW, is ahout
67 ft high and 14 ftin diameter, and weighs about 330 tons. On the shell side, it
consists of-an evaporator section and an upper separator seclion. The working fluid

T pa e Steam outlet (to turbine)

a
1
1

{, Steam generator o
N A
o = gl =

/Feedwater inlet  /
: (from condenser) Ao =

Main
coolant -
pump

Pressurizer.

‘H._‘
Heactor ;
vessel

Flgure 10-6 PWR nuclear steam supply system (NSSS).
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Flgure 10-7 Uqube PWR steam generator. (Courtesy Westinghouse Electric Corporation )
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The steam-water mixture is separated in the upper shell, first by swirl vane sep-
arators and finally by vane-type separatons, Dry satwrated steam discharges through
the steam vutlet nozzle a1 the top. The saturated water leaves the separators and mixes
with feedwater before entering the downcomer.

Because hoiling occurs in the same compartment with water, this type of sieam
generalor cun produce only saturated steam (or steam with very low moisture, about
} pereent). .

In the once-through steam generator (Fig. 10-8), the primary coolant enters it
top, flows downward through the tubes, and exits at bottom to the main pumps.
Feedwater is on the shell side moving in a general counterflow fashion to the primary
wiler. Because ol the once-through feature of this type, a dry o a low degree of
superheat steam Is possible and no separators are required.

Although the once-through generator results in somewhat better turbine efficiency,
it has the disadvantage of containing a low water volume and. therefore, a reduced
reserve in case of a reactor accident.

Steam 1s usually produced at about 1020 psia (70,3 bar). The mun puinps are
large vertical single-stage centrifugal shaft-seal pumps designed to handle farpe val-
umes of water at high pressure and temperature.

10-4 THE PRESSURIZER ) -

It has been shown that. in PWR primary loops. the coblant 15 maintai o viessure
{around 2250 psia. 135 bar) greater than the saturation prcu-uu. g T Cathe
maximum coolant temperature in the reactor. This avoi's bulk boving o1 v venliet
and keeps it in the liquid phase throughout the foop. Becauss hgic .-
incontpressible, small changes of volume——caused by changes i ¢ o, ey, i
becaves of normal load changes or aceidental nuclenr reachv il 0 = o 7 catised
by unforeseen expansions or contractions in the JOOp componouis « o v
oscillatory pressure changes. These may be quite un WICH A o Tl
is, when the pressures increase. They cause fJashiig inig sem & s
ruption of the reactor nuclear characteristics and possible e« ot 2 i
elements. They cause cavitation when they are negetive, the v iR druaer
decrease. For these reasons, it is necessary 19 provide @ L7 « :
‘2ccommodate coolant volume changes while maintaining prees = 0 vty
limits. Such a chamber is called a pressurizer. Thereare 1o« 20 Tpoee 7 s
common usc: vapor pressurizers and gas pressurizers. Pressuizec- a0 o
veniently use vapor pressurizers because their coolant, wate:, i L o

results in @ more compact pressurizer. Gas- L)pq. PIOSSULIZETs »o uh i ot
-cooled fasg-breeder reactors.

A vapor pressurizer is essentially a smdll bmh.r (Fig. 105} ok guid, e

same as the primary coolant, is maintained by con*rolh 2 ezl &
wpdrziure and conscquently 2 constani vapor pressurc above iy 1ol
pressure io tha same as that ot the nrimary ~oalant at the unchion ociwe Hie Pics

and the hot leg of the primary loop. Thus the pressufizer tenperaniis s-io

rroptacs, s
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tho sy elant remperatere beeause the latter 15 subcooled. For example. if the

b oy bncastre and lemperature at the junction are 2250 psia and 605°F. the
ssurizer lemperature wouid be 633°F.

Yo neate— are of the electric immersion type, located in the lower section of the
sorreee vessel, These heaters are also used to h(..xi the pressurizer and its contents
tthe etesired e dunng plant startup.

1o Lattem of the pressurizer is connected to the hot leg of the primary coolant
s Frg. 1009). A spray nozzle located at the top of the pressurizer is connected.
< wonirod valves, to th cold leg of the primary coolanl system after the pump. Under
sl tnll-power operation, the pressurizer is about half full of water. The top half

pOr_ -

Dising « positive surge. the volume of the primary coolant in¢reases and the vapor
tinihe fopahilt is compressed. Entry of the cooker primary coolant into the pressurizer
condepies some of the vapor, thus limiting the pressure rise, In addition, the spray
calves e power-acteated, and a cool spray (under pump pressure) enicrs the top,
wnieh e conuense vapor ai a rapid rate and limits pressure rise. (The spray valves

mav sl ke eamnuath

Pt} -
B oadai ¢l

.-,...-'.tml'l A emall ~antinmens sprey i e wes ‘-:J ,nvuubu Y
nrevent Avcessive cmh-m nf tha aneny piping and to maintain ¢quai boron concentra-
tions in the primary coolant and prcssunzcr water. Boron is uscd for chemical sitim

(Sec. 10-5).
A negative surge dccrcascs the pnma,r;—cmlam volume and expands the vapor in

s ] o
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the pressurizer, thus causing 1 momentary reduction in pressurizer pressure. The hquid
in the pressurizer then partially flashes into vapor, and, assisted by furher steam
ceneration because of the automatic sctuation of the electric heaters, the pressure 1
mamntained above a minimum allowable Yimit,

A power-operated reliel valve is attached to the top of the pressurizer ta protect
apainst pressure surges that are beyond the capacity of the pressurieer. The relief valve,
i such a case, discharges steam into a pressurizer relief tank that is partly filled wirh
witer under & nitrogen blankcet at near-room temperature and in which the vapor
cordenses. The condensate then goes o 2 waste-disposal system.

Ina typreal design of a 500-MW PWR, both the pressurizer and pressunzer reliel
tank had volumes of 800 It* each. compared with 3700-ft® volume of the reactor
pressure vessel. Figure 10-10 shows a photograph of a pressurizer for a PWR plant
built by Westinghouse Electric Corporation.

The following is a treatment of the pressure change in an insurge (when a liquid
expansion in the primary circuit causes a rush of pnmary coolant into the pressunzer)
or. conversely, an outsurge. The situation is a nonsteady flow case, The general energy
cquation [Eq. (1-1)] in that casc is written a8 5

PE, + KE; + Amh, + mygugy + myg gy + A(,‘),

PE, + KE; = Amh, + oyt + mygoti, s + AW V-1
where the subscripts | and 2 refer 1o conditions within the pressurizer before and after
the insurge (or outsurge) and ¢ and e reler 1o inlet and exit fluids. The changes in
polential energy PE and kinetic encrgy KE as well as the work AW are zero. Equation
i 10-1) then becomes :

Amh, + mygatpy + Mgy = A0 = Amh, + ntgalps b oMl 110-23
The above is an energy balance. A mass balance gives
Am, + mg + mgy = dm, + Mgy F Mg Y E10-3)
A volume balance gives

mpvea T MV = Myavi b mgava = Vv (lq-h
where  Am = mass of water entering or leaving pressurizer - !
my,'m, = masses of water and steam within pressurizer
h = enthalpy of water.entering or leaving pressurizer
w, = internal energies of water and steam within pressurizer
v, v, = specific volumes of water and steam within pressunzer
AD = heatadded from c!..-c:ric licaters, less Dicat lost to the ambient
(relatively small) .

=
I!

total volume of pressurizer
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PWR PRESSURIZER
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Figure 10-10 A PWR pressurizer. (Courresy Westinghouse Eleciric Corporation.)
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"

Noting that the pressunizer is large enough so that there wall always be both watcer
and steam in it,* the values of a and v above are for the sawrated Muids ar the
corresponding. pressurcs,

The above three equations are solved for the cuse of an insurge, where Amh, s
the sum of the incoming fluids from the hot leg and the spray from the cold leg. cach
times its specific enthalpy, and

Am,. =0 (1-3)

or an outsurge, where din, =0 . (10:8)

Solutions, for given primary-system conditions and permissible pressure fluctuations
result in required total pressurizer volume. For gaven pressurizer volume and primury-
system temperature fluctuations, the solutions (usually by trial and error) give resulting
pressure fluctuations, As expected, the larger the pressurizer, the smaller the pressure
Surges,

Basic equations, for vapor-type pressurizers, that predict system transicnt pressure-
time relationships during changes in reactor power level have been formulated [89]
from energy, mass, and volume balances.
© A gay presswrizer is simply a large volume of gas situated above the primiasy
coolant ihat compresses or expands whenever the primary coclant expands or contracts,
respectively. The pas. not miscible with the coolant. hus acts as a cushion to limi
pressure changes in the prumary system. Becaase of the absence of condensing or
vaporizing of the gas, as occurs with the steam in a vapor PIOSSUTIZET, @ £as Pressurizer
is usially large in volume. 1t s limited in use to Jow-pressure systems such as rhe
liquid metal fast breeder reactors. 1tis diseussed here merely for comprehens:veness
of coverage.

The pressure rise (Or decrease) 1m g gas pressunzer is casily obtained from the
g laws PV = mR{ [Eq. {1-30a)] and PV = C (Tuble 1-3) giving

~§f=(___"'= A w5 (10-7)
P\ )

where AP = system pressure rise or decrease, Ib,/1* or Pa

P, = initial system pressure, Ib,/f1* or Pa

V¥, = initial volume of gas, fi* or m’

AV = volume change of gas
= ki \ 3 . r 3 1
= npegative of volume change of primary coolant. ft" or m

n = coefficient of polytropic exponent during gas COMPIESSIon or expansioir

= | for an isothermal process - &

ratic of apecific hoats of gas £ for an wdiebaiic foiireibls meneres

= =
* The pressurizer must never be allowed 1o be completely filled with water, a situation referred w as
operating “solid,” as it would lose all control over system pressure. i ¢
e
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10-5 CHEMICAL-SHIM CONTROL

The term chemical shim refers o the use of a soluble neutron absorber, sueh as boric
acid, that is dissolved in the primary reactor coolant. Control is then accomplished by
varying the concentration of this absorber in the coolant. This. of course, is a slow
process and is uscd only to control slowly varying reactivity effects in addition to
conventienal control rods. '

Boric acid has good water solubility and has been used experimentally in both
pressurized- and boiling-water reactors, For commercial power reactors, however, it
is restricted to the former use. Since boron has no radioactive isotopes. no coolant
radioactivity problems arise from it. (Boric acid has also been used as a shutdown
device in many reactors.) The concentration of boric acid in the coolant is changed
at startup and during the lifetime of a core to compensate for (1) changes in réactivity
resulting from changes in moderator temperature from a cold shutdown condition to
a hot operating, zero-power condition; (2) changes in reactivity caused by the buildup
of neutron-absorbing xenon 135 and samarium 149 concentrations in the core; and (3)
reactivity losses resulting from fuel depletion and the buildup of long-lived fission
products other thun zenop ard samarium. Rapid react..” tiansicnts are handled by the
usual control rods.

Boron concentration in the coolant may be adjusted by the fed-und-bleed method.
By this method boron content is increased by feeding into the core some of a more
concentrated boron solution than ts in the core ana decreased by feeding in some pure
water or a less concentiated solution. Some coolant must necessanly be bled off to
make room for the feed. This may be processed by distillation and the resulting
concentrate and distillate reused for subsequen adjustments.

Since chemical shim permits a reduction in the amount of reactivity controlled
by control rods, the number and/or size of rods mav be reduced, the result being
simplified design and reduced costs, Also, ihe ro¢ blackness may be reduced:; i.e.,
rod materials of lower neutron cross sections may be usea. Mote that because ol stiong
water moderation a pressurized-water reactor normally needs = large number of control
rods.

A chemical absorber docs not by itself materially aftiet the snatial power distri
bution singe it is uniformly distributed throughout the core cxcept for a minor effect
due {0 increased density in the lower half of the core beczuse of cooler water term-
peratures there. The use of chemical shim results, however, in improvements in spatial
power distribution and therefore increased average-to-maximum power density in the

; core because of reduced blackness, size, or degree of insertion of controkrods.

The control rods that remain inserted in a chemically shimmed core will, as in
any corc, distort the axial power distribution (which is normatly sinusoidal) so that
peak power density is pushed from the core cenier to a point farther from the rod
enwrance (Fig. 10-11). The axial maximum-te averase pOWrs matin i lgwe wihan the
roc se tully withdraves Secanes of the uniformity of the channel  inncensa:

“up [0 a maximum, and then decreases as the rod approaches full insertion. Near full
insertion the ratio increases again to the original vilue because the rod channel ap-
proaches unifc;mfcomposili(;l} again. A hypothetical rod of zcro reactivity worth (zero

<
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I Control
: rod

Eiiam a2 _— = __ Figure 10-11 Axial neutron flux in a controlled
Flur or power reactor channel.

neutron absorpiion) would not perturb the channes atoll. The dcgrcc‘ af shewing s of
course severer the higher the reactivity worth of the rod. These eftfects, which apply
whether ar not chemical shim s used, are shown by Fig. 10-12, which 1s representative
of large pressurized-water reactors. It contains lines of different rod worths. It can be
seen that the effects of partially inserted rods on peaking become severer the larger
the reactiviny and that, for a given rod reactivity. a more favorable axial distribution
(lower axial maximum-to-average ratio) is obtamed by the use of relatively low worths
(and deeper insertion).

It can also be seen that rods of lower worths, obtainable when chemical shim
supplements rods, are conducive to 4 more lavorable axial power distribution.

At the beginning of core life, control rods are usually used to flatten the radial
power distribution. Because of bumup, these rods are later moved out and the power
distribution becomes less flat. When chemical shim is used. however, power can be
flattened at the beginning of cors lifs by spatiz) variations in fuel enrichment or core
composition, This favorable power distribution is then maintained to a great degree
by simply varying the concentration of the chemical absorber, while the rod positions
are maintained. Large PWRs with chemical shim are now operated practically unrodded
(i.e.. rods almost completely withdrawn).

With favorable power distributions, the use of chemical shim results in increased
“fuel burnup for a given number of control rods. Note that without a chemical absorber.
fuel bumnup is limited by the number of control rods.

On the debit side, although chemical shim results in a decrease in number, size,
or hlackness of control rods, the effect is noi linear There uctually is a shighs deareme s
in rod worth with increasing concentrations of chemicar absorder. The boronconceu:
tration necessary 1o ensure a minimum shutdown margin at room (emperatre s cs-
timated at 3200 ppm. Figure™10-13 shows the boron worth as a function of boron

7
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. a
Table 10-1 Typical reactivity requirements ina
chemically shimmed PWR?®

e ———————

Reactivity, '3

Reachmily requirement ' Rewds Boron
Safety shitdown, cold to operating

femperature change 10
Doppler effect 3 10
Samarium poisoning 08
Nepon poisening 2.2
Operating control 8
Core lifetime tluel depletion) — 9.0

» Diata from Ref 92

concentration far two moderator-fuel ranos, twa fuel enrichments, and two lempera-
tures. ) .

One problem with chemical it is referred 1o as Aideowr and plaicou: Rideous
s delined us the precipitation of boron from solution onto solid surfaces or in deposits
of carrasion praducts adhering 1o surfaces of the core‘and coolant system. It may later
reenter the system as a result of changes 10 operation of water conditions. This 1s
plateour. Mideout and plateout are of course undesirable because they would result in
pasitive and negative reactivity dniits. But they represent the only significant safety
problém resulting from the use of chemical shim. Tests have shown that boron dep-
osition oceurs o  limited cxtent ento corrosion products adhering to surfaces rather
than on clean surfaces. Indications are also that it occurs on fouled surfaces when
boiling occurs when the thickness of fouling is at least 0.3 to 0.4 mil. In this case
deposition was proportional 10 the rate of evaporation. No-rapid release of boron from
a surface into the coolant has been observed. However, reactivity insertion from such
rapid release is assumed in order t© safely estimale the control rod requirements ina
chemically shimmed reaction. '

Typical reactivity requirements in a pressurized-water, chemically shimmed re-
actor are given in Table 10-1

10-6 A PWR POWERPLANT i
The secondary or working-fluid system of a twin-reactor, 1000-MW (total) powerplant
[93] is shown in Fig. 10-14. It is composed on the shell side of the steam generators,
a turbine-generator, condenser. fwo condensate pumps, five stages of feedwater heat-
ing. two feedwater pumps, and anviliary equipment.

The turbine-generator system is designed to produce a guaranteed maximum of
502.841-MW gross and an expecied mavimum of about 523.7-MW gross. The 1800-

a

v ' )
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rmin steam turbine is composed of one double-flow, high-pressure element in tandem
with two doublé-flow, low-pressure clements. i

There are four combination moisture separator-reheater assemblies between the
high- and low-pressure units, Wet steam from the exhaust of the high-pressure elements
enlers each .'_l'iSL"lllbI)' at one end, is distnbuted by internal manifolds, and nises through
a wire mesh where the moisture is removed. [1ihen flows over the tubes in the reheater
where it is heated by high-pressure steam from the steam generators, This enters the
other end of each assembly, passes through the tubes and leaves as condensate to the
high-pressure feedwater heater. The reheated steam flows back to the low-pressure
turbines.

The AC generator, with rotating rechifter-exciter, is mounted on the trbine shaft
The generator is rated at 582,000 kVA and s hydrogen-cooled.

Turbine exhaust steam from four manifolds enters a radial-flow-tvpe condenser
The condenser has a deaerating hotwell with sufficient storage for 3 min operation
full throttle and an equal free volume for surge flow. A stcam-jetair ¢jector s provided.
It has four first-stage clements and two sccond-stage clements mounted on shells of
intermediate and after condensers. The ejector is driven with high-pressure sieam from
the steam-generator outlet.

Condensate from the condenser hotwell is puinped by two condensate p.llll[‘.‘- then
nomully passed through hyd mu.n covlers. air ejectors, a gland steamn ron s
through the first four feedwater-heater stages. It 15 then pumped by tin fs:nl.\ sler
plumps lil:uu_g,h the fifth and Tast leedwater-heater stage back to the steam generators
An austhary feedwater pump diven by a steamn turbine 1s provided for decay-hear
removal in case of toss of power Steumn for this wrbine is produced from reactor
decay heat. The normally elosed steam valves 1o this turbine open automatically on
loss of power, or manui!ly. All icedwater heaters are of the closed type and are twin
units operating in parallel. The lowest two stages are joined in a duplex arrangement.
Steam for the heaters is obtained from five extraction points, one from the high-
pressure turbine, one from high-pressure exhaust, and three from the low-pressure
“tutbines Drans fram the high-pressure heater cascade to the second-stage heater and
then to a drain tank. Heater drain purups force water from the three lowest-pressure
heaters 1o cascade 'o the comdenser.

e st

10-7 THE BOILING-WATER REACTOR (BWR)

The BWR has a function closely resembling that of the boiler in a conventional fossil-
fuel steam powerplant and is basically stmpler than it. In the boiler, heat is transmitted
from the fumace to the water indirectly. partly by radiation, ‘partly by convection. and
partly by conduction, with combustion gases used as an intermediate agent or coolant.
In the boihing-water reactor, the cooldnt s in direct contact with the Keat-producing
nuclear fuel and boils in the same compartment in which the fuel is lacated 1 boiie
hecause the reactnr prescyrs ic maintained at zbout 1000 psia (aboul 70 L), fess than
half that in a PWR, with the fuel temperatuses roughly comparable. Because water
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and vapor coexist in the core, a BWR produccs saturated steam at about 545°F (285°C),
The coolant thus serves the triple function of coolant, moderator, and working fluid.

In its simplest form (Fig. 10-15), a boiling-water-reactor powerplant tonsists of
a reactor, a turbine generator, a condenser and associated cquipment (air ejector,
cooling system, etc.), and a feed pump. Slightly subcooled liquid enters the reactor |
core at the bottom. where it receives sensible heat to saturation plus some latent heat
of vaporization. When it reaches the top of the core, it has been converted into a very
wet mixture of liquid and vapor. The vapor separates from the liquid, flows to the
turbine, does work, is condensed by the condenser, and is then pumped back to the
reactor by the feedwater pump.

The saturated liquid that separates from the vapor at the top of the reactor or in
4 steam separator flows downward via downcomers within or outside the reactor and
miixes with the return condensate. This recirculating coolant flows either naturally, by
the density differcntial between the liquid in the downcomer and the two-phase mixture
in the core, or by recirculating pumps in the downcomer (not shown in the figure).
This is similar to what happens in modern large fossil-fueled steam generators. Modern
lurge boiling-water reactors are of the internal, forced recirculation type.

T saturated liquid that separates from the vapor it the top of the rezcfor or in
@ steann sensraer Bows downward via downcomers within or outsidé the reactor and
fxes witiesbe retumn condensste. This recirculating coolant flows either naturally, hy
the densiry differential between the liquid in the downcomer and the two-phase mixture
in the core, or by recirculating pumps in the downcomer (not shown in the figure).
This s simitar o what huppens in modern large fossil-fueled steam generators, Modern
large b linp-water reactors are of the internal, forced recirculation type.

The 3o of the recirculation liquid to the saturated vapor produced is called the
recirculation rato. i is a function of the core average exit quality [Eq. (10-9), below].
Builing-1sater eore exit qualities are low, between 10 and 14 percent, so that recir-

Saturated steam
i

| Steam n
separator 1 Lew
Saturated === Turbine -%
1eam to turbs 4 >

r..'x‘ i
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mixfure m
— SUR— ¢ !
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i IL_ l_“”l“nn v reciwculalion @m
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coe AT e (atursicd)
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' ! S L. | Fotadarid S (N Continite
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e I m, - pump

(a) . ib)

Figure 10-15 Schematic of a BWR system: (a) internal and (&) external recirculation.
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culation ratios in the range of 6 1o 10 are common. This is necessary to avoid large
voud fractions in the core, which would materially lower the moderating powers of
the coolant and possibly result in low heat-transfer coeflicients or vapor blanketing
and burnout |2].

In cither kind, a slightly subcoaled liquid en‘ers the core bottom at a rate of i,
mass per unit time. This Liquid rises through the core and chimney, ifany. The chimney
is an unhecated section above the core that helps to increase the dnving pressure in
natural circulation. The resulting vapor separates and procecds to the powerplant at a
mass flow rate of m,. The saturated recireulation liquid Mows via the downcomer at
mass flow rate of r5=,. There ot nixes with the relatively cold retumn feedwater I;J_; from
the power plant to form the slightly subcooled inlet liquid m,.

An overall mass balance in the rector core is given by

‘ My = m, (10-8a)
Ir;:, + r;r, = il (10-88)

The average exit qualily of the entire core X.. that is, the quality of all the vapor-
liquid mixture at the core exit, is given by

g m .om "

o /B o il (10-n

m,oEomy oy 4wyt om,

4

The rectreulation ratio R s the ratio of recirculation liquid to vapor produced 1t 1s
given by modifying Eg 110-9) as follows
m 1 —F

Batim S (10-10)

s
™ =8

Now, if the incoming feedwater has a specific enthalpy Ay Buwlb, or kl'kg and
the recirculated hiquid has a specific enthalpy fi, (at the system pressure), a heat halunce
is obtained, if we assume no heat losses to the outside (a good assumption) and neglect
changes in kinetic and potential energies, as follows

mh, = mhy + mahy {10-11)

where h, is the specific enthalpy of the liquid at the reactor-core inlet. Equation (10-
11) can be modified to

’ ho= (1 = 3, + Z.h, (10-12)
Rearranging gives the follewing expression for X,
by =k,

Io= L 10-13

hy — hy ( )

tre condition of the liquid entering the bottam of the core 1s given hy the enthalpy
of subcooling

-

. Ahyy = by = b, = TAhy = h) (10-14)

. T
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or by the degree of subcooling
Aflu'l e rf i L ¥ [IU'ISJ

" " P i ; |
where ¢, is the core-inlet liquid temperature, corresponding to A,

The total heat generation Q, can be obtained from a heat balance on’the core as
a system or on the reactor as a system. The two relationships, which yicld identical,
results, are

Q@ = mllhy + Thy) — h) (10-16)
Q, = mylh, — hy (10-17)

Shown diagramatically in its simplest form in Fig. 10-16, a boiling-water-reactor
system supplies saturated (or 0.4 percent moisture) vapor directly to the turbine, After
expansion through the turbine, the exhaust wet vapor is condensed and the condensate
is pumped back to the reactor. The direct cycle has the advantages of simplicity and
of relatively low capital costs. Because of the direct loop arrangement, there are no
heat exchangers. Because of the large stcam volume above the water, no pressurizer
is needed. '

A major drawback of the direct cycle is that the reactor is not load-follewing . Fo
siustrate this. les us assume that the reactor is operating at some power level determined
by its flow and control-rod setting. Let us also assume that a larger load is upplied to
the turbine. thus causing the turbine governor to increase the throttle valve opening,
ie., call for more steam. This reduces the flow resistance in the steam passages between
the core and turhine. This in tum reduces the reactor pressure. A reduction in pressure
causes flashing, i.c., increases steam voids in the core. This decreases moderation and
decreases reactor power, which results in less steam generation, * opposite to the desired
effect. A similar argument applies to a demand for reduced load.

* It can he shown that only above 00 psia (34.5 bar) and at very high qualities, far beyond those Lound
i BWRs, the opposite effect takes place; i.c., a reduction in pressure causes a reduction in voids (3}

ds }
Saturated steam Throttle
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I ] Baoiling
. redcior
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Condenser

Feedwaler - Flgure 10-16 Schematic of a direci-cycle
a - pump . ¢ BWR plant,
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This state of affairs has been corrected by one of several methods: by-pass control,
a dual-pressure cycle, an overmoderated reactor in which voiding results in a reduced
loss of neutrons due to water absorption and hence increased power, and recirculation
control [3]. The Last method is the one adopted in current designs. It is described 1n
the next section

10-8 BWR LOAD FOLLOWING CONTROL

The recircudation conrad method is based on a direct cyele bt with variable recir-
culation flow in the downcomer. It is shown schematically in Fig. 10-17. Equation
(10-17) 1s rewnitten with the help of Egs. (10-8q¢) and (10-9) as

Q, = Imth, — hy) (10-18)

fte. the saturated steam enthalpy at the system pressure, and by, the feedwater enthalpy

‘are both weak functions of loud. Thus the plant load (), is therefore proportional to

the product of X, and m,, the Now in the downcomer.
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a
IT the reactor power is 10 be increased by a certain percentage, m, is increased by
the same percentage. This momentanly decreases X, as Q, has not yet changed. &, it
“a measure of the qualitics in the ¢orc as a whole. When it decreases, the reactor power
increases (due to improved moderation), in turn increasing X, to the original value
where nuclear equilibrium retums, We are now at the new m,, the original %,: thus (,
is at the new desired value, The same holds true if a reduction in load s desired, In
general then, except at very low loads, ¢, is essentially directly proportional 1o m,.
hence the name recirculation control :
The recirculation system consists of 2 extern:! recirculation pump loops and 20
internal jet pumps located inside the reactor vessel (Figs. 10-17 and 10-18), The two
external recirculation pumps are single-stage vertical centrifugal units, with mechanical
shaft seals, driven by variable-frequency motor-generator sets. Changing the pump
speed changes recirculation flow, which in turn changes reactor power. One third of
the total reactor recirculation water is pumped through the two external pumps . This
flow leaves the reactor vessel through two outlet nozzles and retums to the jet-purmp
inlet-riser pipes to become the driving flow for the jet pumps. The pressure 1o which
the driving Muid is raised i the external pumps is, however, higher than equired in
an all-pumped recirculation system (Fig. 10-19). This driving flow goes theough the
jer-pump nozeles And acquires high velocity and momentum. By a proce < of mo-

Throat
cr
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mentum exchange, it entrains the remainder of the recirculation flow, called the suction
flow, which is at a lower inlet pressure. The combined flow then enters the throat or
mixing section of the jet pump where the momentum decreases and the PIEssure riscs.
Additional pressure recovery to the exit pressure oceurs in the diffuser. The resultant
suction flow Ap ix sufficient 1o overcome losses through the reactor. *

The jet-pump design has the advantages of fewer moving parts, lower probabil-
ities of major line ruptures, capability to reflood the vessel in case of such rupture
loss-of-coolant accident, LOCA), improved natural circulation (lower pressure loss-
es) in the event of power loss to the circulation pumps, and relative freedom from
cavitation, a problem that arises in pumps ‘where the liquid is near saturation condi-
tions.

Figure 10-20 is a control “operation map."” It shows the effeet recirculation flow
ratio m/m,, on power ratio @/Q,., where the subscript o indicates conditions at full
load. To understand this map it is important to note one distinguishing feature of
BWRs. Unlike PWRs, which can be critical at one control-rod position and one
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Figure 10-20 Operation map-of BWR recirculation coiwrol [94].
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chemical-shim concentration at a given time during the core lifetime and 1n Which
changes in these cause an increase or decrease in power until they are returncd to
ongmal, BWRs can be cnitical at several control-rod positions because the resul-
ting voids compensate for the change in reactivity duc to the change i the rixd posi-
L1ons.

Lines 3-4 and 5-6, and similar somewhal parallel lives in between, indicate re-
circulation control at various control-rod positions. They are nearly Linear, as indicated
by Eg. (10-18), and each indicates a control range of approximately 23 percent, without
control-rod motion, Zero pump speed results in the natwral circulation line at the left,
Lines 3-6 and 4-5. and similar parallel hnes in between, represent constant recircu-
lstion-pump speed lines,

The recirculation pumps are driven by motor-gencrator sets with adjustable-specd
couplings that vary the frequency supply to the pump motors and hence their speed,
To change reactor power, a demand signal from the operator, or a load-frequency
error signal from the povernor, is supplied to a master controller and compared with
the actual generator speed. An error signal is used to adjust the speed of the recirculation
pumps.

i0-9 THE CURRENT BWR SYSTEM

Current BWR designs are of the direct-cycle, forced-intemnal-recirculation-type i
seribed above. The reactar (Figo 10-21) is about 21 TCID and 73 1t high for o 1000
MW plant. The fuel rods are similar to those of & PWR. They are Zircaloy-clad, 12
ft lgh in active lenpth, and contain enriched UO; pellcts. The fuel assemblies, how-
ever,are either 7 x 7 or 8 % 8 arrays and are enclosed in & Zircaloy-4 channel (Figs.
10-22 and 10-23). The control rods are cruciform in shape and occupy the space
between four channels. They enter the reactor vessel from the bottom (vs. the top in
a PWR). This is becausc the voids, mainly in the top part of the core, caese neution
peaking in the lower part where the control rods would te most effective. The hlades
of the cruciform contain sealed stainless steel tubes fitted with compacted boron carbide
powder {Fig. 10-24). The reactor also contains temporary control curtains of borated
stainless steel to supplement the control rods for the initial core. -

The water-steam mixture leaves the top of the core and passes through steam
separators and dryers located within the pressure vessel (Figs, 10-25 and 10-26). The
separators are standpipes, cach of which contains a ceninfugal-type steam separator
located at top. In each, the mixture impinges on vanes that impart a spin lo separate
water from steam. The separated water enters a pool surrounding the standpipes, from
which it enters the downcomer annulus. Steam, sull shghily wet, flows upward and
outward through the dryers, where moisture 15 demoved through troughs and tubes to
a wool and back o the dowacomer. The dry (or 0.4 percent wet) steam, separated
fromthe wet steem b shiGads, Muaily deaves the reactor vessel through outlet nozzles
and goes directly to the turbine. ~
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Figure 10-21 BWR reactor vessel and internals. (Courtesy CGeneral Eleciric Company. )




THERSIAL FISSION KEACTORS AN INTWERPL A%y 427

BWR/6 FUEL
ASSEMBLIES

& CONTROL
ROD MODULE

TOR FUEL GUIDE

TEHANNEL
FASTENER
A UHP TIk

PIECE

TEWEL HELLETS
A rND PLUD

T CHANNEL
SPACER

105 PLEMNUM
LPHING

15

(R

CENERALED ELECTRIC

- .37 2 " v e i i e ¢ PP P baiier
T 1022 MWK fuel assvinbies amd control-rod®arrangciment. (Ceartesy Do Fal Forparie 4 oty



428 POWERPLANT T1CHNOLOGY

«—— TeFporary tontral turlamg
for initeal core - Incore

w e RN <Hu|mon tor
e o 032 %,
0737w " J \ DTS- .I {--- _ -’ ‘
i 3 : '_“'" N | "
| fooooo&v@ | (clolelelelelo)
OOOOOOD|IDOOOOOO
Il leelelelelel0] || lolelelelelele,
z IOOOOOOVIHOOOOOOO
il [[elelalelelolo)[fIllololelelelels)
il lloYelelelololo] |l lelelolelelelo,
il lolololololololji\ elotolalotole)
3 =5 = =t
= /‘*"‘— =) ﬁ : X
J!( ;] e 4075~ \\ 4,075‘—-—-—’
1 l] i b ei-'-- o Control blade  ~
| aral noamble
1 . [ . !
H—— ' T
] AT ¥ tarner rods * H
' Tilwy v -"" ™ IEEMERT F
“I \ it ;‘:P"‘I-;!!"' chment J
"_ 27 ipw enrichment
i A i
Fizprw o - n Futties mrrangement. cross section of Fig. 10-22,
1-18 A % WERPBANT
Figaze 10- 7 T ous « tvrical flow diagram of 2 BWR powerplant [95). It produces
PRO Mwe oL vt moisture steam at 965 psia (66.7 bar) at turbine inlet,
ornanngin, * e shecture (0.067 bar). The turbine is g taiideri-compound (with
one hiph e section and two low-pressurg sections), four-flow (ducts to the
condenser ., [50%-0in, nonreheat unjt. The cycle has a moisture separator between
the higler-  ur '~ w-prassure turbines and five feedwater heaters, all with 5°F
tenminal copersiore diftcence aad 10°F drain-cooler temperature difference. The
o feedwater woving the biphepressure feedwater heater to the reactor is at 381.7°F

(194.3°C Tle it <ol steam fiow is 9,610,000 Ib,/h (1210 kg/s). The flow to the

congeneer wic: nwnste sparation and bleedig steam for feedwater heating is 5,711,320

e/ {780 ks, T ons w"besi point™ heat rate of 10,287 Buw/kWh, conesponding w
(2 ptiaini thcana iy,

-

o]
.

e By i —



THERMAL FISSION REACUTORS AND POWLRPLANTS 429
-
- o

jll-f:” ) | .
%\' '_;

i
'
Y D !
| 1
! -
o |
Ly 4
]
I.. -
1 -
oy =
)
1%
I'E &
o T mestre amner

r v e}
: i ff’
Srggi.‘. L’@

Ldwi Ta
e i

e PR

1 rd
" :
ol |
,
! Carn iy =l
IS /j Figure 10-24 BWR control o
i i s o (Courtesy General Electric Cori-
(-,-u;unqsoﬂefw - pany.)
Gire fifal chservation concerns radioactivity in the steam, since it & produced
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Figure 10-26 BW R steam dryer assembly

OM' + “rl — ?]\”h 4_IHI (10-19) -

which has a microse uplL cross section of 1.4 X 10 * bam. Nitrogen 1615 a radivactive

B and y cmtter tre '.crtmg 10 Oy wirit a jalf-life of 7.2 5. The 8 rays arc mainy of

AE 47 and 1O = eV e vy, The wrve are ||1'|I|r||1 of 6 13 and 1 10 MeV enerry

Wiy fald 1if of NI® e ‘h"‘"’ eponoh <o rthar anly a omsll fraction T e i
remains when the steam reaches the turbine. Thus moistare remaining in contad \mh
turbines and other equipment #ter shutdown is not dangerously radioactive, and main-

tenance work can usually be undertaken a short time after shutdown.
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s

Another reaction of somew hat less importance than the above is O'7(mp)N'". 0"
is present to the extent of 0.037 percent of all oxygen Nitrogen 17 is another § emitter
of 4.16-s half-life. The microscopic cross section of this reaction is higher than the
one above by a-factor of aboul 10°, This is outweighed, of course, by the smaller
concentration of O'7. A third reaction of some importance is O'%(1, ¥)O'". Oxygen 19
is also a B emitier converting o stable fluonne 19, with a halt-life of 29.0 s. This
and other reactions that are not very important produce only a few weak
radiations.

If the nuneral content of the coolant is high, long-lived and strong radiations
result, The radioactive particles may embed themselves in component parts, thus
making maintenance difficult. Coolant treatment s thus an important feature in nuclear
plants, Also, care should be taken in designing components (o avoid pockets and
crevices that may colleet and retain radiosctive particles,

10-11 THE GAS-COOLED REACTOR (GCR)

Gas-cooled reactes have received®yreat attention. particularly in the United Kingdom
and. to @ lesser extent. in France, Gernany, the United States, and the USSR, Both
patural- #nd enriched-uranium fucls with CO; s coalant and graphite as moderator
are weed i e UKL and Franee. In the Uniied States and Germany, enriched fuels
and helim coolani are used. Heavy-water-moderated, gas-cooled reactors have re-
ceived some atieniton [96.97!

The attractiveness of gas wooling lics m the Tact that, i peneral, gases are safe.
are relatively easy w handle. b e low MaCFOSCOPE neutron cross sections, are plentiful
and cheap (except helium), and may bz operated at high temperatures without high
pressurization.

The main disadvantages sre the low or heat-ransfer and.heat-transport character-
istics of gases. which require large contact surfaces and flow passages within the
reactor and heat exchangers, srd ihair high pumping requirements (between § to 20
percent of plant gross power), which necessitale careful attention to the problems of
fuid how, pressume drops, ete

“To partially overcome the isherent disadvantages of gas coolants and at the same
time obtain attractive thermodynamic efficiencies, it is necessary o operate the fuel
clements at as high temperatir ey as possible (commensurate with metallurgy) and
permit a high gas-temsperefure (1.¢ in the reactor by reducing the gas mass-flow raie

“and pressurizing the pas Becouse the fuel operates at high temperatures, fuel-element
and claddisg material choice and fabiication in gas-cooled reactors preseat majol
prohlems, and the wead 1 «eward using oxide and carbide fuel clements in such
reactors. Also, because gas-cozisd reatars an inherently larpe they are particularly
suitzd {0 large-capacity power plante The reactar ircelf may impnee structural amg
foundation problems. The size of the units can, of course, be reduced to a certain
extent by fuel enrichment.



43 FOWERMLANT TECHNOLDGY .

The British Program

One of the largest single programs per capita for civilian nuclear power is the British
" development and construction of a scries of graphite-moderated, CO,-copled-reactor
powerplants. This cffort started in October 1956, when the first powerplant, using
natural-metallic-uranium, magnesium-clad fuel, was put in operation at Calder Hall,
England [98). This powerplant type, originally known as “Calder Hall” but subse,
quently as “Magnox™ because of magnesium cladding, was devised because of eco-
nomic and military (production of Pu*") necessity. It had the advantages of using
familiar and economical materials and fuels that do not require enrichment. The coolant
1s cheap and plentiful. The steam temperatures and pressures are, however, rather low,
being a few hundred degrees Fahrenheit and a few hundred psi, well below current,
highly efficient fossil-fueled powerplants. Because of their low temperatures, the Mag-
nox stations used a special dual-pressure cycle [3]. The Magnox progrmn is composed
af nine twin-reactor stations for a total of 4845 MW.
A sccond British program called the AGR (advanced gas-cooled reactor), based
on the prototype at Windscale, was started in the late 1960s. Its objectives were to
construct a nuclear stcam supply system with steam conditions comparable 1o those
in modern fossil-feled power staticas and with a degree of integrity thar would permit
siting nearer centets of [K‘lpll!cll]tll‘l AGR powerplanis use enriches ceramiz fuel. clad
in stairless steel but otherwise still use graphite moderators and CG, gas covlant. 'Tney
operate at clad surface temperatures of about 1520°F (~825°C) with gas cutler t=m-

p\lu\uru of up to 1230°F (~665°C), resulting in steam teinperatures of won [G50°F
~565°C). The AGR stations are charncterized by prestressed-concrete prossure es-
scl:.. couble containment of all access penctrations, and provision. fur o fucling =n

load for high availability. The AGR program is composed of four lwin-res: 1 stations
and one four-reactor station for a total of 4750 MW.

An example of the AGR program is Hinkley Point B {(Hinitey P ot A was 2
Magnox), a twin-reactor station with a total output of 1250 MV net [99). Taeee 12
28 shows a cross section of one of the reactors in a building it hece wi the ol
The core is a 16-sided stack of graphite blocks, of which 308 o 1‘u.i Chaiadis and
81 are for the control rods. The vertical stacks are composed of i7 t".'\l'-'ni[c biocks
cach, 10 of which house the fuel and the top and boltom ones act o5 avu. mrelkoom

{Fig. 10-29) The core is surrounded by an anrular graphite reflecion, two tioeks wide,
and a top graphite shicld. Each fuel channel contains eight fuel elenients Fachi is.40.8
in (1039 mm) long and consists of a 36-pin cluster of stainless siecl-—<'sd 0.57-in
(14.5-mm)-diameter UQ, pcllcts The pins are 0.6 in (15.25 mm) in Giameter. The
total fuel is 122.5 tons of uranium and is enriched up to 2.6 percent U=

The CO; coolant enters at bottom at 590°F (310°C) and 617 p:ia {22
lcaves at top at 1 210°F (655°C) and 586 psiu (40,4 bar). It then flows dowe
reheat boilers surrounding the core. within the cavity of u presteacad conrrie-s
vesser. (1€ pV), Icavmg at 529° F("?G"C] and 383 ph!a (40 2 bar). JI 5 mdh e a'u.l
Uhen W0 HIC ECacior DY c1gnt constani-specd, cleclicaily unven (24 mw) centniugal
circulators with variable-guide-vane flow control. -

"ol s Pl B,
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Figure 10-28 Hinkley Point B AGR building: (1) reactor core, (23 supporting piid 131 pas batlle, (4)
circulator outlet gas duct, (5) Bader. (6) thermal insulation, (7) reheal seam taiiens, (8 main stream
penctrations, (9) boiler ferd pencirations, (10) cable siressing gallery. (111 gas Girculators (Conrtesy The

Nuclear Power Growp, Limued |
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Fleure 10-29 Cross secnon of Hinkley Point B core [99].

The steam s generated at 2418 psia (166.8 bar) and 1005°F (541°C). Reheal
steam & w90 peia (40,7 bary and the same temperature. These conditions are com-
parable s ders fossil units. A plant thermal efficiency of 41.7 percent is clainied,

e

12 L0h HIGH-TEMPERATURE GAS-COOLED REACTOR

|3
s
e,
‘:'__l"l

{
H

In contrsse fo Brivieh development, ordinary-water reactors (PWR, BWR) constitute .

the bulk of thie Ameiican effort in commercial nuclear power, and only a modest effort
in gas cooling 1s wacer way. The American concept is usually referred to as the HTGR.

In thar concepy, graphite is used for fuel particle coating (primary fission product -

barrier). fuei structural material, moderator, and coolant channel walls. Helium is used
as coolani. The usc of an all-ceramic fuel clement results in low parasitic neutron
capture e cowe and therefore high conversion ratios (Sce, 11-2) and good fuel-
cycle cconomics The coated-fuel-particle design results in high specific powers and
high fuel buinups ) :

Figur 10-30 _hows coated fuel particles and the rod and graphite block in which °

they e contzined 11001 The block is hexagonal, 14 in (35.6 cm) across sides, and

25 767 Ly high. The coated paniicles are contained in over 200 fue! holes

Hieispeiscs wadl @ 1eusel nainban of coolant holes through which hehiuim fows | he

Qoated 1iey panicics arc minjature sphencalufuel elements containing UC; fuel and

ThC; fertile material, with diameters of 200 =50 micrometers (im) for the fuel and

400 =100 pm for the, fertile material They are clad witha three-layer coating of
- »

G e
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TRISO (U-235)

FUS. PARTICLES ~  FUEL ROD. ~ - FUEL ELEMERT

Figure 10-30 Coatal pamticles. fuel clement, and hexagonal block of HTGR (Caistesy GA Techaelogie:
tny J

pyrolytic carbon 100 pm thick for the fue! and 125 pm thick for the fertile material
This cladding here, as clsewhere, isolates the fuel and prevents chemical reactions
and minimizes the release of fission products. The two sizes for fuel and fertile materials
make it easy 1o s:pamlc the two for fuel recycle purposes. The Th**? is converted to
fissionable U™, whick parly fissions in place and is partly processed for wse in other
reactors, With thonum plentiful in many parts of the world, this system can materially
extend our fuel resources.

The first U.S. cfforts in HTGR development were a 40-MW plant at Peach Bottom
near Philadelphia (now decommissioned) and the 330-MW Fort St. Vraia plant near
Platieville, Colorado. The latter plant had many engineering problems that discouraged
many utilities that had ance opted for the HTGR from procecding with it despite its
many favorable feares. Research and development, however, are still continying on
lamc HTGRs in the hope that it will be revived in the fulurc The following is o
uu..-.n.upum. ela :_f;"‘ HTOR

~'The program e isivas the bulding of units of 770- and 1 io0-MW capacity. ‘Ine
conceptua! design for the latter is based on a heliwm-cooled, 3000-MW(1) reactor (Figs. -
10-31 and 10-32). The reactor is housed in a vertical prestressed concrete reactor vessel
(P‘_CRV). which is prestressed vertically by individual cables and circumferentially by
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Figure 10:32 HTGR FTRY and i fear steam supply system. (Courresy GA Tevnnologes, Iac |

wrapped wires under tnsion. Itis 29.4 ni in diameter, 27.6 m high, and includes the
reactor core and refiector, helium and nuclear steam supply sysiems, decay-heat re-
moval systent, control rads and their drives, and facilities. The reactor core and reflector
are located in a vertical eyhindrical center cavity that is 11 m in diameter and 14.5 m
high. That cavity is surounded by nine other cavities, six of which house steam
generators and steam furbins Llvan el Ttiree other cavities. 2itanged between
the six main cavities, house auxiliary cooling systems. This gives the reactor block a
“telephone dial” appearance when viewed from the top. All cavities are provided with
ceramic thermal insulation, gas-tight steel liners, and liner cooling systenis. The PCRY
penctrations are steel-lined and sealed by single covers with double gaskets preceded
by flow resistors, . -

The reactor core iy made up vi the hrxagonal graphite blocks with holes that
contain the coated fuel particles (Figs. 10-30 and 10-33). In addition. ¢ach block has
a central pickup hole coolant Chnnels, wnd thiee dewed pins for proper positioning

1 il 5 . '

I TR - T

wirh revnect to cacd sthen To2 BLOLL S sevnl el TV 21 lona laige RGeS 1T
accay nnadait Condiol sl wat Ve darge hole to receive uvsorder granules (below).
The blocks are stacked up vertically 14 to a column. Each columa is composed of
three upper graphite reflector blocks, cight fuel blocks. and three lower reflector blocks.
"There are 493 such adjacent columns for a total of 6902 blocks ( 1479 upper eellector,
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Figure 19.3} HTGR hexagonal graphite fuel block. (1) coolant ehannel, {2) fel rod, (3) combustible
poison rod, (4) control ol channel, (55 fucs Lwndhing pickup hole. (6) bale for absorber granules (feserve
shutdown). (Courtmey CA Tochualozies, tne)
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3944 fuel, and 1479 Jower reflector) (Fig. 10-34). The fuel blocks arc also surrounded
by side reflectors. Groups of seven fuel columns make up a fuel region that is loaded
and unloaded as a unit through a common refueling penctration in the top of the PCRV.
The whole core fits within a cylindrical steel liner, the only nonceramic pant of the
core.

The control system consists of 146 control rods operated in pairs. The neutron
absorber is boron carbide. Each pair travels in channels (item 4, Fig. 10-33) in the
centermost fuel column of each of the seven-column regions. The reds are actuated
by electric-motor drives that are located in standpipes in the top of the PCRV but can
be made to drop under gravity for quick shutdown. A backup shutdown system consists

Coolant Flow~
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Figure 10-34 HTGR core wrangemest (Courtesy GA Technologies, lac.)
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of a neutron-absorbing granular Matenal that drops into holes in the same fuel columns
{item 6, Fig. 10-33).

The Primary Heat-Transfer System '
Helium is circulated at an average pressure of about 48 bar (700 psi). It enters the
reactor core at the top at about 240°C (644°F), flows downward through the coolant-
holes in the graphite blocks (item 1, Fig, 10-33), and exits a1 760°C (1. 400°F) to a
hot gas plenum at bottom. From there it goes radially to the bottom entrance of the
SIX steam-gencrator cavities, enters the six circulators at the top of the cavities at its
lowest temperature, and returns radially to a “cold™ gas plenum at the top of the core

The steam generators are shell-and-tube heat exchangers in which water and steam
flow in tube coils and helium flows on the shell side. They are composed of a reheater
at the bottom and an economizer-boiler-superheater at the top. The hot helium enters
the stcam generator above the reheater, flows downward through it, reverses direction
and goes up a central pipe to the top of the stcam gencrator, reverses direction again
and flows downward through the superheaier, boiler, and cconomizer, and then upward
again through an outside annular space between the generator and its cavily to the
Gelium Chculats, Tre water-steam flow in the penerator tubes is upward. The stcam
How in il rehearer tubes is downward ® ) ’

vhe peilum circubators are single-stage axial blowers and are driven by 14,500
hp. single-stage steam turbines at 6755 vmin. The circulator impelier and turbine
wheel of each unit are mounted on the same shaft, which has water-lubricated bearings.
A labvrinth and scaling system prevent water from entering the helium coolant and
helium fromg cnlering the sicam sysiem.

The Steam Plient

Superheated sicanz froa B six steam generators, a total of about 1,000 kg/s (~8 = 10"
Ib,/h), combines inio @ single header and enters the high-pressure section of the turbine
- at 166 bar (2,400 psig) and S10°C (950°F) (Fig. 10-35). The full steam flow leaves
that section, divides up 1o drive the six single-stage circulatar turbines, then £oes to
the rcheater in the stearn generator. It leaves the reheater at 38 bar (550 psia) and
© 533°C {1000°F), ecombines, and enters the iniermediate section of the turbine and
three double-flow low-pressure sections, exhausting through six ducts to a commen
condenser at 0.09 bar (1.3 psia).

Because steam in the HITGR is comparable in Rressure and temperature to that in
a fossil powerplant, ihe turbine is a standard 3600 /min unit (PWR and BWR plant
turbines run at 1800 r/min). All wrbine sections are double-flow, resulting in six
“exhaust pipes to the cominun condenser. The condensed steam is pumped by three 50

percent flow coudensate pumps (one on standby) It passes through three low-pressure ©
feedwater heater siages, cach consisting of two heaters in parallel, and a direci contact .

acacrating heater that hias o 530-m’ siorage tank. 1he feedwater is then pumped by
three feedwater pursips (one on standby) and enters the econonmizer section of the steam

e o
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444 POWERPLANT TECHNOLOGY N

118°C (370°F). The feedwater pumps are driven by 16-MW condensing steam turbines
whose condensate is fed back to the feedwater line.

The clectric generator is a two-pole, three-phase machine, rated at 27 kV and
1170 MW, Both stator and rotor are water-cooled. The plant is started up and shut
down with steam generated in auxiliary boilers or from other units on the plant site
and fed into the exhaust line of the high-pressure turbine. From there it flows to drive
the hehum circulator turbines and, via reducing valves, to drive the feedwater pump:
turbines.

iﬂggay-licul Removal

Under normal shutdown conditions. the core decay heat (the heat that continues to be
generated due to the radioactivity of the fission products) is nitially sufficient to
generate enough steam to operate the helium eirculator turbines at the required reduced
load. When decay heat is no longer sufficient to do this, the same auxiliary boilers
used for plant startup take over and supply steam to these turbines. In addition, there
are the three auxiliary heat exchangers located within the PCRV. These are helium-
water heat exchangers with electrically driven helium circuiators. The cooling water
is in turn cooled in_an air-blast heat exchanger.

[t is to be noted that, becauye of the Lurge masy und wreciie heat of grophite, the
HTGR core has a very large heat capacity 1t s estimared that it can absorb 20 times
as much heat per unit temperature nise as other reactor types of comparable power,
This results in a much slower temperature rise 1n the event of loss of coolant, thus
allowing ample time for the initiation of emergency cooling

10-13 PEBBLE-BED REACTORS

An interesting concept of a high-temperature gas-cosied tuicior o e pebble-bed

‘reacror under development in West Germany. The first effur resulicd in a 15-MW
reactor powerplant built at Julich by Arbeitsgemeinschaft Brown/Boveri/Krupp-Reak-
torbau and called AVR. A second-generation plant, called e Thorium High-Tem-
perature Reactor (TH” R- 300), is under construction near Hamra-Uenirop; commercial
operation is expected in 1986.

A pebble-bed reactor is one in which the fuel and moderator are mixed together
in the form of spherical pebbles that are randomly packed into a relatively simple
vessel to form the reactor core. The coolant, helium, flows through the voids between
the spheres. " :

The THTR-300 - g

In the THTR-300 (Fig. 10-36), the core coutains 775 0% 5 mm avamorer Tuel el
ments (Fig. 10-37). Each has a 5-mm-thick outcr graphite shell cusnioinding a graphiic
matnix that contains (12.1 percent by volume) 40,000 400-pm-diameter bio-coated
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Flgure 10-37 Cross section of the THTR-300 spherical fuel element.

fuel particies, simijar to those shown in Fig, 10-30. The particles in the THTR are
not segregated by fuel but contain mixed UO,-ThO,.

One advantage of a pebble-bed reactor is the relative ease with which it continually
charges and discharges fuel on load. Done pneumatically, the spherical elements leave
the core through a certral pipe, after which they are checked for breakage and sent
10 a burnup measuring device. They are then either recycled or sent 1o a discharge
facility.

Helium at 39 bar (566 psia) enters the core at top at 270°C (518°F) and flows
downward and leaves it at 750°C (1382°F). Surrounding the core, and within a PCRV
(similar to HT'GR), are six vertical stcam generators and six helium circulators. The
latter (unlike in the HTGR) are horizontally mounted through the PCRV. Superheated
steam at 550°C (1022°F) is produced. The condenser water is cooled by a dry-coolin,
tower. © :

10-14 THE PRESSURIZED HEAVY-WATER REACTOR (PHWR)

Heavy water has almost the same physical, thermodynamic, and chemical character-
istics as ordinary water (214.6°F versus 212°F normal boiling point, 38.9°F versus
32°F melting point, and 1.10 versus 1.0 g/em® density at i icingeiaiere). Pover
reactors that pee heavy-water at high temp=arature must, as those usine ordinary water,
opcrate at high precsire. Heavy water, however, has marked|y ditferent auciear Ciuar-

acteristics. As a modcrator, it requires.a neutrorr to travel about twice as far as ordinary

Diameter 60 mm

Fuel-ftee zone Smm

Volume loading of particles 12:1% =

Number of particles per fuel clement 40000

Matsix density 1:70g cm™

Operation time 1100 full power days

Maximum surface temperature 1000°C

Maximum fucl temperature 1150°C

Maximum fast-neutson Muence 64 x 107" cm™
(E>0:1 MeV) ;

Maximum burn-up 14-1% FIMA

Siiag
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water in order to lose’the same energy fraction, On the ofher hand, heavy water absorbs
practically no neutrons, which is not true for ordinary water. *

Because of near zero neutron absorption, heavy water can be used as coolant-
moderator with natural-uranium fuels, Heavy water also results in good fuel burups
and conversion ratios. A further improvement is obtained by dividing the heavy water
into a cooled moderator region and a hot coolant region in a pressure-tbe design
(below).

Other economic advantages of the PHWR are low-cost natural fuel because of the
absence of the very costly enrniching process and the absence of criticality hazards
during fucl fabrication. The use of natural fuels can also be particularly attractive to
those countrics that do not pussess enriching facilities. On the debit side, the production
of heavy water is, in itself, a costly operation.

The economic incentives lo develop heavy-water reactors thus vary in different
countries and the economics depend on different methods.of estimations and projec-
tions. In Canada, for example, it has been shown that natural-uranium heavy-water-
moderated reactors can produce power at a lower cost than enriched-fuel reactors, and
Canada has concentrated on developing this type of reactor. This view, plus other
advantages already cited, has been shared elsewhere, and Canadian-type reactors (Candu)
are now being built in such couniries as Argertina, India, Korea, and Pakistan. In the
United Statcs, however, most studies have indicated cheaper power Yrom enriched-
fuel light-water reactors (BWR, PWR) and that, even if heavy water is used, power
would be cheaper if enriched fuels are used” The overriding factors in this case are
the higher capital costs and the large expensive heavy-water inventory, coupled with
high fixed-charge rates. Hence, the United States effort in DO reactors is rather
meager, : .

Because of the long neutron paths for moderation, heavy-water-moderated reactors
require large moderator-to-fuel-volume ratios. Such reactors, therefore, require large-
diameter pressure vessels. Large power reactors operating at high temperature and
pressure, therefore, require larger, thicker, and costlier pressure vessels than ordinary-
water reactors of comparable output. Both pressure vessel and pressure-tube designs
have been used. The latter design [101] allows the usc of a lower-pressure, less costly
vessel but with the added expense of constructing 7 leak-tight calandria vessel free
of differential expansion. It also results in the separation of coolant and moderator,
and, as-alrcady mentioned, a cool moucralor design can then pe casily ncorporated.

Some other problems associated with D,O reactors are the loss by leakage of the
expensive D,O and the high activity associated with the decay of tritium formed in
the reactor.

We will next present the Candu reactor of the pressurized heavy-water-moderated
and coaled, pressure-tube variety. Other reactor types of interest that have seen various
degrees of development are the D,0-moderated, gas-cooled, organic-cooled, and or-
dinary-water-cooled reactors, all made possible oy the pressure-tube concept. In the

* 10 TAHO Ui s:wING GOWN [0 ADSOMPULH 15 wailed (he madacasing paria 1t ic ahount O times graarer
" for heavy water than ordinary water. ; -
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latter concept the ordinary water may be allowed to boil, whichresults in the generation
of steam within the pressure tubes.

The Candu Reaclor Powerplant

‘
The Candu-type reactors are designed by Atomic Energy of Canada, Limited. Their
main features are a honizontal pressure-tube calandria reactor vessel, fucl clements®
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cnr;mining natural-uranium dioxide and housed in horizontal presure tubes, which also
carry the pressurized heavy-water coolant, and a relatively cool heavy-water moderator
on the shell side.

One such reactor (Fig. 10-38) has a stainless steel calandria shell (1) that has
integral-steel end shields (7) cooled by ordinary water (6) and stainless steel circum-
ferential shell thermal shiclds (13). The calandria contains 390 horizontal pressure
tubes (17). Each pressure tube in turn contains a coolant tube that is supported in
sliding bearngs at the end shields of the calandna. The calundna and coolant tubes
are separated by a sealed annulus containing CO; or nitrogen, There is a total of 276
tons of heavy water in the reactor. Below the calandria is a dump tank (2) with a
heavy aggrepate concrete vault to provide shielding from reactor radiation. The concrete
is cooled by one layer of cooling coils embedded in it. The dump tank contains a
helium atmosphere.

The fuel elements are hermetically sealed Zircaloy-2 rods that contain compacted
and sintered naturally enriched UQ, pellets. Twenty-cight such elements are attached
mechanically at their ends to form a cylindrical fuel assembly (Fig. 10-39) 4.03 in in
diameter and 19.5 in long. Spacers attached to the cladding maintain 0.05 in space
between the elements.

The heavy-water coolant eaters te fuel channels at 480°F (249°C) and leaves at
SO0°PF (293°Cr and 1300 pyag (90,7 bary Je feeder ;‘:lpcx (1 Twelve U-nkia;wd tube-
in-shell heat exchangers penerate @ total of 6.46 > 1" Ib b (814 kgls) of steam a1
585 psia (40.3 bar) and 483.3°F 1250.8°C) from the ordinuny-water working fluid.

Uranme duos o pailats
e pemsl 00200

Figure 10-39 Candu 28-clement fuc! bundle.
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The reactor is protected by 11 shutoff rods and by the moderator dump. The latter
is mude possible in this design by the fact that dumping the moderator would not
starve the fuel from the coolant, a situation which would result in fuel mejtdown. It
is. however, resorted to only in case the shutoff rods fail to shut down the reactor.

The fuel is loaded and removed in the reactor on pawer by two coordinated fueling
machines located at opposite ends of the reactor, each on the underside of a bridge.
The bridges move vertically, whereas the machines move horizontally. In an on-power
refueling operation. both machines locate, by remote control, onto an end fitting (3)
of the selected channel. The machines pressurize themselves, then remove and store
end closures and shield plugs. One machine then advances a fuel carrier containing
the new fuel subassembly into the channel end fitting. Simultancously the other machine
extends an empty fuel carrier at the other end of the channel. The charge machine
then rams the new fuel through a fuel latch into the chaanel. thus probing the spent
fuel 1o enter the carrier in the discharge machine. The carriers are then withdrawn,
the shield plugs and end closures are replaced, and the machincs are detached from
the end fittings. After the required number of bundles have thus been loaded, the
discharge machine traverses te a spent-fuel port, where it jettisons the spent fuel to
an underwater storage canal via a transfer mechanism and a conveyor.

PROBLENMS

10-1 A PWR powerplan: pressunzer operates al a steady state al 2200 psia with a constant spray flow of
8 It o the cold Teg az 3271 Caleubae the amount of heat added by the electnic heaters, in kilowatts,
if the pressunzer beat loases to Ui amibrent ane A144 Bk

10-2 A pressurised water reacyer has anlet and eait water ai 290 and 320°C, respectively. It has a 30 m'
vapor pressurizer which 1 normz!ly G} percent full of water a1 a pressure of 140 bar. A case of an insurge
occurred during which 0.2 m’ of water criered the pressurizer from the primary circuit hot leg, 0.05 m'
entered through the spray. aid oo AWh was sddedd by the electne heaters. Determine the intemal energy
of the pressurizer contents before and after the cvent, in kilojoules. Ignore heat losses to the ambient.
10-3 A pressurized-water reactor operating at 2000 pia has primasy waler entering at 5SO°F and leaving
at 610°F. A 1000.1t" pressurizer is normaliy half full of water, During a transicnt the pressure rose o 2100
psia, 200 1b., of spray water entered the pressurizer, and the pressunizer became 60 percent full of water.
Ignoring heat lasses to ambient, calculate the amount of heat added by the electric heaters, in kilowan
haurs .
10-4 A PWR operates at 2000 psia and 600°F hot leg. It has a 1000 ft’ pressurizer which is normally half
full of water. The primary loop is 10,000 f1* in volume: The hot leg temperature suddenly rose to 605°F.
Calculate (a) the final composition of the pressurizer, and (b) the final system pressure. Ignore spray flow
and heat. :

10-5 Repeat Prob. 10-4, except for the Case when: the hot-leg temperature dropped 1o 595°F,

10-6 It is desired to design a vapor pressurizer for a PWR that operates normally at 2200 psia. The primary

loop has a volume of 8000 ft' and a ht-leg temperature of 610°F. The pressurizer is to be normally 60

percent full of water and dexgned (o pravent # sy<ts n pressure rise of more than | percent for a 10°F hot-
leg tempesature fise, Ignoring the spray and boui alll or lost o the ambicent, calculate the necessary

pressunzer votinme

10-7 Deiive iig. - 7) for gas pressunaces )
10-8 Repeat Prob. 10-6, but design & gas p\'tl-ll.ll‘i‘;tl', Assume two gascs (a) argon and (&) helium, and
calculate the pressurizer volume for each with the polytropic exponent comesponding 10 isothermal and to
adiabatic reversible pepeesses. Compase these volumes to that of the vapc? pressurizer nl}‘mh. 10-6.

-
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10-9 A sodiwm conled reactior has 5(Ii1 ft' of pnmary coolant al an average tcm-;-:r.nulc of [ H A
cover pas of argon acts as a pressunzer. Caleulate the volume of argon necessary to limit the pressure rise
to | percent for a coolan! temperature nse of 100°F. Use a polytropic exponent corresponding to an (a)
isothermal and (b) adiabatic reversible process.

10-10 A stiwm coaled reactor has 20,000 11" ol pamary coolant 3t 600 psia and 1300°R average, and
BOOD fr' of argon cover gas. Find the pressure nse, in pounds per square inch, if the coolant average
temperature rose 1o THOO'R, Assume that the gas 18 compressed adubatically and reversibly.

10-11 A PWR prismary loop 1s 8000 {1" in volume and operates al an average temperature of S80°F. It has
a 1000-fi" vapor pressunzer which normally contains 60 percent water by volumeat 2200 psia. An accident
occurred in which the rehick valve suddenly stuck in an open position and fluid discharged to the relief tank

The system pressure steadily dropped to 1600 psia, duning which time the electric heaters were fully activated
to help slow down the rate of pressure drop. At 1600 psia. the pnmary loop average temperature was S80°F,
the pressunzer was 95 percent full of steam, the heaters were turned off to protect them against overheating,
and the emergency core cooling system (ECCS) was activated. This replenished the primary loop with
water 1o prevent uncovering and damage to the fuel elements. The relief tank is assumed to remain at nearty
atmosphenc pressure, but there is a 15, 3-psi pressure <rop in the hine connecting it 1o the pressunicer relicf
valve. Ignonng the effect of spray and heat Josses 10 ambient, calculate (@) the initial mass composition of
the pressunzer, in pounds mass, (&) the condition of the fMuid leaving the reliel valve at the instant 11 opened
(pressure, temperature, and quality or degree of superhiear), (¢) the total loss of fluid from the prinz ;¢ Toop
{before ECCS) assuming for simplicity that its temperatures remained the same, in pounds mrss, and (<)
the conditien of the fluid leaving the relief valve at the instant the ECCS came on the line

T2 A PWR powerplant producing 107 [b./h of 1100 psia saturated steam uses rehicat from live sieam
(simmidar o thar s Fig 100 14) The high and low-pressure wrbines exbaust at 350 and 1 nsia !'I:_n;‘l."l'\.l'.-_-

For sunpliciy . assume that both turbines and pump are adiahatie reverstble, that theie are no reeda st
heaters, and that the reheater driam 15 retumed o the steam generater. Calculate (@) the fraction of §i.
steatn that 15 diverted (o the reheater, if steam s reheated to SS0°F, (k) the cyele net power, in megawalts

and ic) the oyele elliciency.

10-13 Culculate the gross station heat rate, in Bius per bilowatt-hour, and the thermal efficiency of the
PWR powerplanl shown in Fig 10-14

10-14 A ci'lcmwally shimmed PWR uses 350 percent ennched fuel with a water-to-fuel ratio of 29 It
has « percent worth control rods which are 30 percent inserted i the core. The boron concentration is Iindi
por., bot conduions. Find (a) the axial 1o average power density ratio, (b) the total core reaciivity, percent.
and (¢} the rod insertion and approximate boron concentralion that would result in a 5 percent reduction v
| i average power density for the same total core reactivity as in b.

10-15 A chemically shimumed PWR uses 3.05 percent enriched fuel and a water-to-fuel ratio of 3.4 1t is
required to vary the reactivity of the cére by 1 percent with rod insertions of 30 percent minimum amd 50
percent maxumum, without causing the maximum-lo-average power density to exceed 1.72. Find 1) the
totai rod worth, percent, and () the boron concentration that would be required for a total core reactivity
+f 1% percent (hot conditions). "

10-16 A boiling-water reactor eperating a1 a pressure of 70 bar produces 1200 kg/s of saturated steam from
feedwater a1 200°C. The average core exit quality is 10 percent. Calculate (@) the recirculation ralio, {5
the core inlet enthalpy, in kilojoules per kilogram; and temperature, in degrees Celsius, (c) the degree of
subcoolmg, in degrees Celsius, and (d) the heat generaied in the reactor, in megawaits.

10-17 A 1000 MW boiling-water reactor powerplant with 33 percent efficiency was eperating at a 75 percent
of Tated load with a steam mass flow rate of 1150 kg/s. a reactor core pressure of 70 bar, and an average
exit quahity of 1.6 percent. The plant uses recirculation control. Find (a) the feedwater temperature, in
uegrees Celsiug, (B) the core degree of subcooling, in degrees Celsius, (¢) the downcomer llow at 75 percant
lnad () the average exit quality immediately after initiation of load change to 80 peiveit, and when load

saged v BO percent, and (<) the stexm and downsomer Sows, in kilograms per seonl after faad

=

i."‘.\.'}:l‘
10-18 A forced-recirculation BWR core operating at 1000 psia gencrates 2500 MW, The core average exit
Quality is 10 percent. The average care and downcomér densities are 40 and 50 IbJ/ft®, respectively. The

7 ! .
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core is 12t high. Feedwater is added at top of downcomer. The total flow pressure losses are 6 psi. Find:
(a) the core inlet temperature and enthalpy, (&) the steam gencrated, in pounds mass per hour, (c) the
natural driving pressure, in pounds force per square inch, and (d) the pump pawcr in kiloways required to

supplement the natural dnving pressure if its efficiency is 0.75. (Note power = m OPlpn.)

10-19 Calculate the gross station heat ratc. in Brus per kilowatt hdur, and the thermal efticiency of the

BWR powerplant shown in Fig. 10-27.

10-20 A pebble-bed reactor has a 14 ft diameter, 15-ft-high core containing 2 4-in-diameter fuel elements.
The helium coolant flow iy 1.36 =" 10* Ib/h at a pressure of 40 atm and core inlet and outlet temperatures
9l 520 and | 380°F, respectively. The blowers are 70 percent efficient and the pressure drop in the prnimary
system is 50 percent greater than in the core alone. Find () the blower work, in megawatts, (&) the core
heat generation, in megawatls, and (c) the steam generator capacity, in megawalts. (The pressure drop in

8 randomly packed pebble reactor in pounds force per square foot is given by

wh

e

L T S e

n

1.56 = W (Hid' ) (u27p) G* 7

cote herght, fi

pebble diameter, ft

gas viscosity, Ib./ft h

pas density, Ibft?

appareat gas mass velocity. Ib/h - fi?, based on the toral bed cross-sectional arca)



CHAPTER

ELEVEN
FAST-BREEDER REACTORS AND POWERPLANTS

11-1 INTRODUCTION 2

The growth of nuclear power in the world's electric utility industry to date has primarily
rehed upon water-cooled and gas-cooled thermal neutron reactors. These are bumers
that m effect consume fissionable fuel with low conversion ratios (Sec. 145-2). The
expzcted continued growth in the use of nuclear power and consequent consumipine
of available nuclear fuels have prompted the reevaluation of long-term g=:le. Wans
of conserving uranium reserves and of keeping fucl-cycle costs down as fu:® costs pe
up are therefore being sought, The fast-breeder reactor is the logical step in that
direciion, .

Fast reactors are those whose neutrons are not slowed down to thermal energics
by a moderator. Coolant and other reactor materials, however, moderaie the nettons
woa weoaihi catent in a fast reactor so that the neutron speetruin exlends from nssion
energies that may be as high as 17 MeV but average about 2 MeV down to about § 05
or 0.1 MeV. A hard-spectrum fast reactor is one in which the neutron density disiri-
bution extends over a narrow range ncarer the high end of the energy spectruin. A
soft-spectrum fast reactor, on the other hand, is one in which more moderation ocers,
_ such as by liquid sodium and oxide fucls; hence the distribution extends to lower”
energies. A breeder reactor is one in which more fissionable fuel is produced than o<
consumed, or one that has a conversion, or brzeding, ratio greater than |.

Present-day burner reactors produce some Pu®® from the U**® in their fuci. Suwi
o1 tms plutomum 1< hurmed durine the life of tne core, but some remains. L he remainder
can be used to fuel initial fast-breeder reactors in a reactor “mix" until a self-supporting
fast-breeder-reactor system is at hand. Such a system would convert the abundant U

i ' 452
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(99.3 percent of all natural uranium) to fissionable Pu® and hence extend our fuel
reserves for centurics to come.

Table 11-1 lists the U.S. energy reserves as compiled by the l)gpmmcnt\ of
Commerce and Energy in the late 1970s. The figufes are best estimates and could be
off by a factor of 2. This does not materially alter the conclusions, whicH are cqually
valid for the rest of the world, .

A quad (Q) 15 a quadrillion, or 10", Btu, or raughly 10" J. At presept, U.S.
energy consumption is about 60 Q/year. of which about 20 Q arc consumed in the
generation of about & Q of electricity. The balance is used for domestic services,
industrial processing, and transportation. The “Years” column in Table 11-1 shows
the time before depletion at present rates of consumption, if the particular fucl cited
is used alone for all energy. ““Present reactors” in the "Remarks™ column refers to
water-cooled thermal reactors (PWR and BWR). With breeding, our fuel resources
are extended about 55 times from 50 to 2750 years. If an ccoromical way is found
to mine low-grade ores containing 1/55 as much uranium, we would have another
factor of 10 to 12 to over 30,000 years. IT the 0.003 ppm known to exist in sea water
were extracted (the means are not yet available). the uranium reserves would be
sefticient to supply the warld for 1 or 2 million year.. (Her: would be a good use of
solar encrgy to evaporate water from the sea ) These figures sy seem overly opti-
mistic, but they do dramatize the need to develop tie Lust-bieder ieactor as a necessary
power producer for the next century and probably beyond. Fusion has not yet been
scientifically demonstrated and is pot expected 1 nuke @ big dent in that picwure for
some time to come.

Fast reactors have been built in the United States | the United Kingdom, the Soviet
Union, France, Japan, and Germany, and ltaian and ledian ciforts are underway
(Table 11-2). Seme early reactors were covled by Lall o mercuny, but the majority
are cooled by Na. Fuels varied from uraniuis 22! pluronium in the form of metal
alloys, oxides, or carbides. The mnagority now favor the mix.d-oxide fuel PuO; - UO-J.

The first fast reactor was built in the United States 1, 1946 Called Clementine,

* Named after the bailad "In a cavern, in s canyon . . . Excavatiag foramme . . . dweli a miner, forty
niner . . . and his daughter Clementipe, . . ™49 was the code nimber fos alitnaiam in World War 11, and
the reactor was buill jn & cavern. ; 5

Table 11-1 Energy reserves in the United States

Fuel Quads Years Remarks

Coal S000 60 -

nl C 800 [}

Gas LS00 6

Uslly 1600 20 No breeding

1,04 00 . S0 Present reactors -

U0, 220.000 2750  Breeding: high-grade ore . )

U0, 2,500,000 >10.000 Breeding: all economic ore o i
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Table 11-2 The world's fast-breeder reactors "
Power Power
Country Reactor MWir) MWie) Coolant  Design Tnitial fuel  Sratgs®
USA Clementine 0.025 - Hg Pumetal  1946,D
LAMPRE-1 1 — Na Molten Pu D
EHR-1 14 02 NaK L mectal 1951,
EBR-1I 62.5 160 Na Poul U metal 1963.0
Ennco Ferm 2ix} 62 Na Loop U emctal 1966,D
SEFOR 0 a— Na Loop PuD;-U0; D
FFTF 400 — Na Loop Pul,-U0;  1980,0
CRBR 975 350 Na Loop PuO,-U0;  1987.C
cDs 2550 100X Na Loop Pu0,-U0; 19929
USSR BR-| 0 — Pull metal D
BR-2 01 — Hg Pumetal D
BR-5/10 10 — Na Loop TPu meral 195%9,0
. BOR-60 60 12 Na Lowp M0.-U0;  1969,0
BN-350 1000 150 MNa Loop  Pu0,-UO, 19720
BN-600 1470 00 Na Poul PuD;-U0O;  1980,0
BN-1600-1 4200 1600 3 a2 Fuail 1990,P
FRANCE Rapsodie 40 . Lad Lo 1o 1967,0
. Phénix 563 250 h Puai. O30 1973,0
Super Phénin 1 000 P20 N P! u0;-UG,  1983.C
Super Pheniv J&3 3750 15000 N Fial P 10, 1990.9] P
Super Phémiv 3&d 3750 1500 ted P! PiEr-L'0. . 1992:93.p
UK Dhounmeay 0 115 Nak Pyl L msetud 1962,D
PIR o 250 N P buty, U0, 19740
CDFR-1 3250 1300 a3 Towl Bul iectal  1992,P
GERMANY KNK-2 - s 2 Mo Lap LD i577,0
(FRG) SNR-300 762 a7 ® L 1%l metal (9850
SNR-2 3250 1300 ! er Puidanstal i993,P
JAPAN Joyo 75-100 — | Lawi Tetreii), 19770
MONJU T4 300 [ “ 10; 1981.C
DFBR 2800 1000 la Pt U0y '993P
ITALY PEC 135 - N2 Lo PeieeUOs 1963,C
INDIA Madras FBTR 42 5 ey e dui LO: 19R3,C

* Dates of initial or expected operation; C-under construction; D-decommis: cred, ¢ -operzting, P-in the
planning-design stage.

it Was plutonium-fueled, produced 25 kW(1), was mercury-< '2d {one of oniy two
to date), and has long been shut down. The ‘main initial effort was 1he Expurimental
Breeder Reactors EBR-1 and EBR-11 [102]. The 2060 k¥ (ej EBR-1 was the St reactor
of any kind to produce electricity in the United States Conememtine Lo i ivuvember
19570 i achieved coticaiity m August 151 and produced electine powei it Leccinix
i531. 1t was NaK-cooled and used a stainless steelcizd fuli, eracned 2 percent
zirconium-uranium alloy for fuel and a stainless steel- <fad natural-uranium extemnal

. -

]

£
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blanket. It was discontinued after demonstrating the feasibility of fast reactors and
breeding. EBR-I1 is a 62.5-MW(1), 20-MW(e}, sodium-cooled reactor fueled with
stainless steel-clad 49.5 percent enriched-uranium-alloy. The blanket is stainless steel-clad
depleted uranium. EBR-II has an integrated fuel manufacturning and rcpr'u:css.ing fa-
cility and will operate on a fuel-recycle basis, ultimately with plutonium. These reactors
were followed by Enrico Fermi [3] and the experimental reactors SEFOR [3] and
FFTE. A 350-MW(e) demonstration plant, the Clinch River Breeder Reactor (CRBR),
was under construction in the early 1980s (Sec. 11-4).

The British effort is centered around Dounreay [103) and PFR. The first is NaK-
cooled with tubular fuel clad in vanadium on the inside and partly finned niobium on
the outside. Natural uranium is used in extenal brecder blankets surrounding the core.
Control is achicved by axially moving 12 fuel assemblies (of 10 fuel rods each),
situated around the periphery of the core. These are divided into two safety, six control,
and four shutoff assemblies. A large 1300-MW(e) reactor, CDFR- 1, is in the planning-
design stage.

The USSR effort includes three expenmental reactors built since 1955. BR-1 is
Pul-fueled and U-reflected, designed to carry out cross-sectional measurements at
verious neutron vaergics. BR-21, 2n-fueled und mercury-cooled, was used to test nuclear
parameters, breeding ratios. and liquld metals BR-S (upgraded to BR-10) is UC-
fue'ed. sodium-cooled, with @ wranium-nickel blanket. The program includes threc
opezating reaciors: BOR-60: BN-350, 4 dual-purpose reactor that produces 150 MW(e)
and process steam for a 120,000-m%day water desahination plant; and BN-600, a 600-
MWi(e) power rcactor. A 1600 MW(c) plant. BN-1600-1, is in the planning-design
stage,

France has what must be considered the most ambitious proaram. It started with
Rapsodie, a 20-MW (1) sod:um-coolad and pluonivm-uranium-oxide-fueled reactor. A
60G-MW(t), 250-MWie) reactor. the Phénix.* has been in opzration since 1973 and
has given excellent service. Under Lonstmcllu'.: and in the planning stages are the
Super Phénix class ol reactors tSec. | E-5).

Gas-cooled fast-breeder reactors e recieving some atiention in t‘lc United Stmcs
and elsewhere (Sec. 11-6).

11-2 NUCLEAR REACTIONS, CONVERSION, AND BREEDING

" A typical neutron-flux spectrum in & liquid-metal-cooled fast reactor compared with
that in a water-cooled thermai reactor is shown in Fig. 11- |. The objective in the latrer
is to maintain a chain reaction with thermal neutrons hnwng energies below | eV. In
a fast-breeder reactor, the Objﬂ.ll\rl is 1o mainain a chain reaction with fast neutrons
that have an average enepy cf b2t ! MeV by fission in U8 and Pu®™?, It also must
provide additional fast neunons suincient io convert UP* (o Py,

* Named after the mythica!, beautiiul, lone Egyptian bird which lived in the desert for 500 or 600 years
aid consumed itsell in fire, then rose from the ashes to stan another long life. It has become a symbal of
immortality. = o
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Typical fission reactions in fast reactors are the same as those in thermal ones,
as for example

T+ ot — G Ba + 5 KT+ e tl-11
P+ onl = g Bal™ 4 K™ + 20! ¢ =
el wPU™ + 0! = Ba'" 4+ L Sr'™ 4+ 3 { 193]

A typical nonfission reaction is the one that occurs in the sodium coolant, whi=! i
compozed of 100 percent Na™
CuNa™ 4 gn! — 1iNa®

yiNa® %ﬂ' T;Mgz‘ = o _1!0

R
-

where Na** is a highly radioactive isotope that emits 2.76 McV y radiation and i.3
MeV 8 decays with a 14.8-h half-life to stable Mg®*.

A fast neutron reaction with U™ results in a series of reactions that culminares in
Pu’", shown in Fig. 11-2 and given by

US4 onl 5 U 4 o - ‘i

”Ur.w -";"q Q‘ang + -If'u :\ 1-51
= -

aNp™ 28, Pt 4 0 J :

o
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Flgure 11-2 Schemanic of the Pu®™ breeding chain

This is a breeding reaction that converts fertile U into fissionable Pu?™.* We will
now define two important fucl parameters. These are:

» = the average number of neutrons emitted per fission, as in Egs. (11-1) to (11-
3). v depends primarily on the fissile isotope, and to a lesser degree on neuiron
energy. It is highest for fast fission in plutonium, being about 3.0.

7, = the fisson factor, equal to the average number of newtrons emitted per neutron
ahsorbed (and not necessarily causing fission). nis a strong function of ncutron
energy (Fig. 11-3).

‘I'he Conversion and Breeding Ratios

Wien a neatron is absorbed in the fuel, it produces 5 neutrons. One of these must
be reserved for further absorption to keep the reaction going. There will also be Tosses
by parasitie capturs in reactor coolant and materials of constructinn 2nd by jeakage.
These losses we will designate L, neutrons lost per neutron absorbud, The rest of the
iieutrons per neutron absorbed will be available for the breeding reaction, Eq. (11-5),
and are called the conversion or breeding ratio C, or

s/ el R : (1i-6)
‘The maximum possible €, Cpa.: 15 obtained if L were zero, or
Comn = 7= | (157}

Depending upon 7 and L. € can be'much less than unity, and the reactor is called
a burner. A reactor with a ]ow C is gencrally called a converter. One wuh high ©
but less than i 0 is called an advanced converter. For € less than 1.0, it can Se shown
{104 that there i« 2 maximum theoretical limit to the amount of fertile nuclei that can

s .

* Some two billion years ago in what is now Gabon in Africa, large deposits of natural uranium.ore,
more eariched than now (about 3 percent), mixed with grologic water causing thermal fission. The low-
power-density but huge natural reactors (at least six were identified) stgred critical for many ceaturies.
Some U™ was converted 1o Pu®™, showing that pot'all plutonium is manufactured. )
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|
_____]_ +» Figure 11-3 The vanaton of the fs-
W I (KR ft T s et g woth eutron epergy for

Scutoom viergy ) three fissiwonable nucle

be convened o fissionable nuclei. This maimum depends upon both C and the imtial
number of fissionable nuclei. ;

C = I meany that the reactor is producine & re=her of tissionable nuclei equal
to what it consumes; C > | means that there » .o bzt o conversion, In both these
cases it is theoretically possible to consume aii fssiopable ane fertile nuclei present.
In practice, however, as with bumer reactczz, v fue slcmnls must be reprocessed
and replaced periodicully because fission prodocis aiae, . rention s and reduce reactivity
or because of metallurgical consideraiions, A reacior - & > 1 s a breeder,

The term breeding ratio has the same micas o ~ouversion ratio. Breeding (ot
conversion) gain G is the gain in fssionable niicizi per i s onahle nucleus consumed.
Thus '

G=C-1=yw~-2-1 (11-8)
and a maximum gain, G,,... IS

Gran=Cax =t =q -2 . (11-9)
Average values of v, 7, and G,,, are given i Table |13 tor fisstonable fuels for
broad thermal and fast neutron Enery ranges wed [ fostile fuatcsials for tast ncutrons.

Allowing for the fact that L is not zero, it can b= scen that best breeding can

neenr in fast rractors fesled wath Pu™® (and Pu'', which is not readily available),
followed by U** and U***, In thermal reactors, good conversion or breeding can be
expected only from U**?, hence the use of Th*? as a fertile fisel in gas-cooled thermal
reactors (Sec. 10-11). Th™? breeds U™ in reactions similar to those of U™ breeding _ .
Pu?®,
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Table 11-3 Fuel production constants

Ferule
Fissionable fuch ' Matenialy
Thermal Fast * Fau
Constants. U™ e Put™ . Pyttt L TEA Pull pu I !
ar® 527 e 1% 1000 2.2 | 4 1.78 2.8 0025 0112
a,* S80 67s 1185 1400 2,35 1.61 205 2.8) - 0273
v 2.51 2.40 290 2.98 259 2.5 10 i 20 16
n 228 206 210 213 242 220 26 273 20 2.27
s 028 06 0 .13 042 020 0.6 0.7 0 017
*In bam

The Doubling Time

Of economic importance 1o & bresder reactor 15 s dowbaig timie. This is the time
srequired to produce as many new fissionatle puclel as the total number of fissionable
nuclei that are koth normally contamned in e core and tied up in the reactor fuel cvele
(1 €., in fabrication. reprocessing, etc ) o general, doubling times range between 10
and 20 vears, the shortes the better
The number density of new fissidnable nucler produced in a breeding reactor
during time 0, AN, nucleiem', may be given by

Ny = -'L."’r,' G= A&Ngn - 2 = L) ' (H1-10
but Ny = FANa)y & 0 (11-11
where ANy = number of original {issionable fuel nucle

consumed (by neutron absorption) during
time 8 per cm’

(No)y = number of fissionable fuel nuclei present in
ilie core and fied up m e juei cyele at
arbitrary time 0, nuclei/em?

F. = fraction of (Vg)y that is in the core,
dimensionless

(0.)y = microscopic absorpuion cross section of
fissionable fuei, cm”

: 3 = average reactor neutron flux, néutrsnsss - e’

ﬂ_; ralled the I."J.'a‘.':.'r-. doidlicg taie, Uy ussanuull, vccus when AN, = IN.
Thiwe i

-

1 p
Oy

= £ . 12
) o Flodgdn -2 — L) ,  (1-12)
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Note that 6, is shortened by operating at high power levels (high &) and that it
is also inversely proportional to the breeding gain (n = 2 — L). In practice @, shightly
increases with reactor life because L increases with fission product buildup, as a result
of the finite time required after start-up to build up the'fissile inventory in a breeder-
rezctor blanket (a region sumounding the core that contains fertile material), the time
taken for fuel and blanket element reprocessing, the economics of reprocessing, et
It is economically desirable to have doubling times short enough that new Pu’*
inventories are continually provided for new breeders. In other words, the plutanium
is thought to be invested and the dividends are compounded. This gives nse to 2
compound doubling time, 0, relaied 10 8, by

g, - 06931
“TIn(l + (1/8))

(-3

¢, and 6, may be based on core inventory only (excluding fuel cycle inventor)
Thus F. = 1.0 and their values would be shortened.

-3 UMEPBER PLANT ARRANGEMENTS

Bucanse sodium and other liguid metals suffer from high induced radioacti. itie
f1i-h, and are generally chemically active. intermediate coolant loops are used [«
teer e primary radioactive coolant and the steam cycle (Fig. 11-4). The inte meduit
wlo= i nenally also a liquid metal, often Na or NaK, The intermediate loop o
gamet reactions between the radioactive pnimary coolant and water, Suc'; 1o -

tesi, aniunig other things, in the radiolytic decomposition of steam-genc i +

N4 N Steam
o ¢ T e
A
Turbine _--_.T-:‘; -
| | Setondary !
’ ; heat
it exchanger y .
£ J (sleam Condenser |
| [ generator) P
g !
I
.I-—'—-— -
Pimp : Py Feeawater Pump |

bmatee

| ' ! I
!"%l‘nrmry Ioup——l——lnmmz.h]c pr—[—*ﬂ'm‘kiu nuid——l i

Flgure 11-4 Schejmlic arrangement of 1 liquid-metal fast-breeder reactor (LMFBR) powerplani.
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by the strong y radiations emitted by Na**. The intermediate loop also ensures against
the high pressure water or hydrogen entering the reactor.

There are two primary-loop designs that are being considered. These dre (1) the
{oop, or pipe, type and (2) the peol, tank, or por 1ype. ;

The loop type. represented schematically in Fig. 11-5, is the more conventional
of the two, being the design used in all U.S. operating sodium-cooled plants to date, !
with the cxception of EBR-1L In it, the reactor vessel, heat exchangers. liquid metul
pumps. #nd other compaenents of the primary system and their interconnecting piping
are separated within a large building containing an inert atmosphere to preclude sodivm
fires in case of a sodium leak. The major advantages of this design are the accumulated
expericnce with it and the separation or decoupling of the components of the primary
system. It has the disadvantage of large and multiple shiclding of pipeways, equipment
cells. and of the large and complex structure resulting from the spread of the com-
porents. The design of the interconnecting piping is complex and requires expansion
loops to accommodate thermal expansion. Stress concentrations at the pipe-reactor
vessel jaints pose critical problems. Breaks or leaks in the piping system may seriously
affacl revctar-core conhing. Leaks also would necessitate extended shutdowns for
repair.. ' . -

In the peol systenn, represented schematizally in Fig. 11-6, the entire pnmary
syerem, dncluding reactor, primary hest exchungers, and pumps, s submerged in 3
lurge tank filled with molten sodiunt. That ek 1 part of the primary coolant lnops.
The heat exchangers discharge coolant directly into the tank. and the pumps receive
covlunt directly from it. The mam abvantage: of the pool design are the relative
insensitivity to sodium leaks i the primary systenand i more compact primary-systein
arrangement., The disadsintages wesult from e close coupling of the vanous com-
ponents, which leads to accentuated mechanice: and thiermal interactions, and the
rather complex structure of the pool ciosuts thit giust serv the multiple functions of
shicld, inert gas closure. and support ¢ snimiani above, and must contain all the
necessary penetrations to the componeiis ' ’

SE—

e ——— T ety v
heat e Bt

Mater
/-‘i
TTITITT = "
01
R I., ; r_ b
LU 7 | b
n, 1 / 4l

'
\_/ / . Figure 11-5 Schematic of a toop-

Primary heat exchanger type LMFER.
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Figure 11-6 Schematic of a pool-type LMFBR.

In general, it is now believed that the pool <1 stein Lius he =dge in safety and.

economy while the loop system has the edge n that it is a siraightforward mechanical
design. Both types are being used in cumrert cesigas. The poul is used in French,

British, and recent USSR designs. The loop is used in US|, carly USSR, German,

and Japanese designs (Table 11-2).

The nextiwo sections cover the Clinch River Breeder Reacior Project, an American
demonstration plant of the loop design, and Super Phénix, a French commercial-size
plant of the pool design.

11-4 THE CLINCH RIVER BREEDER RZACTOR PROJECT

The Clinch River Breeder Reactor (CRBR) project is = demonstration liquid-metal
fast-breeder reactor plant. it is owned by DOE with ¥estinghouse as primary contractor
with responsibility for reactor and primary heat-transicr s, ..oz —anufacturing. General
Electric is respoasible for the intemediaic Lozl *=7 30 7l sean-generation systems
and turbine-gencrator manufacturing, and Rockwell Iniemarional is responsible for
refueling and auxiliary maintenance systems, Several sutconuaciors arc entrusted with
various component design and manufacturing. Burns and Roe i§ the architect-engineer,
and Stone and Webster is the constructor, CRBR is situuted on 100 acres of a 1364-
acre TV A site on the Clinch River near Ouk Ridze, Tenn Figure 11-7 shows a general
layout of the plant [105]. )

CRBR has been facing economic and political driws vecawse of cast overnimns
and governmental caution apaiast the universa: nroduction of plutonivm and its 1m-
PHCANGNS icgaiding Huvicd weapois proliiciation. Tius argument mav be answeicd
Uy iie Tacl that plutonium production can be accomplisned easier, faster, and cheaper
by means other lhan a complex LMFBR. Because of the need for lasl-blccdcr reactors

a

us
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to expand our dwindling encrgy supplics, there is optimism that CRBR will eventually,
be completed. Initial startup is now planned for the late 1980s.

CRBR is a loop design, so chosen 1o utilize experience gained by Westinghouse
from the Fast Flux Test Facility (FFTF), also a loop design. It is designed to produce
375 MW(c) gross from 975-MW (1) reactor thermal power. Table 11-4 lists some design
data of CRBR.

Reactor core Figure 11-8 shows a cross section of the CRBR reactor core. It is
composed of 156 fu¢l assemblies containing a mixed oxide fuel (PuO;-UG,), inter-
spersed with 76 inner blanket assemblics, 6 assemblies that are used alternately for
fuel or inner blanket, and 15 control assemblies. This mix is surrounded by 132 radial
blanket assemblies which is turn are surrounded by 306 removable radial shicld as-
semblies. All assemblies are contained within hexagonal ducts having the same external
dimensions. Refueling is planned annually.

Tahle 11-4 Design data of the Clinch River breeder-reactor plant

Pover 375 MW(e) gross, 975 MW(1)

T Pu0,-UD; mixed oxide, 1511 kg fissile Pu at beginning of life

fFuel eleruent., v 0.25-in (5 8-mm)-diameter mds, S5-316 clald, pitel. diame.s ratie * 7%
spaced on a tnangular amay by spiral wire wraps, M7 o fod
assembly, 156 assemblies .

Blarkets Depleted LO:, 76 inner blanket and 132 radial blanket assedt iz

Conral sods Nine pnmary wonh =822, ux secondary worh —513

Core 6.2-N (1.89-m) diameter, 3.0 f1 (0.91 m) high

Maximum neutron flux 53 x Joi

Power peaking factor 1.28 axial, 1.18 radial a1 beginning of cycle

Lemeas powgr rating 16 kWit (52.5 kWim) peak, 14.3 KW/t {469 kWim) svempe

Fuel hermup 80,000 MW - dayton mitial core, 110,000 peak

Rreeding ratio 1.24, 30-year doubling time

crzramperatures Fuel cladding wall, max. 1215°F (657°C). sodtum T30 (3987
. 995°F (535°0) outle:

Primaiy pumps (3) - 33,700 gal/min (213 ms) ud' 458 1 (139.6 m) Ne hes. .

drop 123 psi

iteomediate systems (1) Cold leg 651°F (3447C), hot leg 936°F (502%C); punps 290 La

(1.86 m's) each; 330 ft {100.6 m) Na hrad -
o mmd) Two evaporalors 2nd one supciiweier por 10op, 3.3 X U i 0,
T s) each, superheater outlet 906°F (486°C), 1535 psie (10¢ 8 Lan

feedwater 468°F (242°C), to steam separator drum, S487F (2577

evaporators .
Turbine 3600 r/min tandem-compound, nonrcheat, six extractions i [eo
» heaters, total cxtracted steam 1,15 %30 b/ (145 4k
Grenzraror - Synchronpus 3600 rmin. 485 MVA self-excited three-phast «ve
connected 60 Hz (6.17 m), 22:000 Vy 0.9 power factor
Uit isius Reactor vesse] 20.25-ft (6.17-m) dlzmcl.cr 5467 ft Ilﬁfvn

intermedinte heat exchangers, 8.¥-f1 (2.68-10) & &2 1
m) high, steam generators 4,33 (1 32.m) diameter 65 00 1 01
high; containment 186 fi {56.7 m) diameter

Gross thermal efficiency 9% =
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Companent Name Humber
Eim: Armmemhis 156
inner Biansal Assembly 78
fAgdiat Blanket Asiembly 132
Aitern. ate Fuel/Blanue! Assembly L]
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Pirimary Contral Assembly (-]
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Pem Lute Dadeal Sheld
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Figure 11:8 Civvy secon ol the CRBR gure
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The fuel-rod design is based on that of the FFTF. Each fuel assembly (Fig. 11.
9) contains 217 0.23-in OD rods amanged i a tnangular array and spaced by wire
wraps of 12-in spiral pitch along the rod length. giving 2 rod pitch-to-diameter ratio
of 1.26. Each fuel rod contains a 36-in-long stack of fuel pellets and two 14-in-long
stacks of depleted UO; blanket pellets gbove and below the fuel pellets. The rods are
116 stainless steel and are capped at top and bottom, with a fission gas plenum at the
wp. An wxial spring prevents pellet movement dunng handling, prerradiation. and
shipping.

The inner and tadial blanket assemblies (Fig 11-10) contain 01 rods each. 2lso
on u triangular pitch and spaced by wire wraps. Each rod contains a 64-in-long stack
of 0 470-in-diameter depleted UO, pellets. This length is equal to the total of fucl and
upper and lower blankets in the fuel rody The cladding is 0.506 1n O and 0.01531n
thick. All blanket pellets breed plutomum from the depleted UQ., generate some of
the power, and provide some of the shielding.

The removable radial shicld wsemblies contain 19 rods cach, Then paacipal
function is to provide neutron shiclding and to hmit radiation dantage o such reactr
stnictures as the core barrel and pressure vessel. o additior there is a fed stainiess
teel segmented-ring radial shicld located beiween the remwvalsis asseinhlics and the
core barrel Al stiields are destgned 1o critre @ 10 percent residual ductility for a 30-

vear design life. .

The control rod systen is composed 07 fine prman 2 sii werondars hevagond
aseemiblies. The primary assemblics thig 111 contai 27 pros cach The peutron
absorber is boron carbide, ByC. 92 percent enniched s B dad o
stack ol peliets in cach pin. The primary vantrol rods are used L poary shutdown
(seram) s commanded by a plant protection systenr and s regttvny ceatrol of the
resctor. Their drive mechanisms are mounted on the e iediate potabig
reactor closure head. The secondary control rods have the sule feaction of srovidng
an independent backup shutdown for the primary rods. The tvo systens o designed
to be independent and are not subject to the same mode Hufjure. Bit
reactor shutdown with the other completely inoperable and with on of its awn comrol
rods inoperative. .

The core is supported by a 24-in-thick type 304 staindoss siced put Gt is welded
(o the core barrel and through which 61 lower sodium inict module: are positioned
{Fig. 11-12). Each module supports seven of the fuel, contral, inawt and radial blanket,
and some of the removable radial shicld assemblies, for 2 wial ¢£427. The modules
have seven different configurations (o control the sodium o distribution W the
different asseroblies, In addition, flow-control orifice cartridges provide intermediate-
pressure sodium to the remaining shiekling components gid Inwepicuaie sodivm (o
the annulus between reactor vessel and core barrel.

Lowated directly abave the core 1s @ welded intemil struciie e o Uh stnless

* bocbnm caee halls

tared g Shan

priug ol the

T e Can aw

eraal opleh

2! Alloy 718 protection. T puineipai fwicbias

| S e TR P

domu, for positioning imstruments, nuxing the Core exit sosiu v =

upper region of The reactor vessel outlet plenum, and providing guidance and ¢ross

flow protection for control-rod drivelines, A core festraint system, among other things.
. a3 = +

. 4
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maintains clearsnces between core assemblics that are subject to creep and swelling
caused by fal.: neutron uradi

o,

-

The reacior The ccucior vessel (Fig. 11-12) is 59 fi (18 m) high, almosr 27 f1 (£.23
by 10 diameter at s widesi, and weighs 505 1ons. Sodiuin enters iiougn tnru 2-1t-
diameter pipes and exits through three 3-ft-diameter pipes. Four smaller nozzles’ in
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e T vossebwall fndeemt Loloa 20071 0y sihcsting 2 poisunt wftosiliin v o
the annulus betwecn e vossd wid ¢ Z0-Tedaanaer, 23-Mt-fong stainless slgcl__ltwrmal
liner. A 227t-diameter, 47-ft-high guard vessel surrounds the liner and provides sec-
ondary containment, which ensures that the core is.alwiys covered by sodium and

that undamaged pipes can remeve heat from it in the unlikely event of f‘lcak from ,
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the reactor vessel or piping. The whole reactor system is situated in a 40-ft-diameter
reaclor cavily,

The upper closure head asscmbly (Fig. 11-13) contains various penetrations such
as those for the control rod assemblies, as well as three independently rotdtable plugs
for positioning components of the refueling system. The smallest plug is nested within
and eccentric to the intermediate plug, which, in tumn, is nested inside and eccentric
to the large plug. The plugs rotations in respect to the reactor vessel and one another
provide straight pull access to fuel and other removable components.

The heat-transfer system The reactor is connected to three primary loops, cach in
turn connected to one of three independent intermediate loops (Fig. 11-14). In each
primary loop, sodium enters the reactor vessel at 730°F (388°C) and exits at 995°F
(535°C). A primary sodium pump, located in the hot leg, pumps the hot sodium to
an intermediate heat exchanger (IHX) at the rate of 33,700 gal/min (2.126 m?/s) and
a pressure of 175 psi (12 bar). The primary sodium leaves the IHX and retumns to the
reactor via a check valve and a flow meter. The primary piping is 1/2-in-thick welded
stainless steel and has a 3-ft diameter between- reactor and pump and 2-ft diameter
between pump and 1HX and between IHX and reactor, The pimery pumps, 1HXs,
snd came associated piping are surrounded with guard vessels fur the same 1casons
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Figure 11-13 The CRBR reactor closure head assembly, - 2
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as 1he reacwr vessel. The whole reactor system 15 situated in g 40-f-dizmater reactor
cavity. Argon is used as cover gas for sodium in the reactor and other components.
{Argon is also used as cover gas for NaK, fuel handling cell atmosphere and other
Places, while nitrogen is provided for ineried cell atmospheres and other function..
An elaborate gas receiving, processing, and decontamination system is provided.)
The sodium in cach intermediate loop enters the IHX at 65 1°F (344°C) and exits
@t 936°F (502°C) and 180 psi (12.4 bar) to go to the superheater, which it leaves ar-
RESTF (474°C). 1 then divides into two paths, each of which enters an evaporator.
Sodium feavinz toth avaparators is combined and pumped by an interncdiate caia-
Wg ety otk T e TN Wi w finnemcting: 39,600 G Tiinas honsle 5ty il 5
Pt L14.5 Cap). ThD? thevs are two: pumps, tie supiiticater, two evaporators, ana a
stear drum (below) for cach of the three loops. The higher pressure of the intermediate
sodium in the IHX ensures that any leakage would be from the intermediate to the
primary side, thus preventing contaminatior by the highly radioactive primary seditim.
All intermediate-loop piping is 1/2-in-thick welded stainless steel 2 ft in diameter.

.
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The total mass of operating sodium in the plant is 2,368,000 Ib,, (1,074,107 kg).
This compares with 3,500,000 kg of sodium in the primary system plus 1,500,000 kg
in the secondary system of the pool-type Super Phénix (Sec. 10-6).

The primary- and intermediate-loop components are situated so thal each com-
ponent is above the one preceding 1t in the loop. This provides natural circulation of
the sodium to remove decay heat from the core in the event of pump fatlure,

The intermediate heat exchangers (IHX) The three intermediate heat exchangers
(Fig. 11-15) are vertical, counterflow, and shell-and-tube units. They are rated at 325
MWL) each, arc about 52 ft (15.88 m) high and 8.75 1 (2.667 m) in"diameter, and
weigh 1S tons, dry. Each contains 2850 tubes that are 0.875 in (2.225 ¢m) OD.
0045 in (1,143 mm) thick, 25.8 M1 (7.86 m) in active length, and made of 304 and
316 stainless steel.

Hot primary sodium enters through 4 nozzle near the middle and is directed by a
bypass seal assembly upward through a distribution cylinder at the top of the tube
bundle. There it reverses direction, flows down on the shell side (outside the twbes),
and exits at botiom center back to the reactor. Baffles are spaced along the path to
distribute the fow and act as kateral tube restraints.

Talermed e coddinm. pumped from two evaporators, enters at the top, flows down
arentral downcnener o the bottom, reverses direction and Nlows upward through the
tubes to the upper plenum, and leaves through a side exit nozzle near the top to tfie

superheater

The steam-gencrating system Three steam loops (Fig. 11-16) are used [n each, a
steam driny receives heated feedwater at 468°F (242°C) and 2032 psi (140.1 ban) from
the stean power eycle, as well as saturated steam-water mixture from two evaporators.
In the drum, siwam: separates from water and goes to the superheater. The water
remaining i foree-recireulated to the two evaporators by a recirculating pump (not
unlike a forced external recirculation BWR, Sec. 10-7) and enters ther al S48°F
(287°C) and 2034 psi (140.2 bar). There, it receives heat from the intermediate sodium
and leaves the drum as a mixture of steam and water at 628°F (331°C) and 1896 psi
(130.7 bar) ui 50 percent quality at full load, corresponding to a recirculation ratio of
The separated saturated steam enters the superheater at 625°F (329°C) and 185]
psi (127.6 bar) where it receives heat from the hot intermediate sodium and leaves at
906°F (486°C) and 1450 psi (100 bar).

The evaporators and superheaters All'evaporators and superheaters are essentially
identical in design to minimize cost and spare parts (Fig. 11-17). They are shell-and-
tube counterilow * h\,._l.c:, stick” design heat exchangers that are verical except for a
90° bendd ai il ter This provides for differential thermal expanzion between the tube
bun?lz and shell. Each i 65 [t (19.8 m) hish and 4.33 ft (1.32 m)4n diameter and
weighs 115 tons, dry. Each contains 757 tubes that are 5/8 in (1.5875 cm) OD, 0.109
in (2.7686 mm) thick, 46 ft (14.02 m) in active length, and made,of Ci-Mo steel.

¥
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Intermediate sodium from the IHX first enters the superhcaicr, and sodium leaving
the superheater enters each of the two evaporators, through a nozzle just helow the
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Saturated steam enters the superheater, and water enters the evaporators, ul bottom
center; they flow upward through the tubes and exit horizontally at the top.

The pumps The primary and intermediate sodium pumps are identical mbtor-driven,
vertically mounted, single-stage, centrifugal 316 stainless steel units with.-double suc-
tion impellers. They have an overall height, less motor, of 23 ft (7 m) and 2 maximum
diameter of 8.5 It (2.6 m) and have dry masses of B2 tons (primary) and 64.5 1ons
(intermediate). The impeller is supported above and below by two sodium-lubricated
hydrostatic bearings that are fed by sodium from the pump discharge, Both suction
and discharge occur at the bottom of assembly. Pressurized argon caover gas fills the
space between the top of the sodium level (about halfway up the driveshaft) and a
thermal shield.

The drive motors are supporied by one thrust bearing and two radial bearings
cach. They are vanable-speed 5000-hp (3773.5-kW) units powered by variable-fre-
quency AC motor-generator sets. This allows a variable speed range that permits load
following between 40 and 100 percent of full power. Independently-powered. constant-
speed 75-hp (60-kW) pony motors provide power for sodium circulation during stan-
ur, shutdown, and decay-heat removal,

"z steam plant A flow diagram sf the steam plunt at rated power is shown in Fig,
H-18. The 3600-r/min turbine is composed of one high-pressure and three low-pressure
sections. The total wrbine inlet steam fAow from the three superheaters 15 bout 3,320,000
i, /h (418.3 kg/s) at full power. A deaerating single-pass condenser is located dircetly
helow and parallel to the turbine. Condensate at 101°F is pumped from the condenser
B2t well o a deminerahizer consisting of three parallel mixed-bed ion exchangers (one
e en standby) that provide full-flow demineralization. It then flows through tiree
i< -pressure closed feedwater heaters and one tray-lype open deacrating heater, which
*seres as a storage tank. Three boiler feedwater pumps (one always on standby)
"hen pump the water to 2160 psi (148.9 bar) through three high-pressure closed feoed-
wier heaters. The last one, called a tapping heater, uses blowdown from the sicam
drums to heat the feedwater instead of bleed steam from the turbine as usual. Feedwater
lezves the tapping heater at 468°F and goes to the three steam drums via regulating
vaives, A toral of 1,150,000 16 /h (145 kg/s) of steam is bled from the trbine for the
512 feedwater heaters. This is about 34.6 percent of the steam entering the turbine
high-pressure stage,
The turbine drives a 416-MW, 22,000-V, 60-Hz, 0.9 power-factor generator. The
gcnerator is a totully enclosed three-phase wye-connected single winding machine with
2 hydrogen-cooled rotor and water-cooled stator, ;

Hest sink Heat rejection from the main condenser and miscellaneous coilpanen!
cocling water svstems 15 accomnlished by thiee pumips tiat debiver 122200 palimin
(11.68 m¥s) of conling water. This waic: is in rn cooled by a forced-diafl, coun
teifiow wet-cooling tower capable of handling full turbine and component. cooling

@
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loads with 76°F wet-bulb temperature air yielding a turbine back prevsure of less than
5 inllg. Makeup due to evaporation, drift, and blowdown in the cooling tower is
provided by approximately 5790 gal/min (0.365 m's) of Clinch River water drawn
in via two submerged perdorated pipes about 75 ft (23 m) from shore. There is
continuous copling-tower blowdown to the river at about 2210 gal/min (0.14 mYs) to
control chemical levels in the cooling water while meeting environmenlal standards
on discharge to the river, :

Residual heat removal There are three modes of removing reactor decay heat in the
case of plant malfunctions. These are (1) steam bypass, (2) steam-generator heat
removal, and (3) reactor heat removal.

Steam bypass This is the case of turbine trip, nonoperation, or malfunction, but power
is available to condensate and feedwater pumps. Steam is diverted around the twrbine
directly 1o the condenser by closing the turbine throttle valve and opening a bypass
valve in a bypass line between the main steam line and the condenser. The steam,
which becomes superheated upon throttling by the bypass valve, is desuperheated,
condensed in the condenser, and thea reeyeled to the feedwater line,

Steam geaerator heat remaval This is the case where power is not available 1o tie
condensate and leedwater pumps. Inially steam 1s dumped directly to the almosphere
vii steam atmospheric dump valves after the superheaters Makeup water to the steam
drums to compensate for this steam loss is supplied from a 72,000-gal (273 m") storage
tank by three auxiliary feedwater pumps, one steam driven and two clectrically driven.
This continues until sufficient heat is removed and cooling can be handled by air-
cooled condensers and no makeup water is required, These condensers are siteated
above the steam drum so that natural circulation between them can take place.

Reactor heat removal ‘This is an imdependent system that removes heat directly from
the reactor during steam-generator maintenance or severe plant malfunction. It uses a
reactor-coolant makeup system that receives sodium overflow and supplies sodium
makeup via a bypass valve during normal operation. To remove heat directly this
bypass valve is closed and the primary sodium is pumped in a closéd loop to a heat
exchanger that is normally isolated from the reactor by before-and-after isolation
valves. These now open and pumping is done by electromagnetic' pumps. In the heat
exchanger, primary sodium on the tube side gives its heat to NaK on the shell side,
which is also pumped in a closed loop by electromagnetic pumps 1o two air-blast heat
exchangers where heat is rejected to the atmosphere. NaK remains_liquid at room
temperatures and thus requires no auxiliary heating to remain fluid. The electomagnetic
pumps and other componenls in this system are powered by the plant emergency diesel
generators. .

The last iwo sysiems are siuated in hardencd outidings and expected 1o operale
under al! postulated accidents, ! . ”
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11-5 THE SUPER PHENIX LMFBR

Among the industrialized countries, France is one of the poorest in energy resources.
In the 19705 she was importing more than three quarters of her cnergy. She has,
therefore, embarked on an aggressive nuclear program that is expected to reduce encrpy
imports to 50 percent by the year 2000. The program calls for more than 40,000 MW
by 1985, 60,000 MW by 1990, and 100.000 MW by 2000.

The proven uranium reserve inside France, and where it has controlling interest,
isestimated at 160,000 tons. If used solely for light-water reactors (PWRs and BWRs),
it would suffice for only 32,000 MW for 30 years, or a total of 960,000 MW-years.
I used in fast-breeder reactors, however, it could produce 50,000,000 MW -years,
hence the urgent need in France to develop a breeder program [106).

Development of the liquid-metal fast-breeder reactor (LMFBR) in France started
in the early 1960s and can be represented so fur by three main reactor types. The first
is Rapsodie, a 20- to 40-MW(1) experimental reactor that went into operation in 1967,
It produced no electricity and was used to check technical features and operatiens for
use in the design of succecding LMFBRs. The next is Phénix, a 250-MW demeonstration
plant whose constftiction started in 194 and which went critical in 1973 and heran
on-line operation in July 1974 Prénix 18 a pool-type reactor with three secendury
loops and modular steam generators. Early in its 1ife it had some minor fuel problems
and nceded some redesign of s intermediate heat exchangers bus otherwise has had
an excellent operational record since 1978

The third and latest major step in the French breeder program is the Super Phénix,
a class of reactors which is an extrapolation of Phénix. The first of this class, a near-
commercial plant called Super Phénix Mark 1. is under construction at Creys-Malville
on the Rhdne River, east of Lyons, in cooperation with four other European countries.
Itis a 1200-MW plant that retains the pool design that was origin:ﬁl) chosen for safet)

- but also proved stable and manageable with Phénix. ,

The future, while somewhat clouded by a reassessment of energy future nceds in
1981, is bright. A study of Super Phéaix Mark 11 is already underway with contracts
expected to be awarded in 1983 for possibly a twin-reactor station with operation in
1990. Following this. several identical twin reactor plants are consiaered on a rea-
sonable time schedule. Based on the use of French-produced plutonium in various
reactors, forecasts call for 16- 0 23-GW breeders in operation by the year 2000,

General arrangement Figures 11-19 and 20 show the general layout and Table 11-
5 hsts some design data of Super Phénix Mark 1 [107] (with dats in-parentheses
pertaining to Phénix.) The containment structure is a 64-m 1D, 80-m-high reintorced
concrete circulir buildiny thot honees the reactor and its auxiliary circuits, fuel, and
other active handling eattpmens, ine prinary hcal transfer loop; part of the intermadiate
HCQ-TANSICr 100D ANU My Stufdfe Ul iuaiGaciive wasics.

There arc four buildings siwated symmetricaily around the containment structure,
cach of which houses a 750-MW steam generator and auxiliary equipment. This design
maximizes physical separation between the mlcm'u:dla!c loups. Interspersed between
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Figure 11-19 General layout of Super Phénix powerplant at Creys-Malville {107].

these are four sherier buildings, one for hquid-waste processing and three nuclear-
service butldings that accommodate cooling-water circuits, sets powering the pnmary
pumps. veatilation cquipment, and subsidiary circuits for steam, organie liquids, ni-
trogen. argon. ete Upstream of these buildings, and separated from them, are two
turbine halls, cach housing one 600-MW wrboalternator. Closer 1o the river, and
conne_ted to the reactor and turbine buildings by underground and sky passages, 15
the electncal sections butlding. It houses th# control room’in its center and duplicate
aunihay electrieal pmts in the two outer wings. as well as the diesel generators, Other
buildings on the prermises include one 1o the west for housing sodium storage tanks,
one to the nortit nsad as an engineering and assembly shop for large components; one
to the east for corddspser cooling water intake, filiration, and pumping from the Rhone:
and one, downstream of the latier, for cooling-water discharge to the-tiver.

Reactor and fuel Figure 11-2] shows the reactor block that houses the nuclear steam
supply system (N3$S) and other components. The main reactor vesscl contains the
sodium pool and the eatire primary sodium system consisting of the core with its fuel
and fertile and shiclding assemblics at the center, surrounded by four primary sodium
pumps and eight intermediate heat exchangers (IHX). In addition it contains handling
machines for loading and unloading assemblies and control rods. The main vessel is
made of 316L stainless steel and is a 21-m-diameter and 18-m-high cylinder with a
torispherical base. Iis thickness varies between 2.5 and 6.0 ¢cm. An argon blanket is
provided over the sodium at a pressure of about 100 millibars, gage.

The main veasc! i5 surrounded ar a distance of 70 cm by a 304 stainless steel
safety vessel which is 27.5 m in diameter and 19 m deep and has 2 torispherical base.
tne safety vessel serves to recover sodium in the uniinedy cvond of a jcak in the main
" vessel and thus keeps the core flooded and the sodium free to circulate-normally™to
remove decay heat after reactor shutdown. It is provided with a recovery lank and a

7 ' -
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Table 11-5 Design data for the SuperPhénix Mark I reactor plant

Power
Fuel
Fuel elements

Radial blanket
Control rods
Core

Reactor vessel

Maximum neutron flux
Lincar power rating
Fuel bumup

Breeding ratio

Core temperatures
Primary systems (4)

3000 (590)* MW(1), 1240 (264) MW(e) gross

PuQ; UO; mixed oxide, enrichment 15.12% pul® cquivalent

164 assemblies, 5.4-m-long stzinless steel clad rods, 8.65 (& 6) mm OD,
2.7 m long, 371 -ods per assembly

233 assemblies, 5.4 m (4.3) long, stainless steel clad, 1.950 m long. 91
ruds per assembly .

Main system: 21 assemblies, 31 1.3-m-long rods cach; back up shutdown
system: three assemblies, three rods each; all stainless steel clad

10.820 (1.227) m’ volume

Stainless steel cylindrical with tonsphenical bottom, 21 m [D, 19.5 m
high, contains 3500 tons Na

6.2 x 10" (7.2 x 10Y)

450 (430) Wiem maximum

70,000~ 100,000 (50, (K)'Ul MW - day/ton

124 (1.12)

Fuel cladding wall max. 620 (650)°C; sodium 395°C inlet, 545°C outlet

One pump and two intermediate heat exchangers per system arranged

symmetncally around the core within the reactor vessel

Na [HX inlet 345°C, outlet 525°C, nominal flow 3.27 torvs each; total Na
1500 tens

750 MY- each, inalet 235°C, 210 bar, gu:!el 487°C, 177 bar, rominal flow
340 ks each

b0 MW cach, 3000 rion, connected in parallel

A1 5F944.75%)

Intermediate systems (4)
Steany generators (4)

Turboalternaton (2}
Gross thermal efficiency

*Numbers in parentheses refer to the Phénixn reactor plant

sodium detector at us lowest point to detect leaks. Two cooling circuits are placed
outside the safety vessel, on the concrete side of the biological shield, to maintain
acceptable concrete temiperatures during normal operation.

Within the main vessel the core has a support structure that supports and positions
various inner components such as the core diagrid, the lateral neutron shielding, -the
inner vessel, baffles, pipes and spheres connecting the primary pumps to the diagrid,
the loading and unloading mechanism, and a core catcher, The core catcher is a stepped
conical structure below the core diagrid designed to receive molten fuel in a nencritical
configuration 1n the unlikely event of a core meltdown.

The core (Fig. 11-22) is made up of 364 fuel assemblies surrounded hy 233 fertile
blanket assemblies, which in turn are surrounded by 197 steel reflector assemblies that
serve as neutron-flux attenuators. On the outside are 1076 nonremovable steel protective
lateral neutron shields. Interspersed within the core are 21 main regulating control-
rod assemblies and 3 supplementary shutdown assemblies.

All assemblies are hexagonal in cross section and are held to the core suppont
structure on a 179-mun pitch. They are supplied with high-pressure (5 bar) sodium in
the support structure through a laizc cacgh-number of pnrl: in their hases to minimize
tne possivility of blockage. Feed is made radially so tiai pressuue on dic foct of the
assembly prevents liftoff. Dnﬁcmg to adjust ﬁuw o power is situated within the base
of each asscmbl)' *
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Figure 11-21 Super Phénix reactor block [107],

The fuel assemblies (Fig. 11-23), are cold-worked 316 stainless stee!, are 5.4 m
long and 173 mm across the flats, and contain 271 [uel rods each. There are 193
assemblies in an inner and 171 in an outer zone, with PuO,/(Pu0, +.UQ,) enrichments
of 15 and 18.8 percent, respectively. Orificing of the fuel assemblies results in six
flow rates: 44.5, 42.0, and 39.0 kg/s for the inner zone and 40.3, 36.9, and 3C.0
kg/s for the outer zone. =

Each fuel assembiy has a hollow hexagonal steel block at the top with a centrally-
driiled hoie for sodiun: exit. It acts as an integral upper shield that, while Jengthening
thie assemblies, makes it unnecessary to have special shiclding ior fiearby com ponents
withis the noal, such as the (HXS. core cover Pumne ele

The fuel rods are 8.5 uun O8 ail 2.7 wiivng. The ciadding it ealdoworked 116 .

stainless steel that~contains a 0.162-m-long retaining spring at'the top, followed by a
0.3 m zone of fertile UO, pellets, 1.0 m of the mixed-oxide fuel pellets, another 0.3
m of fertile UO; pellets and, at the bottom, a 0.85-m fission gas expansion chamber.
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193 INNER FUEL ASSEMBLIES
171 OUTER FUEL ASSEMBLIES
21 MAIN CONTROL ASSEMBLIES
3 SUPPLEMENTARY SHUTDOWN
ASSEMBLIES
233 FEATILES ASSEMBLIES
3 NEUTROMN GUIDES
197 STEEL REFLECTOR ASSEMBLIES
1076 LATERAL NEUTRON SHIELD ASSEMBLIES
6 CLEAN-UP POSITIONS
FOR INNER FUEL ASSEMBLILE _
6 CLEAN-UP POSITIONS Fignre 11-22 Cross section of the
FOR OUTER FUEL ASSEMELIES : Super Fhemy cacwer core.

= e®0O

o 2000

Helically wound around the rods are 1.20-mm wires that, besides comectly spacing y
the pins, minimize pin vibration, increase sodiun flow trbulence, and peimiis some
fuel swelling in relation to the hexagonal channel

Nominal fuel pellet linear power is 450 W/em and nominal cladding temperature
is 620°C. Fuel burnup is planned at 70,000 MW - day/ton, which results in refueling
every 2 years, after which fuel is sent for reprocessing. (Some Phénix assemblics have
reached 65,000 MW -« day/ton, and some experimental rods in Rapsadic have exceeded
160,000 MW - day/ton:) The limit on burnup is mare due to steel irradiation damage,
in particular swelling, than to oxide fuc! damage . .

The foatile assumbiies 10 addiuion (0 WE iCiyiv inalClial dieve and Detow the el an
the fuel rods, the fertile assemblies -contain. fervie maenal, also ot depieted UO,,
They are similar in design to the fuel assemblies but contain 91 rods of 15.8 mm OD
- each. Each rod is 1.944 m Jong, 1.6 m of which is the fertile section, cqual to total

Z
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Figure 11-23 Super Fhénix fuel rod and assembiy

length of fuel znd fenile pellets in the fuel rods. The rest is a gas expansion chamber
The pellets here are thicker than the 1uel pellets and the expznsion chamber is smaller
because the specific power is lower. As with the fuel rods, the fertile rods have 0.9-
mm wires helically wound around them and hollow hexagonal steel upper neutron
shields. )

Onficing allows three flow rates in the fertile assemblies, depending upon their
position and residence timein the reactor: 9.3 kg's (3 years), 3.5 kg/s (4 years), and
1.2 kg (5 years). These rates are designed for cooling at the end of life when plutonium
loading and hence power are preatest

The ontiol and shutdovwa reds Thers ans 21 main contrel ansemblies that consist
of one group of five situsted on an mncr cirele and one group of six situated on an
outer circle within the core (Fig. 11-22). They have the multiple functions of shutdewn,
load, and lcmpcralurc n:ompcns.mdn and mntrul They are always partially inserted
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-

in the core and are progressively withdrawn as fuel bumup increases. The outer sleeve
of cach assembly is identical to that of the fuel but contains a 149-mm diameter, 1.3-
m-long cylinder that, in wm, contains 31 rods, 21 mm in diameter each. The rods
contain a 1.1-m section of B,C absorber pellets, 90 percent enriched in B, enclosed
in 316 stainless steel cans. Vents allow helium from the n.a reaction to escape to an
cxpansion chamber, a design used successfully in Rapsodic and Phénix. The assemblies
are sodium-cooled

There is also a shutdown system that consists of three assemblies situated between
the inner and outer main control groups. They also have B,C pellets but a different
interior. They have only two positions in the core, fully withdrawn and fully inserted,
and therefore perform no control or compensation functions. Actuated by electromag-
nets, they are inserted on an emergency command to the main control system by a
self-actuated system or if the sodium temperature exceeds a preset value, between 6350
and 700°C. -

Loading and unloading of removable assemblics such as the fuel, control, fenile,
and lateral shielding assemblies is to a loading and unioading chamber that is fixed to
the core support structure. This is accomplished by the two off-center rotating plugs
(Fig. 11-24) using two transfer machines attached to the small rotating plug (Fig. 1i-
21} Thie assemblics are then remaved to storage outside the reactor by means of an
nchined ram and o cotating transfer lock A core cover plug is housed in the small
rotating plug shove the core with its bottom just above the assembly heads but sub-

— LAHGE ADTATING FLUG

SMALL AOTATING
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AOOF SLAB

.
B PP TR | o 1
THANSFER L XK rt.-_-%
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PERSONNEL
LOCKH

COME
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- -
merged in sodiuni Its functions are to deflect sodium flow from the assemblies and
to properly position the rod mechanisms and core instrumentation,

The heal-transfer systems As with all sodium-cooled reactor plants, a primary sodium
system transfers heat from the reactor (o an intermediate sodivm loop. which in tum
transfers heal to the steam cycle. In this pool design, the cntire primary system 18
inside the main vessel. It consists of four pumps and eight intermediate heat exchangers
(IHX) arranged symmetrically in groups of three {one pump and two exchangers) on
a 16.2-m-diameter circle shightly off-center to the core (Fig. 11-24).

Unlike CRBR, Super Phénix uses “cold leg” primary pumps. Each draws 4100
kg/s of cool (392°C) sodium from the IHX outlet region through a skirt, which ensures
uniform feed to its inlet diffuser (Fig, 11-25). It then delivers sodivm axially to a

POMPE PRMAIRE
PRIMARY PUMP
= MACHINE DE TRANSFERT -
: TRANSTER MACHINES
BOUCHON COUVERCLE COELR _
COnk VIR PLUG _—— [
BILCHONS TOIURNANTS _ ;
ROTATRNG PLIGS |

FELHANGEUR W TERWE MRS

IHX
DALLE
pamE ROTESLA:
CUVE DE SECURITE
SAFETY VESSEL
CUVE PRINCIPALF
VA MAIN VESSEL
TAUR Sofidmich
LATERAL NEUT
SHIELD SUPPOR
PLATELAGE | - ¥ LOMIER
CORE SUPPORT PRTE | M s%?m

CIRCIRT DK REFRODSSIMENT DE '

EERGENG Y CUIOLING CREUT RS, 3 [
|

i NBAES (0 MESUAES MLTTRONILE S i

NELTROM N8 TEETDNS ==

Flgure 11-25 Cross section of Super Phénix reactor block showing pnmary coolent circuit. (Courtesy
Navatame, Le Plessis-Robinson, France.) ;
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plenum below the core diagnd with a head of 65-m Na, A one-way valve in the
delivery pipe prevents flowback in case of individual pump shutdowns. The pumps’
are 2.5 m OD and 12 m long and weigh 125 tons cach. They are driven by 3300-kW
asynchronous motors that are powered by variable voltage and variable' frequency
current. This current is provided by a variable-speed alternator that is connected 1o a
constant-speed asynchronous motor by a hydraulic voupler, This allows a pump speed
variation from 15 to 100 percent of its 460 r/min nominal speed. In addition, each
pump can be powered by a pony motor that runs at about 15 percent of nominal speed,
and that receives its power from the emergency diesels.

Primary sodium enters and leaves the core at 395 and 545°C, respectively. It then
enters the shell-and-tube THXs at 542°C via inlet ports at top, flows outside the tubes
and leaves at 392°C through outlet ports at bottom to the “cold™ 11X outlet region in
the pool, and then Mows back to the pump inlets. Each IHX is 2.5 m OD and 19 m
high, contains 1300 m® of heat-transfer arca, weighs 52 tons. and is rated at 375 MW,

There are four independent intermediate loops (Fig. 11-26). Intermediate sodium
at 345°C centers the IHXs at the top via a center tube, flows down to a lower plenum,
reverses direction, and goes up through the tubes to an annular space at the top and
leaves Jarzraliy at 525°C. Sodium leaving each pair of IHXs goes 10 one steam gen-
erator, icaves it at 345°C, and enters an intermediate (sccondary) pump that is installed
in a free-level expansion tank. Sodium leaves the pump laterally through two 0.7-m
pipes 1o the two associate IHXs. Each intermediate pump is 2 m OD, weighs=35 tons,
detivers 3300 kgis of sodium at a head of 30 m Na. and consumes 1300 kW,

fn the steam generator (Fig. 11-27), hot intermediate sodium enters laterlly
through two 0.7-m pipes at the top. mixes in a distribution chamber. flows outside
the tube bundle, and leaves at 335°C via one central 1-m-diameter pipe at the bottom
o ihie expuansion tank. There are free sodum levels in the upper parts of the expansion
tank and sicam generator.

Tiie steam plant The steam generator combines both boiler and superheater functiens.
Feedwater at 235°C and 210 bar enters cach steam generator at the rate of 340 kg/s
through four water chambers at the lower end. It flows in a once-through fashion
through four sets of tubes from the water chambers and leaves as superheated steam
throush four corrasponding steam chests that combine into two exit pipes. There are
a total of 357 20-mm H3 tubes wrapped around the central pipe in 17 concentric layers
for 2 total of 2700-m* heat-transfer arca, Each individual tube has a total length of 92
m. Each steam generator is 3 m OD and 25 m high and weighs 175 tons.

Sieam enters two 3000 r/min wrboalternators at 487°C and 177 bar (Y09°F and
2567 psi@)” Each turbine has its own reheat steam plant. The turbines are tandem-
coimpound with one high-pressure section and two low=pressure sections. Steam leaving
the hivh-niessure section at 6 bar is reheated by steam bled from it at 90 bar before
entering the lew pressore sections. Each plant has one condenser that is cooled by a
snce-throigh sysiem from the Rhdne niver. The condensate goes through a full-fiow
waler wedtigent unit Go avoid fouling and corrosion in the steéam generator). It then
EOCS 10 (wo twin low-pressure feedwater heaters, a deaerating heater with storage lank,

-]
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Figure 11-26 Super Phénix intermediate sodium loop (ene of four). (Courtery Novatome, )

suee boilar teed pumps, one steam-driven and full-How, the other two electrically
driven for start-ups and other special operations. These are followed by two twin high-
pressure feedwater heaters.

To avoid sodium freezing (about 100°C) in steam generators dunng shutdown or
transients, wter in the storage tank is maintained at 150°C by a variety of steam inlets
Decay-heat remeval In normal plant shutdown the readtor decay heat is channeled
as nsial by the primary and intermediate sodium loups and the steam generaters, The
resulting sream is shunted to the two turbine condensers and a soecicl water loop called
ine snutdown-start-up circuit. In the event of the ctanm loge beins ingperitive 3
backup system of sodium-air heat exchangers connected 1o cach of thie four intermediate
sodium loops is used. These exchangers are cooled by forced comvection with air

2
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- blowers but are capable of removing the decay heal by natural convection alone in
casc of power failure. Additional backup systems operate in the event of failure of all
four intermediate loops. They are composed of two independent water circuits in the
reactor cavity and four sodium-to-sodium heat exchangers in the reactor vessel which
connect to sodium in heat exchangers situated on top of the steam-generator building

11-6 THE GAS-COOLED FAST-BREEDER REACTOR (GCFBR)

Research and d¥velopment for the gas-cooled fast-breeder reactor (GCFBR) started in
1962 by Gulf General Atomic Corporation with some utility and, somewhat later,
European participation. Studies were made on fuel development, systems, safety,
physics, heat transfer, and fluid flow. Preliminary designs were made for a reactor
experiment, a 300-MW demonstration plant, and a 1000-MW commercial plant. The
studies also included the possible future uses of the GCFBR with a direct gas-turbine
cycle for power production and with a high-temperature gas generator for industrial
applications.

Fignres 11-28 and 11-29 show the proposed 300-MW demonstration plant and its
nucleag steam supply systemn. As were the thermal neutron AGR and HTGR gas-cooled
reactors {Chap 10): it 1s contained in a cylindnical prestressed-concrete reactor vesse!

Flgure 11-28 Layout of the 200-MW gas-cooled fasi-breeder reactor (GCFBR) dermmtmm plant. [Cour
texy GA Technologles, Ine.) % ¥

a
& "



-
499 POWERPLANT TLOHNOLOGY

i
T e ¥
(« )
(it
A, ‘._--—"'Eﬁ_'_.
ey

T

7 il |

-;‘.Jl‘-. [ [
it R
AUXILIARY a - (] /[( CIRCULATOR

! e l b

CIRCULATOS r
(
[
(
AUXILIARY [
HFAT
EXCHANGER - sTEAn

[ GENERAION

[

N |
PRESTRESSED \\4 N
CNCRETE 3 [ geacron
EACTOE 8 S
VESSEL — "\ o

‘._ i J—

d

Figure 11-29 The GCFBR PCRV coataining the nuclear steam supply system,

(PCRV) that has linear tendons extending through from top to bottom and circumfer-
cntial steel cables wrapped around the outside under tension. .

The PCRYV in this case 1s 84 11 (25.6 m) in diameter and 71 ft (21 6 m) high and
contains seven steel-tined interconnccted cavities. The central cavity contains the
teactor and is surrounded by three main cavities that contain the steam generstors and
helium cireulators and. clamating with them, thiee that contain avxiliary cooling
aqvinment, Jlehum oo loat g 230 psin (86 har). passes Jownward ther zh s oo:
(A% the HTGR)Y thon - ¢ tages oty 1o tha hattom of tha thres main eaviie= 'naach
it goes up through a steam generator, through #22,300-hp single-stage, axial, steam-
driven main helium circulator, and then back laterally to the top of the core. Although

Pagd:
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these three heat-transfer loops are in anterconnected cavities, they are designed 1o
operate independently of one another, thus increasing the reliability of the s stem

The PCRV s housed m 4 secondary containment building. The space between
the two containy atmosphenc air and is accessible during plant operation for inspeCtion
and maintenance of equipment outside the PCRV,

The reactor core and fuel The reactor core is composed of 211 hexagonal fuel and
radial blanket assemblies. The assemblies, 10 1t (3.05 m) high and 6.5 m (165 cm)
across the flats, are supported by clamping to a top grid plate where they are ar their
coolest. The grid plate, 11 [t (3.35 m) in dinmeter and 2 in (5.08 ¢m) thick, 1 in tum
supported by a cylindncal structure connected to the liner of the central penciration
in the PCRV, It contains closely spaced 6-in (15.24-cm) diameter holes that accom-
maodate the circular top extensions of the fuel assemblies.

The assemblies are spaced about 114 in (6.3 mm) apart and are 1 be ronated dunng
reloading to accommodate_and reduce swelling (See. 9-13). Reloading 1s done by
chunging one-third of the core approximately annually and requires shutdewn and
depressurization. *

The fucl assemblies (Fig. 11-30) contain 271 fuel rods except 27 that cr2 used as
control assemblies and contain 234.rods. The rods are the same as those gsed in
LMFBRs except that the cladding surface is roughened to increase the gas-coolant
feat-transter coefticient. They are composed of annular pellets of mixed-oiide fuel
(PuO-U0,) stacked in 0.254n (0.63-cm) 0D, 20-mil (0 5-mm) thick 316 swuiniess
steeh cladding. An axial blanker of depleted UO, pellets 1s provided above and below
the fuel within cach rod. ’

The radial blanket dssemblies occupy two rows outside the fUs avsersics and
are of the same external dimensions. Thes . however, contain 127 lurger rads contzining
depleted UO, pellets,

Each fuel rod has a fission product trap at the top. Fission poses ars . wed to
vent 1o an annular trap in the assembly and to a helium purification sysiem. §nis
syStem equalizes pressures of the fission gases inside and the coolan: sutside fhe (ods,
thus relieving mechanical stresses on the cladding. It also limits the re'=ase of rdio-
activity from failed elements into the coolant. Radioactivity monitors on the vent lines
of separate groups of assemblies are used to detect and locate fai'ed claddine

The power plant Figure 11-31 shows a flow diagram of the placzt. Helium at 1250
peia (8O bar) enters the reactor top at 595°F (313°C) and leaves at 1010°F (S43°C). It
then enters the three steam gencrators and steam-driven helium circulators (one shown)
and goes back to the reactor, There are no intermediate loops as in a LMFBR as there
are no problems of primary-coolant radioacuvity or coolani-water chemical reactions
as with sodmm, . ‘ F .

The steam gencrators are once-through helical-coiled uaits with rehoaters. Feed-
warer leaving the tast feedvaater heater divides into tinee patis. Eacli 65568 & swai
generator and leaves as superheated steam at 2900 psia (200 bar) and 875°F (305 ).
That steam partially expands as it is made 1o drivé the helium circulator turbine, after
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o



FAST BREEDER REACTORS AND POWERPLANTS 497

Table 11-6 Design parameters of the GCFBR

GCFBR Demeonstration Commercial
Power 310 MW(e) 1000 MW{e)
* Core. height 40 in (101 ¢cm) Man il 36 m)
dameter 80 in (2.01 em) 1078 (2.71 m)
Fuel Mixed oxide Mized oxide, 16% fissile
Fuel pins 0.25 in (6.3 mm) OD 025 (6.3 mm) OD
Cladding 316 stainless steel, 0,48 316 stualess stecl,

Fuel fissile rating

Man fuel linear raung

Cladding surface hot
spot

Coolant

Reactor coolant
conditions

Thronle sicam
conditions

Plant thermal efficier®y

Brecding rano,
doubling time

Maxvmum fuel burnup

mm thick
0.6 MW()/kg
125 KW (410 Wiem)

1275°F (690°C)

Helium

1250 psia (86.2 bar),
595°F (313°C) inlet,
1010°F (543°C) outler

1225 psia (84.5 bar),
920°F (493°C)

17 6%

133 -

0.286 mm thick
L1 MWinkg
15 kWit (490 Wiem)

1382°F (594°C) outlet
Helium

1250 paia (862 bar),
B0TF (317°C) inlet,
HOPF (394°C) owlet

1250 psia (B6.2 bar),
GI3F (496°0)

R

I3 i~§ yean)

100,000 MW day/ton

which it 1s admitted to the reheater. It then combines with the other two paths to enter
the high-pressure turbine at 1225 psia (84.5 baij and 920°F (492°C). The balance of
the steam plant is essentially identical to a [ossil powerplant because it uses superheated
steam of similar properties. Note the difference between this steam cycle and that of
the HTGR (Sce. 10-12). In the latter, the stear: leaving, the main steam generator
expands in the high-pressure trbine and then drives the helium-circulator turbine
before being reheated and sent back to the Jower-pressure section of the main turbine.

The three mair cooling loops are also used (o remove decay heat from the core
after shutdown. As in the HTGR, decay heat initially generates enough steam to drive
the circulator turbines to help remove that decay heat, an advantage of the steam cycle
design that uses the main steam flow into the circulator turbines. A half hour after
shutdown, small auxiliary boilers, also used for plant start-up, come on line to supply
steam (o the circulator turbines. In addition, there are the three separate electric motor-
driven auxiliary cooling loops (Fig. 11-30). -

Table 11-6 includes data for the GCFER demonstration plant as well as for a
commercial-size extrapolation of GCFBR. The large plant is expected to have thinner
cladding, higher cladding temperature, pigher (ool linear heat rating. and 2 higher
breeding ratio. These improved parameaters are the rasulis of *he increased freedom of
selecting fuel-fentile and fuel:coolant ratios in a large GCFBR. -
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PROBLEMS

-1 A large commiercial gas-cooled fast-breeder reactor using a plutonium-uranium rnis.cd'mide fuel has
a breeding ratio of 1.5 and a compound doubling time of 6 years. Estimate the average neutron flux in the
reactor. Assume that the fuel in the core represents 80 percent of the reactor fuel inventory.

11-2 A large sodium-cooled fast-breeder reactor uses a plutonivm-uranium oxide fucl mix. [ has an
average neutron flux of 3 x 10", The number of neutrons lost by leakage and parasitic absorption is 0.1 |
per neutron absorbed  Calculate (@) the reactor simple and doubling times, in years, based on the fucl in
the core anly, and (b) the newtron losses per neutron born in fission that would render the reactor a nonbreeder.

-3 A fast-breeder reactor generates 3000 MW of heat. The fuel is composed of 20% Pu™™0,. s
U405 by misss. The average neutron flux is 10" Esumate the total mass of the fuel material in the core.
lgnore fast fission in U™ and take neutron losses by leakage and parasitic absarption as 0 25 per neutron
absorbed

11-4 Estimate the maximum frsction (2ero losses! of all neutrons that is available for breeding for the
three fuels U, UM, ing Pu™™ if they existed in monocnergetic neutron fluxes ar 1, 10°, 10, and 10°
eV.

115 A fast-brocder reactor core that generates 2800 MW is fucled with Pu?™0,-UQy. The mass of
Pu'™0, i5 4 tons (metric). Ignoring fast fission in U™, estimate (a) the maximum theoretical breeding
o and gain, and (b) the corresponding minimum simple and compound doubling times, in years. Assume
that the fucl in the core represents 75 percent of the reactor fuel cycle inventory.
=116 A fadt breeder reactor powarplant generates 1700 MW with a 39 pt'r.t'cm efficiency. The core s
fueled with Pu?™0,-1""0; with Pue-J nuclear numbes ano of 1 @ 4. The core av crage nevtron flus s 107,
Estimate (@) the number and mass of Pu’™ micle orginally in the core, (4) the number and masy of the
Pu™ nucler consumed per day, and () the number and mass of Pu?™ nucle; bred and gamed per dav
Assumie nestron losses by leakage amd parasitic abserraion to be O 25 per pewtron absorbed i the fuel

-7 A thermal-newtron beeeder reactor usng a USFLTHIY breeding cycle is considered The fuel s
campased of 15 percent U0, by mass. The averace neutron Aux is 10" The reactor gensrates 2000
MW Find (a) the wral mass of fuel in the core, 181 the breeding ratio and gan if the newtion bosses due
it leakape and parasitic capture are 0.2 per neutron absorbed, (¢) the simple and compound deublimg fimes,
in years, 1f the uel in the core 18 80 percent of the 1otal reactor fuel mventory, and () the mass of U0,
bied per day

11-E From the data of the Clinch River Breeder Reactor calculate the overall heat transfer coeflicients,
in Btus per hour per square foot per degree Fahronheit for (a) the intermediate heat exchangers, (&) the
evaparators, and (c) the supecheaters

11-9 From the data of Super Phénix, calculate the overall heat transfer coefficients in waits per square

meter per kelvin and Btus per hour per square foot per degree Fahrenheit of (a) the intermediate heat
cachanger, and () the economizer, evaporaios, and supcricater of the sicam generuei. Uie for the gwviinc
heat of sodium 1.256 ki/kg - K. %
F1-10 Assume that a gas-cooled fast-breeder reactor powerplant operates 6n a similar cycle and has the
tame power and efficicncy and helium and steam pressures and temperatures as the demonstration GCIDR
{Sev. 11+6). Assume further that the feedwater enters the steam generator at 468°F and that 15 MW of
$team power is consumed in deiving the helium circulators. Draw a femperature-path-length diagram of the
steam generator and calculate (a) the helium mass flow rate, in pounds mass per hour, (b) the steam mass
flow rate, in pounds mass per hour, and () the hest wansferred, i Brus per hour in the economizer.
evaporator, and first and second superheaters, respeciively, 1 -

]



CHAPTER

TWELVE
GEOTHERMAL ENERGY

12-1 INTRODUCTION

With this chupter we begin a series of four chapters on the so-called renenwable energy
resources.® which are defined as those resources that draw on the natural energy fows
of the earth. In this book, the ones that we are concerned with are those that arse
from the carth’s interior heat (this chapier), the sun (Chap. 13), the wind (Chap. 14),
and the oceans (Chap. 15). Another, biomass, was covered briefly in Sec. 4-i2.
Renewable energy resources are so named because they recur, are szemingly
inexhaustible, and are free for the taking. The recurrence is often periodic, ranying
from daily (the sun) to a few shon years (biomass). Their main disadvantages are in
their intermittency, lack of dependability, and their usually exwreme low encrgy den-
sities. Despite this, they were the predominant energy forms used by hwmankind durss
its early developmental millenia. When the earth's populations grew and nature alone
could no longer support life on carth, human beings, as oflien is the case, discovered
solutions when they were needed. The solutions came in the form of fossil fuels that
were concentraled in certain pockets of the earth and that delivered much higher energy
densities, they eventually brought on the industria] revolution and thus the modem
way of life as we know it today. To be sure, fossil Tucls are also renewable, but un

o -

* Mnvther term that is often used interchangeably with renewable energy is aliermative ensrov 7 s
term seems 1 mean different things to different people. Sonw include nuclear fuel used in fission, 2im--ia1
when its use is extended by breeder reactions (Sec. 11-2), and or fysion. To others, the term plrtludu l]l
established Torms of energy. Others limit it 1o solar and solar- mdm.rd encrgies such as the wind and the

nse and fall of waters. Still others make no distinction betwedp the Iwo feims. =
- &

o - -
: 4
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a geologic time scale of hundreds of millions of years. They, however, are consumed
much faster than they are renewed, so for all practical purposes, they have to be
considered as finite. The same conclusion could be applicd to nuclear fuels, which
were formed with the carth, Their use. however, is believed (o extend far beyond
fossil fuels because of breeding, a reality today, and fusion., when ithecomes a workable
system. ; ¢
With high energy density come high temperatures and therefore higher cfficiencies.
Advances in metallugy had the multiplier eifect of further Increasing temperatures and
cfficiency. Together with abundant and cheap fuels, these effects relegated rencwable
cnergy systems to doing odds and ends here and there forever, or so it scemed. Then
came the 1970s and the great economic squeeze of the o1l producers and resultant
souring prices; the cra of cheap energy came to an end. This. and the environmental
concerns of the same decade, reopened the era of the renewables (or alternanves).
Goaded by public fears and pressures, a rush was on for broad lechnological solutions
of the problems of the renewable systems. Before they were technologically and
economically demonstrated, many people were inclined to overstate the case for them,
which 12d to further public confusion about their true nature and their passible con-
tibuiions 19 the retal ¢lectric-energy picture. (Most renawable resources are aimed at
electric production as their miin contribution. ) With time. however, and prohahly
nevitably, cooler heads prevailed and a more sensible reexamination began twking
place. This 1s whar we wall do in these lour chaplers: reeamine the renewables and
follow up on muodern solutions to thewr old problems

We will begit our exannnation with peothermal energy, the one renew ahle resource
that has practically no mtermuttenay . has the Righest encrgy density, and 15 econom-
ially net far removed from convengonal technologies, Geothermal encrgy iwlassihed
2s renewable becouse the eanth’s mterion is and will continue in the process of cooling
for the indefinite future Hence. geothermal energy from the earth’s interior is almost
s incxhaustible as soiar or wind cactey, so long as its sources are actively sought
and economically tapped. ’

12-2 PAST, PRESENT. AND FUTURE
Geothermal encrey is primarily energy from the carth’s own interior. The natural heat
in the earth has manifested itself for thousands of years in the form of volcances, lava
flows, hot springs, and geysers. These were mostly picturesque, often awesome proofls
that vast heat stores lic bencath the carth’s crust. In carlier times, natural steam that
speuted from the carth was used only therapeutically. Roman documents, more than
2000-years-old, tell of a steam ficld that is now Larderello, south of Florence. a site
that was fo become history s first Eruineiin cicowic-gencrating station.

inthe United States. geathermal 21y wers firet Aisoovered in 1047 e WS
Rall Blline, an == 5lorer-curvevor who was hiking in the mountains between Cloverdaie
and Calistoga, California, i search of grizzly bears. He discovered steam seeping out
of the ground along a quarter of a mile on the steep slopé of a canyon near Colb
Mountain, an extinct volcano, now known as the Geysers., 'Ecllfng friends that he came

.
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upon the gates of hell, the word spread and the arca became somiething of a tourist
attraction.

The Geysers is really a misnamed field, as a geyser, like Old Faithful in Yellow-
stone National Park, periodically and dramancally spews jets of water and stecam. In
the Geysers, however, steam is continuously veaied through fissures in the ground
These vents are called fumaroles.

Historically, the first applications of geothermal energy were for space heating,
cooking, and medicinal purposes. The earliest record of space heating dates back 1o
1300 in Iceland. In the carly 1800s, peothermal encrgy was used on what was then a
large scale by the Conte Francesco de Laderelto recover boric acid. The lirst mechanical
conversion was in 1897 when the steam of the field at Larderello, taly, was used to
heat a boiler producing steam which drove a small steam engine, The first attempt to
produce electricity (our main concem in this book) also took place at Larderello in
1904 with an clectric generator that powered four light Ealbs. This was followed in
1912 by a condensing turbine; and by 1914, 8.5 MW of electricity was being produced.”
By 1944 Larderello was producing 127 MW. The plant was destroyed near the end
of World War 11, but was fortunately rebuilt and expanded and eventually reached
360 MW in 1981.

In the United States, the first attempt at developing the Geysers field was m.ade
in 1922. Steam was successfully tapped, but the pipes and turbines of the time were
unable to cope with the corrosive and abrasive sizam. The effort was not revived until
1956 when two companies, Magma Power and Thermal Power, tapped the area for
steam and sold it to Pacific Gas and Electric Company. By that time stainless steel
alloys were developed that could withstand the comosive steam, and the first clectric-
generating unit of 11-MW capacity began operauon in 1960, Since then 13 generally
progressively larger units have been added to the system. The fatest. No. 17 (Fig. 12-
), is a 109-MW unit that began operation in September 1982 and which brought the
Geysers total capacity to 909 MW. Two more urits arc under construction and four
more are planned, which will bring the totul capecity to 15145 MW by the latz 1980s.

Other électric-generating fields of note are in New Zealand {where the mainactivity
at Wairakei dates back to 1958), Japan, Mexico (a1 Cerro Pricto), the Phillipines, the
Soviet Union, and Iceland (a large space-heating program). Tiese and other electric-
generating fields are listed in Table 12-1.

Future world projections for geothermal electric production, based on the decad:
of the 1970s, are 7 percent per year, In the last four years of that decade, bowever,
the growth rate was 19 percent per year (Fig. 12-2). In the United States, the projections
are for growth between 13.5 and 22 percent pei year through the 198Gs, which is 2.5
to 4 times the 5.3 percent per year growth rate of the total electric-generating capacity.
This includes the steam field at the Geysers and other fields of different types (Sec.
12-3).

The U.S. Geological Survey [109] predicts a LS prtzntial from currently ides-
sified sourcas o bezround 23,000 MW of clectric powser and around 40 X% 10 Bhy
{about 42 x 10°* ki) of space and process heat for 50 yoais with crizling technology,
and 72,000 to 127,000 MW of electricity and 144 to 294 X 0'5 Btu of heat from
unidentified sources. Areas of geothermal potential in the North American continen!

o -
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Tuble 12:1* World geothermal-encergy uijlization as ol
December 1979 :

Elecironty, MW

- ' Space and
Country Installed Under conslnuction. provess heat, MW
usa 1) (i1 30
fraly 421 E 1
New Zealand 2 150 n
Japan 10h 1061 37
Mexwcn 150 M)
El Salvador ) 15
feelumd i3 a0 475
USSR f 58 30
Philhpunes (&t c‘pqﬁ
Turkey 08 — )
Hunpgary - — 63
FFrance — 5

Total . 1872 | 619 1284

*From Ref. 108
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Figure 122 Waldwide mtalled geothermal electrie mapacity apd futies menisstion: The dic in 1947
sepresens the destruction of the Larderello plant [109).
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are mainly west of the Great Plains from Canada to Mexico, with a geopressured zone
(described in the next section) extending along the Gulf Coast and a Jow-temperature
zone extending down the castern seaboard. These include about 1.8 millidn acres of
land of known sources in the western states and additional 96 million acres of pro-
spective value. Between 800 and 1000 acres are needed for 100 MW of production
for 30 vcars.

1t can be seen that while geothermal energy is not the sought-after sole and long-
range solution 1o ‘our encrgy problems (the U.S. total installed electric capacity in
1982 is nearly 500 million MW), it nevertheless represents & not insignificant factor
if its resources are developed in a careful and cfficient manner,

12-3 ORIGIN AND TYPES OF GEOTHERMAL ENERGY

As indicated carlicr, peothermal energy is heat transported from the interier of the
earth. It is recoverable in some form such as steam or hot water.

The carth is said o have reoen creatad as 2 mass of liquids and gases, 5 1o 10
percent of which was stean As the flias couled, by losing heat at the surface, an
outer solid erust formet! and the steam condensed to form oceans and lakes in depres-
sions of that crust. The crust now averages about 20 mi (32 km) in thickness. Below
that crust, the molten mass, called magma, 15 still in the process of cooling.

Earth tremors in the early Cenozoie period® caused the magma to come close to
the eanth's surface 1n certn places and crust fissures 10 open up. The hot magne near
the surface thus causes active volcanoes and hot springs and gevsers where water
exists. It also causes steam to vent through the fissures (fumaroles).

Figure 12-3 shows a typical geothermal field. The hot magma near the surface
(A} solidifics into igneous rock (B). (Igncous rock found at the surface is called
volcanic rock.) The heat of the magina is conducted upward to this igneous rock.
Ground water that finds its way down to this rock through fissures in it will be heated
by the heat of the rock or by mixing with hot gases and steam emanating from the
magma. The heated water will then rise convectively upward and into a porous and
permieable reservoir (C) above the ignenus rock. This reservolr is Capped Ly o iayer
of impermeable solid rock (D) that traps the hot water in the reservoir. The solid rock,
however, has fissures (E) that act as vents of the giani underground boiler. The vents
show up at the surface as geysers, fumaroles (F), or hot springs (G). A well.(H) taps
stearn from the fissure for use in a geothenma: powerplant.

It can be scen that geothermal steam is of two Kinds: that onginating from the
magma itself, called maymatic steam. and that from ground water heated by the magma,

. called meteoritic steam. The lakter is the largest sonrce of geothermal steam.

Tiniania proTia i a ORI €14 i ssabicd same 60 mitlion years age fello=ing
penod end includes the present 1 charactenzed by the appearance and development of mammals.
t From the Latin igneus meaning “of lire” or “fiery,” (rom ignus, “fire™; specifically formed by volcanic

sction or great heat.

2
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Figure 12-3 A typical geathermal ficld

Not all geothermal sources produce stcam as described above. Some art Juwer in
temperature so that there is only hot water. Some receive no ground water at all and
contain only hot rock. Geothermal sources are therefore of three basic kinds: (1)
hydrathermal, (2) geopressured, and (3) petrothermal These are explrincd bBelnw,

Hydrothermal Systems

Hydrothermal systems are those in which water is heated by contact with the hot rock,
as explained above. Hydrothermal systems are in wm subdivided imo (1) vapor-
dominated and (2) liquid-dominated systems.

Vapor-dominated systems In these systems the water is vaporized into sicam that
reaches the surface n a relatively dry condiion at about 4G0°F (205°C) and rarely
shove 10X psig (8 bar). This steam is the most suitable for use in v Colestris pow-
Zplin, with the Jeast cost. It does, however, soffer problems similar to thaes an-
céuntered by all geothermal systems, namely, the presence of corrosive: gases and
erosive material and environmental problems (see below). Vapor-dominated systems,

&5 -
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however, are a rarity: there arc only five known sites in the world to date. These
systems account for about 5 percent of all U.S. geothermal resources. The Geysers
plant in the United States, the largest in the world teday, and Lardercllo in Daly, are
both vapor-dominated systems. s

Liquid-dominated systems In these systems the hot water eirculating and trapped ©
underground is at a temperature range of 350 1o 600°F (174 10 315°C). When tapped
by wells drilled in the right places and to the right depths, the water flows either
naturally to the surface or is pumped up to it. The drop in pressure, usually to 100
psig (8 bar) or less, causes it to partially flash to a two-phase mixture of low quality,
i.c.. liquid-dominated, It comains relatively large concentrations of dissolved solids
ranging between 3000 o 25,000 ppm and sometimes higher. Power production 1s
adversely affected by these solids because they precipitate and cause scaling in pipes
and heat-exchange surfaces, thus reducing flow and heat transfer. Liquid-dominated
systems, however, are much more plentiful than vapor-dominated systems and, nexi
to them, require the least extension of technology. The U.S. Geological Survey [109]
shows from 900 to 1400 quads (Q) (1Q = 10'* Btu, about 10'* 1) of enzrgy available
fooms ligaid-deminated systems with liquid above 300°F (150°C). .

I'he hydroth ermal systems, of bath kinds. are the only cnes in commercial op-
eration today, Figure 12-4 shows the major high-temperature hydrothermal areas of
ihe workl he aext two systems are under study, but mainly in the preliminary stag=s

ai this time (1982)

Goeopressured Systems

Seapressured systems are sources of water, or brine, that has been heated in s manne
siomilar to hydrothermal water, except that geopressured water.is trappes! i mvich
Aeeper underground acquifers,* at depths between 8000 to 30,000 ft. (about 24020 1.,
10D my). This water is thought (o be at the relatively low temperature of abou: 32:°F
(160°C)y and is under very high pressure, from the overlying formations above, of
abost (5,000 psia (more than 1000 bar). It has a relatively high salinity. of 4 10 0}
percent and is often eeferred 1o as brine. In addition, it is saturated with nataril g0,
mwos |y methane CH,, thought to be the result of decomposition of organic mattey
Suach water is thought to have thermal and mechanical potential to gencrate elec-
tricity. The temperature, however, is not high enough and the depth so great that there
i« little economic justification of drilling for this water for its thermal potential alone
What is drawing attention, however, is the amount of recoverable methanc in solution
that"can be used for electric pencration, The U.S, Geological Survey estimstes 105
Q 0! eleciricity from the thermal content of geopressured water and 53X Q of crzrey
1 aive pas. Studies have been under way to determine the economic feasibiliy of
coneritine alactricity he 2 combined cycle, o0 il GGl Gie combusa of

methans ae wall o= L0 G (e thermal contens of the water.

]

* An aquifegis @ wal:rvtmariﬁg stratum of permeable rock, gravel, or sand,
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There are some 20 prospective geopressured sites along the Texas and Louisiana
Gulf coasts in the United States. Work to determine the extent and quality of geo-
pressurized energy has been undertaken with the drilling of some test wells. The initial
results were not as encouraging as had been hoped for, however. A test well, called
the General Crude-DOE Pleasant Bayou No. 2, was drilled in 1979 in Brazilia County,
Texas, to a depth of 16,500 ft (5030 m) and tested at a Now rate of 2600 bbliday
{~300 m'/day) and a pressure of 4570 psig (316 bar). Initial data indicated s potential
flow rate of 30,000 bbl/day (~3575 mYday). The gas content was 20 to 25 ft/bbl of
water, or about 4.75 to 6 gas-to-liquid volume ratio. Economic studies 1o determine
if the cost of drilling and spent brine reinjection are recoverable from the energy
contenl in the water and gas arc yet inconclusive, 1t is estimated that a minimum yield
of 40,000 1o 50,000 bbl/day is necessary ta make a well worth considering from an
economic point of view,

Further work is continuing, however, with the possibility of building a pilot plant
in the Jate 1980s. A study by the Southwest Research Institute for the Eleciric Power
Rescarch Institute (EPRI) optimistically predicts 1100 MW of geopressured capacity
could be on line by the end of the century.

Felrotherinal Systems

Magma lying relatively close to the carth's surface heats overlying rock s previoasiy
explained. When a0 undérgmund waler exists, there is simply hot, dry rock (HDR)
The known temperatures of HDR vary between 300 and 550°F (~ 150 (o 2940°C). This
energy, called petrothermal energy, represents by far the largest resource of geothermal
energy of any type, as it accounts for about 85 percent of the geothermal resource
base of the United States. Other estimates put the ratio of steam:hot water: HDR at
1.10:1000 [111).

Much of the HDR occurs at moderate depths, but it is largely impermesble. In
order fo exiract thermal energy out of it, water (or other fluid, but water most likely)
will have to be pumped into it and back out to the surface. It is nccessary for the heat-
tiansport mechanism that a way be found to render the impermeable rock into a
permeable structure with a large heat-transfer surface. A large surface is particularly
necessary because of the low thermal conductivity of the rock. Rendering the rock
permeable is to be done by fracturing it. Fracturing methods that have been consideiod
involve drilling wells into the rock and theu fracturing by (1) high-pressure water or
(2) nuclear explosives. 2

High-pressure water Fracturing by high-pressure water is done by injecting water
into HDR at very high pressurc. This water widens existing fractures and creates new
ones through rock displacement. This method is successfully used by the il industry
to facilitate the path of underground oil. The oil-bearing stratum is sedimentary rock
that is softer than IHIDR. The cost to the 0il companies is thus lower and, in addition
Justificd Uy Uie wdfitional ofl it produces. The method 1s under study by Loc Alamos
scientine Laoorawiy (LASL) with suppont from the Repartment of Encrgy (DOE),
Japan, and West Germany.
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Nuclear explosives Fracturing by nuclear explosives 1s a scheme that has been con-
sidered as part of a program for using such explosives for peaceful uses, such as
natural gas and ol stimulation, creating cavities for gas storage, canal, and harbor
construction, and many other applications [112]. In the United States the program is
called Plowshare.* Fracturing by this method would require digging in shafts suitable
for introducing and scaling nuclear explosives and the detonation of several such
devices for each 200-MW plunt operating for 30 years. Imual studies revealed that
large explosions, about 5 megatons (TNT equivalent), at substantial depths would be
required before the scheme became economic. The prineipal hazards associated with
this arc the ground shocks, the danger of radioactivity releases to the environment,
and the radioactive material that would surface with the heated water and steam.

A variation of the above concept would be te generate heat by the nuclear ex-
plosions themselves in deep salt formations. This would create an underground pool
of molten salt that may be exploited for many years. Both schemts have many problems
that are difficult 10 assess without actual experimentation. Not much progress has been
made beyond the study stage,

12-4 O\IsER.-\TI().‘_\'.-\L AND ENVIRONMENTAL PROBLEMS

Stexm and water from both hydrothermal systems coatuin, basides the dissolved solids
in the water, entrained solid particles and noncondensable gases, The entrained sohds
must be removed as much as possible, usually by centrifugal separators at the well
head, before they enter plant equipment, and by strainers. usually before turbine entry-

The noncondensable gas content varies from 0.2 to 4.0 percent, depending upon
the particular well and its age. The younger the well, the higher the percentage, as
the noncondensables tend to vent out a bit faster than the H:0 The noncondensables
themselves are mostly CO; (about 80 pereeny) plus varying amounts of methune CHa,
hydrogen Hj, nitrogen N,, ammonia NH,, and hydrogen sulfide H,S8. Besides finding
their way with the fluid into the plant equipment, the noncondensables alss partly
escape to the atmosphere via the particle centrifugal sejarators, the condensor ejectors.
and in some cases the cooling towers.

The presence of the noncondensanie gascs .5 several eiiects. Firet, the large
quantity of these gases, relative to noncondensables in conventional steam systems.
necessitates the careful design of adequate gas cjectors 1o maintain vacuum in the
condenser. Second. although the presence of acid-forming gases causes no particular
problems in dry steam lines that are made of ordinary carbon stecls, tieir corrosive
effect in wet conditions necessitates the use of stainless steel in all equipment exposed
to wel steam or condensate. Such equipment mneludes turbine erosion shields and shaft
scals, exhaust duct lining, condenser lining, teidensate lines and punips, and meral
parts in cooling towery. (Condersers in @eatlicn.w shat may e of the direct-comtact

* “And he shall judge among the nations, and shall rebuke many people, #3d ihey shall beat their swords
into plowshares and their spears into pruning hooks. Natioa shall not [ift swird against nation, neither shall
they leam war anymore.”™ (Is1ah2:4) a - =
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type. and hence cooling towers are exposed 1o geothermal condensate.) In the turbine,
steam nozzles and blades subjected to dry of high-guality steam are usually made of
11 1o 13 percent chrome steel. The nozzles are usually designed with large throat arcas
on a wide pitch to minimize scaling. Because nickel is particularly sensitive to H,S
corrosion, it is not recommended for use in the rotor, The cooling towers are usually
designed with plastic fill and concrete shells, the latter coated with coal-lar epoxy.
Aluminum is recommended for condensate pipes and valves that are made farge enough
to allow low velocitics and hence erosion. Aluminum is also recommended lor switch.
yard structures that are in the open but in a generally corrosive atmosphere.

Another effect of H,S is that it is corrosive to bare copper, particularly in the
humid atmosphere around geothermal plants. Unprotected copper is to be avoided in
plant electrical equipment that requires special attention. Electrical relays, motor con-
trol equipment, excitation gear, switchgear, and others are often kept in “clean rooms”
under positive gauge pressure to isolate them from the corrosive atmosphere outside,
Static-type exciters, instead of copper-commutator, motor-driven cxciters, are used
Auxiliaries are usually motor-driven to avoid the addmunai corrosion of steam that
occurs with turbine drives.

A furthereffect of the noncondensables is that they are cnwronmcmaliy undesirable
because they partly escape into the atmosphere. Most are corrosive in the normally
darep atnosphere of the plant site and are noxious and toxic and hence maior air
poliviants. The most objectionable are H,S and, to a lesser extent, NH,._ '

Anotner environmental problem caused by geothermal plants is land surfuce sub-
sidence. 'This occurs because of the extraction of large quantities of underground fluids,
though this 1s partly alleviated by reinjecting the spent brine or condensate into the
ground, a procedure widely used in the oil industry. Reinjection also minimizes surface
ml‘ullrm Large extractions and reinjections also pose the possibility of scismic dis-
turbances.

Moise pollution is another problem. Exhausts, blowdowns, and centrifuga! sep-
arsiion are som: of the sources of noise that necessitate the installation of sileacers
Chosome squipment,

Geepressured water, in addition to‘the above problems, is thought to carry large
quaititics oi sand, especially at the high lows required. The result is increased erosion
and scaling problems,

12-5 VAPOR-DOMINATED SYSTEMS

As indicated previously, vapor-dominated systems are the rarest form of geothermal
energy but the most suitable for electricity generation and the most developed of all
geothermal systems. They have the lowest cost and the least number of serious prob.
lems.

Figures 12-5 and 12-6 show a schematic and T-s diagram of «. vapor-dominaicd
power system. Dry steam from the well (1) at perhaps 400°F (200°C) is used. It is
necarly saturaicd at the bottom of the weli and may have & shut-ofT pressuire up 1o SN0
psna (~35 bar). Prcs:-un: :lrops through the well causes it to slightly superheat at the

ST S SRS, PEEDEN SSpST SN S— R
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Figure 12-5 Schenatic of a sapor-dominated powerplant

well head (2). The pressure there rarely exceeds 100 psia (~7 bar). |t then goes through
u centrifugal separation to remove particulate matter and then enters (e wisine aii
an additional pressure drop (3). Processes 1-2 and 2-3 arc essentially thrati g pro
cesses with constant enthalpy. The steam expands through the turbine and enters the
condenser at 4.

Because turbine flow 1s not retumed 1o the cyele but remnjected back 1.0 sher curtn

: - 4
L \ A Figure 12-6 T-s diagram of the cycle
e s 2 shown in Fig ?IJ-S 5
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(Mother Naturesis our boiler), a dircct-comact condenser of the barometric or low-
level type (Sec. 6-2) may be used. Direct-contact condensers are more cffective and
less expensive than surface-type condensers. (The latter, however, are used in some
new units with H,S removal systems, below.) The turbine exhaust steam at 4 mixes
with the cooling water (7) that comes from a cooling tower. The mixture of 7 and 4
is saturated water (5) that is pumped to the cooling tower (6). The greater part of the
cooled water at 7 is recirculated to the condenser. The balance, which would normally
be returned to the eycle in a conventional plant, is reinjected into the ground cither
before or after the cooling tower. The mass-flow rate of the reinjected water is less
than that originating from the well because of losses in the centrifugal separator, steam-
jet ejector (SJE), evaporation, drift and blowdown in the cooling tower, and other
losses. No makeup water is necessary.

A relatively large SIE (Sec. 6-3) is used to rid the condenscr of the relatively
large content of noncondensable gases and to minimize their corrosive effect on the _
condensate system, :

Examples of vapor-dominated systems are the plants at the Geysers in the United
States, Larderello in Italy, and Matsukawa, Japan. A view of one of the 110-MW
units, No. 14 at the Geysers, was shown in Figure 12-1. Note the large number of
mechanical draft towers, which are necer<itated & ¥ the relatively large amount of heat
rejected. Geothermal plants use mivch lower temperature and pressure steam and higher
condenser pressuies than conventionai plarits, and hence they are much lower in
clficieacy, having heat rates some 2 to 3 times those of the best fossil-fueled plants.
Other differences are the large-diameter steam piping as a result of the large specific
volume of the low-pressure steam, the large SJE, and because of the low efficiency,
large turbines, condensers, and plant auxiliaries. In order 10 reduce the amount of
cooling water needed, and therefore cooling-tower flow, the turbines are usually op-
erated at relatively high back pressures, about 4 inHg absolute (~2 psia, 0.135 bar)
or higher.

Example 12-1 A 100-MW vapor-dominated system as shown in Figs. 12-5 and
12-6 uses saturated steam from a well with a shut-off pressure of 400 psia. Steam
enters the turbine at 80 psia and condenses at 2 psia. The turbine polytropic
efficiency is 0,82 and the turbine-gencrator combined mechanical and electrical
efficiency is 0.9. The cooling-tower exit is at 70°F, Caleulate the necessary steam
flow, 1b,/h and ft*/min; the cooling-water flow, Ib/h; and the plant efficiency
and heat rate, BiwkWh, if reinjection cecurs prior to the cooling tower.

SoLution Refer to Figs. 12-5 and 12-6 and 10 the steam tables, App. A.

By = by 41400 peia = 1704 6 Br/lh.
and iy at B psia = fy 1204.6 Buib,,
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Thus
Ty = 350°F (38°F superheat)
5 = 1.6473 Bu/(lb,, - °R)
vy = 5.801 ftYlh,,
Ss,at 2psia = 5, = 1.6473 = 0.1750 + x,,(1.7450)
Therefore
xs, = 0.8437
hy o = 94.03 + 0.8437(1022.1) = 956.4 Buw/lb,,
Isentropic turbine work = hy — h,, = 1204.6 — 956.4
) = 248.2 Buw/lb,
Actual turbine work = 0.82 x 2482 = 203.5 Buwlb,
fry = 12046 — 2035 = 10011 Bt
by (ignoring pump work) = 94.03 Brulb,,
hy = h, 2t TOFF = 285,05 Ruwlb,,
o) x 3412 = 10° .
Turbine steam flow = ————————— = 1.863 x 10" itk
2035 = 0.9
1.863 x 10° x v 3
Turbine volume flow = ——-———-—”7” = [:8 x 10° fVmin
A
Cooling-water flow my nids — hs) = s - ft3)
Thr:r.nl'ur::

1001.1 — 94.03 .
94.03 — 38.05

30.187 X 10° IbJh

iy = = 16,20, = 162 % 1.863 % 1U°

I

1]

Heat added = h, — h = 1204.6 — 94.03 = 1110.57 B,

203.5 x 0.9

; i — — 01648 = e
riant efficiency = 31105 0.1649 = 16.45
Plant heat rate = 2 20,690 BuwkWh

0.1649 T

o
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H,S Removal

1.S is found in the Geysers steam at concentrations around 200 ppm. 1t is toxic,
noxious, and poses major air quality problems. Because of recent environmgntal reg-
ulations on its release to the atmosphere, the latest Geysers units (13 through 17) use
conventional shell-and-tube surface-type condensers 5o that the cooling water does not
mix with the turbine exhaust until after the noncondensable gases have been removed.
This reduces plant efficiency somewhat because surface condensers are less effective
than direct-contact ones. In addition, a process called the Stretford process is used to
remove H.S. This process was originally developed for the coal industry and is said
to achicve more than 90 percent H,S abatement when used in conjunction with a
surface condenser, and commercial-grade sulfur is produced as a by-product [111]
Figure 12-7 shows unit No. 13 of the Geysers, a 59-MW unit that uses the Stretford
process (shown to the left in the picture). The system has not always proven satisfactory
in operation, however. )

Pacific Gas and Electric Co., DOE, and EPRI are testing methods of upstream
.S abatement. One approach that has proven technically feasible in small-scale ex-
peritnents operates on steam upstream ol the turbine. That steam is cooled and con-
densed in a vessel at a temperature where H-$ and other undesirable gases do not
conderse and are removed, The purer water 1s then reevaporated and sent to the turbine
The loss of heat in the condeénsing process is reduced by a regencrative-type heat
exchaneer that is placed so that the incoming steam recvaporates the condensed steam.

Figure, 12-7 39.MW unit No. 15 of the Gc.)'sm‘ with H.S removal by the Stretford method shawn to the
left (Courtesy Pacific Gas and Electric Co.) <

o

e
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Some loss of availability, however, does occur, thus posing a further penalty on cycle
cificiency. Studies have shown this to be of the order of a few percent. The concept
is simple, economical. and has the advantage of removing the gases before they reach
the turbine. The experiments showed a 94 percent H.S .J.bJ!Lnkﬂl A scaled-up pilot
unit is planned for the mid-1980s,

12-6 LIQUID-DOMINATED SYSTEMS: FLASHED STEAM

Although the largest geothermal power generation to date (1982) comes from vapor-
dominated systems, these systems are rare, and the natural expansion of generation
must come from liguid-dominated systems, which are much more sbundant, though
not so much as geopressured or petrothermal systems. However, as indicated carlier,
liquid-dominated systems require the least extension of technology. The known re-
sources show that water is available above 300°F (150°C), witt some up to 600°F
(315°C). When tapped, the water can flow naturally under its own pressure or be
pumped to the surface, The drop in pressure causes it to partially flash into stezm and
arrive at the well head as a lov.-quality, i.c.. hiquid-dominated. two-phase mixtire.

The water corres with various degrees of salinity, ranging from 3000 to 250,000
ppm of dissolved solids. and at vanious icmperatures. There ure, therefore, various
systems for convering hquid-dominated systems into useful work that depend upon
these variables. Two methods stand out: (1) the flashed-steam svstem, suitable for
water in the higher-temperature ranuc ana covered in s secuon., and (20 the binary-
cycle system, suitable for water at medorete temperatures 45cc, 12-7) A third method,
called the roral-flow svsrem. awaits fusher development (See 12-87

The Flashed-Steam System

This system, reseived for water in the bigher-lemperature range,. is ustiated by the
flow and T-s diagrams of Figs. 12-8 and 12-9. Water from the underground reservoir
at I reaches the well head ar 2 ar a lower pressure. Process 1-2 1> essenually o constant
cuiinaloy throttling process that results in a twe-pnase mixturz of low quality at 2, This
is throttled further in a flash separator resulting in a still low but slightly higher quality
at 3. This mixture is now scparated into dry saturated steam at 4 and saturated brine
at 5. The latter is reinjected into the ground.

The dry steam, a small fraction of the total well discharge (because of the low
quality at 3), and usually at pressures below 100 psig (8 bar). is expanded in a turbine
to 6 and mixed with cooling warer in & dircct-contact condenser with the mixture at
7 going 1o a cooling tower i the same fashion as the vapor-dominated system. The
balance of the condensate ufier the ~“n~ling waer is recirculzted to the condenser is
reinjecicd into the ground. % s

=
-

Example 2-2 A flashed-steam system such as that shown in Fig. 12-8 uses'a hot-
o - water reservoir that contains water at 460°F and 163 psia. The scparafor pressure
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Figure 12-8 Schematic of a liquid-dominated single-flash steam system.
. %

is 100 psia. Find (1) the mass-flow rate of water from the well and of reinjected
brine per unit mass-flow rate of steam into the wrbine and (2) the ratio of enthalpies

of spent brine to steam.

SoLuTIoN
h, = hyat 460°F = 441.5 Buwlb,,
hy = hy = (B + X38,)100 paia
441.5 = 298.5 + x,(888.6)
=
1
5 4
! \\
?, P’_ A b9

.

Flgure 129 T-s dugmn "of the cy;k
shown in Fig. 12 B
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Therefore
1y = 0,161
I Mass of water from well per unit mass of sicam = 1/, = 621
Mass of reinjected brine per unit mass of steam = 6.21 — | = 52|
2. Ratio of enthalpy at 5 to enthalpy at 4 = 5.21(hs/hy) = 5.21 x (298 54/

1187.2) = 1.31.

The Nashed-steam system is a more difficult proposition than the vapor-dominated
system for several reasons: (1) much larger total mass-flow rates through the well, as
shown by the above example; (2) a greater degree of ground surface subsidence as a
result of such large flows; (3) a greater degree of precipitation of minerals from the
brine, resulting in the necessity for design of valves, pumps, separator internals, and
other equipment for operation under scaling conditions, and (4) greater corrosion of
piping. well casing, and other conduits. {

Flashed-steam systems have been widely used in Japan, New Zealand, Italy.
Mexico, and elsewhere. An example is the 10-MW Onuma plant in Akita Prefecture
in northern Honshu, Japan, which has been in operation since 1973. In this plant steam

" enters the turbine at 127°C (661°F) and 2.45 bar (35.6 psia). Another is the 75-MW
Cerro Pricto plant located in the Mexicali-lmpenal Rift Valley in Mexico, 35 km south
of the U.S. border. It has been in operator since 1973, Additional units are being
built there with a potes tial between 400 und 1000 MW, In the United States. devel-
opment has lagged because of the availabiiity of lower-cost encrgy sources. With the
energy crisis, however, activity in this ficld began with a 10-MW pilot plant built by
the Southern Califomia Edison Company and Unmion Oil Company of California that
went into operation in 1981 in Brawley. California. Several plants, in the 20- to 50-
MW range are being planned in California. Nevada, New Mexico, and Utzh.

Improvements in the Flashed-Steam System

The spent brine leaving the separator at 5 (Fig. 12-8) has a large mass-flow rate and
a large total energy compared with that in the steam used to drive the turbine at 4. In
Example 12-2, the ratio of the brine enthalpy to the stcam enthalpy was found o be
1.31:1. Improvements in the cycle would therefore use some of this otherwise lost
energy in the cycle. Two methods are being developed: e,

I. Double flash. Depending upon the original water conditions, the brine at 5 is
admitted to a second, lower-pressure separator, where it Aashes to a lower-pressure
steam that would be admitted to a low-pressure stage in the turbine. The new lower-
pressure brine carries less cnergy with it and Yepresents a reduced cnergy loss to the
cycle. Figures 12-10 and 12-11 show a schematic Aow and T-s diagram of 3 double-

o flagk stzam systz. The salweaies Liius fem the first-stage flash separator at 5 is
reflashed in a second-stage separator at lower pressure 1o 6. The lower-pressure steam
from that separator is admitted to the admission turbinc at a lower-pressure stage. The
remaining spent bgne at 8 is reinjected into the ground. Ar example of the double-
flash system is the S0-MW Hatchobaru plant built on the island of KyusSu in Japan.
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Figure 12-10 Schematic of a liquid-dominated, double-flash steam system. The cycle below the turbine is o *
the same as in Fig. 12-8. A 2 ¥

-
It uses an innovative steam condenser and gas extraction system and a dual-admission,
double-flow steam turbine.

2. Water turbine. Here the spent brine at 5, still at high pressure, is used instead
to drive a water turbine and an additional electric generalor operating in parallel with
the stcam-turbine generator. A variation of this principle, being development under
an EPRI contract, uses a so-called rotary separator turbine (RST). In this system, the

g N e
/ 3 _ ";}.\ .

3 4 i P
| T WO i ~, Figure §2-1i 7-5 diagram ol the cycle
) =5 shown in Fig. 12-i0.
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flund leasing the well head as o two-phase minture of stcam and water is partially
expanded in a nozzle. This increases the steam fraction (as was done in the separator
of Fig. 12-8) but also imparts a lgher kinetic cnergy to the denser water, thus
facilitating separation of the two phases. This separation takes place in a rotating drum
by centnfugal acceleration. The sicam is admitted 1o a steam turbine in the usual
fashion. The water at high Kinetic energy is used 1n a special hguid turbine, after
which it1s reinjected into the ground. A 20-kW unit based on this system is undergoing
tests at Roosevell Hot Springs, Utah. Initial reselts show a 15 1o 20 percent improve-
ment in utihization of the original water energy over a single flashed-steam system.
Larger RST units are being developed for possible commercial use in the late 1980s
[H13]

12-7 LIQUID-DOMINATED SYSTEMS: BINARY CYCLE

About 50 percent of hydrothenmal water is in the moderate temperature range of 300
te 400°F (~ 150 16 205°C).* If used in @ flashed-steam system, it would have to be
threttled down to such Tow pressures thst result in excessively large specific volume
fows gs well as even poorer eyele efficicocies. Insicad this water’is used as 4 haar
source for g closed cycle that uses another working tluid that has suitable pressure-
temperature-volume chuaractenstios Fus is likely (e be an organic with a low boiling
point, such as i butane (2-methyl propane) CoH,, (normal boiling point at one atm
pressure: I°F, - 10°C), Freun 12 guormat builing point: = 21.6°F, = 29.8°C) (App
B). ammonia (App. C), vr propanc {App. D). The working fluid would operate at
higher pressures, corresponding to the source-water and heat-sink temperatures.

Figure 12-12 shows a schematic fiow diagram of a binary-cycle system. Hot water
or brine from the underground reseivoir cucelates through a heat exchanger and s
pumped back o the ground. lie Gic P22t eactunger it transfers its heat to the organic
fuid thus converting it (9 o superhear~a vapes (a5 used in a standard closed Renkine
cycle. The vapor drives the turbin. aad is condensed in a surface condenser; the
condensate is pumpe) ba:k ot Foos oxclaager, The condenser i§ cooled by water
from.a natural source, i avstist = . aliwgmwwet circulauon system. The blow-
down from the tower may be wiap. 1o the ground with the cooled brine. Makeup
of the cooling-tower water must ve provided, however,

In the binary cycle there are no problems of corrosion or scaling in the working
cycle components, such as the turbine and condenser. Such problems are confined
only to the well casing and the heat cachanger. The heat exchanger is a shell-and-
tube umt so that no contact between vrine and working fluid takes place.

The fiest binary « ele was wistalled in the Soviet Union on the Kamchatka peninsula
m 1967 It had a gross Ul.h,.ru- of 680 KW ugiig § low-lemperature water reservoir a!
BUCTLIO ) aiitd & vvcas 12 wu sewnminig i & he 1n-plany power consumption (pump-

* Warer i lower wnperature ranges is unsuitable for power production. It is however suitable for direct
utliratin for demestic and industnal process heating .
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Figure 12-12 Schematic of liguid-domimated binary-cycle system

ing, ete.) was 35 percent, the net output was 440 kW The first binary cvele to be
built in the United States is an 11-MW plant built by the Magma Company at East
Mesa, in the Imperial Valley site in California. The site has 1 potential of 10,000
MW, but a more conservative projection Is about 1500 MW, including a 260-MW
unit at East Mesa as well as others at Heber, Westmoreland, Brawley, and Salton
Sea.

The $14 million unit at East Mesa has production wells at depths of 5200 to 7500
ft (1585 to 2290 m) which receive 360°F (182°C) prcssurized brine o 11 shell-and-
tube heat exchangers. The heat exchangers are of the one-puss, counterflow type with
very long tubes and no baftles to minimize scaling. The brine leaves the heat exchangers
-at 180°F and is reinjected into the ground, The brine has 9000 to 10,000 ppm of
dissolved solids (mainly calcium chloride and salt), another reason for using a binary
cycle. The working fluid is isobutane. A parallcl loop using propane is provided.
Isobutane was chosen in preference to Freon-12, primarily because of its lower cost,
The Magma Company contracted with San Diego Gas and Electric Company 1o sell
it East Mesa power at 25 mill/kWh.

The circulating-water system used in the isobutane condenser ‘consists of wo
cooling ponds, one of which contains sprays used only at night to take advantage of
the cool night-air to cool the warm water. The cooled water goes to the other pond,
which has sufficient capacity for cooling the plant during daytime. «

A second U.S. binary-cycle plant is being built at Raft River, 1daho. It is a 10-
MW plant that usés water at 300°F (~150°C). A full zcale $122 miilion, 45-MW
demonstration plant is planned for construction at Heber in the Impenial Valley. It is
co-snonsored by EPRI, DOE, :mn Liego Gas and Electric Company, and various other
agencies. =
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12-8 LIQUID-DOMINATED SYSTEMS: TOTAL-FLOW CONCEPT

In the flashed-steam system, some useful energy is discarded with the separated brine
regardless of how many stages of separation are used, Thermodynamically, therefore,
direct expansion of the fluid from the well head to the condenser has the potential of
converting the preatest fraction of available cnergy in the fivid to mechanical work.
This means that the total well-head flow is to be expanded to the condenser pressure,
hence the name toral-flow concepr [114]. In principle this concept is simple, as can
be seen from the flow and T-5 disgrams of Figs. 12-13 and 12-14. Again, hot brine
from the well at 1 1s throtiled to 2, where it becomes a two-phase mixture of low
quality. Instead of separating the two phases at this point, the full flow is expanded
to 3, condensed to 4, and reinjected into the ground at 5. Comparing the 7-5 dragrams
of Figs. 12-9 and 12-14 shows that the_throttling process 1.3 that occurs in the flash
separator in the former is no longer necessary and that, considering equal pressures
at 2, the full available energy at 2 is used in the latter, while part of it is destroyed
in the former 2s a result of throuling. In addition the flow in the Aashed-steam turbine”
and hence the work per unil flow frem the well head is only a smell fraction, eqel
to the quality in the fiash separator, 1y, of the wtzl flow and work that wou'd ccous
*in the latter,

Flashed-steam svstems, 2~ for that matter vapor-dominated sysiems, rely on
axtal-flow multistage stwam turmnes cimilar to those used i conventional powerplanrs
except that they are designed tor mucis lower pressures, These turbines use relatively
clean higi-qualine or even superheared steam. The wial-flow concept, on the other
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Figure 12-13 Schemanc of a liquid-dominated total-flow i:umepl. <
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hand, requires the use of a mixed-phase expander powered by a two-phase mixture of
low quality (2, Fig 12-14). Such expanders must be able 10 overcome the losses
associated with the impingement of liquid droplets on blades (turbines operate less,
efficiently as the guahty decreases). They must also be able to withstand the corrosive
and erosive cifects of the significant quantties of dissolved sohds in the brine. Such
expanders have not yet been developed, although experinental and analytical work at
Lawrence Liveruore Laborutory, California, has taken place [113]

The consideraiions mentioned above point to an expander that is of simple and
clean design, with minimum contact surface and minimum number of moving parts,
It must also be easy to service and maintain and have long-lerm reliability. It appears
from these requirements and from a study of a variety of expanders, including impulse,
reaction, axial and radial flow, and positive displacement (helical screw and oscillating
vane), that an impulse, single-stage (De Laval) turbine would be most suitable, as it
has the advantage of mechanical simplicity and small size (although impulse staging
may work in some cases). Recall from Sec. 5-3 that in the De Laval turbine full
expansion of e well-head fluid from 2 to 3 would occur in a converging-diverging
nozzle that vonvens the fluid enthalpy drop to kinetic energy at the turbine back
pressure. The kinetic energy is then comcncd to mechanical work by the impulse
blading.

Problems to be solved before the total-flow mnccpl can be a commercial success
include brine management; inhibition of precipitation and scale; turbine ‘material se-
lection for maxinum crosion resistance; the handling of the condensate, which is in
the form of 2 lurry (sdlids in suspension rather than in solution in a liquid); and the
carryover into the coolant system. The condenser, Tor example, would be a modified
direct-contact barometric condenser (Sec. £ 2) designad 1 scpaiale thic vapor fraction
from the brine fraction to prevent fouling of the circulating-water system. No water
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makeup in the cooling tower iy required as that can be supphied from the condensed
iteam before reinjection into the ground.

Frour 12-15 shows the results of an anabytical companson of vanous hguid-
dominated systems. The curves indicate that the total-low concept produces the inghest
specinc pawer per umit mass-Aow rate at'the well head. The ealculutions were based
on the same condenser temperatures of 120°F, the same turbine efficiencies of 25
persent, and the same in-plant power requirements of 30 percent of the gross. [if-
ferences in these would naturally change the differences between the curves

122 PETROTHERMAL SYSTEMS

As indicated earlier (See. 12-3), petrothermal systems are those that are composed of
hot"dry rock (HDR) but no underground water. They represent by far the largest
geothermal resource available. The rock, occurring at moderate depths, has very low
permeability.and needs to be fractured to increase its heat-transfer surface.

The thermal energy of the HDR is extracted by pumping water (or other fiuid)
through a well that has been drilled to the lower part of the fractured rock. The water
maoves through the fractures, picking up heat. It then travels up a second well that has
becen drilled to the upper part of the rock and finally back to the surface. There, it 1y
used 1n 3 powerplent o produce clectricity.

A ledture o nix sehane s that. as the wservoir heat is depleted with time,
temnenatire ARrenCes i S 0k feauilin suesses that catse the original fractures
W propagate, thereby unlocking more HDR surface (0 the water and resulling in a
pancake-shaped Fracture zone.
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Figure 12-16 shows the petrothermal concept as investigated by the Los Alamos
Scientific Laboratory (LASL). It envisages a fracture zone in crystalline rock with
bottont pipe at about 7500 ft (2300 m) below the surface, water inat 1610 psia (111
bar) and 65°C (150°F) and out a1 2000 psia (138 bar) and 280°C (540°F), and sufficient
flow for a 150-MW heat exchanger. " '

It is believed that HDR systems offer more flexibility in operation and design than
other geothermal systems. For example, the designer can have a choice of water flow
rates and temperatures by drilling to varnous depths, and the operator can changé
pumping pressure and hence flow rales to suit load conditions.

Problems that are faced by developers include leakage of water (or other uid)
underground and the necessity of makeup-for it from resources above ground, the
effect of the water or fluid on rock composition, material carryover with the fluid, and
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cost. 1t should be noted that two wells are to be drilled instead of the one for hy-
drothermal encrgy and that these wells are drilled deeper and in much harder rock.
This 1s expected to make petrothermal exploitation very costly, unless the underground
rock being develeped is very hot

Many more studics on the mechanical, thermodynamic, and cconomic aspects of
petrothermal systens are necessary before commercial explontation becomes feasible.
So far (1982), LASL has drilled several test wells at a facility near Fenton Hill, New
Mexico. Based on these tests, consideration is being given 1o constructing a 40- to
50-MW plant for start-up, tentatively, in the late 1980s,

12-10 HYBRID GEOTHERMAL-FOSSIL SYSTEMS

The concept of hybnd geothermal-fossil-fuel systems utilizes the relatively low-tem-
perature heat of geothermal sources in the low-temperature end of a conventionai cycle
and the high-temperature heat from fossil-fuel combustion in the high-temperature end
of that cycle. The concept thus combines the high-cfficiency of a high-temperature
cvele with a natural source of heat for part of the heat addition. thus reducing the
consumption of the expensive und nonrenewable fossil Tuel

There are two possible arrangements tor ybnd plants [ 115] These are (1) geother-
mal preheat, suitable for low-temperature hquid-dominated systems, and (20 fosx
superhear, suitable for vapor-dominated and high-temperature liquid-dommated
lems,

Geothermai-Preheat Hydrid Systems

In these systems the low-temperature geothermal energy is used for feedwater heating
of an otherwise conventional fossil-fucled steam plant. Geothermal heat replaces sonze

or all, of the feedwater heaters, depending upon its temperature. A cycle operatin,

on this principle is illustrated in Fig. 12-17. As shown, geothermal heat heats the
feedwater throughout the low-temperature end prior to an open-type deaerating heate:
(oA) (Seo. 2-8). The DA is followed by a beiler feed purup and three closed-tyy«:
feedwater heaters with drains cascaded backward (Sec. 2-9). These receive heat frem
steam bled from higher-pressure stages of the turbine. No steam is bled from the lowe-
pressure stages because geothermal brine fulfills this function.

Fossil-Superheat Hybrid Systems

In these systems, the vapor-dominated stcam, or the “vapor obtained from a fiash
scparater in a high-temperature liquid-dominated system, is superheated i a fosci!-
fired qunarhaatar

Figures 12-18 and 12-19 show schematic flow and T-s diagrams of a sysfem
proposed in [115]. It comprises-a double-flash geothermal steam system. Steam pro-
duced at 4 in the first-stage flash separator is preheated from 4 to 5 in a regenerator
- by exhaust stcam from the high-pressure turbine at 7. It is then superheated by a fossil
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_ Figure 12-19 Tos diagram of cycle in
s Tag. 1248

Tuel~fired superheater to 6 and cxpands in the high-pressure wrbine to 7 at a pressure
near that of the second-stage steam separstor. It then enters the regencrator, leaves it
at 8, where it mies with the lower-pressure steam produced in the second-stage flash
separator at 15, and produces steam at 9, which expands in the lower-pressure turbine
to 10. The condensate at 11 15 pumped and reinjected into the ground at 12, The spent
brine from the second-stage evaporator is also reinjected into the ground at 16.

PROBLEMS ] =

. 12-1 Using a T-s disgram, (a) compare the range of lemperatures andlor steam qualities or superheats of
liquid-dununated and vapor-dominated hydrothermal systems at ground level, =ad (b} caleulate the range
of well mass flow rates necessary to produce o unit ary-sieam mass flow rale at turbine inlet. -
12-2°A geopressured well prosluces water at the surface at a tcmp‘craturc of JUFF, a salinity of 6 mass
percent of pure water. and a methane gas content of 25 i’ per barrel (LS. liquid) of water. The water
Now rate is 50,000 bbi'day. Calculate (a) the mass of solids to be remored, in pounds mass per day, (h)
the available thermal power in pure water. in Btus per hour and megawats, and (-} the available chemical
power, i Brus per hour and megawatts. Take waree specific heat = 1 Biwlb, - °R. and mathane higher
heating value = 23 560 Bru'lh. = B
12-3 A 250-MW vapor-dominated hydrothermal powerplant uses well steam that is saturated at 450 psi;
at shutoff. The steam o throttled 1o a turhine mlet pressureol 140 psia. A direct-contact condenser operates
al a pressure of 3 poas with 3 coaling-water inlel fempeiglune of 489 _'I-- torhine nalytropic efficiency 1s
080 =0 the murbine peneratar combined ey ! -:.....,.-. Cilimabing 12 V7L Canuidlc () Ihe scanm
imaas {Tow fate jn panmds maee e hgp () haenmidenter 2ot wig warer mass flow rate, in pounas mass
= per hour, (¢} the eycle thermal cfhum.) and heat m: in Bius per kilowait hour, and (d) the difference
between well fow and disposal flow, in puunds mass per hour, if the mn-lmg tower losses by cﬂpﬂr‘lliOﬂ
and drift arc 2 percem 2 a ?

ot g i
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12-4 A vapor-dominated hydrothermal field is capable of supplying 2500 kg/s of underground sicam at
215°C. The turhines operate with throttle pressures of 6 bar and have a polytropic efficiency of 0.8, The
turbine generators have a combined niechanical-clectrical efficiency of 0 875, The conderpers are of the
surface type (for H,S removal) and operate at 0.4 bar with cooling water at 26°C, and a terminal temperature
difference of 10°C. Determine (a) the total net capacity of the field, in megawatts, if the steam jet cjectors
use | pereent of the sicam, and the auxiliarics are cstimaied to consume 25 percent of the gross output, ()
the gross and net plant efficsencies and (c) the necessary total cooling water flow, in kilograms per second
and cubic meters per second

12-5 A = 50 MW twrbine receives hydrothermal sieam at 100 psia and 150°F and exhausts to a surface
condenser at § psia. The turbine polytropic efficiency is 80 percent. Estimate the mass of hydrogen sulfide
that can be removed from the cendenser, in pounds mass per hour.

12-6 Consider a hydrogen sulfide abatement method from hydrothermal steam upstream of the turbine,
Steam comes inlo the systemmat 100 psia and 3S0°F, passes through a heat exchanger lo reevaporate condensed
steam, and then 1o a second heat exchanger where it is cooled further, leaving as saturated condensate at
324°F. After H.S and other noncondensables are removed, the condensate flows back through the first heat
exchanger, where it evaporates (o saturated steam at 90 psia. This steam now expands isentropically in &
turbine to 5 psia. Draw the flow diagram of the system and calculate (a) the heat transferred in the two
hear eachangers, in Brus per pound mass, and () the loss in isentropic work due 1o this process, in Brus
per pound mass.

12-7 A liquid-daminu=] geotserma! plant with a single Nash separator receives water at 400°F, The
separator pressure is 130 psiz A dircet-contict condenser operates at § psia. The turbine has a polytropic
cfficiency of 0 75, For » cycle outpat of 10 MW, find (ar the steam mass flow rate, in, pounds mass per
hour. (b) the well water mass flow rate, in pounds mass per hour, ic) the reinjected brine mass flow rate,
In pounds mass per hour, () the cycle efficiency, and (e) the cooling water mass flow rare if such water
15 available at 80°F . lenore the pump work

12-8 A Jiguid-do ted geolttermal plant with double fash separators receives waler at 440°F. The
pressures in the separators a2 150 and 80 psia. A direct contact condenser operates at § psia The (wo
turbine sections have polytropic efficiencies of 0.75. For a cycle output of 10 MW calculate, (a) the high-
and low-pressurs sicom mass How rates, in pounds mass per hour, (b the well water mass flow rate. in
Founds mass per o, ) the reiected brine mass flow rate, in pounds mass per hour, and (d) the cycle
efficiency. Compare ihwese answers with those of Prob, 12.7, which has the same data but a single flash
system. Ignore the pung wesk

2-9 A geothermal plant wscs a liquid-dominated heat source and & binary cycle. 5 % 10° Ibh of
undergound brine enter 3 shell-and-tube heat exchanger at 280°F and leave at 110°F 1o be reinjected into
the ground. The working fluid, Freon-12, leaves the heat exchanger as saturated vapor at 230°F. It expands
in @ turbine that has a polytropic efficiency of 0.70 1o a surface condenser at 128.24 psia. The mechanical-
electrical efficicncy of the turb'=c-generator is 0.9. The condensare pump has.a polytrupic efficiency nf
0.65. Calculate (a) tne Freca- 12 233 flow rate, in pounds mass per hour, (b) the plant power, in megawats,
and (¢) the plant efficiency and heat rate, in Bius per kilowatt-hour. i
12-10 A 10-MW binary cycle geothermal powerplant uses ammonia as working fluid. Brine from the ground
enters and leaves the vapor generator at 320°F and 120°F, respectively. Ammonia vapor is generated at
200 psia and J00°F and expands in the turbine to 120 psia with a polytropic efficiéncy of 0.72. Calculate
(e} the turbine and net ovele work, in Btus per pounds mass of NHy, (b) the mass flow rate of ammonia,
in pounds mass per hour, if ihe combined mechanical-clectrical efficiency of the wbine generator is 0 80,
(e} the mass flow rate of undergiound water, in pounds mass per hour, and (d) the cycle cfficiency.
12-11 A hot-water gentheimat p'ant of the total-flow type receives water al 440°F, The pressure at (urbine
inlet is 150 psiz. The ple=® wers 3 direci contact condenser that operates at 5.0 psia. The turbine has a
kY MUPI CiliLiicy b U3, 1Or & €yCle Net ouIpuL w1 LG v, walulale (uy the hot water flow, 1n pounds
mass per hour, (#) wie coadenser cooling water flow, in pounds miass per nuar, if such water is available
at B0°F, and (c) the cycle efficiency Ignore tne pump work.

12-12 A hybrid geothermal-fossil powerplant of the type shown schematically in Fig. 12-18 receives.
underground water at 440°F. The pressures in the separators are 150 and 80 psia. A direct-contact condenser
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operates at § piia The regenerator i 80 percent cffectne The high pressure steam iv supetheated 1 the
fosul fired superheater 1o SOO°F. Bevause of operations with superheated steam. the high- and low pressure
tartine sections have polytropic clbiciencies of 0 85 and 0 83, reapectively. For a cycle output of 10 MW,
caleulate fa) the well water mass flow rate. in pounds mass per hour, (h) the high- and Jow-pressire steam
maw fow rates, in pounds mass per hour, (¢) the heat added 0 the superhicater, in Brus per hour, and ()
the ¢acle efficiency . lgnwre the pump work
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