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Nuclear energy is playing a vital role in
the life of every man; woman, and child in the
United States today. In the years ahead it will
affect increasingly all the peoples of the earth.
It is essential that all Americans gain an
understanding of this vital force if they are to
discharge thoughtfully their responsibilities as
citizens and if they are to realize fully the
myriad benefits that nuclear energy offers

them.

The United States Atomic Energy Com-
_mission provides this booklet to help you
achieve such understanding.
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Nuclear Reactors -

Introduction

The discovery of nuclear fission, announced by the German
seicntists, Otto Hahn and PFritz Strassmann, in Jannary 1939, set the
stage for the era of atomic energy development. But the real beginning
came 3 years later when a gronp of scientists led by Enrico Fermi
demonstrated that a selfsustaining fission chain reaction could be
achieved and, more important, could be controlled.

Fermi’s operation of the first nuclear reactor began at 3:25 p.m. on
December 2, 1942, in an improvised laboratory beneath the stadium at
the University of Chicago. By today’s standards it was a fairly crude
apparatus—essentially an assembly of uranium and graphite bricks
abont 24% feet on aside and 19 feet high. The method of.assembly,
which was simply to place one brick on top of another, gave risc to the
name “atomic pile”’; “nuclear reactor” is now the preferred term.*

Seseral hundred nuclear reactors have been placed in operation in
the United States since then. Later we will disenss the various ways in
which reactors are being used and examine the major development
programs. Before we do this we shonld first discuss general reactor
principles,

*See The First Reactor, another bookict in this scrics.
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The first of two 60-foot-high steam generators (left) rests on its
pedestal. On the right, the reactor vessel is lowered into place at the
Palisades Nuclear Power Station at South Haven, Michigan. This

light-water reactor will have a net capacity of 700,000 kilowatts of
electricity.
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How Reactors Work

The best place to start is with the fission reaction itself. In this
reaction the center, or nucleus, of certain atoms, upon being struck by
a subatomic particle called a neutron, splits into two radioactive
fragments called fission produets. These fly apart at great speed and
generate heat as they collide with surrounding matter. The splitting of
an atomic nucleus is accompauied by the emission of gamma radiation,
similar to X rays, and by the release of two or three additional
neutrons. The released neutrons may in turn strike other nuclei, causing
further fissions, and so on. When this process continues we have what is
known as a chain reaction.*

Fission
/ fragment
N
ucleus / _ »0
//
O— —_——— 0 Free
Neution ~ - neutrons
\ =0
\
\ -
Fission
fragment

A fission reaction.

A nuclear reactor is simply a device for starting and controlling a
self-sustaining fission chain reaction. For reasons that will become
evident, it could as well be called a “neutron machine™.

Nuclear reactors are used in several ways:

1. To supply intense fields or beams of neutrons for scientific

expertments.
. 'To produce new elements or materials by neutron irradiation.
3.To furnish heat for clectric power generation, propulsion,
industsial processes, or other applications.

2

The basic parts of a nuclear reactor are:

1. A core of fuel.

2. A neutron moderator, which is a material that aids the fission
process by slowing down the neutrons.

*For basic atomic science, sce Our Atomic World, a companion booklet in
this series.
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Vertical eross section of a pressurized-water nuclear reactor.

3.\ means of regulating the number of free neutrons and therehy
controlling the rate of fission.

. . .
‘. \eoolant. whieh removes the heat generated in the core.
5. Radiation shielding.

The Fuel The essential ingredient of reactor fuel is a fissionable
material that is. a substanee that readily breaks apart (or fissions) when
struck by neutrons. The only naturally occurring substance fissionable
by slow neutrong is uranium-235. an isotope of uranium constituting
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less than 1% (actually 0.71%) of uwranium as it is found in nature.
Almost all the rest of the patural element is uranium-238, which is
called a fertile material beeause it can be comverted into a fissionable
substanee -namely, plutouium, This oecurs when uranium-238 is
irradiated by neutrons.*

Reactor fuel wsually contains @ mixtare of fissionable and fertile
materials. As the fuel is irradiated in the course of reactor operation,
atoni of the fissionable material are consumed. at the same time, new
fissionable atoms are formed from the fertile material. The ratio of new
fissionable atoms consumed to new fissionable atoms formed depends
on the design of the reactor. Itis pussible to achieve a small net gain of
fisstonable materials in a breeder reactor, but almost all present-day
reactors operate with @ net loss of fissionable material. Incidentally, in
producing more fissionable material than it consumes, a breeder reactor
does not qualify as a magical machine, Breeding is simply a way, over a
ong period of time, of efficiently comverting fertile materials to
fissionable materials, thereby assuring good nse of our nuclear fucl

resources.

Pellets of uraniwm dioxide that
will - be fabricated mto juel as-
semblies. When these assemblies
are placed in the core of a
nuclear reactor, each pellet can
produce as much energy as more
than a ton of coal.

The pereentage of fissionable atoms in the fuel mixture is au
important factor because it affects the physical size of the reactor. The
richer the fucl is in fissionable atoms, the more compact the reactor can
be. There are practical limits to this but we are not coneerned with
them here. Some reactors are fueled with natural yranium in which, as
was noted above. the concentration of fissionable atoms is less than 1%.

*Similarly, another fissionable substance, uraninm-233, can be produced by
ueutron irradiation of the element thorium. ‘Fhere are thus three basic fissionable
materials (uramum-235, plutoniian, and uranium-233) and two fertile materials
(uraninm-238 and thorium).




Some reactors use slightly enriched uranium. some, especially those
designed for propulsion applications, where compactness is especially
important. use highly enriched uranium.*

Another important aspeet of reactor fuel is the physical form in
which it is wsed. Some reactors use a fluid fuel, such as an aqueons
solmtion of enriched wranium. But in the main the fuel is a
solid- -either metallic uraninm or a ceramic such as vranium oxide, The

solid fuel material is fabricated into varions small shapes—plates,

pellets, pins, ete. which are wsually clustered together in assemblies
called fuel elements, A reactor core may contaitt from tens to hundreds
of these fuel assemblies held in a fised geometrical pattern by means of
erid plates.

Lowermg a fuel assembly mto
areactor core,

*Enriched uranium, ranging in fissionable content from 1% on up to 90% or
more, is oblained by putting the natural ele.nent through an wotope-separation
process.
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The containment vessel of the Vermont Yankee Plant during construc-
tion at Vernwon, Vermont.
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Almoxt all solid Tuel elements incorporate what is known as fuel
cladding. This takes the form ol a4 protective coating or sheath that
prevents direct contact between the Tuel material and the reactor
coolant and dlso serves as part of the structure of the fuel element.
Zicconium alloy s are commonly used as cladding materials in power
reactors. dlwminum iz generally used inreseareh reactors,®

The Moderator Neutrons liberated fn a chain reaction travel at first
at very high speeds. They lose speed as they collide elastically with
surrounding matter in the reactor core. This loss of speed is desirable
becanse slow-moving neutrons are more effective in triggesing fission
than are fast neutrons. But if very many collisions are imvolved, an
individual nevtron runs considerable risk of humping into an atom that
will absorh it wnproductively. (Fission products, for example, readily
absorh neutrons.) What is needed. therefore, is a material that has the
ability to dow down neutrons quickly and whicl, at the same ume, has
little tendeney  to absorb neutrons, Suelt 2 material s called 2
maoderator,

Nentrons have a mass approximately the same as that of ahy drogen
atom: therefore materials containing 4 concentration of hydrogen or
other lightweight atowms are the most effective moderators.® Materals
used for this purpose include ordinary water, heavy water.d graphite,
beryvllium, and certain organie compounds.

It is obvious that the moderator should be well distributed within
the Tuel zone. In some reactors this is accomplished by the spacing of
the fuel elements. in others the fuel and moderator materials are
intimately mixed together.

It should be added that reactors using highly enriched fuel in a
concentrated array are capable of operating with fast acutrons and
therefore do not require a moderator. Such systems are known as fast
reactors,

The Control System Most nuclear reactors are controlled by
regulating the

*‘population” of neutrons in the core. This is done with

“For more information about atomie fuel, see Atomic Fuel and Sources of
Auclear Fuel, two companion booklets in this series.

+To nnderstand the reason for this it is only necessary to magine trying to
use a bowling ball to slow down a ping-pong ball.

FHeavy water is water that contains significantly more than the natural
proportion (one in 6500) of heavy hydrogen (deuterium) atows to ordinary
hydrogen atoms, Heavy water is used as a moderator in some reactors beeause st
slow s down neutrons effectvely and also has a low cross section for absorption of
neutrons, For definitions of other unfamiliar words see Nuclear Terms, A Brief
Glossary, another boohlet in this series.
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control “poisons""  substances, such as boron and cadmium, that have
very high cocfficients for neutron absorption. (In effect, a control
puison acts as a nentron blotter.) Usnally these substances are insert+d
into the reactor by means of adjustable rods. ealled control reds. A
reactor may be equipped with one set of control rods (referred to as
regulating rods) for routine control purposes. and a supplementary et
(referred to as safety rods) to permit rapid shutdown in an emergency.

The core of the Experimental Breeder
Reactor No. 2. In the foreground are
the hold-down and gripper drive
shafts: in the background are the
comtrol-rod drive shafts. This is a
liquid-metal-cooled fast reactor.

1t will be recalled that cach fissioning atoin of fuel releases two or

three nentrons. The free neutrons exist for a very short time —perhaps
about one ten-thousandth of a sccond—Dbetween the time they arc
released and the time they trigger another fission event or are otherwise
absorbed. On this basis. if only a slight increase in the nentron
population were to take place from one nentron generation to the next,
the rate of fission conld easily multiply many lnmdreds of times every
second. Fortunately, some neutrons are not released instantanconsly,
By Keeping down the neatron population of the system to the point
where these delayed nentrons are needed to sustain the fission chain
reaction. the nezmal rate inereases are only 1 or 2% per seccond. They
are gradual enough to be kept readily under control,

From these few faets the rudiments of reactor control can be
grasped. When fuel is loaded into the deviee, a number of regulating and
*in” position. When the reactor is fully loaded it
i> placed in operation by withdrawing the safety rods and partially
withdrawing the regulating rods. The Fatter step is carried ont gradually
and iu respoise to signals from nentron-counting instruments used to
monitor the rate of fission. Once the reactor is critieal, meaning that

safety rods are in the

the chain reaction has become sclf-sustaining, movement of the
regulating rods becomes a matter of adjustment to maintain steady-
state operating conditions. 1 the operator wants to increase the power
level  that is. the steady-state reaction rate-—the regulating rods are
further withdrawn and then again adjusted as needed. If he wants to
Sut down the reactor, the regulating and safety rods are fully inserted.

s




A related aspeet of reactor operation that should be mentioned at
thiz juncture iz loss ol reactivity. We have scen that, as fuel is
consumed, fission produets are formed. These substances absorb
nentrons wastefully and. as they acenmulate. reduee the reactivity of
the fuel. (It is as though a fire were gradually smothered by its own
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Schematic of the Experimental Breeder Reactor No. 2.

ashes.) To compensate for this effect (and also for the consumption of
fuel) it is necessary to load the reactor with more fuel than the bare
minimum needed to get a chain reaction started. This extra fuel
provides excess reaetivity that can be drawn upon to heep the reaction
going. It is held in check by a balancing amount of control poisons,
which are gradually removed as the operation proceeds. The amount of
excess reactivity required has an important hearing on the design of the
control system.

The Heat Removal System The pattern of eunergy release in the
fission process is shown on the following page.
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Kinetie energy of fission products 8.1.0%

Kinetie energy of nentrons 25
Instantaneous release of gamma ray s 2.5

Gradual radioaetive deeay; of fission products

11.0

100.0%

As the fission products (and nentrons) collide with surronnding matter,
their kinetic energy is more or less instantly converted to heat. Most of
the heat is generated within the reaetor core.

If the reactor is operated at essentidlly zero power (only a few
watts). the small amount of heat that js generated can be allowed to
dissipate itself, and no eooling system is needed. But most reactors
operate at appregiable power levels (hilowatts or megawatts of heat
output) and therefore mmst be cooled to prevent overheating and
melting the core. In power, propulsion. or :mdustrial process appliea-
tions. the heat that is carried away from the core is. of conrse, the
primary product of the reaetor.

One of the most interesting things about muclear reactors is that
they are capable. in principle. of operation at virtually any power level:
the limiting factor. from a practieal standpoint. is the rate at which the
cooling system can carry the heat away from the core. Some reactors
rely upon natural convection of the eoolant. most, however, are
equipped with a forced circulation svstem. Varions coolants are used,
inclnding gases such as air, helinm, and carbon dioxide: liquids such as
ordinary water, heavy water. and eertain organic compounds, and liquid
metals such as sodimin and lithium. In some reactors. the coolant seryes
also as the neutron moderator: in others. the coolant and moderator are
separate materials.

Reactors used for research are generally operated at fairly low
temperatures (below 200°F). Reactors used for power gencration or
propulsion operate at relatively high temperatures (above 500°F) to
faciiitate conversion of the heat to electrical or motive power.

The Radiation Shield That part of the fission cnergy release that
does not instantly appear as heat appears as penetrating atomic
radiation. Nuelear reactors must therefore be heavily shielded. Here a
distinction shonld be made between an internal or “thermal” shicld,
which is used in high-power reactors to protect the walls of the reactor
vessel from radiation damage. and the more familiar external or
“biologieal™ shield. which serves to proteet personnel from radiation
exposure. The internal shield nsually consists of a steel lining: the
external shield typically takes the form of several feet of high-density
concrete surrounding the reactor installation.




Reactor Design

AU this stage the reader may well be visualizing a nuclear reactor as
a kind of thre dimensional aud very high-speed puball game plas ed
willt neutrons ina box of fuel and moderator atoms, with an adjustable
plunger for control and a fan for cooling, What does a reactor look like?
The answer is that many bazically different. reactor designs have been
worked out aud many more are possible. (See diagrams in the
Appendix on page 16.)

There are several reasons for the multiplicity of reactor designs,
First. as has been brought out, the designer has 4 wide choice of reactor
materials. Second, there is a broad spectrum of reactor uses. Third,
different reactor designers often have different ideds as to the best way

of (Icsigning a reactor for a given purpose. .
1t is time now to talk about how reactors are nsed and to look in on
the principal areas of development and application.

2ol

v = e . =
IOl s %*:m,.u’ﬂ < T TR ¥

The Zero Power Reactor No. 3 at the AEC’s Argonne National
Laboratory in Minois. Its experimental data reveal problem areas m
the design of large plutonium-fueled fast reactors. This mock-up reactor
iy operated at such low levels of radioactuaty that a hqud coolant and
heary permanent shielding are not needed. For tests the two halves are
slouly brought together: the ramp 1s rased to deflect stray radations
that are set up betiween the halpes.
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Research, Teaching, and Materials Testing Reactors

Research Reactors Researeh reactors are a uniquely versatile
source of atomie radiation for experimental purposes. Some examples
of the ways in which they ean serve subjeet areas of science are.

Nuclear physics. Studying unelear reactions by irradiating target
materials.

Solid-state physics. Delermining the erystal struetnre of materials
by nentron diffraction techniques.

Radwation chemustry. Studying the effeets of radiation-on chemical
reactions and on the properties of materials such as plasties.

Analytical chenustry. ldentifying trace impurities in materials by
aetivation analysis techniques.®

Biology. Inducing genetic mutations in plant species by seed
irradiation,

Medicine. Lxperimental treatment of certain brain eancers by a
technique known as nentron eapture therapy.t

Other. Production of radioisotopes for use in laboratory programs.

In some experiments, materials are inserted in the reactor for
irradiation, in others, experimental apparatus is set up in the path of
nentron beams emanating from openings (ports) in the reactor shield.

Researeh reactors are nsually categorized by their nentron flux,
meaning the intensity of the nentron fields or beams they generate.
Nentron flux is related to the power level at which a reactor operates,
but also depends on design factors.

There are several basically different research reactor designs. The
two most commonly used are pool reactors and tank reactors, In the
former, the reactor eore is suspended in a deep, open pool of water,
which scrves as-coolant, moderator, and radiation shield. This arrange-
ment affords flexibility, sinee the position of the core can easily be
shifted and experimental apparatns can readily be positioned; also it
perniits direct observation of the proeeedings.

In tank reactors, the reactor core is held in a fixed position inside a
elosed tank. The eoolant most often used is ordinary water, but some
mstallations use heavy water. Tank reactors generally operate at higher

*Every species of radioactive atom has a distinclive pattern of radioaclive
decay. In activation analysis. a sample is made radioactive by nentron activation.
By analyzing the resulting radioactivity with sensitive detection instruments, the
dentity of substances present in the sample is determined. For inore abont this
subject, sce Neutron Activation Analysis and Spectroscopy, other booklets in this
series.

1See Radioisotopes in Medicine, another booklet in this serics.
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The glow given off by this
training reactor core is called
Cerenkov radiation. It occurs
when electrically charged par-

. ticles pass through a trans-
parent medium at a velocity
in excess of the speed of light
in that medium.

power levels than pool reactors and therefore as a rule provide a higher
neutron flux.

It is difficult to generalize on the cost of research reactors since
much depends on the type and extent of auxiliary facilities provided. In
very round numbers, the capital cost of a pool reactor installation,
including a building and supporting facilities, is generally in.the range of
$1,000,000 to $3,000,000. A corresponding range for a tank reactor
installation is $1,000,000 to $5,000,000.*

Teaching Reactors These are small, low-flux reactors designed to
be used as teaching aids and to meet limited research and radioisotope
production requirements. There are several types on the market. Some
are self-contained units shipped as prepackaged assemblies ready for
installation in available laboratory space. Their cost is in the $100,000
to $200,000 range, delivered and installed. Others, somewhat more
elaborate but also more versatile, range in cost up to about $500,000.

*For more information. see Research Reactors, a companion booklet in this
series.
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Materials Testing Reactors  These are high-flux reactors used to test

the perfornance of reactor materuls and equipment components under
irradiation, thereby oblaining data essential for new rea for designs.
They generally carry a diverse test luad and are vperated principally in
support of puwer reactor development programs. The largest installa-
tion w serviee in the United States is the Advaneed Test Reactor (ATR)
at- the Atomic Energy Conmission’> National Reaetor Tesling Station
near ldaho- Falls, ldaho. The ATR, similar in design to a tank-type
research reactor bt mmch larger, operates at power levels up to
250000 Kilowatts heat ontput and represents an investment of
approximately $58,000,000. 1t is equipped with in-pile test loops that
mahe it possible to conduet nany irradiation experiments under
temperature. pressure. and flow conditions representative of actnal
power reaclor operation.

The core of the \dvanced Test Reactor (ATR), which achieved
wmitial ertiealits i July 1967, 1s used for testing fuels and
materials w «a  high-neutron-utensity environment. The view
below teveals the upper end of the [Hobed serpentine core,
situated 19 feet below the reactor’s top head. The straight
“papes™ are two of the mne w-pde tubes that wdl provide spaces
Jor mserting samples of reactor fuels and structural materwls to
be pcrjbruumce-ll’.slc(l. The 12 curved pipes conltain detector
instruments used to control reactor power.

14
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Production Reactors

About a dozen production reactors havesheenbuilt in the United
States to supply plutonium for defense stockpiles. These facilities are
located at two ARC produetion eenters—the Hanford Works at
Richland, Washington, and the Savannah River Plant near Aiken, South
Carolina.

The front face of a Hanford plutomum
production reactor shows operators on
the work platform preparing  to
“charge” fuel elements into one of the
more than 3000 process tubes. As
fresh fuel elements are inserted, the
irradiated fuel elements they replace
are cjected from the discharge end of
the tube at the rear face.

The reader will reeall that plutonium is formed by neutron
irradiation of uranium-238. The general name for the process of making
one chemieal element from another is transmutation. The specific

reaction ean be written:
uranium-238 + one neutron = uraninm-239

uranium-239 neptunium-239

___k
2.3 minutes

neptuninin-239 %daya) plutonium-239

This in effect means that uraninm-239 and neptunium-239, both highly
unstable substanees with relatively short half-lives (2.3 minutes and 2.3
days,* respeetively), are formed as intermediate products, the latter
throwing off a beta particlet to form plutonium.

The production steps are: (1) fabrication of natural uranium metal
into fuel elements, (2) operation of a reactor with these fuel elements,

*Meaning, in the case of neptunium, for example, that half of the atoms
undergo radioactive decay every 2.3 days. Thus, if there are 100 neptunium atoms
in a samiple at timne zero, there will be 50 atoms 2.3 days later, 25 atoms 2.3 days
after that. etc,

¥ An electron emitte] from an atomic nucleus is called a beta particle, symbol,




thereby irradiating the uranium-238, (3) temporary underwater storage
of the irradiated fuel elements to allow a period of time for radioactive
decay —a step known as decay cooling, and (-+) chemical processing of
the still intensely radioactive material to remove fission produets
(which are then stored in underground waste tanks) and to separate the
plutoniun from the residual uranium,

The Hanford reactors are moderated with graphite and cooled with
ordinary water. They are large (buildingsize) graphite structures
honey-combed with tubes into which cylindrical fuel slugs are loaded
and through which the cooling water flows. The Savannah River
reactors are tank-type units, moderated and eooled with heavy water.

The heat generated in all but one of the existing plutonium
produetion reaetors is at too low a tezuperature to be useful.

The Ball Safety System of he
N reactor is an emergency shut-
down capability independent of the
reactor’s control rods. Embedded in
the biologieal shield on top of the
reactor are hoppers, each of which
holds 108 samarium  oxide balls
(like the ones in front of the
operator in the photo). The hopper
gates will open if any of a number
of “out-of-limits” events occur;
these neutron-absorbing balls are
then poured into the reactor
throngh vertical channels. They ab-
sorb so many ncutrons that the
chain reaction is stopped and the
reactor shuts down.

A rather speeial kind of nuclear power plant, the N Reactor
(sometimes ealled the New Production Reactor) is at Hanford. It was
the nation’s first dual-purpose reactor. It is owned and operated by the
AEC and produces speeial nuelear material for government stockpile
purposes; its original design, however, provided for the recovery of the
waste heat. The Washington Public Power Supply System later reecived
approval to build a nearby steam power plant in which the hot water
from the reactor is used to generate steam. The plant has a generating
capacity of 790.000 kilowatts of clectric power, equivalent to that of
two Bonneville Dams, aud it began serving the Pacific Northwest in

April 1966.
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Reactors tor Electric Power Generation

Civilum Nuclear Power Programs  lu conventional steam-electric
power plauts, & fossil Tuel (coal, wil, or uatural gas) i burned in g boiler
and the rosulting heat s used o generate steam. The steam is used, in
turn, to drive a turbogenerator, thereby producing eleetricity. In a
nudear poser plant, a mecdear reactor furnishes the heat. the reactor
thus substitutes for the conventional baoiler.

Thns photograph.  taken Decewr
ber 20, 1951, at the ALCs Na-
tional Reactor Testing Statton 1w
ldaho, shows the  first use of
electric power from atomic en-
ergy. The bulbs are lighted by the
geuerator at nghl that operates on
heat  from the Experimental
Breeder Reactor,

The dramatic, almost overnight emergence of nuclear power as 1
magor factor in the UL S, electrical energy e omy has been one of the
most remarhable developments in our country s industrial history. At
the start of the 1960s the UL S, roster of civilian nuclear power projects
was limited to a few demonstration units with capacities in the
200.000 hilowatts and a munber of small experi-

neighborhood  of
mental or prototy pe umts with capacities in the range of 3000 to
90,000 kilowalts, By the end of 1963  several  large-scale
(-}00,000-0600.000 Kilowatt) projects had been undertahen. The first to
be ticensed for construc tion was a F30.000-Kilowatt unit at San Onofre,
which received it construction permit in March 1964, In mid-1965
atility announccments of commeroal nuclear power projects began to
gather momentum. By the tme San Onofre had been built and brought
up to full power (January 1968) nearly 50.000.000 kilowatts of
nucdear power capacity had been scheduled for construction. By the
end of 1968 the total had risen to more than 72,000,000 kilowatts,
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On the rght are the bghis of downtown
Pittsburgh. The Stuppangport. Utonue Pouer
Station fabore). the fust full-scale, uuclear
clectne staton budt exclusuels for ciahan
needs, protides elecinaity for the homes and
fac tories of the greaier Pittsburgh area. The
pressurized water reactor, whch wow has a
920.000-net-e lectrcal Lilowatt capacity . be.
gan conmercial _operation o 1957, The
reactor s e the 9:;".':"' bhudding m the center,

(See pages H b for a complete list by state)) One way of
providing perspective on this figure is o say that it represents a
financial commitment, for plants alone, of somewhere in the neighbor-
hood of $10,000,000,000. Another and even more impressive way is to
point out that the installed capacity of the U8, electneal industry at
the start of World War 11 totalled onfy 12,000,000 kilowatts,

Az the dimension of the nuclear construction program grew, the
unit size of the plants increased. AU the end of 1968, the largest nuclear
units on order were in the 1.000.000 to 1.200.000-kilowatt range, and
the arerage unit size was above 800000 Rilowatts, These fignres
become all the more impressive when one realizes that up to the mid
1930~ the largest comventional steam-electric unit i service in the U, S,
had a capacity of only 250,000 kilowatts,

In the main. the nuclear power plants committed to date are
scheduled to start operation in the 1970- 1975 period. The expeclation
at this writing i~ that by 1973 zome 70,000,000 kilowatts of nuelear
capacity will be in commerdial service, aid that by 1980 the total will
have increased to about 150000000 Kilowatts, If the latter expecla-
tion is borne out. nudear power would then account for approstmately
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capacity,

The San Onofre Nuclear [
Generating Station  near
San Clemente, California, has
a £30,000-kilowatt capacity.
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Big  Rock Point Nuclear Plant,
located near Charlevoix, Michigan,
has a 70-400.net-electrical-kilowatt

Browns Ferry Nuclear Power Plant
under construction near Decatur,
Alabama. This view shows two of
the three boiling-water reaciors. Its
total generating capacity will be
over 3,000,000 kilowatts. It will be
the largest atomic generating proj-

“ect in the world wh~n it is com-

pleted in the 1970s.

el T 1 T




25% of the eountrys total eleetrical capacity and, because of
operational economies. for an even higher pereentage of the total
electrical output. Looking still further into the future, many helieve
that by the end of this century nuclear power will account for half of
the total eleetrical output and for essentially all power gencrating
capacity built thereafter.®

Having spoken of nuclear power’s status and prospects, it is of
interest now to trace its evolution and to say something about its
technology.

Designs of power reactors for eleetric pow . generation received
some attention during and immediately following the wartime atomic
homb program (Manhattan Projeet), but a systematic ..scarch and
desclopment effort toward this objeetive did not get under way until
1948. In that year the U.S. Atomic Energy Commission formed a
Division of Reaetor Development (now the Division of Reactor
Development and Teehnology) to pursue this and other fiekds of power
reactor application. For the first § years or so the emphasis was placed
on acquiring fundamestal knowledge and studying the basic character-
isties of several promising reactor design eoncepts. During this period
the work was largely carried out in AEC laboratories, some of which
were operated for the AEC by universities and others by industrial
contractors. Reactor technology bore a seeurity elassification in those
days: moreover, laws then in effect reserved for the Government the
right to own power reaetors and eorollary facilities. By 1954 both of
these barriers to private initiative in nuelear power development had
been removed and, with encouraging results being reported from the
rescareh work. the stage was set for a eoncentrated government—
industry development effort.

Aceordingly. the AEC initiated a Power Demonstration Reactor
Program under which it provided fimancial and other assistance to
cleetric utility companies and manufaeturers prepared to undertake
pioneering reactor construction projects. Most of the experimental and
prototype projeets referred to earlier were carried out within the
framework of this program. Additionally, several pioneering projeets,
including two demonstration plants, were undertaken wholly with
private finanzing. This pattern held until late 1963. By then the
technology of at least two reactor systems (described on the rext page)
was censidered sufficiently proven to permit nuclear power to enter the
era of routine commercial applieation, and, with one exception, all
large-scale projects initiated since that time have been undertaken

*See Nuclear Power Plants, a companion booklet ju this series.
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without gosernment support. The one exception imolved a promising
new type of reactor systemn.

Many different ty pes of reactor svstems were studied in the course
of the rescarch and development effort described above. however, two
svalems cmerged as the most promising for near-term application —the
preseurized-water reactor and the boiling-water reactor, Both employ
ordinary waler (as distinet from heavy water) as the coolant and
moderator. In the pressurized-water system, the water is hept under
suflicient pressure to prevent bulk boiling in the reactor vessel and
sleam to run the turbine-generator is produced in a separate unit of
equipment (steam generator). In the boiling-water system, the water i»
allowed to boil in the reactor vessel. thereby producing steam that is
fed direetls to the turbine-generator. The former system was first
developed for submarine propulsion. Pressurized- and boiling-w ater
reactors completely dominate the commereial U.S. nuclear power
market at the present time, \ prospective competitor, which at this
wriling is just going through the paces of large-scale demonstration, is
the High-Temperature Gas-Cooled Reactor (HTGR).

The cconomic benefits of nuclear power are twolold. First. it i
helping to reduce the cost of generating electricity in areas of the
country dependent in the past on high-cost fossil fuels. Secondly, the
ability to draw on atomic fuel resources greatly strengthens the
country s long-range energy position.

In the first connection. a point worth mentioning is that, because of
the compactness of atomic fuel and consequent elimination of fuel
transporlation cost differentials, nuclear power will in time aet to
standardize electricity costs across the nation, ltow compact is atomic
fuel? Well. the fissioning of 1 gram « fissionable material releases
23.000 hilowatt hours of heat. This means that 1 ton of uranivm has
roughly the same potential fuel value as 3.000.000 tons of coal or
12,000.000 barrels of oil. In practice only a small fraction of the
potential energy value ol stomic fuel is extracted during a single cycle
of reactor operation. Even sa, a ton of reactor fuel still substitutes for
many fully loaded freight traiss of conventional fuel.

In the second comnection, it i~ a remarkable fact that. with barely
more than 57 of the world’s population, the United States produces
and consumes more than one-third of the worlds electricity. An
cqually remarkable statistic i that, taking all forms of energy into
account, the United States will probably use as much energy from fuel
in the next 20 vears as in all its history. And the rate of fuel
consumption is expected to double in the 20 ycars thereafter. 10 this
trend continues, our reserves of fossil fuels, vast as they are, will
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1 swgle truckload of eunchoed wraniom-235 can supply the total
oloctrical pocer weeds of a cit, of 200.000 people for a year. Cities of
that approxmate size e lude Eugene, Oregow; Portland, Mawe: and
Raleigh, North Carolina.
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progressively  be depleted. Opinion varies on this point, but even
allowing for the discovery of new deposits, the chanees are that if fossil
fucls continue to carry as large a share of our energy burden as theyv do
now, we will begin to experience some depletion effeets as early as the
turn of the century . Our resources of nuelear fuels are large and if we

suceessfully develop technology for breeding (produeing more fission-
able fuel from fertile material than is consumed in the operation of a
reactor). they will be almost limitless. Ultimately, though, we may have
to look to still other emergy sourees. and that may be where
thermonuclear power comes in (see diseussion on page 40).

Putting nuclear power on a competitive footing with eonventional
power has not been an easy task, for conventional power had the
benefit of a long history of development. A good indicator of the
progress that was made in the conventional power field is the efficieney
of fuel utilization. About the time of World War II the average fuel
consumption in the U.S. electric utility industry was 1.3 pounds of
coal (or the cquivalent) per kilowatt-hour of eleetrieity produeed;
today it is less than 0.9 pounds—a gain in efficiency of 30%. An even
better indicator is the unit cost of power generation, which, on a
national average, is about the same today as it was 20 years ago despite
steep increases in labor. equipment, and eonstruetion materials eosts.

The electric utility industry gains have been accomplished in three
principal ways: (1) by raising the temperature and pressure of steam
boiler operation, therehy delivering higher quality steam to the
turbine-generator and achicving improved efficieney in converting heat
to clectricity. (2) by increasing the size of power generating installa-
tions, which tends to reduee the capital investment per unit of plant
capacity and thereby lower fixed charges per unit of power outpnt, and
(3) by refinements in plant and cquipment design. These same avenues
have been and will eontinue to be traveled in the development of
muclear power technology. As time goes on, however, the most
important gains to be expected in nuelear power technology lic in
bringing breeder reactors into commereial use. This objective is being
pursned with vigor and will probably entail another eyele of govern-
ment—industry  partnership effort similar to that deseribed above.
Liquid-sodinm-cooled fast (i.c., unmoderated) reactors are presently
reeeiving the greatest emphasis and the outlook is for systems of this
type to achieve routine commereial application sometime during the

1980s. .
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Reactors to Supply Heat

In the United States, as in an inercasing number of countries,
engineers are turning to the sea as a reservoir from which to draw to
relieve present water shortages and help meet future requirements.
Nuclear reaetors are a promising means of supplying the heat required
for flash distillation and other processes being developed for large-seale
scawater desalting operations. In many arcas where there is a substantial
demand for fresh water, there is also a complementary demand for
electricity . In these situations, large dual-purpose water and eleetricity
producing reactor plants offer possibilitics for use in the near future.
Studies to this end are being conducted by the AEC in collaboration
with the Office of Saline Water of the Department of the Interior
(domestic applications) and with other countries and international
organizations.*

Where largesscale requirements are to be met, reactors are also a
promising means of supply ing low-temperature (up to 400°F) steam for
industrial processing operations such as drying, evaporation, or distilla-
tion. In 1968 plans were announeed for a large dual-purpose installation
in Michigan to supply electricity to the grid of a utility and process
steam to a plant complex of a large chemieal eompany.

Some day reactors may also he used to supply high-temperature
heat (1500-3000°F) for industrial proeesses such as coal gasification,
However such applications must await further development of high
temperature reactor technology and hence lie in the indefinite future.

An exciting extension of multi-purpose reactors is the concept of
“agroindustrial complexes”—i.e., large nuelear reactor centers that
would supply low-cost eleetricity, process steam, ard possibly also
ionizing radiation for the production of a range of industrial and
agricultural products. The reference here to ionizing radiation should
perhaps be amplified by saying that there are two possibilities: (1) the
use of radiation as a means of preserving food stuffs (radiopasteuriza-
tion) or disinfecting grain (radiosterilization), and (2) the possibility,
inherently longer range, of producing basic chemicals by radiation
processing. It is envisioned that the construction of such nuclear energy
centers could provide a means of developing wholly new industrial and
agricultural complexes in developing nations. In this field, as in straight
water desalting, the AEC 1s conducting studies and exploring possibili-
ties for application in collaboration with other countries.

*See Nuclear Energy for Desalting, another booklet in this series.
tSee Radiation Preservation of Food, another booklet in this serics.
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Reactors at Sea

The first power reaetor ever bnilt began operation on March 30,
1953, in a section of a submarine hull at the National Reactor Testing
Station in ldaho. This land-based installation was the forerunner of the
pressurized-water system used in the submarine, USS Nautilus, which
was launched the following y car and began sea trials in 1953, Such were
the first milestones of the Naval Reactors Program, a joint effort of the
Navy and the Atomic Energy Commission, whieh has revolitionized
naval strategy.

Congress has anthorized 106 nuclear-powered submarines, one Deep

Submergence Research Vehiele, and seven nuclear-powered surface

ships. Of these TH ships. 81 submarines and 4 surfaee ships have been
placed in operation and have steamed over 13,000.000 miles. The
principal elasses of ships, all of which are powered by pressurized water
reactors, are:

Class I.ead ship
Fast Atlack Submarine USS Skipjack
Polaric Missile Submarine USS George Washington
Deep Submergence Research Vehicle NR-1 .
Destroyer USS Bainbridge
Cruiser . USS lLong Beach- ,
Aircraft Carrier USS Enterprise -

The revolutionary nature of this fleet o primarily to the
compactness of atomie tnel and, in the case of . womarines, to the fact
that oaygen is not reguired for engine operati . T factors translate
ity inureased range and cruising speed and the cayaety for sustained
submersion by submarines.

To illustrate. conventivnal diese:-powered submarines have a maxi-
mum surfaee speed of about 18 hnots whi : they can sustain for only
half an hour or so. Ther performance nnderw ater is even more limited,
World War Il submarines conld make only 8 hnots submerged, and after
an hour at this speed had to resurface to recharge their batteries, They
operate submerged less than 15% of the time they are on sea duty, In
contrast, nuelear-powered  submarines characteristically operate sub-
merged more than half of the time. They ean steam at full power for
days or even weeks and travel faster underwater than on the surfaee.
Their maximum speed has not been disclosed but is known to be in
excess of 20 knots. Their range is remarkable, for example, the long-life
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The USS Nautilus, the first atomic submarine. is escorted into
New York harbor after her voyage under the arctic ice cap i 1958,
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[he USNS Enterprise (foreground) and the LSS Long Beach.
i [4

core~ aow bong nstallod wnudoar submaniones will propel the ship for
approzimately 100,000 miles,

In October 1961, the USS Enterprise. USS Long Beach, and USS
Bumbridge  completed Operation Sea Orlat, a0 63 day o 30.565-mile
toutd-the world cruise completels frec of refuclug or Togistic support
of any kel Opaations like this have demopsteated coudusively the
ability of nudear-powercd daps Lo oporate over great distaiees at high
spreds completels tree of logistie support.

Speahing of distances at sea. the nest uuntber that comes to mind s
30000 iles, which 1+ the crusing range of the nudear-powered
miercvant <lup Sacannal. A combination passenger cargo vessel. the NS
tor Nuclear Shipy Savannah, was built u~ 4 joint project of the
Mariime  \dmibistration and  the Atomic Foergy  Commission to
demionstrate the sadety and reliability of usug nudear propulsion for
conmercial purposes. The Satannah displaces 22,000 tons and s
posered by a pressurized water syatem that delivers 22,000 shaft
liorscpower. She satisfactorily  completed sea trials in 1962 and is
preseutly being operatad i commercial cargo service, Through 1968




The NN Javannah during one of her sea trials.

she has completed abont 350,000 miles of travel. The first fuel
replacement took place in the fall of 1968 when four spare elements
(vut of 32) were installed. These will allow continued operation fo-
aboul 2 years,

The potential economic adsantages of nuclear propulsion for
commercial vessels are. (1) elimination of fuel spaces, thus making more
space and tonnage available for cargo. and (2) improved ship utilization,
due to higher cruising speed and elimination of the need for frequent
refueling. \t present these advantages are cancelled out by the fact that
the capital osts of nnddear propulsion equipment are substantially
higher than those of comventional equipment. Opinion varies on when
the balauce will 2hift in favor of nuclear propulsion but it is expected
that thi~ will occur i cargo applications, such as high-speed con-
Lainerized cargo ships on long trade routes.®

*For more about this topic see Nuclear Potwer and Merchant Shipping, a
companion booklet in this series.
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Heactors in Space

In space. as on .ad and sea. atomic energy promises Lo pave the
way into the Future. As pay loads grow larger and the energy required to
move them around in space increases, the nuelear rochet will greatly
increase the propulsion capability of our space vehicles. Electric power
generated from radiobotopes or nuclear reactors will continue to
become more important as we move farther (rom the sun, as mission
liletimes in spact increase, or as power requirements become greater for
more sophisticated payloads.

Rocket Propulsion The National Acronautics and Space Adminis-
tration and the Atomic Energy Commission jointly sponsor a program
to develop nuclear rocket engines for space missions.

In a nuelear rocket, liquid hydrogen® is pumped into a nuclear
rezdor where it is heated to a high temperature and ¢jeeted (as gascous
hydrogen) by expanding it through a nozzle, thereby developing thrust.

The specific impulse—that is, the pounds of thrast per pound of
propetlant cjected per second  that van be achieved in suca system is
estimated to be two to three times that of chemical rockets.

Extremely high reactor outlet temperatures are required for
efficient performance of a nuclear rocket. Very large power outputs—
millions of Kilowatts of heat are required, and the reactor must he

able to start and stop quickly and at the precise time needed.

In the NASA-AEC program, the mainstream development effort is
the 75,000-pound-thrust flight engine called NERVA (Nuclear Engine
for Rocket Vehicle Application). This engine, which is being designed
by the Acrojet-General and  Westinghouse  Electrie  Corpora-
tions. will be highly reliable, and will have a specific impulse nearly
twice that of the most advaueed chemical rocket engines and the
capability for multiple restarts in space.

NERVA is based on 14 years of analytical and experimental
research by the Los Alamos Scientific Laboiatory (LASL) and NERVA
contractors. The goals of the nuclear rocket technology program are:
(1) provide basic graphite technology and design concepts for nuclear
rockets, (2) extend graphite recetor technology to improve efficiency
and inerease power, (3) provide technology for flight reactors bascd on
graphite reactor technology, and (4) provide a nuclear rocket engine
system technology. Acrojet-General and Westinghouse have recently

*Ilydrogen is liquid at temperatures less than 20°K. For a description of the
extensive low-temperature technology that supports nuclear propulsion for space,
sce Cryogenics, The Uncommon Cold, another booklet in this series.
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REACTOR SPACE POWER APPLICATIONS

Communications
satellite,

Manned orbiting
space station.

Lunar base.

Nuelear electrical

propulsion.
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completed testing a ground-based  experimental engine to obtain
additional data needed for ().

The national site for-nuelear rocket reactor and engine tests (and
eventually complete stages) is the Nuclear Rocket Development Station
(NRDS) located in Jackass Flats, Nevada. The major installations in use
at the station are Test Cell “C™, a reactor test eell; Engine Test Stand

Model of an advanced Nerva
engine intended 1o produce
60,000 to 75,000 pounds of
thrust and approximately 1500
megawatts of power.

No. 1; RMAD, a reactor maintenance. assembly, and disassembly
building: and E-MAD, an engine maintenanee, assembly, and dissassem-
bly building.*

In addition to the NERVA work, the nuclear rocket program also
supports other research for the extension of nuelear rocket technology.
LASL, the Lewis Research Center, Marshall Space Flight Center, and
many other government laboratories. universities. industrial organiza-
tions. and researel institutes are involved in this effort. Activities of
partieular interest are: (1) advaneements in reactor fuel technology,
(2) investigation of materials properties and advanced reactor compo-
nents, (3) development of nuclear vehicle technology, and () investiga-
tion of the feasibility of advanced nuelear rocket coneepts.

Electrical Power ‘The first application of atomie energy in space
was a device that gencrates small amounts (watts) of eleetricity by
*hermocleetric conversion of the heat given off by a radioaetive isotope

_—
*See Nuclear Propulsion for Space, a companion booklel in this series,
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as it decays. Thermoelectric comversion is the generation of clectricity
(in special semiconductor devices called thermoconples) due to the
conduction of heat through these devices.

On June 29, 1961, an isotope power source SNAP-3A weighing
5 pounds and generating 2.7 watts of electricity was carried into orbit
aboard a Navy navigational sttellite. It provides power for two of the

The SNAP-3A generator
(white  ball at bottom).
attached to a satellite to
provide energy  for the
satellite’s transmitters, was
the first use of atomic
power in space. Launched
in 1961 with a design life
of Syearsc SNAP-3A s
still operating.

satellite’s four radio transmitters, and thus gives ships and aircraft a
worldwide means of determining their positions electronically. Other
radivisotopic power sources, generating up to 66 watts of power for
satdllites, have been launched since that time including the Apollo
ALSEP experiment package and the Nimbus-B weather satellite. The
nuclear devices in these satellites were developed as part of the AEC
space clectric’ power program,

As part of the same program, two classes of compact nuclear
reactors are being developed for the higher power space applications of
the future. Their power outputs range from about 1 kilowatt Lo
thousands of kilowalts*

Classes of space missions and reactor power concepts are described
below,

Some ummanned satellites of the 1970s will need at least several
kilowatts of electricity. If the mission requirements permit the vehicle
to be long and slender, the shielding weight for unmauned spaceeraft

*See SNAP—~Nuclear Space Reactors, a companion booklet in this serics.
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will be low ¢nongh so that reactors will be competitive with isotopes or
nomuelear power at power levels above abont 1-2 kw. Probubly
among the carliest uses of space reaetor power plants will be in manned
spaee stations and lnnar base applications, one or both of whieh may be
launched in the 197Cs. In these missions, whieh require heasy shielding,
reactor use is advantageons above about 10—15 kw. At power levels of
about 50 hw and above, whieh would be required in space stations and
electrical propulsion missions, re...fors have unique advantages over all
other power eoneepts.

The fiest space reactor developed was SNAP.2, a liquid-metal-
covled  zirconium hydride-moderated reactor with a thermal power
output of 50 kw. This reactor together with a 500-watt thermoeleetrie
generator was designated SNAP-TOAL A flight version of SNAP.10A was
launched and tested inorbitin 1963, and an identical model was tested
on the ground for over a year,

SNAP-27 (arrow ) shoun on the noon, provides electrical power for the
ALSEP instruments left by Apollo 12, Its minimum power nitput of
63 walts comes from the heat of the radivactive decay of pattonmm-
238. 1 thermoclectric syvstem converts the heat directly mto electricity.

The present program is coneentrating on two general eategories of
space power reactors (1) the zirconium hydride thermat reactor. whieh
makes maximum use of currently available technology and (2) the

o -
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high temperature reactors which will be used for missions of the 1980,
The zircomum hydride reactor will e ssed primarily with thermoele -
tric comversion (which as no woving parts for power production) in
the 10- 35 kw range and with the mercury Rankine SNAPS svstemin
the 30- 70 kw range, However, the high efficiency Bray ton or organic
Rankine evele technology may extend the power capability of  the
zirconinm hy dride reactor to perhaps 100 kw,

Power for electric propulsion as well as for auxiliary power uses on
the spacecraft is also being developed. In electric propulsion, throst is
produced by ejecting o high-energy beam of dectrically or electromag-
netica'hy aceelerated vapor. This conld lead to significently improved
space propulsion systems, Electric propulsion is a low-thrust concept
and would be wsed ouly for propelling spacecralt once they were
Lnehed from the earth by other means.

For higher power. or for lower power plant weights, advanced space
power systems using high tewperature, fast reactors are required. The
two power system coucepls that show the most promise for this
purpose are the incore thenmionic reactor and the potassiune-Rankine
evele with a high-temperature.  ligquid-metal-cooled  reactor, In a

the rmionie genterator, l'|('Llri(il) is pr.n|ll( ed |b_\‘ emission of dectrons”

from a heated cathode (as in ancelectronic vacuum tube). hn the in-core
thermionic concept. the cathodes and collectors are integral parts of the
reactor fuel elements, reqguiring fuel clad temperatures around 3000°F,
The liquid-metal-covled-reactor. potassinm-Rankine sy stem boils and
condenses potassium in a e similar to that of aconventional stean
power plant, but at peak temperatures around 2000°F, in order to
attain the compactness required in space systems.

SNAPLBDR 1s a proiotvpe of a compact
noclear reactor that may one day supply
power on the moon or aboard a spacecraft.
The reactor system uses much of the
technology of the SNAP-101 and at full-
power operation will produee 600 kilo-
watts of thermal energy. lere a technician
mserts one of 211 fuel elements mto the
core rvessel during unnal criticality ex-
periments,
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These photographs ,ecord the sequence of cvents during a
deliberate core destruction experunent in the SPERT-1 facility at
the National Reactor Testing Station. The arca on view is the top
of the reactor, which uas installed in an open tank below ground
level. (A).1 rod contaming excess reactivity at upper right is

Reactor Safety

Can a nuclear reactor blow up like an atomic bomb? The
answer is: No. In the fist place, the fuel used in reactors could
not be made to explode even in a bomb. In the second place.
the design paneiples are entirely different. In a simple type of
bomb. two or more pieces of essentially pure fissionable material
are rapidly brought together to form a eritical mass and arc held
in eompression long enough for a very large explosive forec to he
generated. In a reacter there is nothing to hold' the Tuel together. If a
runaway reaction oceurs. the intense heat generated causes the fuel to
melt or otherwize come apart. Reactors are so designed that, if this
happens  the fuel tends to disperse and the reaction automatically
stops. Indeed. most types of reactors have an inherent self-regulating
characteriztic in that as the temperature begins 1o rize the reaction
slows down.

Apart from the physical damage to the reactor. the most serious
hazard in the event of fuel meltdown  -or a struetural failure, or any
other conceivable reactor accident - is the possible escape of radioac-
tivity. There are thus two main aspects of reactor safety . (1) prevention
of reactor accidents. and (2) containment of radivactivity in the event
of an aceident.
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driten down into the core. (B) Seveuty-nine wmilliscconds after
peak power was reached, steam begins escaping. (C) One hundred

and five milliseconds after peak power, some of the test apparatus
is_ knocked out of place. (D) One hundred and twenty.seven
milliseconds after peak power, all details are hidden by escaping
Steam.

Prevention of reactor accidents starts with conservative design of
the reactor core and control sy stem and consersative engineering of the
reactor installation. Maximum advantage is taken of natural laws to
build iaherent salety features into the system. Starting with this base.
the designer sechs to anticipate the possible sources of human error and
electromechanical Tailore and to make provision for them in the design.
For example. safety rods. which antomatically insert themaclves into
the reactor when preset limits are reached. are designed on a “fail safe”
basiz.

Aceident prevention tahes may other forms, such as the care that
i> tahen to select and train Gperating personnel and to specify operating
procedures. Before a nuclear -power plant may he built in the United

States. rigorous safety review procedures must'be Tollow ed Tincliding,,

among other steps. a specific safety review of the proposed project by
the AEC and an impartial board of reactor cxperts (Advisory
Committee on Reactor Safeguards). This review takes into account not
only the features of the proposed reactor installation but also the
cuvironmental Jduracteristios of the proposed location  distance from
population centers. terrain, meteorological conditions. and the like. A
similar but even more detailed review is made before o license is granted
to operate the plant. Once the plant is in service. an amendinent to the
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license must be vbtained before any siguificant change may be made in
the plant or its operating pattern.

lu the contaimuent aspeét of reactor safety, fission products
aceount for nearly ali the radioactivity in most power reactors. so they
are what must be contained. In normal operation, the fissivn products
are locked in the fuel by the fuel cladding, which is thus the plant’s first
line of defense against release of radivactivity * This material leaves the

H & (0}

premiises, 50 o speak. when “spent” (used) fuel elements are removed
from the reactor and shipped to a fuel reprocessmg plant# Trace
amounts of fission products that eseape into the reactor coolant

through defects in the fuel cladding are scavenged from the coolant by
purification equipment. pachaged and shipped to an AEC site for safe
burial.

Core of the Spectal Power Excursion
Reactor Test No. -+ (SPERT-1). This
ts used for safetv tests, such as
determining the way in which fuel
pws fal under various abnormal con-
dittons, and the energy thresholds for
fuel damage and failure under acci-
dent conditions.

In the event a major aceident sueh as fuel melt down, should oceur,
large awmounts of fission products would escape their normal confine-
ment in the fuel. Therefore civilian power reactors are provided with an
additional line of defense  usually a gastight enclosure. In many plants
this takes the form of a large containment shell. which encloses the
reactor installation. These shells are designed to withstand the
maximum vapor pressure that might be gencrated, and are rugged

*In this conneclion, it is the ability of fucl and fucl cladding wmalcrials lo
withstand physical deformation under irradiation which often dctermines the
allowable “fucl burnup™ —that is, the length of time fucl clements can be allowed
lo remain in a power rcaclor,

tA plant at which residual fuel is recovered.

$In somic cases an airlight building suffices for contlainment. in other plants,
major parls of the reactor system are individually contained in stecl tanks. Sce
Radioactive Wastes, another booklet in this serics,

A
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Minature fuel pm (arrow), which
was rradwted w the Materals Test-
ug Reactor at the Nattonal Reactor
Testing Station. is loaded mto a fur-
nace where it wil be melted in
pressurized steam, wiich simulates a
loss-of-coolant accrdent. In this way
surface coatings, decontamination
procedures, samplng devices, and
radiochemical analy tieal methods can
be tested and cvaluated.

enough Lo resist possible shrapnel effects. They explain the familiar
spherical or hemispherical shape of some nuclear power plants.

Over the more than two decades that have passed since the Fermi
eapenment, during which literally hundreds of reactors of various types
and designs have been built for a great many purposes. an impressive
safety record has been achieved. With every new reactor and cach new
year of operating experience. new hnowledge is constantly being
gained—and this is perhaps the most important safeguard of all. An
equally important source of uew hnowledge is the Atomic Energy
Commussion’s reactor safety program. This is a major effort and has two
prinapal aspects. (1) stndy of basic accident mechanizms and (2) test-
ing of safety features. In the latter, laboratory and prototy pe models of
varions types of reactor systems are put through rigorons tests under
eatreme conditions to determine the safe limits of designs, materials.
and equipment (:()mponcnls."‘

*For more infortmation on reactor safety, sec Atomic Power Safety, a
companion booklet in this series.
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Reactors of Tomorrow

A final point that should be made in this introduction to nuclear
reactors is that ““tomorrow”—or the day after—we may also have at
our command an entirely different species of machine, namely
thermoneclear reactors In sueh machines power would be generated by
the controlled fusion of light atoms,™ rather than by the controlled
fission of heavy atoms. How this might be doue is a subject unto itself;
suffice it to say that scientists and engineers in at least half a dozen
major laboratories in the United States, and their counterparts abroad,
are busily at work on the problem,

And so it is clear that nuclear reactors, whether activated by fission
or fusion, will play a significant part in the affairs of men for many
years to come.

TS G S

(N ‘k\\,t*

- NS

: zmo'i'd‘(’:'kﬁbﬂ‘sf: N

;1 - Combustion Eny

¥ 5 - Babeock&Wileox Co

LORSY I Vemont;\'ﬂkecNuél'g%h ower Corpor
o8 MLMW(ANL)

=Y
s ﬂ(\., w

A 14 meeI&Nordi ook, 50, o

SO | 4 ANE
19 Westinghouse Eisc
o Conmlneu Power; Company’ (top):
Yo L «Comp '‘‘(mﬂdle)g'ls‘em«meethleN
23 dé Corpor ation -

R A T

*Specifically, deuterium andfor tritium. These are isotopes of hydrogen,
sometimes referred to as “heavy hydrogen” and “heavy heavy hydrogen.” For
more about this subject see Controlled Nuclear Fusion, a companion booklet in

this scries.
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Characteristics of U. S. Civilian Power Reactor Concepts

Pressurized-Water Reactor (PWR)

FUEL Slightly enriched uraninm oxide clad with zirconinm alloy
MODERATOR Water
COOLANT Water
PRESSURE OF PRIMARY SYSTEM 2.2530 pounds per quare inch
(psi)
COOLANT OUTLET TEMPERATURE G05°I
NOTES Well developed technology. Coolant pressurized to pre.
vent bulk boiling in core: henee high operating pressure,

Boiling-Water Reactor (BWR)

FUEL Sumeas PWR, above
MODERATOR Boiling water
COOLANT Boiling water
PRESSURE OF PRIMARY SYSTEM 1.000 psi
COOLANT OUTLET TEMPERATURE 550°F
NOTES Well developed technology . Coolant allowed to boil in
core. henee lower operating pressure than PWR. Physieal size of core
larger than in PWR.

High-Temperature Gas-Cooled Reactor (IITGR)

FUEL Ilighly enriched wranium earbide and thorinm carbide eoated
with pyrolytic carbon

MODERATOR Graphite

COOLANT llelium

PRESSURE OF PRIMARY SYSTEM 550 700 psi

COOLANT OUTLET TEMPERATURE approximately 1400°F
NOTES Use of helium as coolant permits achicving high tempera-

tures (with resulting high overall plant cfficiency) and minimizes

corrosion problems, Core design of 1ITGR leads to high fuel utilization

efficiency.
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Molten Salt Reactor (MSR)

FUEL Molten solution of highly enriehed uranium and thorium in
fluoride salt mixture

MODERATOR Graphite

COOLANT See notes below

PRESSURE OF PRIMARY SYSTEM Nominal

COOLANT OUTLET TEMPERATURE  1300°F
NOTES Circulating fuel system. Coneept in experimental stage.

Liquid-Metal-Cooled Fast Breeder Reactors (LMFBR)

Sodium-Graphite Reactor (SGR)

FUEL Highly enriched uranium-plutonium oxide elad in stainless
steel
MODERATOR  Minimnal
COOLANT Liquid sodinm
PRESSURE OF PRIMARY SYSTEM 100-200 psig
COOLANT OUTLET TEMPERATURE 800-1100°F
NOTES Promise of low fuel costs and efficient utilization of fuel
resources through breeding Use of sodium as coolant penmits achieving
high temperatures at nominal pressure, also, sodium is a very effieient
heat transfer medium. The handling of sodium introduees some design
and operating complieations.

Fast Breeder Reactor (FBR)
»
FUEL Highly enriched uranium alloy elad with stainless steel (use of [>

uraninm—plutoninm oxides projected)
MODERATOR None
COOLANT Liquid sodium
PRESSURE OF PRIMARY SYSTEM Nominal
COOLANT OUTLET TEMPERATURE  800-1150°F

NOTES Promise of low fuel costs and efficient utilization of fuel
resources through breeding. Use of sodium as eoolant permits achieving
high temperatures at nominal pressure, also, sodium is a very efficient
heat transfer medinm. The handling of sodium introduces some dlesign
and operating eomplications.
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Inside the Atom (revised edition), Isaac Asimov, Abelard-Schuman, Ltd.. New

York 10019, 1966, 197 pp.. $1.00.

Let’s Co To An Atomic Energy Town, Kirk Polking. G. P. Putnanr’s Sons, New
York 10016, 1968. 46 pp.. $1.97. (Grades 3—6)

The Atomic Energy Deskbook, John F. Hogerton, Reinhold Publishing Corpora-
tion, New York 10022, 1963, 673 pp.. $11.00,

Sourcebook on Atomic Energy (third edition), Sammel Glasstone. D). Van
Nostrand Company., Inc.. Princcton, New Jersey 08540, 1967, 883 pp.. $9.25.

The Useful Atom, William R. Anderson and Vernon Pizer, The World Publishing
Company, Cleseland. Ohio 44102, 1966, 185 pp., $5.75.

Nuclear Propulsion for Merchant Ships. A. W. Kramer. Superintendent of
Documents, U.S. Government Printing Office. Washington, D. C. 20102,
1962, 600 pp.. $2.25.

The Atom at Work: lHow Nuclear Power Can Benefit Man, C. B. Colby,
Coward-McCann, Inc.. New York 10016, 1968. 48 pp.. $2.97. (Grades -1-8)

City Under the Icé: The Story of Camp Century, Charles Michacl Daugherty, The
Macmillan Company, New York 10022, 1963, 156 pp.. $6.95. (Out of print
but available through libraries. )
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Skelch of the first nuclear reactor built in Chicago in 1942,
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Reports

Muclear Reactors Built, Being Built, or Planned in the United States (TID-8200),
revised semiannually, U.S. Atomic Energy Commission, Clearinghouse for
Federal Scientific and Technical Information, 5285 Port Royal Road,
Springfield, Virginia 22151, $3.00.

The following reports are available from the Superintendent of Documents, U. S,
Govemnment Printing Office, Washington, D. C. 20402:

Major Activities in the Atomic Energy Programs, January—December, issued |
annually, U. S. Atomic Energy Commission, about 400 pp.. 31.75.

The Nuclear Industry, revised annually, Division of Industrial Participation, U. S.
Atomic Energy Comnmissiorn, price varies with each issue.

Forecast of Growth of Nuclear Power (WASH-1084), Division of Operations
Analysis and Forecasting, U. S. Atomic Energy Commission, December 1967,
50 pp., $0.35.

Civilion Nuclear Power—The 1967 Supplement to the 1962 Report to the
President, U.S. Atomic Energy Commission, February 1967, 56 pp.. $0.40.

Layers of graphite blocks were used to construct the first nuclear
reactor. On the left is the tenth layer containing uranium oxide. On the
right the nineteenth layer of solid blocks covers layer 18, which
contains nranivm oxide.

Articles

The Arrival of Nuclear Power, John F. Hogerton, Scientific American, 218: 21
(February 1968).

Next Step is the Breeder Reactor. Fortune, 75:120 (March 1967).

Third Generation of Breeder Reactors, T. R. Bump, Scientific American, 216: 25
(1967).
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Motion Pictures

Available for loan withont charge from the AEC Headquarters Film Library,
Division of Public Information, U.S. Atomic Energy Commission, Washington,
D. C. 20545 and trom other AEC filin libraries.

Atomic Power Today: Service with Safety, 28'/2 minutes, color, 1966. Produced
for the Atomic Industrial Forum, Inc., and the AEC by Sencca Productions,
Inc. This film tells how central station nuelear power plants scrve America.
Starting with basic information on how eleetricity is produced from water
power and fossil fuels. the film introduces nuclear fuel as a new cnergy
resource that helps keep down the cost of electricity. Components and
constriction of a power plant are shown, and safety features are emphasized.

The Nuclear Ship Savannah, 28% winutes. color, 1964. Produced by Orleans Film

_- Productions for the U.S. Maritime Administration and the AEC. This
nontcchnical film covers the historical background, design, constriction, sea
trials, and initial port calls of the NS Savannah, the world’s first nuclear
powered merchant ship.

Tomorrow’s Power— Today, 5% minutcs, color, 1964. Produced for the AEC by
the Argonne National Laboratory. This film explains why cnergy from the
atom 1s needed to supplement that of conventional fossil fuels It shows how
heat from miclear fission is converted to clectrical power and gives a bricf
survey of representative atomie power plants in the U. S.

The New Power. 45 mimites, color, 1965. Produecd for the AEC’s ldaho
Operations Office by the Lookout Mountain Air Force Station. This filin tells
how the National Reactor ‘Testing Station in Idaho is furthering the AEC’s
quest for cconomic muclcar power. Most of the many experimental nuclear
reactors located at the Testing Station arc described. The film also explains
the basic principles of power reaCtor construction and opcration.

Atomic Power Production, 14 mimutes. color or black and white, 1964. This film
in the Magic of the Atom Serics was produced by the Handel Film
Corporation. An explanation is given of how thc hcat ercated by the
controlled chain reaction of atomic fuel in a reactor is converted to clectrieal
power. The basic differences in these power reactors are discussed: the
boiling-water reactor, the pressurized-water reactor. the liquid-metal-cooled
reactor. and the organie-cooled reactor. The principle of the breeder reactor is
exphained and its importance stressed. :

Atomic Venture, 23y2.mixmtcs, color, 1961. Produced by the General Elcetrie
Company. This filin covers the dcsign and development of a large dual-cycle
boiling-water reactor—the  180,000-kilowatt Dresden  Nuclear  Power
Station—built by the General Electric Company for the Commonsealth
Edison Company in Chicago and the Nuelear Power Group, Inc., from its
begiming in 1955 to its completion in 1959,

Power and Promise, 29 mimites, color, 1959. Produced by the AEC. This film
desenbes the Shippingport Atomic Power Station in Pennsylvania, which was
built to advanee power reactor technology and demonstrate the practicability
of operating a central station nuclear power plant in a utility network.
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The Day Tomorrow Began, 30 mimutes color, 1967. Produced by Argonne
National Laboratory for the AEC. This filin tells the story of the building and
testing of the world’s first reactor. By interview, historical filn footage, and
paintings, the motion picture reenacts the histonic events that led to the
dramatic moment when the first sustained chain reaction was achieved. This
tiilestone in man’s quest for knowledge occurred under the stands of Stagg
Field, Chicago. on Decetnber 2, 1942,

SNAP8: System for Nuclear Auxiliary Power, 10 minutes, color, 1966. Produced
by the Aerojet-General Corporation. SNAP-8 can provide a source of
contimious power so that space voyagers may live in health and comfort for
thonths at a tine. In animation and live-action sequences. the fabrication and
operation of this system is explained.

Atomic Energy for Space, 17 minutes, color, 1966. Produced by the Handel Filin
Corporation with the cooperation of the AEC and NASA. The film explains
why only atomic energy can satisfy some of the future power needs for the
exploration of deep space. Nuclear energy for space is being developed
throngh two basic applications. The muclear rocket for space propulsion and
the isotopic or reactor power plants that produce the electricity essential for
spacecraft operations. The efficiency of nuclear and chemical rockets is
compared and the fission process, which produces the heat for the miclear
engine’s thrust, is explained with animation. KIWl and NERVA systems are
shown. SNAP systemns, which can provide electricity for spacecraft and
satellites, are described in detail.

First Reactor in Space: SNAP-10A, 14'/2 minutes, color, 1960. Produced for the
AEC by Atomics Intenational. Development and launch of the first reactor in
space are described. SNAP-10A, consisting of a nuclear reactor and power
conversion unit, operated suceessfully for 43 days and produced more than
500,000 watt-hours of electricity, This eompact reactor is coupled to a
thermoelectric converter-radiator unit that converts heat from fission in the
reactor directly into electricity. The heat is then transferred to the power
conversion unit by a liquid metal coolant.

Nuclear Propulsion in Space, 20'/2 mimites. color, 1969. Produccd by NASA for
NASA and the AEC. This film compares the heavy ehemical rockets used
today with the lighter nuclear rockets. which will be used in the future. These
lighter rockets will cut travel time or allow an increased payload. The KIWI

> and NERVA tests are explained and illustrated.

The Weather Eye, 13 mimites. eolor. 1969. Produced by the AEC. The design,
fabrication, and testing of SNAP.19 are described. The electrical power
provided by this isotope generator will suppletnent the solar cell power for
data-gathering instruments and transmitters aboard a Nimbus weather
satellite.
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THE COVER

A large mosaic portraying the
tremendous energy and limitless
scope of the peaceful atom is
mounted on the concrete shield
of the TRIGA teaching and re-
search reactor at Kansas State
University. The mosaic was de-
signed by students of the University’s Department of Architecture
after consultation with the Department of Nuclear Engineering. Six |
and one-half feet high and four and onc-half feet wide, the mosaic
contains nearly 10,000 picces of colored glass. At the lower left are
“hands of supplication” to convey mankind’s hope that the gift of
nuclear energy will be used wisely,

THE AUTHOR

John F. llogerton is a chemical and
nuclear engineer (B.E., Yale, 1941) who
has worked in the atomic industry from
its beginning. lle is now an independent
consultant.

Mr. Hogerton was coauthor of the final report on the wartime
gascous diffusion project at Oak Ridge. lle also served on the
Manhatten Project Editorial Advisory Board which coordinated the
writing of the multivolume National Nuclear Energy Series.

The first edition of the Atomic Energy Commission’s four-volume
Reactor Handbook was edited by Mr. Hogerton. For the Amcrican
Society of Mechanical Engineers, he contributed to A Glossary of
Terms in Nuclear Science and Technology and wrote the widely used
booklet, Uranium, Plutonium and Industry. For the AEC he wrote the
1958 Geneva Conference commemorative volume, 1toms for Peace-
US..1,, 1958: a one~volume encyclopedia, The .Atonue Energy Desk-
book, published in 1963, Atonuc Fuel and Atomiwc Power Safety. other
booklets in this serics.
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School and public libraries may obtain a complete set of the booklets
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Atomic Energy and Your World
Atomic Pioneers—Book 1: From.
Ancient Greece to the 19th
Century

Atomic Pioneers—Book 2. From
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Century

Atomic Pioneers—Book 3: From
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Century
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on Atomic Energy
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