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Chapter 1

NUCLEAR POWER PROSPECTS *

There seems to have been general agreement among those attending the
International Conference on the Peaceful Uses of Atomic Energy in August

- 1955 that world requirements for energy are going to increase as fast during

VAN

the next fifty years as they have during the last, if not faster, and that nuclear
energy, representing a new source of power, will be developed and harnessed
to assume a significant role in meeting these world energy requirements.
There is also general agreement that the most important peaceful role of
nuclear energy will be that of a source of heat for generating steam to drive

rconvent,ion'al turbogenerators. The nuclear reactor—the machine for convert-

ing nuclear energy to heat—is therefore the heart of the application of atomie
energy to power production, and the development of the reactor is the subject
of this volume. The problems of developing practical power reactors have
received and are receiving a great deal of attention throughout the world.
This effort was reported at Geneva by many workers, and the present volume
attempts to include or refer to the more significant of their papers.

To a large extent the publicity given the atom, based on its importance in
international affairs, has tended to slight the many and very difficult problems
of developing economic power reactors; such publicity has also tended to
overstress the immediate, and perhaps ultimate, role of the atom in national
and international economics.

The development of atomic power reactors is in a very early stage, and
while its prospects have been given a great deal of publicity as a practical
source of power, virtually no electric power has yet been produced by nuclear
fission. Furthermore, because of the magnitude of the technical and economic
problems yet to be solved, it is unlikely that any significant amount of power
will be produced from this source within the next four or five years.

World power requirements. The United Nations organization has reported
on world use of large quantities of energy derived from various sources, and

* Chapter 1 was prepared by the volume editor and is generally based on the Geneva

Conference papers listed at the end of the chapter.
3



TORS

1

7

NUCLEAR POWER REAC(

' "Jua[8AINDY
£410WI0 ANoY Memsiowr uoljpiul puesnoyy m sandiy '7egy ur £3mus Spuom 9yl Jo wmoyezyun pue wdug 11 v

1'G 240 ‘Spjoyssnoy L) esn uj 307

\ 8'2 1904

#'0 Jemog
‘013 "$4T0HISNOH

1’9 ioey
01 Asewonsig 25 1on
I't swqom 90 semog
'z macq AMLSNON)
90 NOILVLHOJSNVYL
$TW0L
S

o Ausapu vy osa U 807

I't 40} POIUNIID 10U 10 PAIIS

9'C UOMISAUDD DUD Buiesedrdd (80 W

r €0 38NIINIWOY

e

[NOUVZMILN 3AILD3343]

P UoHIOdSUDIL U} B8R V) IS0}

2°0 nyn20380 uj etn vy 1907

»

twesos o pussiea; oy [T
s

AN

90 10m0d 2N

1DMIIBYE UORDIS 10U L8)

WEN JONE-UOU D} PALISAIP 10 j30)

o21 Vol

2 ®'t IW3d ONV JAmON

'L *013 ‘WN3T0UL3

£2 5¥9 IVanLYR
9% 873Nd W1I303IA

YO ALIDIWLIZTIOUOAN

- N
10 UOISSIWBUDS)
vy isor Kpoyaoe3

QLT-n Wb $00

08 1o10ken g 50 20 By 062

wh umse cw CPe

wesrd Jinitu s wspaed by S0
100¢ 8¢ ooz

ey 8y 00P

1002 by Q24

SINTIVANOT T3NS LYAIXONSdY

N pomoBsw §

<

'O ABivue wouuy

103 8y 000'098
g oQg2iv'e
M s 00GROOGY
N ay 0008

SANIIVANDY ADUIND

13 -1



NUCLEAR POWER PROSPECTS il

for various purposes, as shewn! in Fig. 1.1 The data shown here reflect all
sources and uses of energy, not just for power alone.

The warld’s requirement for energy has mereased from about 1000 million
megawatt hours equivalent of electricity in 1860 to more than 23,000 million
MW hr equivalent of electricity in 1953, as shown ? in Fig. 1.2. This require-
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Fie. 1.2. World production of commerecial soufpes of energy, 1860-1953.

ment i8 expected to increase at the rate of 4% to 6% per annum, from s

“total of 10.2 million MW hr of electricity equivalent in 1952 to 27 million
MW hr of electricity equivalent in 1975, and 84 million MW hr of electricity
equivalent in the year 2000. :

A corresponding inerease, though perhaps smaller because of improvements
in efficiency of utilization, would be reflected in the production of energy, so
that while “the requirements of useful energy may be three times as large in
1975 as they were in 1952, and eight times as large in the year 2000 as they
were in 1952, fuel supplies will probably need to increase at & rate of only
about 3%59% per annum to keep pace with requirements.” *

! Numbera refer to the list of references at the end of the chapter.
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All countries anticipate an increasingly large demand for energy from all
sources, and many of these were reported at Geneva. As Mr. G. H. Daniel of
the British Ministry of Fuel and Power pointed out ? in his discussion, “The
Energy Requirements of the United Kingdom,” the growth in demand for
electricity is rapidly outstripping that which can be economically furnished
by coal and other available sources, so that the discovery and development
of nuclear power ‘“is timely, if not providential.” As further noted by Mr.
Daniel, growing difficulties of extracting coal and the prospect of ultimate
depletion of oil reserves make it necessary for the British to find means by
whieh nuclear power can be harnessed as a source of energy.

In Canada it is envisioned that economic nuclear power from 100,000-kw
or larger stations may be required in the late 1960’s or early 1970’s in specific
areas in which the demand for power is rapidly outstripping available re-
sources. J. Davis of the Canadian Department of Trade and Commerce,
reporting on forecasts of regional power requirements in Canada, notes ® that
such large nuclear plants will be economic only for base load use, and the
consequent, tendency will be to defer their construction until “substantial im-
provements in design paid for by others” will have been realized. He also
notes the possible use of 2000- to 3000-kw nuclear plants in far northern areas
in which they would furnish power more economically than diesel engines, and
the adaptation of nuclear plants of intermediate size to specific requirements
of individual industries, such as the pulp and paper industry.

Nuclear energy is an extremely concentrated form of energy and thus is
very mobile. This mobility of nuclear fuels, compared with that of conven-
tional sources of energy, will be a factor in hastening the development of
atomic power production, according to Walker L. Cisler, in spite of the
obvipus problems confronting it. He believes it will take two to three “gen-
erations” of reactors to develop sufficient technical proficiency to produce
power at a cost low enough to be competitive, and that it may be fifty years
before nuclear energy can contribute significantly to meeting new fuel require-
ments in any part of the world. He points out that lack of technical devel-
opment and capital, as well as social and economic considerations, may retard
the development of atomic power in countries in which it might compete
economically with conventional power at an early stage.

The role of nuclear power. Although it is agreed that atomic energy is
most apt to find practical applications in the generation of electric power, it
is difficult to predict the exact role that nuclear power will play. While many
predictions are available,»®®7 it appears only safe at this stage of develop-
ment to describe the limiting effects that nuclear energy may have on an
over-all economy, as Mr. Philip Sporn has done® in discussing the role of
nuclear energy in the United States. He does, however, say firmly that “the
addition of nuclear power to the energy supply of the United States will assure
the continuation of the availability of ample supplizs of energy . = . without
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any fear that at some stage whenthe supply of fossil fuels begins to diminish,
a material disruption in economic development will result from the unavaila-
bility of an adequate supply of energy.”

The role that nuclear power will play in meeting world power needs will
depend on many factors. The principal factor will probably be the ability of
man to cooperate in the labors of harnessing its benign uses in the face of its
50 obviously and devastatingly malevolent ones. Other major factors gov-
erning the ultimate role of nuclear power are its economic development and
the availability of sufficient amounts of nuclear fuel.

Development of economic nuclear power. Although this volume is largely
devoted to technological descriptions of the various types of power-producing
reactors, something should be said here about the size of the market for
nuclear power. This appears to depend largely on reducing its cost to a point
at which it is competitive with conventional power. In the United States,
where the cost of conventional power is relatively low, it would seem that a
longer period would be required. However, other important factors are in-
volved, such &s national prestige, special regional requirements, size limita-
tions, and so on. ’

In discussiffg * the economic potential of nuelear energy, Dr. Karl M. Mayer
provides a regional analysis of the United States market for nuclear energy,
based upen economic considerations only. He states, “If nuclear power could
be generated for 7 mills per kw hr in 1855, and if advantage were taken of
every economic opportunity to install a nuclear power plant, then by 1975
one could expect about 100 X 10° kw hr, or about 6% of the United States elec-
tric power output, to be generated by nuclear reactors. If the cost of genera-
tion could be reduced by one mill, to six mills per kw hr, then the market
potential for nuclear energy in the power industry would double.”

The United States government has adopted a program of subsidizing the
development of several different reactor types and sizes through laboratory
work and experimental reactor projects, as described by U. M, Staebler® A
major objective of the program has been to stimulate the ingenuity and
imagination of American industry and thereby hasten the day when reactor
 power plant development will be taken over by industry.

The original emphasis of the program—to a large extemt that described at
Geneva-—was on the reduction of cost or investment in the reactor plant. The
importance of reactor plant system costs, including especially the fuel costs,
is now being recognized, and inereasingly larger efforts are being devoted to
finding ways of lowering these opérating costs. The significance of some of
these over-all system cost factors, including the eredits for plutonium pro-
duced, is noted by J. A. Jukes of the United Kingdom Atomic Energy Au-
thority * and in other discussions, some of which are included in Chapter 2
of this volume.

Not only is it important to consider the costs of the various elements of the
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over-all nuclear plant, but special care must be taken to select a reasonable
and consistent mcthod of determining the elements of power costs, if realistic
comparisons are to be made of puclear and conventional power costs 12

Although many feel that the most important applications of atomic power
will be in small power plants (less than 75,000 kw of electricily) in isolated
or near-isolated areas of the world, this application received no special atten-
tion at Geneva. Representatives of several countries outlined their projected
power requirements, but failed in most cases to state cost ranges which might
éxist and the economic conditions likely to be imposed. Mr. Samuel B. Morris
noted ** that in the United States the increasing price and the shortage of
diesel oils underline the importance of intensifying development work on these
small reactors. However, it has also been noted in highly developed countries
that increasingly larger uses of electric energy have encouraged the creation of
large power networks connected with large power stations.

Availability of nuclear fuels.* There appears to be plenty of source ma-
terials—uranium and thorium--available in the earth’s erust to satisfy the
requiréments of a large number of puwer-producing reactors. Jesse C. John-
son states ™ that “the world’s energy resources in the form of nuclear fuels
far exceed those of all other types of fuel. There are adequate resources of
uranium and thorium for a long-range expanding world power program.” He
estimates that between 1 and 2 million tons of uranium reserves exist in the
producing nations of the West which can be extracted “at an average cost of
about $10 a pound for UsOs in a high-grade concentrate.” An additional
several million tons of uranium can be obtained in both the intermediate
cost range—$10 to $30 per pound of oxide—and the cost range of $30 to $50
per pound of oxide, at present considered high, if the costs of extraction can
be justified.

Dr. J. V. Dunworth estimates ** the quantities of thorium which may be
required both for inventory and for the annual make-up in operating plants.
Inventory requirements, although small, are large in comparison to those for
annugl make-up. The quantities of thorium required will remain small for
some years, because thorium cannot be used without large and unavailable
quantities of fissionable materials such as urahium 235 and 233.

REeFERENCES FOR CHAPTER 1

1. Geneva Conference Paper 902, “World Energy Requirements in 1975 and 2000,”
prepared by the United Nations.
. 2. Geneva Conference Paper 388, “The Energy Requirements of the United King-
dom” by G. H. Daniel of the United Kingdom.

* For a more complete discussion of the raw materials situation, see Exploration for
Nuclear Raw Materials, edited by R. D. Nininger, D Van Nostrand Company, Inc., Prince-
ton, N. J., 1956.
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. Geneva Conference Paper 863, “The Role Which Nuclear Energy Can Play as an
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United States. -
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United Kingdom. ‘ :
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Geneva Conference Paper 867, “The Possible Role of Thorium in Nuclear Energy”
by J. V. Dunworth of the United Kingdom.



Chapter 2

NUCLEAR FUEL CYCLES AND REACTOR TYPES *

Developing nuclear power and developing power from fossil hydrocarbon
fuel have in common a variety of possible fuels, & variety of devices in which
they can be burned, and a variety of uses to which the energy can be put. In
the case of nuclear fuels, both the raw materials, thorium and uranium, will
be used; questions of relative advantage will be settled by experience. Because
the nuclear fuels are so much less bulky than fossil fuels, it is unlikely in the
long run that one fuel will prevail over another simply because of local availa-
bility. In the initial period, since a start must be made somewhere, it is
worthwhile to compare the two nuclear raw materials. This comparison will
be based on the nuclear characteristics and on ‘the implied engineering char-
acteristics of systems based on uranium and on thorium.

For countries which possess no diffusion plant facilities for re-enriching
slightly used fuel, the problem of which system to start with is automatically
answered: natural uranium must be the raw material. But this is & temporary
situation. The plutonium produced in the natural-uranium reactor will be
burned in enriched-fuel reactors, and it soon becomes a question whether to
use the excess neutrons to manufacture U-233 or to manufacture more Pu-239.

The total amount of thorium in the lithosphere seems to be three times
as great as the total amount of uranium.! Thorium exists only in the 44
valence state; almost all of its salts are insoluble. Uranium is ordinarily oxi-
dized to the generally more soluble U+. As a result, relatively little of the
earth’s thorium has been leached out of the original igneous rocks, while larger
amounts of U+ have been washed out of these rocks. Thus, although there
may be more thorium on earth, there is some informed opinion that workable
deposits of thorium may be less common than workable deposits of uranium.

The average thorium content of the lithosphere is estimated to be 10 grams

* The section “Additiopal Comments on the Plutonium-Uranium Cycle” is taken from
Geneva Conference Paper 403, “Fuel Cycles and Types of Reactors” by J, V. Dunworth
of the United Kingdom. All other materiai in this chapter is from Paper 862, “Survey of
"Fuel Cycles and Reactor Types” by A. M. Weinberg of the United States.

10
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per ton. The electrical energy content of 10 grams of thorium at 25% thermal
efficiency, acd assuming complete burning, is about 60,000 kw hr. If the
allowable fuel cost, exclusive of chemical processing, is 1 mili per kw hr, then
the thorium In each ton of rock would be worth $60, while the uranium is

worth $20!
. ) NucLEAR CONSIDERATIONS

Neutron economy-——i.e., conversion efficiency from one fissionable isotope
into another—is hmportant for both the highly enriched brecders and the
slightly enriched or unenriched converters. The importance of neutron econ-
omy in the breeders is obvious. In the converters, especially the heterogeneous
converters, the main economic question centers around fuel burn-up: How
long can the fuel element run without requiring reprocessing? It is ususlly
considered that economy requires 0.3% of all the atoms in the fuel element
to be burned before reprocessing; this amounts to a fuel cost of about 1 mill
per kw hr if fabricated fuel costs $25 per kg. As the reactor converts one
kind of fissionable material into another, its reactivity may rise or fall de-
pending on a sensitive balance between the nuclear properties of the various
fissionable isotopes and the fission product poisons. A

Number of neutrons produced in neutron reactions. The most important
nuclear quantities in determining the long-term usefulness of a nuclear fuel
are v, the number of neutrons per fission, and 5, the number of neutrons pro-
duced per ncutron absorbed. The values of », 3, and « (the ratio of capture to
fission) at thermal energy and high energies for the fissionable isotopes are
summarized in Table 2.1. It is seen that the non-fission :apture probability
decreases as energy increases, but that it does not become extresnely smali in

a TABLE 2.1, VALUES OF », 4, AND a *
Quantity U-233 U-235 Pu-239
v 2.54 2.46 2.88
7 (thermal) 2.31 2.08 2.03
e =o;/or = (v/n) =1
(thermal) 0.098 0.184 0.42
« (100 ev) ~0.52 ~0.72
« (1000 ev) ~A) .48 ~4.60
a (10,000 ev) ~0.35 ~0.43
« (100,000 ev) ~0.13 ~0.18
« (500,000 ev) 50.1 ’50. 1

* The values of « are taken from boron filter measurements done at Knolls Atomic Power
Laboratory, with theoretical interpolation 10¢ and 2 X 10° ev.
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either U 237 1 Puoannih abour 50 10 velts At this energy v and 4 are
almost equal.

Of the fisstonable otope~, Pu 1= seen to have the highest + but the lowest
therinal 4, UV-233 o lower » but the highest thermat 4. Since the theoretical
breeding sain i v - 2. the table shows that the U-233-Th evele 1= the better
~ possibility for thermal breeding. while the Pu-239-U cycle is the better possi-
bility for fa-t neurnron breeding.  Relatively little neutron ceonomy wlvantage
is to be gained in going to a fast breeder in the 17-233-Th evele: mueh more
is gained in the Pu-230-U cyele.

What has been ~aid so far ignores the possibility of fast fission contribu-
tions in T-2358 and TW-232. The fast effect in the U-238 system with fission
neutrous is estimated to be about five times as large as in the thorium system.
In a heterogeneous, very closely packed lattice of natural or slightly enriched
uranium it is estiniuted that this might inerease by as much as 109 the ef-
fective number of ncutrons produced per Pu-239 or U-235 atom destroyed;
in the corresponding U-233-Th system this would be only about 2¢7. Thus
for very closely packed heterogeneous systems the neutron economy of the
Pu-239-U-238 system may be about as good as in the U-233-Th system.

The sttuation is less clear in the resonance region. It is seen there that
the »(Pu-2391 drops disastrously immediately above thermal energy, and
that even as high as 100 kev it is still significantly below the very fast neutron
value of ~2.88 ILess is known about U-233; the initial measurements show
(2331 to be pretly constant imimediately above thermal energy.

The energy referred to is of course the neutron energy; in a thermal, mod-
erated reactor this would mean essentially the temperature of the moderator.
In a reactor like the Pressurized Water Reactor or the Aqueous Homogeneous
Reactor in which the moderator runs at 250°C, the value of 4(Pu-239) will
have dropped well below 2; thus even with a high fast effect the likelihood
of achieving a self-sustaining breeding cyele in such a systemr appears remote.
Ot course this might be improved, at the expense of engineering complication,
fw separating the mioderator and cooling water. If the moderator were kept
cool, the neutron temperature might be low enough to allow a relatively high
n in the U-238-Pu system.

FisstoNn Pronuct PoisoNiNG

The economics of all power-breeder reactors is very strongly influenced by
the frequency of chemical recyveling. In heterogeneous reactors this may well
be determined by radiation damage to fuel elements. Should fuel elements be
developed which can sustain very high burn-ups, then the limiting factor
becomes the peutron loss to the fission products and to the higher isotopes.
The fission produet losses in the resonance, {ast, and thermal regions and to
the higher sotopes like Pa-233 or Pu-240 will be discussed separately.
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Resonance region, T, P, Wigner has made the following estimate of the
poisoning due to fission products in the resonance region. On the assumption
that the reduced ncutron width is proportional to the level spacing, it is pos-
sible to arrive at a definite expression for the average absorption cross section
of a nucleus in the non-thermal region. If we measure the energy E, the radia-
tion width I, and the level distance D in electron volts, the average capture
cross section in barns becomes:

. AWE
1800f T (1 E) W

T VET + 14 X 100DVE 107

where f is the ratio between reduced neutron width T',/A/E and level spacing;
ie., To/(DVE) = 4.4 X 107%, and 4 is the mass number. The A% term in
(1) takes care, approximately, of the higher angular momenta. A similar for-%
mula should hold for the fission cross section with the fission width Ty replac-
ing T',. '

Recent duta ® show that for nuelei in the light fragment group, f lies be-
tween .05 and 0.2; for the heavy fragments f is about twice as large, although
the fluctuations in f are quite’irregular. The radiation width is about 0.15
volt for the light fission fragments, about 0.1 volt for the heavy ones. These
values are still uncertain by at least 509% ; nevertheless they may be used to
indicate the general character of the fission produet poisoning.

According to (1) the average cross section is first proportional to 1/v/E and
should, in this region, have nearly the same value for evéry element. At a
higher energy, when the second term in the denominator be¢omes larger than
the first, the cross section should decrease as 1/E; finally at very high energy
(1 Mev) the average absorption cross section approaches the constant value

" ¢~ 04A4%T,/D ‘ @)

-

The fission width is considerably greater than the radiation width; for this

" reason the fission cross section does not show the same strong 1/E high-reso-

nance region dependence.

The 1/E dependence of the fission product absorption sets in where I', and
the neutron width, T, = 4.4 X 107*D~/E, become equal. For the light frag-
ments (for which 1) ~ 100 ev) this would occur at about 400 ev, while for the

sheavy fragments (D ~ 10 ev) this occurs around 3000 ev. Of course these

values are very rough, especially since many of the fission products are magic
or near-magic nuclei; for these /) is larger, and the 1/E region sets in at even
lower values. Nevertheless, this crude caleulation indicates that fission prod-
uct poisoning in a resonance reactor is less important above a few kilovolts
than below this energy.
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Unfortunately the available information on » in thix low-resonance region
is not very encouraging. Experiments summarized in Table 2.1 show that
7 in Pu-239 probably does not exceed 2 at around 10 kilovolts and is signifi-
cantly less than 2 below 10 kilovolts.

Calculations of the average cross sections of light (A = 100) and heavy
(A = 140) fission products, based on (1) are summarized in Table 2.2, The
column labeled ¢, (U-235) is an average value of the fission cross section of
U-235 at the indicated energy. The last column is the ratio of the sum of
light and heavy fission product cross sections computed by (1) to the fission
cross section of U-235. It is this ratio which 18 a measure of the seriousness
of the fission product poisoning in a resonance reactor.

TABLE 2.2. AVERAGE RESONANCE CAPTURE CROSS SECTIONS

E B, (A = 100) | 8. (A = 140) | 7, (U-235) [[da(d = 100) + 7z (4 = 140)]
(ev) (barns) (barns) (barns) Fr (U-23b)

10% 20 60 25 3.2

108 3.7 14 7 2.6

104 0.5 2.6 3.8 0.8

106 0.07 0.4 1.8 0.26

108 0.019 0.14 1.3 0.12

Parameters: For 4 = 100: f = 0.17, T, = 0.15 ev, D = 100 ev.
For A = 140:f = 0.4, T, = 0.10 ev, D = 10 ev.

The resonance poisoning according to Table 2.2 is very serious below 10 kev.
For example, at 10 kev if 10% of the fuel is burned, the fission products poison
cross section would amount to 8% of the fuel cross section. Thus the outlook
. for a high burn-up resonance reactor, to say nothing of a resonance breeder,
is fairly poor unless the fission products are removed rapidly or the spectrum
is kept high.

The situation is better above 10 kev: here the 1/E, rather than 1/VE, fission
product cross section variation is well established, while the fission cross section
falls much more slowly. Thus at 10° ev.the fission product poisons are only
one-third as important as they are at 104 ev.

It should be stressed that the above estimates are based on average paramE-
ters in which there is considerable uncertainty. For example, the data are also
consistent with a value of f for the light fragments only one-half the value usedg
here. This would make the light fragment poisoning less important, but: since
the heavy fragments cause most of the poisoning anyhow, this does not change
our general conclusions.

Fast region. In the very fast region the asymptotic formula (2) gives for
the light fission product absorption cross sections about 12 mb and about



