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PREFACE

The United States program for the development of nuclear power is a
very broad one. It is bused on the conviction that the greatest advances
in a complex technology are achieved when the broadest possible field of
operation is provided for human ingenuity and inventiveness. The ulti-
mate result of the program is expected to be the establishment of more or
less standardized and generally applicable techniques for extracting useful
power from nuclear fuels efficiently and economically. The immediate
result is a steadily growing body of technical knowledge which is made
available for general use through the publication of many reports and
papers.

This volume attempts to consolidate the information that has been
developed for several solid-fuel reactor types which have received serious
attention in the United States but which are not yet represented by
operating prototype plants.

Solid fuel reactors have been in operation on a sizable scale since 1944.
Mechanical handling of the fuel has been carried out successfully for a
variety of fuel types, and there is no question that solid fuel reactors can
be operated in a routine manner with no more difficulty than is associated
with non-nuclear equipment of similar complexity. The operation of solid
fuel reactors at sufficiently high temperature to permit efficient conversion
of heat energy to electrical energy is in a much earlier stage of development.
Problems of corrosion, chemical compatibility, fuel performance, and con-
trol are seriously complicated by the need for higher temperature. The
use of aqueous coolants, which is particularly attractive at low tempera-
tures, is complicated by the effects of high vapor pressures. The reactors
discussed in this book offer a variety of solutions to the problems created
by high temperature in solid fuel reactors.

The present reports quite cvidently must be of an interim nature,
and their significance is not that they can point out proven ways of achiev-
ing economic nuclear power, but that they contain technical information
representing the results of the work done and the experience obtained to
this date. Very little emphasis has been given to cost estimates in this
volume, since experience has indicated that such estimates are likely to
be poor before a prototype reactor has been built and operated. The
information presented is of three main types: (1) general research and
development results, such as data of reactor physics experiments, fuel-
element developments, and advances in various coolant technologies;
(2) design data for specific reactors, which represent the integration of
research and development results with design studies; and (3) analytical
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vi PREFACE

studies whose purpose has been to direct developmental efforts and to
define the design areas for various reactor types.

It is essential that a review of this kind be up to date. To achieve this
objective the editors have had as many chapters as possible prepared by
organizations carrying out the work described, and all of us have worked
on a very rapid schedule. The various chapters reflect the approaches,
judgments, and enthusiasms of their authors; it is not to be expected that
they would be consistent in these respects. No relative evaluation of the
merits of the various reactor concepts has been attempted; however, all
the concepts discussed are receiving serious attention in the United States
and all have promise for improving the production of nuclear power. In
common with other concepts, they also have problems and limitations.
As work proceeds, the degree to which the promises can be realized and
the problems and limitations dealt with will become evident.

The reader can obtain additional information from the numerous
references. The Atomic Energy Commission publications listed among
them are available for inspection at the Commission’s depository libraries
in the United States and abroad and are sold by the Office of Technical
Services, U. S. Department of Commerce, Washington 25, D. C.

Our sincere appreciation goes to the people and organizations who have
contributed, particularly for their cooperation in meeting the schedule.
We especially wish to thank Dr. Hoylande D. Young, of Argonne National
Laboratory, who gave valuable assistance in collecting information,
and the following representatives of the Atomic Energy Commission’s
Industrial Information Branch, Technical Information Service: Wilson R.
Cooper, loaned from the Tennessee Valley Authority, who as book project
officer worked painstakingly and continuously in gathering information,
making arrangements, and editing; DeWitt O. Myatt, who guided the
styling of the illustrations; and James R. Aswell and Jefferson D. Bates,
who gave editorial assistance.

Dunedin, Florida Joskpa R. DIETRICH
June, 1958 Wavrrer H. Zinn
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CHAPTER 1
INTRODUCTION *

There are now in the world two classes of nuclear power reactors that
have been developed to the point of praetical use for eleetric power pro-
duction. These are the pressurized water moderated and cooled reactors
(both boiling and nonboiling), and the graphite-moderated, gas-cooled re-
actor. Several other kinds of reactors are being developed; in the United
States, for example, a small experimental sodium-graphite power reactor
is now operating. The power reactor systems operating in this country are
deseribed in separate books in this series; another covers fluid-fuel reactor
developments. This volume reviews the status of U, 8 work on a number
of solid fuel reactors not yet represented by power-producing prototypes.

The concepts covered in this book are in various stages of development.
The fast breeder reactor, for which there is a very large volume of develop-
mental information, is represented by two rather large-seale reactor proj-
cets, At the opposite end of the xeale are projects still partly in the plan-
ning stage, such as the program for developing plutonium reeyeling in
thermal reactors, and the heavy-water moderated and cooled reactor. The
information, then, ranges from well-established experimental, theoretieal,
and developmental results to analyses intended chiefly to provide direc-
tion for future work.

1-1. OBJECTIVES

The objective of a power reactor development program is always bet-
ter reactors. Improvements can be of two kinds: those that improve im-
mediate economice performance, and those that improve long-term utiliza-
tion of nuclear fuels. Both objeetives are economie in their ultimate goals,
but the economie motivations of the former are short-term; those of the
latter are long-term. A society foresecing ultimate dependence on nuclear
fuels cannot afford to ignore the problem of effectively utilizing its nu-
clear resources. On the other hand, very high levels of research and
development ean seldom be justified solely by very long-term goals. Con-
scquently, the reactors that hold the highest promise for economic produc-
tion of nuclear power in the near future will receive the most intensive re-
search and development effort, while those whose main advantage is fuel
conservation will follow on a schedule consistent with the need.

*By J. R. Dietrich, General Nuclear Engineering Corporation.
1



2 INTRODUCTION [cHaPp. 1

In their present forms, neither the pressurized-water nor the gas-cooled,
graphite-moderated reactor utilizes nuclear fucls very effectively. Neither
can utilize much more of the latent energy of natural uranium than is rep-
resented by its U** content. These reactors fall short, too, of short-term
economic goals. Different kinds of improvement are needed for these dif-
ferent reactors. The pressurized-water reactor is deficient primarily in the
area of fuel cost; and the gas-cooled, natural uranium reactor is expensive
primarily because of the high capital cost of the plant itsclf. These defi-
ciencies may well be reduced or eliminated by further development, but it
is possible that, ultimately, the cheapest nuclear power may be produced
by a different kind of reactor or by a basic variation of one of the present
kinds. Some factors that influence capital costs and fuel costs of reactors
will be discussed.

1-1.1 Capital costs. Characteristics that affect capital costs interact
with one another quite strongly, and it is not possible to assign a degree of
importance to each of them. The only reasonable method for estimating
the capital cost of a particular kind of reactor is to estimate the cost of a
reactor and power plant of definite design; even then, there may be large
errors if research and development is yet to be done. Nevertheless, it is
possible to recognize characteristics that have important effects on capital
costs and to understand the kinds of development needed to lower the costs
of a given type of reactor.

The power density that can be attained in a reactor is important, since
it determines how large a reactor must be for a given power output. Sizes
of equipment outside the reactor, such as boilers and pumps, are also im-
portant. Thus power density limits dictated by nuclear performance bear
differently on capital cost than do those imposed by the coolant. Basically,
it is a power-density limitation that makes present graphite-moderated,
gas-cooled reactors expensive. This limitation originates in both the nu-
clear and the coolant characteristics. An example of power-density limi-
tation by neutron physies characteristics is in the D,0-cooled, D,0-
moderated reactor. Here the thermal characteristics of the coolant are
nearly the same as for ordinary water, but the power density is much lower
because neutron physics requires that fuel be lumped and moderator-to-
fuel ratio be high (see Chapter 5).

Increasing power density by high-performance design can, of course, be
overdone. It can lead to increasing rather than decreasing capital cost if
it requires very close tolerances or other expensive manufacturing pro-
cedures. The fast breeder reactor may perhaps be considered an example
of this type. It has the highest power density of any present reactor, but
hardly the lowest capital cost.
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Related to the question of power density is the question of how much
power a single reactor can deliver. Large units commonly cost less, per
unit output, than do small ones. A power reactor type that is inherently
limited to low total output is not likely to be competitive in the long-term
future. Of course, there may be a limit to the amount of power that can
be economieally distributed from a single location. Such a limitation—
and perhaps more important, the economical reserve capacity of a power
network—may set limits on desirable output eapability per reactor in the
future Meeting this goal may prove difficult for some reactor types.
At present, limitations on total power output usually arise from practical
limitations on pressure vessel size.

Of itself, high thermal efficieney in the reactor plant favors low capital
cost, but inereasing reactor coolant temperature (usually necessary to sub-
stantially increase cfficiency) may or may not reduce the capital cost of
the reactor. In the steam system of the plant, higher temperatures usually
lead to lower capital costs. Tt is in thermsl efficiency that water-cooled
(light and heavy) reactors are most seriously limited.

Obviously, any requirement of expensive materials or expensive con-
struction techniques will increase the cost of a given plant. Pressurized-
water reactors are handicapped because they use stainless steel extensively
in their primary systems. Gas-cooled, graphite-moderated reactors do not
suffer from this problem, but they do require expensive field fabrication
and annealing of their large pressure vessels.

Related to the problem of special materials and speeial construction
techniques are some unique problems of particular reactor types. 1t is al-
ways hard to assess the long-term effects of such problems on reactor costs,
since it 1s always possible that inexpensive methods of coping with them
will be developed. Yet certain problems, such as the problem of heat ex-
change between sodium and water, may prove to be important for a long
time to come.

1-1.2 Fuel costs. Fuel cost factors are more clearly interrelated than
those affecting capital cost. One nced only list the various items of cost
involved in producing, using, recycling, handling, and disposing of fuel ele-
ments, with reasonable estimates for their values, to demonstrate this in-
terrelation. This will not be done here, since the several items of fuel cost
vary radically between fuel elements. Rather, some major factors affect-
ing fuel cost will be considered.

Three types of fuel cycles must be considered separately: the natural
uranium cycles, enriched uranium cycles in which converted material is
not recycled, and cycles in which converted material (plutonium or U23#)
is recycled. From the standpoint of fuel cost alone, there is little doubt
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that the natural uranium fuel cycle is now most attractive. Arguments
against using natural uranium are usually based on the lower specific out-
put of the plant and the consequent higher specific capital cost which may
be necessary for using natural uranium. There is little doubt that devel-
oping a high-performance reactor fueled with natural uranium would be
a worth-while step toward economic nuclear power. On the basis of pres-
ent chemical processing cost estimates, the fuel cost with natural uranium
does not appear to be very sensitive to the difference between recovering
and not recovering plutonium from the spent fuel. The fuel cost consid-
erations in the natural uraniumn fuel cycle then boil down to only two:
keeping the fuel fabrication costs low and the life of the fuel elements long.

When partially enriched fuel is used in the reactor, there are two new

considerations. First, the U** burned in the reactor is more expensive
than that in natural uranium, so other fuel costs must be reduced to remain
competitive with natural uranium. Second, the U?** remaining in the fuel
after it is discharged is usually too valuable to be discarded, and therefore
must be chemically reprocessed to remove fission-product contamination.
For these reasons it is usually necessary, with partially enriched fuel, to
achicve very long fuel life (at least 10,000 Mwd/t) to bring chemical
processing and fabrication costs low enough per unit of energy obtained
from the fuel. Fortunately, such long fuel lifetimes appear possible with
oxide fuels, and the potentialities of reactors using partially cnriched fuel
can thus be exploited.
"' Recycling converted material (plutonium or U**) extends the utiliza-
tion of the basic fuel material and reduces the importance of the cost of
the fissionable isotope burned. In a sclf-sustaining breeder reactor the
cost or value of the fissionable isotope does not directly affect fuel cast—
except that investment charges against its value may be applicable as part
of the power cost, and that there may be additional revenues from selling
excess fuel produced in the reactor. Recyecling either plutonium or U3
involves fabricating material that is alpha-active and probably gamma-
active; these fuels would almost certainly be more expensive to fabricate
than normal uranium. However, if by recycling plutonium, natural ura-
nium could be used in reactors that otherwise would require partially en-
riched uranium, recycling might reduce fuel cost. For the future, recycling
converted fuel is the only known method of greatly improving the utiliza-
tion of nuclear fuel resources.

Although these three types of fuel cycles differ markedly, clearly there
are only two straightforward avenues open to the designer for reducing
fuel cost in a particular reactor. One is to extend fuel life; the other, to
design fuel elements with low fabrication cost. These two principles ap-
ply whatever fuel cycle is considered, although their relative importance
may vary.
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1-1.3 Utilization of nuclear fuel resources. The only method by
which a substantial fraction of the energy potentially available in natural
uranium or thorium can be utilized is by recycling plutonium or U,
Otherwise it is not likely that the energy output of natural uranium can be
extended to more than about twice the energy content of the U*** in the
uranium and it is questionable whether thorium will be utilized at all.
Consequently, the development of reeycling methods is of great signifi-
cance for the future, whether or not it contributes immediately to lowering
costs of nuclear fuel. There are quite basic differences between recycling
fuels for fast reactors and for thermal reactors. These differences may
well prove more important than the differences between plutonium and
U= recyeling in the same kind of reactor (i.e., fast or thermal). The dif-
ferences, of course, originate in the different tolerances of fast and thermal
reactors for diluent materials and fission produets.

1-2. METHODS OF APPROACHING THE (OBJECTIVES

The several reactor development projects discussed in this volume rep-
resent as many approaches toward reducing capital and nuclear fuel costs
and improving utilization of nuclear fuels. The projects will be discussed
briefly in relation to these objectives.

1-2.1 The fast neutron reactor. Of the reactor types discussed, the
fast neutron reactor is by far the most highly developed. Its excellent po-
tentialities were broadly recognized |1,2%| at an early date. By 1951 the
Experimental Breeder Reactor I [3] was operating in the United States;
it produced the first nuclear electrie power in December of that year. De-
sign and development were under way on three fast neutron reactors of
substantial size by 1955 [2,4,5]. These reactors are now being built; two
of them are described in Chapters 3 and 4 of this volume.

The performance potentialities of the fast neutron reactor are indeed
outstanding. Itsneutron economy is higher than that of any other reactor.
Measurements made on the EBR-I reactor [3] and fast critical experi-
ments |6,7] have proved that practical fast reactors can have substantial
breeding gains. At the same time, with sodium as coolant, temperatures
can be high enough for good thermal cfficiency. From the standpoint of
fuel utilization, the fast reactor is the only known method of extracting
the energy from a large fraction of the available U**. It can also utilize
thorium.

Despite these advantages, the fast reactor is not yet the cheapest source
of nuclear power. Experience has shown that capital costs of fast reactor
systems are high. The high cost is associated partly with the circulation
of sodium, partly with the use of an intermediate sodium system between

#*References are listed at the end of each chapter.
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the primary and steam systems, and partly with the high density of fis-
sionable isotope in the core, which imposes the requirements of extremely
high power density. To what extent thesc high costs are inherent in the
system, and to what extent they can be eliminated by experience and de-
velopment, remains to be demonstrated.

With respect to fuel cost, the fast reactor has no logical place in the
field of nuclear power unless plutonium is recycled ; otherwise the reactor
is only a burner of expensive, highly enriched uranium. Although markets
may now exist for the plutonium produced, the fast reactor in the long
term must be considered a breeder utilizing its own bred plutonium as
fuel. If present methods of fuel processing for thermal reactors are to be
used also for extracting and processing the plutonium from fast reactors,
then low fuel costs can be achieved only after the costs of these processes
have been substantially reduced. It appears, however, that simpler and
presumably cheaper processes should be adequate for processing fast re-
actor fuel, since fission-product removal is far less important than for
thermal reactors.

To summarize, the fast reactor has been proven feasible and has great
promise for the future, although in many areas cost improvements are
needed and it must be developed to operate on a self-sufficient fuel cycle
if it is to be economical. From this combination of potentialities and
problems has evolved the two-pronged attack now under way in the United
States. It is recognized, on the one hand, that large developmental steps
are made by using experimental reactors with few operating restrictions
imposed by considerations of economy, service continuity, or risk of equip-
ment damage, and that, on the other hand, development of practical de-
sign and operating procedures is stimulated by practical operatior of a
large reactor to produce power for a utility system. Consequently, two
fast reactor projects are under way. Both involve reactors large enough
to obtain results that could be applied to large central station power plants.

The Experimental Breeder Reactor II will be built at the National Re-
actor Testing Station in Idaho. Although it will generate cleetricity, no
obligation to produce power will interfere with experimental operation.
The (remote) location of the reactor at the testing station will give it the
greatest possible flexibility of operation and experimentation without un-
due hazards to people or property. Finally, the reactor complex will in-
clude a chemical processing and fuel refabricating plant, completing a self-
sufficient nuclear power operation which, in equilibrium, will require only
a small feed of U2,

In contrast, the Enrico Fermi Atomic Power Plant will be a fast reac-
tor fueled with U?® and tied into a normal power system. Here, develop-
ments and operating procedures for practical electrical power generation
will be worked out. This dual approach to developing the fast reactor is
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expected to be most effective in realizing the long-term potentialities of the
fast reactor system on a practical time schedule.

1-2.2 The D,0 reactor. In the thermal neutron energy range, the
D.O-moderated reactor approaches most closely the high neutron econ-
omy of the fast reactor. Lewis has pointcd out many advantages resulting
from this characteristic [8-10], and the Canadian program on the D,0-
moderated concept has progressed through two research reactors to a proj-
ect for constructing a D,0-moderated, D,0-cooled power reactor [11].
In the United States, the major use has been as production reactors at the
Savannah River Site (see Chapter 5).

Much of the technology required for the D,0 power reactor has already
been developed for pressurized, H,O-moderated, H,0-cooled rcactors.
The unique problems in using heavy water are those of an expensive ma-
terial for the moderator, and ot extracting larze amounts of power from
reactors that are inherently rather large yet must be highly pressurized.
Reactor systems in which D,0 can serve as moderator are numerous.
The coolant may be D,0 itself (either in a pressure vessel reactor or in a
pressure tube reactor), or it may be a gas, a liquid metal [12], ordinary
water, or an organic liquid. The high ncutron economy achievable with
D,0-moderated reactors can be utilized in many ways: to permit opera-
tion with natural uranium fuel, to achieve cfficient recyeling of plutonium
in thermal reactors, or to use the thorium-U%* cycle with a very high
conversion ratio or with net breeding of U2,

Most of these applications of D,0-moderated reactors are being ex-
plored in the United States. A pressure-vessel type, D,O-moderated, D,O-
cooled reactor is being developed to use natural uranium (Chapter 5).
Another approach is by way of a gas-cooled, D,0-moderated reactor
(Chapter 6). The plutonium recycle application is to be investigated
with a pressure-tube, D,0-moderated, D,0-cooled reactor (Chapter 8).
The thorium-U=* cycle appears cspecially suited to the boiling D,O ap-
proach, and development is proceeding in this direction.

1-2.3 The gas-cooled reactor. The reactor concepts described so far
have emphasized characteristic neutron physics behavior. Another ap-
proach is to concentrate on the potentialities of a particular reactor cool-
ant. One group of possibilities of this kind embraces the gaseous coolants.
To a large degree the technology and engineering character of a reactor
depends upon choice of coolant. This is true of water-cooled reactors, and
a special branch of reactor technology has developed around the British
[13-17] application of gas cooling also. Gases allow relatively high cool-
ant temperatures, have relatively poor heat-transport characteristics un-
less used at high pressures, temperatures, and flow velocities, and (unlike
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water) require a separate reactor moderator. Thus the neutron charac-
teristics are determined by the moderator, and the thermal performance
by the gaseous coolant. The combination of graphite moderation, carbon-
dioxide cooling, and fueling with natural uranium metal in magnesium al-
loy jackets has led to a reactor that is particularly attractive for the nu-
clear power economy of Great Britain. These reactors have good neutron
economy and give reasonably high steam temperatures, but their power
densities are low.

The combination of graphite as moderator with a gaseous coolant has
many attractive features. Fundamentally it is capable of high neutron
cconomy and good thermal efficiency. Unfortunately, materials so far de-
veloped for jacketing nuclear fuels have either mediocre temperature ca-
pabilities and good nuclear properties, or fairly high thermal capabilitics
and rather poor nuclear properties. Potentially, gas-cooled systems have
attractive possibilities, but at present they suffer from low power density
and relatively modest temperatures. It is characteristic of the gas-cooled
system that as the temperature capability is increased the power density
will automatically increase also. Investigation of this system is just be-
ginning in the United States, and design studies [18-22] have been made
to predict the design areas most favorable for this reactor type (Chap-
ter 6). Lacking a fuel element jacketing material with both high neutron
economy and high thermal performance, the latter is being chosen at the
expense of neutron cconomy. This is the approach selected in the graphite-
moderated, gas-cooled reactor concept, using slightly enriched uranium
oxide with stainless steel jackets.

Simultancously, a gas-cooled reactor employing D,0 as moderator was
proposed to the U. S. Atomic Energy Commission (Chapter 6). Th this
concept a pressure-tube reactor employs cool D,0 as moderator. Using
D,0 minimizes the loss of neutrons to the moderator and offers reasonably
good neutron economy even if rather absorbent materials are necessary
for fuel-element jackets. At the same time, it avoids size limitations, be-
cause need for pressurizing the reactor in a single vessel is avoided.

1-2.4 Organic coolants and moderators. A sccond approach empha-
sizing the reactor coolant employs organic liquids as coolants, or as cool-
ants and moderators. The use of organics in reactors has been under in-
vestigation in the United States for a number of years |23-32|. An
experimental reactor moderated and cooled by an organie liquid has re-
cently been built and operated (see Chapter 7) [30].

The promise of the organic system lies in the case of attaining fairly
high coolant temperatures, and in its freedom from corrosion. Organic
liquids at relatively high temperatures have quite low vapor pressures,
and are compatible with most metals usable as fuel jackets. Furthermore,
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they are not strongly activated by neutron irradiation Thus very sub-
stantial reductions in capital cost might be achieved by using them for
reactor coolants or for coolants and moderators, and reasonably high
steam temperatures might also be possible. The disadvantage of the or-
ganic liquids is their chemieal dissociation by radiation and high tempera-
ture, which requires investment in cleanup systems and operating ex-
penditures to continually replace the dissociated organic liquids.

Since the dissociation of organie liquids is their only feasibility prob-
lem, the obvious approach has been to build an experimental reactor us-
ing them. It happens that the reactor built (the Organic Moderated
Reactor Experiment) employs organie liquid both as coolant and as mod-
erator, but this does not necessarily mean that this will always be the
most cffective way of using organic liquids. Indeed organics can be used
to very good advantage as coolants with any suitable moderator, with
consequent reduction in the rate of dissociation. The question of how
far this approach can go toward developing economic nuclear power can
be determined only after the behavior of the organie liquid has been cs-
tablished. Thus the outcome of the current organic moderated reactor ex-
periment is crucial for future reactor applications of organic liquids, but
it does not necessarily establish the most attractive design for a reactor
utilizing them.

1-2.5 Plutonium recycling in thermal reactors. The final phase of
development discussed in this volume centers around neither a particular
neutron spectrum nor a particular reactor coolant, but rather around a
fuel eycle. The program for recyeling plutonium in thermal reactors has
its greatest significance in the area of nuclear fuel utilization. Recyeling
converted fissionable isotopes is probably essential to any really significant
development of the nuclear power industry. It is perhaps not a matter of
great urgency to recyele converted fuel so long as supplies of nuclear fuel
are plentiful, but since economic recycling will not be accomplished easily,
it appears prudent to attack the problems carly enough to establish firm
foundations and consistent directions for the development of the industry.

A number of analyses of the physics and economies of plutonium recycle
have been made [33-36|. The work deseribed in this volume represents
an integrated program, now in the planning and analysis stage, concerned
with all problems of reeycling plutonium in thermal solid fuel reactors.
The program includes the construction and operation of a test reactor,
and for reasons of convenience and flexibility in experiments, a pressure-
tube, D,O-moderated, D,0-cooled reactor has been selected. It seems
probable that reactors of this type would also be well suited for power
production with plutonium recyecling. The test reactor will be used in con-
junction with a laboratory for processing and fabricating recycled fuels.
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1-3. PLAN OF PRESENTATION

There is no obvious direct and single path leading to the development
of economic nuclear power and optimum long-range utilization of nuclear
resources. It has been the policy of the United States to seek possible
paths that may lead to these goals and, where practical, to sponsor work
along these paths by organizations that have demonstrated an enthusiasm
for them. The same approach has becn used in assembling this volume:
where possible, the individual programs have been described by the groups
carrying them out. This approach inevitably results in a certain degree
of inconsistency of organization. It is hoped that such inconsistencies
represent a tolerable price for the advantages gained in obtaining infor-
mation from its source.

In the following chapters, the various systems are presented in the or-
der in which they have been discussed above. The fast reactor system,
farther advanced than the others, is described in three chapters, one deal-
ing with general fast reactor technology and the others with the two cur-
rent fast reactor projects.
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CHAPTER 2
THE FAST NEUTRON POWER REACTOR*

2-1. INTRODUCTION

The outstanding characteristic of the fast reactor is its high ncutron
ceconomy, in which lies its promise to extend the nuclear fuel supply. The
fast reactor is the only known means of extracting a large fraction of the
cnergy potentially available in U2#*, It is also a means, probably not the
only one, of extracting encergy from thorium. These possibilities result
from the fast reactor’s high breeding ratio. Reactors now being built will
have breeding ratios substantially greater than unity. That is to say, they
will produce from the fertile U*** more fissionable material than they con-
sume. In future reactors operating with plutonium fuel, larger breeding
gains can be expected.

The advantages and problems of a fast reactor are easily recognized.
Its high breeding ratio [1] results from three characteristics: the value of
y is high (neutrons liberated per neutron absorbed by the fissionable iso-
tope), fissions in the fertile isotope U are a rather high fraction of the
total, and parasitic ncutron absorption by structural and coolant materi-
als is low. High neutron energy accounts for the first two of these. If a
moderator is used the fast neutron qualities arc lost and the breeding ra-
tio decreases; consequently, neutron moderation must be kept to a min-
imum. However, there is always some neutron moderation in the reactor
from clastic and inelastic seattering by the fuel, structure, and coolant.

For many fast reactor designs, the median energy at which fissions oc-
cur is about 0.2 Mev. A fast reactor will typically include a fissionable
material, a fertile material, a coolant, and whatever structural material is
necessary.

Tt is useful to adopt the approach of Reference 2 to develop a rough pic-
ture of fast reactor composition and characteristics. For neutrons of en-
ergy about 0.2 Mev, the scattering mean free path in pure U** is about
2.5 cm and the absorption mean free path about 12 em. For this medium
and this neutron energy an effcctive diffusion area L* is given by

ANAa (2.5)(12) .
3 =~ 3 ~ 10 em?.

*Compiled by J. R. Dietrich, W. R. Baldwin, and J. L. Watkins, GNEC.

The following authors furnished manuseripts and prepublication copies of pa-
pers which supplied an important part of the information in this chapter:
A. Amorosi, W. J. McCarthy, Jr., and J. J. Morabito, of Atomic Power Develop-
ment Associates; and R. O. Brittan, J. R, Humphreys, Jr., R. A. Jaross, L. J.
Koch, W. B. Loewenstein, J. K. Long, D. Okrent, F. A. Smith, and F. W. Thalgott,
of Argonne National Laboratory.

L2~
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If the U2 is to be the starting point for a fast reactor, we might con-
sider first diluting the material with a coolant, perhaps sodium in the vol-
ume ratio 1:1. Since sodium is practically transparent to neutrons in the
relevant energy range, L?> would be increased in the ratio 22, or to about
40 cm® If the reactor is to be large, the ratio of coolant to solid material
might be maintained and the U**® diluted further with U**® and structural
materials. The U?*® (the major constituent) will have an absorption cross
section about 1/10 that of U?*®, and roughly the same scattering cross sec-
tion as U235, If the reactor is quite large, the dilution can be increased un-
til absorption by the diluents is comparable to that in the U5, but if dilu-
ents absorb more than about half the neutrons a chain reaction cannot be
maintained. Thus the maximum dilution D (volume of total solid mate-
rial/volume U2*%) will be of the order 10. If the scattering cross section of
the diluent is assumed equal to that of U, then L would increase to 40D
if there were no absorptions in the diluent and to 40D/2 if half the neu-
trons were absorbed by the diluent. Thus the diffusion area becomes
rather large as the dilution is increased, and substantial leakage from the
core can be expected even in relatively large fast reactors.

The reactor described has the following characteristics:

(1) The U** density in the core is high; therefore high power density
is necessary to keep the specific fuel investment charges low. In this ex-
ample, with a dilution of 10 and a coolant fraction of 0.5, the U** (or
plutonium) content will be 50 em?/liter of core, or 900 g/liter. The plu-
tonium in one liter of core then has a value of about $15,000; at an annual
rate of 4%, the use charge per liter would be $600. If this charge is to be
no more than 0.5 mill/kwh (electrical), the thermal power density, must
be about 0.5 Mw/liter. This estimate does not include the part of the fuel
investment from processing, fabricating, and cooling spent fuel elements.
Usually it is assumed that power density for fast reactors must approach
1 Mwy/liter to make them economically attractive. Fortunately, power
densities in this range can be reached with sodium as the coolant; they
would be difficult to attain with other coolants.

(2) Since the power density is high, the reactor will be small for a given
power output. Consequently, neutron leakage is high and much of the
breeding must be in an external blanket. In a self-maintaining system,
bred fuel is cycled from blanket to core.

(3) The neutrons make relatively few collisions before they are ab-
sorbed ; consequently their lifetime is short (of the order 10~7 sec). The
short lifetime suggests the possibility of rather large accidental nuclear
power excursions and resulting safety problems.

(4) Because a large coolant fraction is necessary for heat removal, the
typical fast reactor will contain enough fuel to make several critical
masses if it were arranged compactly. It is difficult to prove that such a
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compaction could not occur if an accident should melt the fuel. This, too,
poses a safety question.

The two most important fast reactor characteristics affecting cost are
the related high power density and sodium cooling. The high power den-
sity requires careful design and construction, particularly to ensure ade-
quate coolant flow in all possible circumstances. It also complicates han-
dling irradiated fuel, requires the fuel to be highly subdivided, and
demands a high temperature rise in the coolant as it traverses the reactor
core. These requisites are reflected in high capital and fuel costs and in
thermal shock problems. On the other hand, high power density means
small plant size, tending toward lower capital costs.

In using sodium, numerous problems influence costs. The chemical re-
activity of sodium with water and air makes the use of an intermediate
heat-cxchange system, to isolate the radioactive primary sodium from the
steam system, highly desirable if not essential. It leads to stcam boiler
construction problems and imposes rather severe requirements of second-
ary containment. Because the sodium is radioactive, the primary cool-
ing system must be shielded and maintenance is complicated. The high
melting point requires heating the sodium circulating system. Free sur-
faces must be blanketed with inert gases and cleanup systems must be
provided to maintain high purity of the sodium. Problems of operating
mechanisms in sodium are important today, but may be reduced by
further research and development.

Counterbalancing these difficulties are the very considerable assets of
excellent nuclear and thermal performance. The neutron economy of the
fast rcactor cannot be exceeded, and the thermal performance of the so-
dium coolant is outstanding. Indeed, if the use of sodium is justified
anywhere in the reactor field, it is as coolant for the fast reactor.

In the long term, the fast rcactor would have little attraction unless
recycling bred fuel proves economical. Consequently, the fast reactor
system cannot be considered fully developed until a practical and eco-
nomical method for fuel recycling is also developed, and this may be true
for most other reactors. However, some features of fuel recycling may
prove easier with the fast reactor because fission products are less harmful
to the neutron economy.

The fast reactor is not yet the cheapest means of generating nuclear
power, but if nuclear fission is to be a lasting power source, future reactors
must be able to utilize large fractions of the energy latent in U#%¢ and
thorium. The urgency of such development will depend on the supplies of
nuclear fuel. Although there is no immediate prospect of a nuclear fuel
shortage, it is prudent that early nuclear development take this possibil-
ity into account. In this context, it is significant that some problems of
the fast reactor appear to be unique, and that large improvements will
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probably come as a result of a direct attack on these specific problems,
rather than from broad developments in reactor technology. It is signifi-
cant also that the major disadvantages of the fast reactor do not inher-
ently limit its performance, but are technological problems that at pres-
ent are expensive. Thus there is good potentiality for improving the
reactor through well-directed research and development. These consider-
ations have led to a rather strong program of developing and constructing
fast reactors in the United States.

Fast reactor development was begun early in the United States, at a
time when known uranium reserves were much lower than at this writ-
ing. The Experimental Breeder Reactor T (EBR-I), completed in 1951
[3], was the first reactor to produce electric power, on December 21, 1951.
It operated at a thermal power of 1.4 Mw, producing 250 kw of electricity.
It is still in operation. Besides proving the technical feasibility of a fast
reactor, the EBR-I was employed first to establish the feasibility of breed-
ing, and later to provide information on the neutron spectra character-
istics of fast reactors and eapture-to-fission ratios in such spectra. More
recently it has been used to study the stability and safety of fast reactors.

The EBR-I has been followed by two reactors in the United States and
one in the United Kingdom [4,5]. The Experimental Breeder Reactor
II (EBR-II), an experimental reactor of 20 Mw (electrical) output to be
completed in 1960, will carry on investigations begun on EBR-I. 1t is to
have a fuel reprocessing and refabrication plant for recycling the bred
plutonium. The Enrico Fermmi Atomic Power Plant (EFAPP) is sched-
uled to operate in 1960, with an clectrical power output of 100 megawatts.
It will demonstrate the application of a fast reactor in a commercial elee-
trical network. 3

These reactors are to be fueled initially with mixtures of metallic U**
and U**®, The EBR-II and possibly the Enrico Fermi Reactor will oper-
ate later with a Pu-U#% mixture. There has also been some work on fuel-
ing fast breeder reactors with oxides of plutonium and uranium [6-11].
Design studies have been reported on a large oxide breeder (240 Mw, elec-
trical) with a breeding ratio of 1.3 and a coolant outlet temperature of
1000°F [6].

The subject of fast reactors is treated here in threc chapters. Chapter 3
describes the EBR-IT design and Chapter 4 the Enrico Fermi Atomic
Power Plant. This chapter (Chapter 2) covers 1in a general way three of
the major technical areas of basic importance to the fast reactor concept:
reactor physics, reactor safety, and sodium system technology.
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2-2. REACTOR PHYSsICS*

There are many good summaries of the neutron physies of fast reactors
[12-15]. These papers treat both the theoretical methods and their ap-
plications to experimental data. Such data come from a number of
gources: the Experimental Breeder Reactor I [3,16], the British low-power
fast reactor, ZEPHYR [15], various critical assemblics at Los Alamos
[17-21], and the Argonne Fast Exponential Experiment [22]. Recently
an extensive body of data has become available from the ZPR-III critical
assembly at the National Reactor Testing Station [23,24]. This facility
was constructed specifically to obtain data on assemblies for fast neutron
power reactors. From it has come the most extensive available collection
of data for this application.

This section describes only the reactor physies features that define the
fast neutron reactor and that have a significant bearing on reactor design.
The methods of calculation are deseribed only briefly, to define the frame-
work within which the physics studies are made.

2-2.1 Aspects of the reactor physics problem. In fast reactors fission
and capture occur over a wide range of energies, and it is not feasible to
average the cross sections. Thus, a central problem in fast reactor phys-
jes is to determine the energy spectrum of the neutrons. The spectrum, of
course, depends on the composition and “geometry” of the reactor. The
practical method is to divide the energy range into a number of sub-
ranges, and to treat the neutrons in each subrange as a group of constant-
cnergy neutrons for which average cross scetions can be determined. By
judigious choice of the number of groups and of the energy ranges of each
group, this multigroup technique can be adapted to any available experi-
mental data and to any known cnergy-dependent peculiarities of the re-
actor. The number of groups can vary rather widely, depending on the
character of the problem. For some problems one group may be feasible,
and as many as 20 groups have been used for others. Often about 10
groups are enough to apply the available data. Calculations with more
than two or three groups require large digital computers, unless for a re-
actor with a single, uniformly composed region or one that can be approxi-
mated by an equivalent single-region assembly.

An 11-group breakdown used for many calculations at Argonne Na
tional Laboratory is summarized in Table 2-1, taken from Reference 14.

*Most of the material of this section has been extracted from Reference 14 by
W. B. Loewenstein and D. Okrent, and Reference 24 by J. K. Long, W. B. Loewen-
stein, C. E. Branyan, G. S. Brunson, F. 8. Kion, D. Okrent, R. E. Rice, and

F. W. Thalgott.
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TaBLE 2-1

SymBoLs AND GROUP INTERVALS FOR ELEVEN-GROUP BREAKDOWN [14]

j = Energy group
X = Fission spectrum (fraction of fission neutrons born into each
group)
Ep = Lower boundary of energy group, Mev
Au = Group lethargy interval (approximate)
v = Average velocity of neutrons in energy group X 108
oy = Transport cross section, barns
oy = Fission cross section, barns
o, = Parasitic neutron absorption cross section, barns
a = a./a; for Pu239, U235 and U233
ge1 = Cross section for neutrons removed to the next lowest energy
group by elastic scattering

o = Cross section for neutrons removed from energy group by in-
elastic scattering

G, —+x = Transfer cross section for inelastic scattering from group j to

group j+ k&

Za'm)—n-(-k = 0Oin

k=0
J X EL Au v
1 0 338 2 25 — 25 6
2 0 236 1 35 05 18,3
3 0.178 0 825 0.5 14.5
4 0.116 05 05 11.5
5 0 066 0.3 05 88
6 0 033 0 18 0.5 6.7
7 0.017 01 0.5 52
8 0 008 0.067 0.5 4.0
9 0.006 0.025 1.0 2.8
10 0 002 0 0091 1.0 1.7
11 0 0 — 0.8

Table 2-2, also from Reference 14, gives the group cross sections for a
number of materials that might be used in fast reactors. In the case of
Pu?®, three values are given for a (the ratio of capture cross section to
fission cross section) in each energy range. These values cover the pres-
ent range of experimental uncertainty of a. The calculated results men-
tioned later in this chapter are based on the constants of Table 2-2 (see
pp. 98-108) ; the standard value of « is used for plutonium.
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The second problem is to determine neutron transport from point to
point in the reactor within each energy group. In the size range of cen-
tral station power reactors, it has been found that the transport of neu-
trons is described well enough by the diffusion approximation. For smaller
assemblies, or where local flux variations must be investigated in larger
assemblies, other approximate solutions to the Boltzmann equation have
been used. In the United States the S, method of Carlson [25,26] has
been applied most extensively. Various approximations to transport the-
ory are discussed in References 12 and 15, and calculational results by the
various methods are compared in Reference 12.

Although fast neutron power reactors will usually have rather fine-
grained structures,* in order to achieve the very high power densities re-
quired, it is nevertheless necessary to consider the fine structure of the
neutron flux distribution in the reactor. This is important when critical
assemblies are designed to approximate the performance of a contem-
plated power reactor. A related problem is that of neutron streaming
through materials, such as sodium, that have long neutron mean-free
paths. Critical experiments have shown only small effects of streaming in
configurations suitable for power reactors. Local variations in the neu-
tron flux caused by structural inhomogeneities do exist however, and must
be taken into account in the calculations.

Figure 2-1 plots relative fission rate distributions, as measured by U2
and U2 foils, through a series of plates of various materials which were
used to build up the ZPR-III critical assembly. Two cases are illustrated.
In one case slabs of enriched and depleted uranium were purposely made
thick to accentuate the fine structure effect. Normally, the ZPR core was
built up of the thinner plates illustrated in the lower section of Fig. 2-1,
and the flux variations were therefore small. For both U%* and U the
fission rate is seen to peak in the enriched uranium slab. This peaking
results from the higher neutron energy spectrum in the enriched slab,
where the proportion of uncollided neutrons is greater. The peaking is
much more pronounced for the U?® foils, as would be expected, since only
high-energy neutrons fission U8, The procedure used to account for the
local variations in neutron flux and spectrum is to apply corrections which
are either measured (if the assembly is an experimental one) or calculated
from one of the better approximations to transport theory. The correc-
tions convert the assembly to an equivalent homogeneous assembly.

The final aspect of the neutron physics problem is to account for the ef-
fects of the gross geometry of the assembly. Two-dimensional calcula-
tions are possible with digital computing machines if the number of neu-
tron energy groups is no greater than two. These calculations, of course,
amount to three-dimensional calculations if there is an axis of symmetry,

*That is, fuel elements of small cross-sectional area, closely spaced.
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F16. 2-1. Fission rate distribution across drawer of ZPR-III assembly with
bunched materials (above) compared with separated materials. [24]

as for example in a right circular cylinder. Reasonably accurate compu-
tations can be made using only two groups of neutrons if the constants are
adjusted so that the results agree with those of multigroup calculations
on simpler assemblies (of the same composition). Two-group constants
which have been used are given in Table 2-3. When great accuracy is not
required, the usual method of one-dimensional calculation is applicable,
using fundamental-mode bucklings for the dimensions not involved in the
calculation. For assemblies with high volume-to-surface ratio, critical
masses may be calculated by computing the critical mass of an équivalent
sphere and applying an appropriate shape factor. Experimentally deter-
mined shape factors for various cases are given in Reference 14.

Although many aspects of neutron physics must be considered for the
design of a reactor, much of the calculation and experimentation is di-
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TABLE 2-3

Two-Grour CoNnsTanTs [16]

Energy
Material | group, Our v as Oe O, 12 a
j*
Pu?3? 1 5 29 18 |[0.1 09 0 054
2 7 2.9 18 |04 — 0.22
U235 1 5 25 125 |0.15 15 012
2 7 25 15 04 —_ 0.27
U238 1 5 25 0522 | 005 21
7 — 0 0 22 —
Fe 1 2 0 0 0 006 0.7
2 3 0 0 0 006 —
Na 1 2 0 0 0 0005 01
2 3 0 0 0.001 —_
Al | 17 0 0 0 0002 04
2 40 0 0 0 0004 -—

*Fission spectrum: X; = 0.575, Xg = 0.425.
j = 1 corresponds to neutrons above U238 figsjon threshold (~1.4 Mev).
J = 2 corresponds to neutrons below U238 figsion threshold.

rected to the critical mass of the reactor in some significant stage of vper-
ation. Critical masses of a number of fast-neutron assemblies have been
determined experimentally in the ZPR-III facility. The results of these
measurcments are summarized in Table 2—4.

The column of Table 24 which shows the order of pieces in a typical
core drawer can be interpreted to describe the assembly. The core struc-
ture consists of stacked 2-inch-square aluminum tubes into which fit alu-
minum drawers; the two halves of the core structure are loaded with these
drawers from all four faces. The front drawers (2 internal faces) are 15
inches long, the back ones 17 inches long. The drawers have internal slots
arranged so that plates of various materials (see Table 2—4) can be loaded
into them; the plate size is 1/8 inch thick by 2 inches high and varies in
length.

Assemblies 12, 14, 16, and 17 contain graphite as one of the constituents.
These assemblies were made to obtain lower-energy neutron spectra, cov-
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ering in relatively small assemblies the range to he expected in very large
fast breeder reactors. -

Using these methods, the critical masses given in Table 2-4 have been
predicted theoretically with reasonable success. Much better knowledge
of cross sections (particularly inelastic scattering cross sections) is needed,
however, before calculations from “first principles” can confidently be
made. The agreement between reactor theory and experiment is discussed
in some detail in Reference 14.

2-2.2 Breeding ratio. The breeding ratio is defined as the number of
atoms of fissionable isotope formed in the reactor per fissionable atom
destroyed. If the fissionable atom produced is of different chemical ele-
ment than that destroyed (e.g., if U** is consumed and Pu** is produced),
the ratio is often called the conversion ratio. In cither case, if the ratio
is exactly unity, the reactor produces as many fissionable atoms as it con-
sumes, and the net consumption of fuel is zero. If the ratio is greater
than one there is a net gain in fuel.

The breeding (or conversion) ratio R is given in terms of important
reactor characteristies by the following equation:

=v—1—a—A—A+F(1£__—__1)_,

k 1+«

where

A = number of neutrons captured by parasitic absorbers,

A = number of neutrons leaking from the reactor (core
plus blanket),

F = number of U8 atoms fissioned,

v = number of neutrons produced per fission in fissionable isotope (1%
or Pu®),

v = number of neutrons produced per fission in fertile isotope (U%*®), and

a = ratio of eapture cross section to fission cross section of the fissionable
isotope.

per fission of
primary {ission-
able isotope

The high breeding ratio in fast rcactors results from the following:
(1) the value of a is low for neutrons of very high energy. Note that
« appears twice in the equation for breeding ratio, in such a way that it
decreases breeding ratio in both cases. This is to be expected, since cap-
turing a neutron in a fissionable atom wastes both the atom and the neu-
tron. (2) The value of F, the fraction of fissions in fertile material, can
be relatively large when U*%* ig the fertile material with fast ncutrons.
The benefits from fissien of U** are somewhat greater than suggested by
the breeding ratio equation, for such fissions produce not only neutrons
but also energy. (3) The value of A, the parasitic neutron loss, is usually
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low in a fast neutron reactor. This is because the ratio of fissionable fuel
to parasitic absorber is much higher than in other reactor types.

The value of « is perhaps the most important of the above character-
istics. Since plutonium must ultimately be the fuel for the fast breeder
reactor, the value of o for Pu®* has great significance. There is still
some uncertainty as to the variation of & for plutonium with neutron
energy, as suggested by the three sets of values included in Table 2-2.
The “standard” values listed in the table are from Reference 18. Meas-
urements of a for Pu** and U2% in the EBR-I by radiochemical and
mass spectrographic analyses have verified that the values are in the
predicted range (Figs. 2-2 and 2-3).

The measured radial variations of a for Pu®® and U** are shown in
Fig. 2-3. Here, of course, a varies hecause the average neutron energy
varies as the neutrons diffuse outward through the blanket. Since few
fission neutrons are produced in the blanket except very near the core
boundary, there is very little replacement of the fast neutrons as they
are slowed down by scattering in the blanket. Near the outer edge of
the blanket the energy spectrum is much lower because many neutrons
are moderated in the surrounding graphite. The calculated curves in
the figure [12] describe the neutron energy spectrum as a function of po-
sition. A region of the blanket is defined where the neutron spectrum is
calculated to approach that of a large fast breeder reactor. The values of
« measured in this region should therefore apply to the large reactor core.
Note that the values are pleasingly low in this region. The abrupt in-
crease in a of Pu®* in the low-energy spectrum near the outer edge of the
blanket shows how important it is to keep the energy speetrum high when
Pu®# is the fuel.

2-2.3 Effects of reactor size and dilution. In a small fast reactor.
such as EBR-I or even EBR-II, a rather large fraction of the fission neu-
trons leaks out of the core. If the core is made larger, the fractional
leakage becomes less and relatively more nonfissionable material can be
used in the core. Obviously, as much of the diluting material as possible
should be fertile, so that the neutrons can be absorbed productively. As
the dilution is increased, the ratio of (macroscopic) scattering to fission
cross sections will also increase, and the effective energy of the neutron
spectrum will decrease. The effects of such changes can be examined by
considering a series of multigroup calculations by Loewenstein and
Okrent [14|. These apply to idealized fast neutron reactors of four dif-
ferent sizes: a small, highly concentrated reactor, a reactor of EBR-II
size, a reactor of medium size (200 liters core volume), and a large fast
breeder reactor (800 liters). These reactor sizes can be related to power
output by assuming that the power density in the core will be one ther-
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F1c. 2-3. Values of « for U2 and Pu®** in EBR-1 [12,16]. (In the lower fig-
ure, Pu23? is the curve that rises sharply at the right.)

mal megawatt per liter. The reactors calculated are spherical, with com-
pletely surrounding blankets 45 em thick. Both Pu** and U are
considered as the fissionable isotope. The results of the calculations are
given in Table 2-5 (see pp. 110-113).

The effects of larger size and dilution can be observed by comparing,
for example, the plutonium-fueled EBR-II reactor with the large plu-
tonium breeder. The lower energy of the neutron spectrum in the large
reactor is evident when the flux integrals for the various energy groups
are compared. This lower energy means a higher average value for «
in the large reactor and consequently a larger ratio of neutron captures
in Pu®* to fissions (0.195 as compared with 0.146 for the EBR-II case).
The average microscopic fission cross section of U2* relative to that of
Pu?* is also lower, but this effect is counterbalanced by the larger quan-
tity of U2 in the core. Thus the ratio of fissions in U2 to fissions in
the Pu?® is actually much greater in the core of the larger reactor than
in the smaller one (0.224 as compared with 0.119). On the other hand,
with the smaller fractional leakage into the blanket of the larger reactor,
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the fractional fissioning of U** in the blanket is also smaller. The net
result is that both reactors, as a whole, have very nearly the same ratio
of U238 fission to Pu?* fission (0.28).

The proportion of structural material and coolant must, of course, be
considerably greater in the large reactor; therefore the loss of neutrons
to coolant and structure is also markedly larger, but it amounts to only
0.05 neutron per Pu** fission. As a net result, the breeding ratio for the
large reactor is somewhat, but not much, smaller than that for the re-
actor of EBR-II size (1.77 as compared with 1.84). Note that even in the
large reactor, over half the breeding occurs in the blanket. This signifies
that even in large plutonium breeder reactors, plutonium must be ex-
tracted chemically from the blanket and recycled to the core if the system
is to be self-sustaining.

In a practical reactor design, conversion ratios will be lower, mostly be-
cause of difficulties in achieving an efficient blanket. For example, the
breeding ratio for the actual EBR-II, when fueled with U2*, is esti-
mated to be about 1.15, rather than 1.35 as indicated in Table 2-5. The
discrepancy between the practical and the ideal will probably be smaller
in the larger reactors, because more of the breeding is in the core.

2-2.4 Effects of other fuels. Using metallic plutonium and U2*® for
fissionable and fertile materials in the fast reactor yields the highest neu-
tron performance. Other materials, however, have other advantages.
Table 2-6 (see pp. 114-117) gives calculated characteristics for a number
of spherical reactors using different materials.

The ratios of material quantities in Table 2-6 differ somewhat from
those in Table 2-5. The core composition has been taken as 50% sodium,
259 steel, and 25% fissionable plus fertile material, with the blanket 20%
sodium, 20% steel, and 60% fertile material. Here the proportion of
structural materials and additives is higher than before, following pres-
ent trends in designing fast reactors. The critical mass and breeding
ratio of reactor No. 2 of this table are seen to be slightly lower than the
corresponding reactor of Table 2-5. Reactor No. 3 is fueled with a mix-
ture of 20% Pu?** and 80% Pu***, as it might be if plutonium generated
during long exposure in a thermal reactor were used as fuel for the fast
reactor. The critical mass quoted is that of Pu®*®, and the conversion
ratio is based on the destruction of Pu?* only and production of Pu?*®
and Pu?!. The conversion ratio is seen to be slightly higher and the
critical mass slightly lower than for reactor No. 2. This follows from the
higher fission probability of Pu?*, compared with U238,

Reactors 4 and 5 are fueled with mixtures of oxides of Pu?* and U?3,
Since reactor No. 5 has the higher ratio of fuel to structure and coolant,
its breeding ratio is likewise higher. In both, the neutron energy spec-
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trum is considerably lower than in the metal-fueled reactors, and the loss
of neutrons to structure and coolant is higher. The characteristics of re-
actors fueled with plutonium carbide (reactors 6 and 7) are much like
those fueled with the oxide. Again higher-density fuel markedly im-
proves the neutron performance, but, of course, at the expense of power
capability.

The last two reactors of Table 2-6 utilize thorium metal as the fertile
material. Reactor 8 is fueled with U238 while reactor 9 uses Pu?*® as the
fissionable isotope. Both reactors suffer in conversion ratio because
the thorium is less fissile. Note that the neutron leakage from the blan-
ket is high in both thorium reactors. If the thorium blankets of reac-
tors 8 and 9 were thicker, the breeding ratio for reactor 8 might rise to
approximately 1.27, while that for reactor 9 might rise to 1.40. It has
been suggested in Reference 14 that the plutonium-thorium reactor might
be employed in combination with a thermal reactor fueled with U2,
utilizing U** as the fertile material. Thus the fast plutonium-thorium
system would burn plutonium to make U2 and this would be used in
the thermal reactor to produce Pu** for the fast reactor; the over-all
neutron economy should be quite good. .

2-2.5 Effects of absorbing materials. In most cases the neutron ab-
sorption by structural materials and coolant in the fast reactor does not
represent a large neutron loss. The results of the calculations that have
been discussed thus far bear this out. If materials more strongly ab-
sorbing than iron are used in the structure, however, the effect on neutron
economy may be pronounced. Table 2-7 shows the effect of substituting
tantalum or molybdenum for iron in various fast reactors. The reflector
compositions are the same as for the reactors of Table 2-6. The effect
of the tantalum is quite drastic and, as would be expected, both tantalum
and molybdenum affect most the reactors of lowest energy spectrum
(those fueled with oxides or carbides of uranium and plutonium). The
cross sections of tantalum and molybdenum are given among the multi-
group cross sections in Table 2-2,

The measured central reactivity cocfficients of various materials in
assembly 5 (Table 2-4) are given in Table 2-8. The central reactivity
coefficient is defined as the change in reactivity caused by placing unit
mass of the material at the center of the reactor core. The reactivity
change is measured with respect to the reactivity of the assembly when
the test space is empty. Moderating and fuel materials give strong posi-
tive reactivity increases. Most other materials decrease reactivity, al-
though some (with small absorption eross sections in the fast neutron
spectrum) show reactivity increases because of their scattering proper-
ties. Boron carbide gives a negative effect about as large as the positive
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TABLE 2-8

CentraL REAcTIVITY COEFFICIENTS, ASSEMBLY 5 [24]
(6.1 X 5.1 X 5.1 cm samples)

Reactivity Reactivity
Material relative to void, Material relative to void,

inhours/kg inhours/kg
C (graphite) -+85 6 Cb —28.0
Cd —30 4 Ti +2 2
Fe —8.0 I —42.9
Sh —36 6 Ru —351
Co +1 8 Pd —57.8
Hg —9 0 Te —11 9
Ta —38 0 Ce —19
Hf —34 3 Si +8.2
Se —37 As —29 9
Cr —6 4 S —32.5
w —17 9 CHg: (polyethylenc) -+3400
Mo —17 0 Stainless steel* —6 4
Li —140 Depleted uranium* +2 6
B4C —440 Enriched uranium* 1258
Mn +39 Plutonium* +498
Vv +8 2

*5.1 X 5.1 X 1.27 em samples.

coefficient for the fertile isotopes, and so evidently can be considered as
a material for control rods in fast reactors.

The reactivity coefficients, of course, are dependent upon the neutron
energy spectrum. Coefficients are given in Table 2-9 for a number of
different assemblies whose compositions are deseribed in Table 2—4.

2-2.6 Kinetic characteristics. The prompt neutron lifetime in a fast
ncutron assembly, which is quite short, increases with higher dilution of
the fuel, since the spectrum will then be less energetic. Measurements
have been made of neutron lifetime in a number of ZPR-III assemblies
by the Rossi & method [24], which requires measuring the time interval
between consecutive pulses of a counter at the center of the reactor. The
background of random time intervals is subtracted, leaving just those time
intervals associated with the decay of prompt neutron chains. The slope
of the logarithm of the distribution of these time intervals is the Rossi c.
The prompt neutron lifetime is the ratio of g, the effective fraction of de-
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CeENTRAL Rractivity CoEFFICIENTS RELATIVE TO VoIn [24]

(inhours/kg)
Assembly
Material
9A 11 16 12 14
131 em® samples:

Fe —12 7

Al —11 5

Mo —23.4 —24 3 —30 5

Cu —18 4

Mn —51

Ag —89 3

B-10 —3560 —2761 —4258

C —34.6 +4.1 +34 6 -+143 8
Ta —49.4 —66 8

Ru —48 7 —66 7

Nb —35 7 —45 5

32.7 cm3 samples:

U233 506 +548 3

U238 272 +287 5

Pu 460 +479 6

/

layed neutrons, to the Rossi a at delayed critical. The results of the
measurements are tabulated in Table 2-10.

Determining the effective number of delayed neutrons per fission in a
fast system is complicated becausc a fission in U** yields about two and
one-half times as many delayed neutrons as one in U35, and because the
importance of a neutron in maintaining the chain reaction depends upon
its energy. The delayed neutrons, emerging with an average energy of
about 400 Kev, are less effective than the prompt neutrons in promoting
the chain reaction, since their energy is below the fission threshold of
U2%.  The relative worths of fissions in a number of the ZPR-III criti-
cal assemblies have been calculated by multigroup perturbation theory
(Table 2-11). When the delayed neutrons from the appropriate frac-
tions of U** and U?* fissions in these assemblies are weighted with the
relative importance of the delayed neutrons, the effective delayed neu-
tron fractions tabulated in Table 2-12 are obtained. All these assem-
blies were fueled with U?*; in plutonium-fueled assemblies, the effective
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TasLe 2-10
PrompT-NEUTRON LIFETIME ESTIMATED FROM
Rossi-ALPHA MEASUREMENTS [24]
Estimated Measured Predicted
Alpha effective prompt- prompt-
Assembly _ _ neutron neutron
(X10~% sec 1) heta
(££0.0003) lifetime lifetime
’ (X108 sec¢) | (X108 see)
5 —8 45 £ 0 2 0073 86 + 0.4 —
6F —9 85 + 02 0073 74 +£0.4 7.0
9 —9.0 +0.2 0073 81 =+ 0.4 6.9
10 —108 03 0073 6.75 + 0 4 6.0
11 —104 +03 .0074 7.1 04 6 2
12 —6 8 £ 0 3 .0075 10.9 + 0 4’ 10.
17 —5.35 + 0.15 0075 140 05 —
14 —38 01 0075 19.5 08 19.7
EBR-I mockup | —17 4 £ 0 4 0068 3.9 =02 —

delayed fraction will be considerably shorter because the delayed frac-
tion from plutonium fission is smaller.

Delayed neutron fractions from fission in various isotopes are recorded
in Table 2-13. These measurements were made |34] by irradiating ap-
propriate fissionable samples, using sharp neutron bursts from the reactor
“(3odiva” and counting the delayed neutrons. The average delayed neu-
tron yield per fission was the measured quantity. The delayed neutron
fraction, B, is derived by dividing by », the average total number of
neutrons per fission.

2-2.7 Temperature effects. Sincc the neutrons in a fast reactor never
come into thermal equilibrium with the atoms of the reactor materials,
the temperatures of these materials do not directly affect the neutron
energy spectrum. The effects from thermal expansion of the reactor
materials are relatively small unless displacements resulting from expan-
sion are magnified. The calculated isothermal temperature coefficient
of the EBR-II reactor is —3.6 X 10—°(Ak/k)/°C. If the core is arranged
so that relative expansions of materials, or uneven expansions, can cause
comparatively large mechanical motions, then reactivity may be strongly
affected. An example of such an effect is fuel-element bowing, which is
discussed at greater length in Section 2-3.
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TABLE 2-12
CaLcuLaTep ErrecTive DELAYED NEUTRON FrACTIONS [24]
Number of No. of No. of
U238 figsions inhours per | inhours per
>mbl
Assembly per U235 Bt dollar* of percent of
fission reactivity reactivity
2A 019 0 0073 300 410
6F 0.24 0.0073 310 425
5 0 23 0.0074 307 415
9A 027 0.0073 318 436
10 0 32 0 0074 324 438
11 0.36 0.0074 331 447
12 0.30 0 0075 322 427
PBR
(conceptual 800-
liter core) 027 0 0072 322 447
EBR-I 0.18 0 0068 297 437

*A dollar of reactivity is defined to be the amount of reactivity required to
bring the system from delayed to prompt critical (8.t is one dollar of reactivity).

TABLE 2-13

ToraL YieLps oF DELAYED NEUTRONS
FROM SEVERAL Isoropes [34]

Average number : ! ta;rerage B, fraction of
Tsotope delayed neutrons | 0¥ Bum- total neutrons
. ber neutrons | _, . .
per fission . which are delayed
per fission !

Pu?39 (fast fission) 0.0063 = 0.0003 ! 3.01 = 0.09 | 0.00209 = 0.00016
Pu23? (thermal fission) | 0.0061 == 0.0003 | 2.91 = 0.06 | 0.00210 = 0.00016
U233 (fast fission) 0.0070 =+ 0.0004 | 2.63 == 0.08 | 0.00266 <+ 0.00017
U233 (thermal fission) | 0.0066 == 0.0003 | 2.55 & 0.06 | 0.00259 =+ 0.00018
Pu?40 (fast fission) 0.0088 =+ 0.0006 | 3.42 =+ 0.20 | 0.00257 =+ 0.00030

U235 (fast fission) 0.0165 = 0.0005 | 2.56 =+ 0.06 | 0.00645 = 0.00033
U235 (thermal fission) | 0.0158 == 0.0005 | 2.47 & 0.05 | 0.00640 = 0.00032
U238 (fast fission) 0.0412 =+ 0.0017 | 2.62 == 0.13 | 0.0157 =+ 0.0012

Th232 (fast fission) 0.0496 <+ 0.0020 ~2.3 ~0.022
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The Doppler broadening of resonances in the neutron cross sections of
both U?* and U** is a direct effect of temperature. Since the U2#* has
fission resonances, their broadening would tend to increase reactivity.
This would be offset by decreases due to broadening of U#* resonances
if the ratio of U** to U*3" in the reactor is large enough. Theoretical esti-
mates of Doppler effects have predicted that the two effects will balance
in the range of U**:U*% ratios from 0.8 to 1.85 [28-31|. The estimates
of Bethe [31] also indicate that the positive effect in the EBR-I reactor
fueled with pure U*% should be approximately dk/dt = +0.6 X 10-¢/°C,
Experimental measurements have been made on mockups of EBR-II and
EBR-I [32], and there have been attempts to measure the positive Dop-
pler effects of U** by oscillating the temperature of a sample of U** in
a critical assembly. These measurements have indicated that the effect
is not large, and is probably no larger than the theoretical prediction [33].

2-3. REACTOR SAFETY

Nuclear reactors are not considered unusually hazardous to operating
personnel and others closely connected with their operation. Tn discuss-
ing reactor safety, attention is usually focused on the types of mishap
that have an extremely low probability of occurrence, but might causc
widespread damage if they should occur. Invariably, such accidents are
conceived as releasing substantial fractions of the fission-product content
of the reactor to the outside atmosphere. In most solid fuel reactors
there are at least three barriers to such a fission product release: the fuel
element jacket, the reactor vessel with its shielding and support strue-
ture, and the gastight containment building or vessel surrounding the
reactor and its coolant system. The function of the containment building
is simply to prevent the escape of airborne fission products which could
be released by an accident. The building must be gastight and able to
maintain its gastightness in the event of a reactor accident with the
greatest possible energy release.

The fast reactor, while posing characteristic safety problems, has some
unique advantages that can simplify containment problems. One very
important characteristic is that no mechanical or chemical energy is
stored in the reactor proper. With no pressurization required to achieve
high coolant temperatures, the usual sources of stored mechanical en-
ergy (a high-pressure gas or a high vapor pressure liquid) are absent.
The sodium coolant does not react chemically with any of the materials
normally in the reactor. Sodium will, of course, burn in air, but in the
reactor vessel little energy could be released rapidly by burning, even if
the spaces normally filled with inert gas should somehow be filled with
air. Consequently, only a nuclear power excursion could conceivably
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release enough energy to breach the containment vessel. If a nuclear
power excursion should rupture the vessel, then a large amount of chemi-
cal energy could be released from the burning of sodium. It is this hy-
pothetical situation that determines the design of containment buildings
for fast reactors. Of course, the oxygen available for such a reaction can
be diminished by diluting the air in the building with inert gas, and this
approach is followed in the Enrico Fermi Reactor. Thus it is evident
that the fast reactor would be a very safe one, and design requirements
for the containment building would not be stringent if it could be dem-
onstrated that aceidental nuclear energy releases could not build up high
pressures in the reactor vessel.

The low excess reactivity requirement, which is characteristie of the fast
reactor, decreases probability of reactivity accidents. The reasons for the
small excess reactivity are:

(1) Reactivity changes due to neutron absorption by fission products
are small because the fission-product content is always low relative to
fissionable isotope content (for any reasonable exposure of the fuel), and
because the neutron energy spectrum lies above the absorption resonances
of xenon and samarium.

(2) Reactivity changes little with fuel exposure. In large fast breeder
reactors the internal conversion ratio is fairly high and in all fast reac-
tors only a small fraction of the fissionable isotope can be burned out of
the fuel in any one exposure.

(3) The temperature coefficients of well-designed fast reactors are
small because (a) there is no appreciable neutron temperature effect from
varying reactor material temperature, and (b) the reactivity is not sensi-
tive to the sodium density.

Beeause of these characteristies it is feasible to design a fast reactor to
operate with a total excess reactivity less than the delayed neutron frac-
tion. Such a reactor cannot be made prompt critical by any manipula-
tion of the controls. This limitation, used in the Enrico Fermi Reactor,
is important to the over-all safety of the reactor. However, it is also
an important limitation on reactor performance, and consequently would
probably be unacceptable in a reactor using plutonium as fuel, because
of the smaller fraction of delayed neutrons produced in plutonium fission.
The low total excess reactivity does, however, offer an advantage that is
available to all fast reactors, i.c., the feasibility of inserting reactivity
very slowly for normal operation and control. Avoiding all possibility
of rapid reactivity insertion under normal operating conditions is a real
and practical contribution to safety.

Certain peculiar characteristics of a fast reactor make it difficult to
ensure that a nuclear power excursion cannot possibly release destruc-
tive mechanical energy:



38 THE FAST NEUTRON POWER REACTOR [cHAP. 2

(1) The short prompt neutron lifetime favors very rapid increases in
power level, should the reactivity ever cxceed prompt critical.

(2) Although the excess reactivity may be held quite small so long as
the normal structure of the reactor is maintained, the potentially avail-
able excess becomes very large if the normal structure is disturbed, as in
the case of an extensive core meltdown. It is because of this, and be-
cause power densities are so very high, that the fast reactor must be
meticulously designed to ensure adequate cooling under all conceivable
conditions of operation and shutdown.

(3) Because of the very short neutron lifetime, it is extremely impor-
tant to eliminate effects that could conceivably give positive power co-
efficients of reactivity, and to avoid design features that could possibly
lead to instabilities capable of causing increased reactivity. The prob-
lem of eliminating such possibilities is complicated, because small changes
in relative positions of fuel clements can substantially change the reac-
tivity of fast reactors.

In the following sections the above three nuclear characteristics are
treated at greater length because they are uniquely involved in the analy-
sis of the safety of a fast reactor, and not because they necessarily make
fast reactors less safe than other types.

2-3.1 Neutron lifetime. The prompt neutron lifetime for fast power
reactors is usually of the order of 10-7 sec. The calculated lifetime for
the EBR-II reactor is 0.8 X 10~ sec¢, and for the Enrico Fermi Reactor
2 X 1077 sec. Lifetimes for very large reactors will be somewhat longer,
but not longer by an order of magnitude. i

If excess reactivity of some magnitude is inserted into a nuclear re-
actor the power level will increase in a characteristic manner. After a
short time the increase becomes exponential, with a period determined
by the amount of excess reactivity, the prompt neutron lifetime, and the
characteristics of the delayed neutrons. Figure 2—4 shows how this pe-
riod of exponential increase is related to the excess reactivity for three
different prompt neutron lifetimes for reactors fueled with U*%. The
curve for the lifetime of 6.17 X10—° sec was determined experimentally
for the Godiva Reactor. The curve for lifetime 2 X 10~7 sec can be con-
sidered typical for fast power reactors, while that for 5 X 10— sec is in
the range for water-moderated thermal neutron power reactors. In Fig.
2-4 the reactivity is expressed in dollars. The relationship of the dollar
unit to the fractional reactivity varies from reactor to reactor, depending
on the fraction of delayed neutrons. A reactivity change of $1 is de-
fined as the reactivity difference between delayed critical and prompt
critical. Therefore, in Fig. 2-4, the excess reactivity of $1 corresponds
identically to prompt criticality. From the curve for neutron lifetime,
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al 4
10 L=5X105 sec

Reactor Period, sec

2=2%107 sec

104}

Godiva,£=6.17 X lO‘d
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105 " L L
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Reactivity, dollars

Fi¢. 2-4  Asymptotic period of exponential power rise due to excess reactivity
in reactors having three different effective prompt neutron hfetimes. (General
Nuclear Engineering Corporation)

2 X 107 sec, near the point of prompt criticality, it is evident that an in-
crease of only 10¢ would shorten the reactor period from 0.14 sec to
0.0006 sec. This amount of reactivity change corresponds to 0.07% k..,
or 30 inhours. Clearly, if the reactivity in a fast reactor should cver be-
come as high as prompt critical, a very small increment would increase the
rate of power generation drastically. Any positive power coefficient of
reactivity, however small, would therefore be dangerous in the vicinity
of prompt criticality.

2-3.2 Reactivity increases due to structural failures. Most fast power
reactors consist of several potential critical masses, which collectively are
just critical in the reactor because they are diluted by the coolant. Fur-
thermore, in such reactors the ratio of structure volume to fuel-element
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volume is small. Should the fuel elements melt because of some accident
(either a relatively mild nuclear power excursion or simply a failure of
cooling), then the subsequent movement of the fuel would be little re-
strained and very difficult to predict. If the molten fuel can possibly
rearrange itself into a more compact mass than the original, then the re-
activity may increase by a large amount.

In analyzing a postulated meltdown accident, two primary problems are
involved. One is the question of how much reactivity results from the
meltdown or, more precisely, the rate of reactivity addition at the time
when prompt criticality is reached, since shortly thereafter the reactor will
be broken up by the energy generated in the nuclear excursion. The sec-
ond question is how much nuclear energy is generated as a result of a
given reassembly rate. Both problems involve unknown quantities, and
the former must take into account a very wide range of possibilities. The
estimation of both quantities is discussed in Reference 35.

Rates of reassembly of the core after meltdown may be determined by
both the force due to gravity and forces due to the sodium coolant. The
cffects of gravity can presumably be predicted if they can be isolated,
and in some reactor designs, notably the British Dounreay design, there
are provisions to promote the fall of molten fuel to regions where eriti-
cality will not occur. Probably such an arrangement would be effective
only when the fuel melts slowly, as for example when cpoling fails. The
sodium effects are more complex, including those of flow velocity and
vaporization. In the one case where actual meltdown of a fast reactor
core has occurred, the EBR-I case [35-37|, subsequent examinatisn of
the core showed that the density of the fuel near the core center had been
substantially reduced, presumably an effect of sodium vaporization [38].
Since the core regions that produce highest power density are usually
also most important for reactivity, forces from sodium vapor should, on
the whole, move fuel material away from regions of high importance and
thereby decrease reactivity. Such a qualitative argument, however, can-
not dispose of the problem, particularly with rapid fuel melting, when
inertial forces might appreciably modify the dynamics. Attempts to set
upper limits on possible reassembly rates caused by both gravity and
coolant forces have led to the estimation of rates between 0.4(Ak/k)/sec
and 9(Ak/k)/sec |33]. It is generally agreed that such estimates arc
pessimistic; much of the uncertainty stems from the difficulty of setting
limits on the extremely complex problems by means of a relatively simple
model.

Once a rate has been established (or assumed) for the reactivity in-
sertion due to reassembly of the core there are still major uncertainties
in evaluating the energy release of the nuclear excursion. The cquation
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of state of the reactor material at high temperatures is not known, and
the very complexity of the problem inhibits accuracy. Energy release 1s
estimated by a method originated by Bethe and Tait [39]. Later cal-
culations [33] with rates of reactivity incrcase assumed in the range
from $10/sec to $1000/sec have given total energy releases in EBR-1I
that vary from 0.65 X 16 to 4 X 10'¢ ergs; for the larger Enrico Fermi
Reactor approximately five times these values are estimated. An energy
release of 10® ergs (1000 Mw-sec) is about equal to that from 500 1b of
TNT. The cnergy release in the one reactor that has been experimen-
tally destroyed by its own power (the BORAX-I) was measured to be
135 Mw-sec. Thus quite substantial energy releases would be possible
from fast reactors if rates of reactivity insertion werc great enough, but
the releases arc comparable with those from reasonably small amounts
of chemical explosives, and it should be possible to confine them in prac-
tical containment structures.

2-3.3 Reactivity coefficients and reactor stability. Whenever reactor
power is changed, the over-all reactor temperature and the temperature
distribution usually change as well. If reactivity changes follow, the re-
actor is said to have a power coefficient of reactivity that is due to the
temperature changes. In certain reactors the power coefficient of reac-
tivity may depend also on other kinds of changes (e.g., changes in xenon
concentration). In the fast reactor, however, all known power cocffi-
cients of reactivity are related to either temperatures or temperature
gradients. The components of the temperature effects may be varied and
complex, as illustrated by the calculated components [33] of the iso-
thermal®* temperature coefficients of reactivity for the EBR-II and the
Enrico Fermi reactors, given in Table 2-14. Note that all components
of the cocfficients in this table are negative in sign. This is important
because of the special significance (mentioned earlier) of prompt coeffi-
cients in the vicinity of prompt eriticality. The isothermal coefficients
of Table 2-14, by definition, do not include effects of temperature
gradients.

A reactor with a power coefficicnt of reactivity can be considered as
part of a feedback loop. If increasing power causes reactivity to increase,
the power coefficient of reactivity is positive and the loop has positive
feedback ; conversely, a reactivity decrease with increasing power means
a negative coefficient or negative feedback. The power coefficient of re-
activity is conveniently expressed as the ratio of the reactivity change

*In this context, 1sothermal means that the temperature of the reactor is as-
sumed to change uniformly.
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TaBLE 2-14

CALCULATED ISOTHERMAL TEMPERATURE
COEFFICIENTS OF REAcTIVITY [33]

(Ak/k)/°C X 106
Mechanism
EBR-IT Fermi
Core:
Axial fuel expansion —3.9 —2.5
Radial fuel expansion (Na expulsion) —09 —0.6
Density change of coolant and subassembly
material —9.1 —7.1
Structure expansion —9.7 —6 0
Blanket:
Density change of coolant and subassembly
material —95 —3.3
Growth of uranium —1.0 —0.5
Structure expansion —20 —0 6
Total —36.1 —20 6

to the related power change (the latter expressed as a fraction of nprmal
operation power, p,):

Ak/k

Power coefficient of reactivity = Ap/p
0

Unless there is some kind of reactivity feedback in the reactor system
(either from a power coefficient of reactivity or from an artificial con-
trol system), the reactor system is not a closed servo loop, and it is
meaningless to speak of the “stability” or “instability” of the system.
Without feedback power would stay constant only if the reactor were
exactly critical, a situation that cannot be attained in practice. With a
power coefficient of reactivity, the system becomes a closed loop. If the
reactor has a positive power coefficient of reactivity, it is unstable; if it
has a negative coefficient the power tends to be self-regulating. Regu-
lation may be good or poor, depending on the size of the coefficient, and
the system may be stable or unstable, depending on the magnitude of the
coefficient and its time lag. Obviously, more complex cases may exist in
which the various components of the total power coefficient of reactivity
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have different time lags. This will in fact be the case expected in a prac-
tical reactor such as that exemplified by Table 2-14.

By proper design the power coefficients for a fast reactor can be made
negative, small, and rapid in response (because of the high heat-transfer
ratio). All these factors tend to produce coefficients that lead to stabil-
ity. However, most fast reactors, as previously explained, arc particu-
larly sensitive to reactivity changes caused by fuel position changes.
This characteristic can be described very roughly in terms of a “coeffi-
cient of compaction.” If, for example, a reactor core is made smaller by
uniform compaction, its reactivity will increase. From this follow the
large reactivity increases postulated in assumed meltdown accidents.
For a bare spherical reactor, the coefficient of compaction can be ex-
pressed as the ratio of the fractional change in reactivity to the fractional
change in radius of the sphere. It has been shown [2] that for the spheri-
cal bare reactor this coefficient is given approximately by

akfk k=1

= AR/R k

c

where R is the reactor radius and k is the infinite multiplication constant.
The effect of a reflector or blanket (assumed not to participate in the
compaction) will be to reduce the coefficient by some factor, of the or-
der 2, depending on the core and reflector size and composition. Even
quite large fast reactors have values of k in the vicinity 1.4 to 1.5, and
the EBR-II reactor has k near 2.0. Therefore these reactors will be
sensitive to any motions of the fuel tending to move it into & more com-
pact configuration.

Ordinary expansions of the fuel and structure will, of course, tend to
decrease the average density of the core—the opposite of compaction.
There are, however, possible ways in which a compacting effect can oe-
cur. For reactors with long thin continuous fuel elements the two possi-
bilities are buckling and bowing of the elements. If its longitudinal ex-
pansion is restrained by the structure, the element may buckle, and the
center portion of the element may move laterally toward the center of
the core. Buckling can be avoided by avoiding restraints on expansion.
Bowing is caused by greater expansion of one side of the fuel element
than of the other. The parts of an individual fuel element closer to the
center of the reactor will become slightly hotter and expand more than
the parts away from the center, and the fuel element will bow with its
convex side toward the center of the reactor. If the fuel element is re-
strained laterally at both ends the bowing will move the center of the
fuel element toward the reactor center and increase reactivity (result-
ing in a positive power coefficient of reactivity). If points of restraint
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are properly selected, the direction of motion from bowing can be con-
trolled, and indeed the net motion can be made small. These effects can
occur in fuel element assemblies as well as in individual elements. The
fast reactors now being built have been designed with a great deal of at-
tention to fuel-element bowing and. buckling, and no undesirable power
coefficients of reactivity are expected from these causes.

Much thought has been given to the problem of fuel-element bowing,
following the experience with the EBR-I. Early in the operating history
of this reactor a positive component of the temperature coefficient of re-
activity was detected. It was demonstrated by an experiment in which
the coolant circulation was stopped, a small excess reactivity was intro-
duced, and the power was allowed to rise until it attained a value in the
normal operating range of the reactor. As the power increased the ex-
ponential period of power increase became shorter, indicating that the
reactivity was increasing. Later it was observed that when the reactor
was operated under abnormal conditions of power and coolant flow, i.c.,
with less coolant flowing than normal for the particular power output,
the power would oscillate with a period of about 30 sec. In some cases
the amplitude of the oscillation was seen to increase with time, and it was
presumed that the oscillation was unstable, but the reactor was shut down
before the amplitude of the reactivity changes became dangerously large.

Later the power oscillations were studied by means of the reactor os-
cillator technique. This experimental method consists of imposing a
sinusoidal oscillation on the reactivity and observing the reactor power
response. By this means, analogous to the usual frequency response
analysis of any dynamic system, resonant frequencies of the reactdr can
be detected at power levels that are too low to involve any danger of
reactor instability. The results of the oscillation measurements were re-
ported by Brittan [37]. By analyzing the shapes of the reactor reso-
nance curves found by such methods, Bethe found that the combination
of a positive power coefficient of reactivity of 0.8 X 10~2 with a time con-
stant of approximately 1 sec, and a negative coefficient of —3.8 X 10—,
with a time delay of 10 sec, would account for the shapes of the power
response curves [40]. These power coefficients would correspond to tem-
perature coefficients of 0.6 X 10—°/°C and —3.0 X 10—°/°C, respectively.
Thus there is a positive component to the power coefficient, but it is con-
siderably smaller than the negative component, and consequently the
net coefficient of the reactor would be negative for slow power variations.
However, since the positive coefficient has the shorter time delay, it is the
one that would be operative in any fast reactor accident.

Neither the small positive coefficient of reactivity nor the potential in-
stability of the reactor caused difficulties in the normal power operation
of the EBR-I, which was carricd on without mishap for several years.
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Then, during further experiments to determine more precisely the charac-
teristics of the positive power coefficient, the reactor power was allowed
to rise to an excessive value and the core melted [41]. However, even
this did not result in hazard to personnel,

After many analyses of possible reactivity effects in the EBR-I re-
actor, it was concluded that only bowing of the fuel elements could rea-
sonably have caused the observed characteristics. To test this hypoth-
esis, a new core (the MARK-III core) was designed for the reactor,
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in which the possibilities of bowing were reduced to a minimum. The
new core design is described in Reference 42. In the two previous cores
used in EBR-I (MARK-I and MARK-II), the fuel rods were restrained
and held in place individually by upper and lower holding plates. In
the MARK-III design, the fuel rods, of diameter 0.4 inch, are assembled
into hexagonal subassemblies containing 36 rods each. On the ends of
the fuel rods are triangular adapters that fit into locating holes in a rod
sheet at the bottom of the subassembly structure. Longitudinal external
ribs on the rods act as spacers, and a tightening mechanism at the center
of the subassembly forces the rods against cach other and against the
hexagonal steel subassembly wall. The mechanism can be tightened
after the subassemblies are installed in the reactor, and loosened for re-
moval of individual rods. The subassemblies, in turn, arc held in a
firmly packed array by core clamps around the periphery of a form-
fitting retainer ring. The core is thus restrained against bowing of either
fuel rods or subassemblies.

The core is made even more rigid by using coextruded zirconium-clad
uranium rods, rather than the steel-canned, sodium-bonded rods of the
MARK-I and MARK-II cores. Two modes of coolant flow are pro-
vided: a series path, first through the blanket and then through the
core (as in MARK-I and MARK-II), or parallel paths through the
blanket and core. A diagram of the MARK-III corc is given in Fig. 2-5.
The previous cores are deseribed in Reference 3. In the MARK-III ar-
rangement the reactor can be operated with either flow path.

Oscillator experiments made with the new MARK-III core have led to
the following conclusions [43]: J

(1) The rigid arrangement of the fuel rods eliminates the positive
temperature coefficient of reactivity observed in the MARK-I and II
designs.

(2) A slight increase (about 8%) in the amplitude of the transfer
function in the vicinity of 0.06 to 0.15 cps is a direct result of feedback
from a strongly negative power coefficient of reactivity.

(3) The frequency-dependent feedback is in qualitative agreement
with the model discussed by Kinchin [44] and Bethe [40].

(4) The reactor is stable to impressed reactivity oscillations for power
levels below a hypothetical value of roughly 18 Mw. (The normal maxi-
mum operating power of the reactor is 1.4 Mw.)

(5) No significant changes in reactor behavior werc seen to result
from changing from series to parallel coolant flow.

Results of one of the oscillation tests [43] on the MARK-III core
are given in Fig. 2-6. The transfer function, as determined from the
oscillator test, is defined by curves of (1) the amplitude response of re-
actor power to the sinusoidal reactivity oscillation, and (2) the phasec lag
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of the power response behind reactivity. The measurement was at ¢
reactor power level of 500 kw with an abnormally low coolant flow ratc
of 110 gpm. The plotted points are the results of the experiment, and
the solid curves show the results adjusted for essentially zero power (sc
that there is no appreciable effect of the power coeflicient of reactivity).
The deviations from the solid curves at low frequencies are caused by
the' negative power coefficient of reactivity. There is no indication of
instability.

Figure 2-7 gives the amplitude response of the MARK-II reactor un-
der similar operating conditions [37|. In this figure the solid curve is the
zero power curve, and the dashed curve is the one taken with the reactor
under power. The resonance in the reactor response is obvious.

2-3.4 Summary. Present fast reactor designs achieve safety by assur-
ing coolant flow in all conceivable circumstances, by limiting available
reactivity and reactivity insertion rates, by careful fuel element and fuel
assembly design, and by providing adequate (and relatively expensive)
containment structures. There remain areas of uncertainty in the analy-
sig of reactor safety, primarily in the estimation of (1) possible reactivity
increases due to core meltdown and (2) energy releases resulting from
such reactivity increases. Fuel-element bowing, an important factor in
the power coefficient of reactivity, is controllable by careful design of
fuel elements and fuel assemblies. Much of the uncertainty once con-
nected with the behavior of the EBR-I has been resolved [45] and the
reactor oscillation technique has been established [40] as a practical
method for safely determining reactor stability. !

2—4. SoprtM PranT TECHNOLOGY

2-4.1 Introduction. Thus far in the development of fast breeder
power reactors no other coolant has been found competitive with liquid
sodium. If, as seems probable, sodium continues to be the unique coolant
for this application, improvements in fast reactors may often depend
upon developments in liquid sodium technology. The present status of
sodium and sodium-potassium coolant technology in the United States
is summarized here. More detailed information is to be found in the
references of this chapter and of Chapter 3, particularly in The Liquid-
Metals Handbook, Sodium-NaK Supplement [46].

Briefly, the following sections will deseribe fundamental chemical and
physical .properties, advances in the use of full-scale pumps and other
equipment, and advances in liquid metal transfer and handling systems.
In general, “sodium” and “NaK” will be used interchangeably with
reference to equipment. '
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TaBLE 2-15

CoMPARISON OF ReacTOR COOLANTS

Sodium NaK eutectic O‘r;:t):.:y Cd-::,r’g:;:
Assumed heat-transfer
conditrons™
Pressure, psia 100 100 2000 300
Temperature, °C 300 300 300 300
Heat and mass transfer
properties
Boiling point, °C 880 (1 atm) | 780 (I atm) 336 —_
Melting point, °C 98 —11 — —
Heat capacity,
cal/(g)(°C) 0.31 0.21 1.30 0.23
Thermal conduetivity
watt/(cm)(°C) 0.76 0.26 0.0007 0.004
Viscosity, centipoises 0.35 0.28 0.09 0.03
Nuclear properties
Thermal microscopic
absorption cross
section, barns 0.5 1.7 0.7 0.003
Moderating ratio,
a:£/0q 0.5 0.1 150 200
Induced activity Na?! 15h; Na* 15h, N6 7.3s: N 7.3s;
1.38-, 2.75- | 1.38-, 2.75- 6-Mev v 6-Mev v
Mev v Mev v; K*2
12.4h, 1.5-
Mev v

*Possible reactor operating conditions.

Compared with water or gas, sodium has the following advantages as
a heat-transfer medium: high thermal conductivity, high transfer rates
at moderate velocities, low film temperature drops, high boiling tempera-
tures (good power plant efficiency), low operating pressure, no thermal
or radiation decompuosition, and chemical compatibility with uranium.
In addition, the thermal neutron absorption cross section of sodium com-
pares with that of ordinary water, but its moderating ability is weak (see
Table 2-15), as is necessary for the coolant of a fast-neutron reactor.
The corrosion properties of sodium are favorable; properly purified,
sodium is practically noncorrosive to many high-temperature steels and
is compatible with a number of other useful metals, such as zirconium
and niobium.
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The undesirable features of sodium as coolant are (1) it reacts vio-
lently with moist air and water, (2) high purity is required, (3) leakage
must be kept small, (4) its melting temperature is relatively high (see
Table 2-15), (5) large temperature rise is necessary-for high densities of
heat transport, and (6) radioactive isotopes with relatively long decay
half-lives are formed by neutron capture. Despite these shortcomings,
successful large-scale heat-transfer systems are operating with sodium.
Thus operating feasibility has been established, but economy and ease of
maintenance need to be improved.

2-4.2 Properties and characteristics of sodium and NaK. Sodium,
produced commercially by electrolysis of molten sodium chloride, is
available in various purities; the regular commercial grade is ~99.8%
sodium and the high-purity grade (filtered) is ~99.9% sodium. Sodium-
potassium alloys (NaK), produced commercially by distilling the reac-
tion products of potassium chloride and sodium, are available with total
impurity of approximately 100 ppm. In Table 2-16 some properties of
sodium and NaK [47] are compared with those of water, lithium, and
the lead-bismuth eutectic. Sodium, NaK, ordinary water, and carbon
dioxide are compared in Table 2-15 for conditions of temperature and
pressure commonly found in reactor designs. The sodium-potassium
equilibrium phase diagram, Fig. 2-8 | 48], shows the eutectic composi-
tion at 77.29% potassium, with a melting point of —12.3°C (9 9°F).

Thermal and fluid properties. One significant characteristic of liquid
metals is their high thermal conductivity, which permits heat to be
readily conducted through narrow channels independent of conwection
or eddy current diffusion. In fluid-flow heat transfer this effect is re-
flected in a low Prandtl modulus and in a low temperature drop across the
laminar-flow boundary layer. A low Prandtl number means that wall
temperatures of materials in contact with the sodium will follow closely
the bulk stream temperature. The combination of high thermal con-
ductivity, reasonably high specific heat, and density in a favorable
range accounts for the high heat-transfer performance of sodium systems
(Table 2-15).

Of the many factors involved in designing a heat-transfer system, two
in particular are influenced by the differences between sodium (and NaK)
and other coolants. These are system pressure and fluid velocity.

Sodium, with a melting point of 208°F and a boiling point of 1618°F
at a pressure of one atmosphere, can accommodate a wide temperature
range. Hence the system need not be pressurized to accommodate the
high temperatures desired in a heat-transfer cycle. The system pressure
is determined, instead, by the pressure drop required to circulate the
sodium at the desired velocity.
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TABLE 2-16
THERMAL AND FrLuip ProPERTIES OF CooLants [49]
) 56% Na | Lith- | Pb-Bi
Water Sodium | 4407 K | jum | eutectic
Pressure, psia 147 1500 14 7 14.7 14.7 14.7
Boiling point, °F 212 596.23 | 1618 1518 2403 | 3038
Freezing point, °F | 32 — 208 66.2 354 257
Density, 1b/ft3, at:
100°F 620 -_— — 51.6 —_ —
500°F — 48 6 53 3 52.9 31.3 | 646
1000°F — —_ 51.1 48 7 29.8 624
Specific heat,
Btu/(1b)(°F), at:
100°F 0.9976 — — 0.2733 —_— —
500°F — 1165 | 0.3150 | 0 2583 | 1.000 | 0.035
1000°F — — 0 3005 | 0.2486 | 1.000 | 0.035
Heat-transfer coef-
ficients,* Btu/
(ft2)(hr) (°F), at:
100°F 3970 — — 7870 — —
500°F — 6030 15200 | 7630 14100 | 7150
1000°F — — 13200 | 7400 13900 | 8120
Pumping power for
cquivalent heat
removalf for °F
temperature rise
at:
100°F 1 000 — — 57.8 —
500°F — 0674 | 265 48 7 3.16 | 134
1000°F — — 340 63 4 3.41 133
Pumping power for
equivalent volu-
metric flow] at:
100°F 100 — — 0.758 — —_
500°F — 0544 | 0.717 | 0.662 0.457 | 7.39
1000°F — — 0.625 | 0.582 0.418 | 6.63
Pressure, psia 14 7 100 500 14 7 100 500

*Water and metal coolant coefficients determined for a velocity of 20 fps in
a #-inch ID tube.

T Normalized to a value for water at 100°F and 14.7 psia with a velocity of
20 fps in a #-inch ID, 10-ft-long tube.

{Water and metal coolants normalized to water at 100°F, 14.7 psia with a
velocity of 20 fps in a 3-inch ID, 10-ft-long tube.



52 THE FAST NEUTRON POWER REACTOR [crar. 2

Alloy Composition, a/o Pot
°C 10 20 30 40 50 60 70 80 90
T Ll T T L L)
100
80

Temperature, °C
o
©

~
\;

40 /
L+ No N

20 \\ Liquid (L) /

N
/
o - /
L 4 NagK o L+k
NagK + Na
—20 111 RaoK +K

Na 10 20 30 40 50 60 70 80 90 K
Alloy Compasition, weight per cent Potassium

Fic. 2-8. Sodmm-potassinm phase diagram  [48]

Fluid velocity in a coolant system is often limited by the cost of pump-
ing power, although in some cases, heat-transfer requirements may take
precedence and dictate higher velocities. No definite limit for fluid
velocity in a sodium or NaK system has been established; design veloc-
ities of 30 fps, 40 fps, and even higher are being considered. Velocity
has been found to have little, if any. effect on corrosion.

Another factor affecting both system pressure and veloecity is the
problem of cavitation, which can occur at points where the liquid pres-
sure equals the vapor pressurc at the existing temperature The vul-
nerable areas are the pump and other points where local inereases in
velocity can produce such pressure conditions.

One very important problem in liquid metal systems is that substantial
temperature differences can develop in solid components in contact with
the liquid metal. Such temperature differences can cause serious thermal
stresses. Those that usually give trouble in sodium systems are the tran-
sient thermal shock stresses caused by sudden changes in surface tempera-
ture. Thermal shock can cause immediate failure of brittle materials, but
thermal stress fatigue failures in more ductile materials, after a number
of thermal shock cycles, are more common.

Thermal stresses can be important in liquid metal systems because
the high heat-transfer rates permit large temperature differences to de-
velop in metallic structures. Certain metals, notably the austenitic steels,
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are more susceptible to thermal stress damage than other structural metals
because of a unique combination of the important physical properties, par-
ticularly low thermal conductivity coupled with high thermal coefficients
of expansion.

Corrosion. There are two fundamentally different corrusion processes
operative in sodium. The first is a property peculiar to this class of
coolant: alloying elements of structural material will go into solution
sodiumn, unoxidized. The second involves chemical reactions between
metal surfaces and impurities in the sodium. Although equilibrium
solubilities depend little on sodium purity, solution corrosion phenomena
may be significantly affected by impurities.

Dissolution can lead to a major form of corrosive attack n sodium, i.e.,
the mass transport of alloying constituents from one surface to another
The severity of mass transport depends on the temperature and the par-
ticular alloy system in use. The most detrimental type of mass transport
occurs because solubility varies with temperature. In a wonometallie,
isothermal system, corrosion stops when the liquid metal becomes satu-
rated with alloying constituents In a power system, power generation
is accompanied by heat removal and a corresponding temperature drop
Even where solubility is very low, excessive corrngion can occur in 3sys-
tems where there is lower solubility at lower temperatures, since then
dissolved material precipitates, relieving a supersaturated condition.

Mass transport is increased by oxygen in sodium or NakK, although it
occurs also in pure sodium or NaK. Therefore, in high-temperature
opcration, oxygen content must be low enough to both minimize oxidation
reactions and avoid detrimental mass transport.

Preferential attack can occur on alloys containing soluble constituents.
The general behavior of materials in sodium is summarized in Fig. 2-9
[47]. Because tin, zine, and the noble metals are highly soluble mn sodium,
alloys containing these matcrials are extremely susceptible to attack.
Thus silver solders and copper-tin bearing alloys are not to be used in
alkali liquid systems. Most materials usable in sodium are terrous-base.
Almost all the sodium experience to date has been with the austenitic
stainless steels of the basic 18% Cr-8% Ni composition. In early work,
columbium-stabilized, type-347 stainless steel was used because carbide
stabilization was thought necessary for corrosion resistance. The ferritic
alloy stecls are more susceptible to oxidation in sodium containing sodium
oxide than are the austenitic stainless steels, but the differences become
less with higher chromium content.

Corrosion from chemical reactions arises from the presence of impuri-
ties in the liquid metals. Although most contamination can be reduced
to very low levels, it is extremely difficult to remove trace amounts of
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Perrous Metals
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Carbon Steel
Gray Cast lron
SAE 52100 (1.45 Cr, 1.0 C).
Sicromo 5 § (5 Cr, 0.5 Mo, 1.5 Si)
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Type 310 8S (25 Cr, 20 Ni).
Ferritic Stainless Steel (27 Cr).
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Copper and Copper Alloys
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Copp!
Be Copper (2 Be).
Al Bronze (5 fo 8 Al)
Cupro and Super Nickel (20 & 30 Ni).
Brass (40 Zn)
Nickel Silver (17 Zn, 18 Ni)

Refractory Metals
Columblum

Malvhed.

Other Metals

Co and High Co Alloys
2S5 and 3 § Aluminum
24 S and 52 S Alumi
ALSi Eutectic 12 Si Ve

Beryllium
Sb, Bi, Cd, Ca, Au, Pb, Se, Ag, S, Sn
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hite-High Density
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stablilty,

(LERRRARIL] Limited ~ Short-Time Use Only
R 222/4 Poor — No Structural Possibilities
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Fic. 2-9. Resistance of materials to liquid sodium and sodium-potassium alloys.
[46]
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oxygen and carbon, both of which have profound surface effects, es-
pecially at high temperatures.

Of special importance is the corrosion behavior of uranium in liquid
sodium and NaK. The corrosion rate of uranium is much the same in
both liquid metals, although data are somewhat limited. Up to 500 or
600°C in oxygen-free sodium, the rate is quite small, but as little as 1 or
2% oxygen can increase it by a factor of ten. Thus there is no problem
with uranium in contact with sodium or NaK if the liquids are kept
essentially free of oxide impurity.

The corrosion behavior of welds and brazes is also important. Among
the brazing alloys that resist sodium are: 60% Mn-40% Ni, high chro-
mium-nickel alloys, and chromium-nickel-silicon alloys. Welds of either
austenitic or ferritic alloys resist sodium corrosion as well as the base
metal. For system cleanliness and subsequent sodium purity, joints
should be avoided where large quantities of welding slag can be trapped,
since the slag may later be leached out.

Since sodium and NaK react with the oxygen and moisture in air, in
many operations the metals must be protected from exposure by a rela-
tively inert gas cover. Nitrogen is often used. Argon is useful where
a heavy gas is desirable, particularly to protect open-lidded sodium ves-
sels. Helium is espeeially suited for nuclear power systems because it
does not activate, but nitrogen also may be considered for this applica-
tion. Helium and argon are rare and relatively expensive but present
no difficulties.

Impurities and theiwr removal. Impurities in sodium accclerate cor-
rosion, impair mechanical and thermal performance of equipment, and
in nueclear reactor coolants add to induced radioactivity. Sodium im-
puritics affecting system corrosion most are oxygen, hydrogen, carbon,
and calcium. Of these, oxygen and carbon have been investigated most
extensively.

Oxygen combines with sodium to give sodium oxide, an aggressive
oxidant toward all metallic surfaces. The degree of damage depends
on the alloy, the coneentration, and the temperature. The behavior of
the ferrous base alloys toward sodium oxide is significant, since these are
most commonly used in hcat-transfer systems. The austenitic stainless
steels are not severely attacked by sodium oxide in less than saturation
quantities up to 1000°F. But if the oxide contamination exceeds satura-
tion solubility, there may be intergranular attack at temperatures as low
as 7T00°F, resulting in an embrittled surface layer that cracks upon de-
formation. Oxide contamination can also form brittle surface layers
through molecular absorption in materials like zirconium, which are
active oxygen “getters” in high-temperature gaseous media.
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Hydrocarbons in the inert gas are undesirable, since they will “crack”
in the presence of high-temperature sodium, adding hydrogen to it. More
important, steels can be carburized by the cracked oil-sodium mixture.
However, at temperatures up to 1000°F, with only reasonable amounts of
hydrocarbons added, such carburization is extremely small—of the order
of a mil in depth. This would be of concern only in a system with
exceptionally thin members subjected to cycled strains, e g., certain valve
bellows.

With sodium containing calcium, nitrogen is a problem because it
forms caleium nitride, an insoluble precipitate. Calciumn in sodium at-
tacks nickel, and in the presence of excess calcium metal it will reduce
sodium oxide to form the even less-soluble calcium oxide. The possibility
of hydrogen contamination (as, for example, dissolved sodium hydrox-
ide) has caused some concern because of its moderating effect in fast
reactors. In the absence of irradiation, no detrimental cffects on the
structural materials have been observed with either nitrogen or hydro-
gen below 1000°F. In any case, nitrogen contamination is not expeeted
to be important except when this gas is used as a cover.

There are three principal methods of purifying sodium continuously:
cold traps, hot traps, and solution gettering. The cold trap, standard for
all stainless steel systems at temperatures below 1000°F, is used pri-
marily to maintain low Na,O concentrations by precipitating oxide in
excess of the low-temperature saturation limit in a bypass digestion tank.

Improper or careless precleaning of the system can leave dirt. grease,
oil, weld slag, surface oxides, moisture, ete., which can be major sources
of contamination. These will add to the oxygen, hydrogen, carbon, and
insolubles in the sodium. However, even with the best precleaning pro-
cedures, some impurities will be picked up from metal surface oxides
and absorbed gases. Other sources of impurities during system operation
are water, hydrocarbons, and other materials in the atmosphere that may
leak in whenever the system is opened for any rcason. The former can
be minimized by good system design, fabrication, and maintenance; the
latter by carefully cxcluding the atmosphere when the system is opened.

Cold trapping. One method of removing impurities, cold trapping, is
based on the solubility-temperature relationship. The simplest cold trap
is a surface cold enough to cause precipitation below the saturation
temperature of the impurity (see Fig. 2-27). The basic function of
the cold trap is to remove sodium monoxide, but other materials with a
strong temperature-dependent solubility in sodium can also be removed,
e.g., antimony and silver. There are two kinds of cold traps: natural
circulation and forced ecirculation. A natural circulation trap can he
merely a cold stub-end somewhere in the system. Delivery of impuri-
ties from the stream to the cold surface of the cold trap depends on
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natural circulation engendered by turbulence at the entrance of the cold
trap, and diffusion of the impurity into it. In the forced circulation cold
trap, a portion of the main stream is hypassed and pumped over a cold
surface, producing more intimate and more rapid mixing than is possible
with natural circulation. Added surface is provided, in some instances,
by inserting stainless steel mesh in the digestion tank (see Fig. 2-27 for
an example). Hot traps arec now being investigated for use in higher-
temperature systeims to reduce sodium oxide concentrations still further.
This method also employs the bypass technique, using a reaction tank
packed with zirconium or titanium to reduce the sodium oxide chemically.

Solution gettering. Chemical purification is used to reduce oxygen
content, employing substances that can reduce sodium monoxide. The
free energies of the oxides and the kineties of the reaction must favor the
reduction. “Gettering agents” are in two classes: the first group com-
prises materials, soluble in sodium, that form an oxide with limited
solubility (c.g., ealeium, lithium, magnesium, barium). The second class
includes those that are essentially insoluble in sodium and reduce sodium
monoxide to the “getter” oxide, also insoluble in sodium (e.g., uranium,
titanium, zirconium). If a gettering agent is to be used in a reactor
cooling system, its cross section should be low, for neutron economy.
Also, the products of irradiation of the getter obviously should not be
long-lived nor emit high-energy radiation.

Mechanical effects. Galling of threaded and sliding parts presents a
mechanical difficulty. (Galling means increasing resistance to sliding
of one solid surface over another, and eventual stoppage or surface dam-
age.) Since sodium is a poor lubricant and most conventional lubricants
react with it, galling can occur casily in a sodium system. Finally,
sodium prevents an oxide film from forming on the surface to slow the
galling action. Galling can be prevented by good design and by other
methods, such as surface treatinents. Design possibilities are (1) very
louse, running fits, (2) tapered threads, and (3) exceptionally smooth sur-
faces. Of potential surface treatments, nitriding has probably been used
most widely and successfully.

Another metallurgical problem that results from solution and diffusion
cffects is diffusion bonding or self-welding. Mating surfaces of similar
alloys or of materials with high mutual solid solubility tend to weld to-
gether in sodium at temperatures much lower than those required for
normal resistance or flash welding. The effectiveness of such a bond
depends on time and temperature, rather than contact pressures. Using
unlike materials, particularly combinations having little or no mutual
solid solubility, is the best known way to minimize bonding. Mechanical
effects related to experience with sodium systems and components are
discussed later.
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Radioactivity considerations. Radioactivities in sodium-cooled reactor
systems come from (1) transferred system structural material, (2) so-
dium and its impurities, and (3) fission products released to the coolant.

Material transfer results from the solution, diffusion, and subsequent
deposition of radioactive material through a sodium system. Deposi-
tion occurs in the normally nonradioactive portions of the system; it is
accompanied by self-diffusion into the walls of the piping, heat-exchanger
equipment, and other components. The resulting radioactivity is not
easily removed; however, long-lived activity can be held down by using
tantalum- and cobalt-free materials in the reactor core and in the pri-
mary coolant system. Chromium-51, manganese-56, and iron-59, which
result from thermal neutron capture, are the principal radioisotopes
producing short-lived, high-level activity. Another isotope of manga-
nese, Mn®%, is formed from stable Fe** through fast neutron capture and
proton loss. Its formation depends upon the energy spectrum. When
ferrous-base alloys must be used at temperatures above 1000°F, Mn®*
appears to transport at rates higher than stoichiometric. Also, Mn"*
has a relatively long half-life (310 days), and so could create an accessi-
bility problem.

The radioactive isotope of sodium that presents a special problem is
Na*, created from Na* by neutron capture. Sodium, with a macro-
scopic cross section for thermal neutrons of 0.012 em™, activates to
saturation rapidly. Sodium-24 has a 15-hr half-life, and emits hard
gamma radiation (2.75 and 3.7 Mev), so that heat-transfer equipment
outside the reactor must be shielded. Installing adequate shielding is not
very difficult, and during power operation the gamma radiation presents
no problem. However, when access is required to maintain system com-
ponents (other than the reactor), the system must be drained and flushed
with fresh nonactive sodium to reduce the radiation to tolerable levels,
or the active coolant charge must be permitted to decay. For prompt
accessibility, the major components can be isolated in shielded cells, or
“plug-in” components can be hung from a shielded deck and disconnected
or repaired without exposing personnel to the radioactive coolant.

Impurities can also be activated by the neutrons. They may be pres-
ent in the original sodium, or may be picked up by corrosion or erosion
in the reactor system. If the contaminants form radioactive isotopes
with long half-lives, a significant activity level may remain, making the
coolant unsafe to handle and presenting problems of disposal. Two
grades of commercial sodium are compared in Table 2-17. Both of these
are satisfactory and would undoubtedly be acceptable for reactor appli-
cation. However, if the sodium should contain large quantities of cobalt
or iron, the residual activity would not decay in a reasonable time. These
elements could, of course, be picked up by corrosion in a reactor system.
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TABLE 2-17
TypicaL ANALysis oF “ETHYL”* Sopium
Weight percent
Commercial grade High purity

Oxygen 0.005 0 005
Calcium 0.040 0 020
Nitride 0 o001t 0.001%
Chloride 0 002 0.001
Sulfate 0 003} 0 003}
Carbon 0.008 —
Hydrogen — —
Potassium 0 100 0.100
Iron 0.004 0.004
Copper 0.002 0.001
Aluminum 0 002 0.001
Magnesium 0 001 0 001
Bismuth 0 0031 0 0031
Lithium 0 0031 0.003}
Silicon 0 003 0.003
Tin 0 002 0.002}
Lead 0.001 0.001}
Nickel 0 001 0 001
Manganese 0.001 0.001]
Strontium 0 0004 0.0004
Barium 0 005] 0.005%
Sodium 99.8126 99 8436

*Manufactured by the Ethyl Corporation.
tMay be present.
{Probably not present.

C hemical reactions with water and air. Sodium and sodium-potassium
alloys are extremely reactive substances that oxidize freely in air and com-
bine explosively with water. If complete reaction at 25°C is assumed, the
final condition of a sodium-water reactior can be expressed by either or
both of the following equations:

2Na + H,O — Na,O + 31.08 keal,
Na + H;0 — NaOH + 3H, + 33.67 kcal.

Calculations of the free energies show that the reaction of sodium and wa-
ter below the melting point of sodium hydroxide will proceed to sodium
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hydroxide and hydrogen, even with excess sodium. If the temperature is
above the melting point of sodium hydroxide, then sodium hydroxide will
react with additional sodium to produce sodium oxide and hydrogen.
When NaK is used instead of sodium alone, the hydroxides formed on re-
action with water may melt at as low a temperature as 329°F, the melting
point of the eutectic mixture of 58 w/o potassium hydroxide. This low-
ering of the hydroxide melting point may lower the temperature at which
the oxides are formed. The reaction of sodium and water, for all practical
purposes, cannot be reversed by the pressure of the hydrogen. Equilibrium
calculations show that hydrogen pressures of some 10° atmospheres arc
required to reverse the reaction.

The rate of reaction of liquid metals with water is limited by the reac-
tion contact area and by the formation of products which tend to separate
the reactants. When the liquid metal and water make contact they react
and are quickly scparated by the liberated hydrogen. Shock effects duc
to these reactions have been investigated® and the cnergy of the shock
wave found to be small.

Besides the primary hazards of the initial sodium-water reaction, there
are secondary cffects of the reaction products. Hydrogen, if allowed to
mix with air, creates a serious explosion hazard. For high-temperature,
sodium-cooled reactor systems, safety requires the reactor system to be
enclosed in a shell or building that can retain scattered radioactive materi-
als under the pressures and temperatures that might follow a nuclear ac-
cident or equipment failure. There are three types of accidents involving
exposure of sodium to the building atmosphere: stagnant pool, l}l‘ossurized
spray, and explosive ejection.

The stagnant pool exposure, which could follow low-pressure equipinent
failure, spillage, or opening of sodium-containing tanks or lines, is least
serious. Sodium released as a pressurized spray leads to much faster re-
action rates and higher building pressures. An accidental discharge of this
type might result from failure of equipment or pipes containing sodium
under pressure. The third, and potentially most severe of the sodium ex-
posure accidents, occurs when sodium is explosively ejected into the build-
ing atmosphere. The important difference between the second and third
types of accident is in the mixing rates, since both reactions occur pri-
marily while the sodium is in flight. At a given temperature, the rate of
reaction depends on the mass rate of the sodium discharge, its distribution
within the building, and the velocity and size of the sodium particles.
Only when a very large mass of efficiently dispersed sodium is ejected with
high energy is the most severe (maximum theoretical) reaction rate likely
to be approached. When high-temperature molten sodium, finely divided,

*Page 126, Liquid Metals Handbook, Sodium-NaK Supplement, TID-5277.
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is mixed with air, the predominant reaction is oxidation of the sodium to
form sodium peroxide:

2Na + Og — NasOq; AH = —124 keal.

2-4.3 Heat exchangers and steam generators.* The heat exchangers
used for liquid metal service are not very different from those for normal
fluid service. Some factors to be considered in their design are:

(1) Seleetion of materials.

(2) Welding for leaktightness.

(3) Effects of thermal transients, usually much larger than normal be-
cause temperature differences are large and thermal conductivity of the
liquid metal is extremely high.

(4) Steady-state thermal stresses because of high temperature differ-
ences and high heat-transfer rates.

(5) Provisions for handling (or preventing) water-to-sodium leakage.

Selection of materials for construction. The materials that have been
used in liquid metal heat exehangers are the 18-8 stainless steels and 2}1%
Cr-1% Mo steels. The 18-8 stainless steels have been used in the primary
system exchangers (intermediate heat-cxehangers) principally because of
their low mass-transfer rates. Both 18-8 material and chrome molyb-
denum alloy have been used in steam generator units. Below 900°F the
21% Cr-1% Mo composition is favored because it is not as susceptible to
rapid chloride and caustic stress corrosion as the 18-8 material. Since
the ehrome alloys tend to deearbonize in sodium above 900°F, only the
18-8 material remains for use at the higher temperatures. Laboratory
work has been performed to determine whether low concentrations of
NaOH in sodium produce the same rapid stress corrosion as is evidenced
on the water side. These experiments showed no rapid stress corrosion
with concentration as low as 1% and as high as 8% in 18-8 material and
in chrome molybdenum material. The steam generator can be designed
so that if a leak occurs the water enters the sodium rather than the reverse.

Welded construction. All-welded construction should be used where
possible to ensurc leaktightness. Butt welds should be used where possi-
ble, as they can be radiographed. In welding tubes to tube sheets carc
must be taken not to produce crevices on the water side of the unit. If
possible, crevices should be avoided on both sides.

Effects of thermal transients. To minimize pumping power, liquid metal
systems are designed for fluid temperature rises as high as 450°F. This
high temperature rise can cause rather severe thermal shocks when power

*Extracted from “Heat Exchangers and Steam Generators for Liquid Metal
Systems,” by J. J. Morabito, Atomic Power Development Associates, Inc., 1958
(unpublished). See also References 46 and 62.
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or flow rates are varied. The excellent thermal conductivity of sodium
aggravates the situation. Through care in design and arrangement of
heat-transfer surface it is sometimes possible to avoid having thick mem-
bers, such as tube sheets, in direct contact with sodium. In intermediate
heat exchangers this is almost impossible; therefore a careful analysis of
the need for thermal shielding on both tube sheets and tube-to-tube-sheet
joints must be made. Nozzles usually require thermal shielding inserts.
In many instances, where configurations are extremely complex, an ana-
lytical approach is difficult and prototype tests are called for.

Steady-state thermal stresses. Steady-state thermal stresses are usu-
ally produced by the high heat-transfer rates in liquid metal heat
exchangers, often by the large temperature rise through the unit. To mini-
mize gradients through thick members, it is sometimes necessary to trans-
fer these gradients to walls that can be more readily shielded. In steam
generators, the great temperature difference between the sodium and the
boiling water, often as much as 200°F, produces high temperature gradi-
ents across the tube wall. The effects of these gradients can be lessened
by choosing material with high thermal conductivity, low coefficient of
thermal expansion, and high strength at the operating temperature. In
these respects chrome-molybdenum (2}-1%) is better than 18-8 aus-
tenitic stainless steel.

Sodium-water reactions. In the United States two kinds of defense have
been used against sodium-water reactions. One approach is to provide
double tube walls and double tube sheets, with an intermediate fluid be-
tween water and sodium tubes. The principle here is to provide a system
so reliable that contact between the two fluids is impossible. /The other
approach is to provide a single-wall tube steam gencrator with relief de-
vices to handle the pressure effects from a major leak, and facilities to de-
tect small leaks by plugging indicators on the sodium side and sampling
devices on the water side. This latter approach is based on experience
with small test units. In every instance the leaks that have occurred in
such units have been small; often they have not been detected until oxide
has built up in the sodium to plug such equipment as electromagnetic
pumps.

To determine the effects of a complete tube failure, studies have been
made at APDA of the reaction rates between water and sodium and the
resulting pressures. These experiments indicate that it is extremely diffi-
cult to predict the reaction rate, since it is highly dependent on the rate of
mixing. The mixing rate in turn is affected by the reaction products,
which tend to separate the reactants. Tests in which 1200-psi water was
injected through a }-inch diameter opening into a small vessel completely
filled with NaK have shown an average rise above steam pressure of about
400 psi. Thus, for safe operation, the steam generator must be designed
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for high pressures or else a relief device is needed to release the products
of reaction (mainly H,) so that pressure surges will not rupture the unit.
A series of experiments is now in progress at APDA to simulate the effect
of a tube failure in a steam generator with a gas blanket to minimize the
surge of pressure, and a rupture diaphragm to relieve the products of re-
action. It is anticipated that a system such as this will permit designing
steam generators for pressures as low as 100 psi.
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Fia. 2-10. Schematic drawing of steam generator tube configuration. (GNEC)

Heat-exchange equipment for EBR-II and the Enrico Fermi Reactor.
Chapter 3 describes the EBR-II steam generator. The concentrie tube
configuration here employs no thermal bond (third fluid) annulus or leak
detection equipment. A schematic drawing of such a configuration is
shown in Fig. 2-10. The EBR-II primary to secondary sodium heat ex-
changer, shown in Fig. 3-22, is a shell-and-tube exchanger with secondary
sodium in the tubes. The secondary circuit is at slightly higher pressure
so that any leakage will be toward the radioactive primary circuit.

The intermediate heat exchanger in the Enrico Fermi Atomic Power
Plant (see Fig. 4-67) is similar to that of EBR-II. The steam generator,
however, illustrates another configuration, the bayonet type, where system
leaktightness depends on the integrity of welds (Fig. 4-69).

2-4.4 Pumps. For liquid sodium pumps the principal design objec-
tives are to eliminate leakage and minimize maintenance; these are im-
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portant because of chemical activity and induced radioactivity of the
sodium coolant. Pump development has been on two primary types, elee-
tromagnetic and mechanical. The electromagnetic pumps take advantage
of the high electrical conductivity of sodium to effect pumping by clectri-
cal forces. Mechanical pumps have been redesigned and features added
to meet the special requirements for liquid metals.

Electromagnetic pumps. The electromagnetic pump is very well suited
for circulating radioactive sodium because it uses no moving parts, bear-
ings, or seals. Electrical power is transformed directly into pumping
power by the interaction of current and magnetic field in the liquid con-
ductor, without the complexities of an intermediate mechanical stage.
There is an obvious comparison with electric motors; electromagnetic
pumps are cither alternating current or direct current, and in the case of
the former, current is fed to the moving sodium either by induction or
conduetion.

In a conduction (Faraday-type) pump, current passes to and from the
liquid by means of electrodes connected along the edges of the coolant
duet. Direct current pumps are, of course, conductive.

As illustrated in Fig. 2-11, liquid sodium flows in a narrow rectangular
duet passing between the poles of an eleetromagnet while current passes
through the liquid. The pumping rate depends on the eurrent, magnetic
field intensity, and duct size. Direct current clectromagnetic pumps have
the advantages of simple construction and freedom from insulation difficul-
ties. They have operated reliably at high temperatures for long periods.
Efficiencies vary from 15 to 20% for small pumps, to 40% for large sys-
tems where homopolar generators supply the eurrent.

Current

¥ iow

Fia. 2-11. Schematic diagram of pc pump showing arrangement of current
flow for field compensation. [46]
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An Ac conduction pump operates on the same principle except that the
magnetic field reverses in synchronism with the alternating current in the
liquid sodium. The field winding is connected in series with the current
path through the liquid, as with series-field motors. While no large ac
conduction pumps have heen constructed, small models have been used
widely, since they ean be operated directly from a single-phase power line.
Pumping efficiencies range from 5 to 20%.

With alternating current induction pumps, large currents can be devel-
oped directly in the moving liquid by electromagnetic induction. Under
the classification of induction or “traveling-field” pumps, development has
been centered primarily on three versions: the flat linear induction pump
(FLIP), the annular lincar pump (ALIP), and the helical or spiral-
channel induction pump (SIP). All of these utilize the same principle of
inducing current in the moving liquid by means of polyphase ac, multipole
windings mounted in slotted fixed “stators,” adjacent to the pump duct.
In the FLIP type (Fig. 2-12), the liquid duct is a flattened tube between
two core sections that contain the polyphase winding. Here a linearly
traveling or “sliding” flux wave is produced—as though the conventional
stator of an induction motor were laid out flat.

To reduce field losses at the edges of the flat cores, an annular geometry
was developed (ALIP)  The liquid flows in an annular duct between in-
ner and outer core sections. In the outer eylindrical core section, toroidal
coils are connected so as to produce a polyphase traveling wave with re-
sulting induced current paths that are annular. Although this was a de-
cided improvement because of its better symmetry, its development has
been inhibited by fabrication difficulties. The third arrangement (SIP)
employs a helical duct in a conventional induction motor stator, with a

FieldWinding

Fic. 2-12. Schematic drawing showing the principle of an alternating current
flat linear induction pump. (GNEC)
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laminated core inside the helix. This development also has been discour-
aged by fabrication problems and low efficiencies. The several electro-
magnetic types which have been studied, and working examples of each,
are summarized in Table 2-18.

EBR-I primary pump. A fundamental problem in designing pc pumps
is magnetic field distortion, which results from interaction of the field be-
tween the magnet poles (Fig. 2-11) and the field due to current across the
duct. It can be seen that if the conductor did not pass back through the
gap and provide a compensating field, the resultant field intensity within
the duct would be higher at the pump exit than at the entrance (the field
produced by the current would reinfcree the pump field at the exit and par-
tially cancel it at the entrance). Another method is used to eliminate dis-
tortion in the EBR-I pump design. Here, the poles are tapered so that the
magnetic gap is wider toward the entrance end, and in addition the duct
cross section is tapered so that a constant current density is maintained
between the entrance and exit. Unfortunately, compensation is complete
for only one condition of current and field intensity. For the EBR-I
pump (500 gpm capacity at 25 psi), the pole pieces are 4 inches at the en-
trance to 1.50 inches at the exit. The tapered Nichrome duct has an aver-
age cross section of 1.5 by 3.25 inches, with a wall thickness of 0.025
inch [50,51].

The field winding employed depends on operating requirements of the
pump. For high temperatures, a scries-connected winding is preferred be-
cause it requires only a few turns of large cross-section copper and conse-
quently has a small voltage drop. The low voltage drop means no auxil-
iary cooling and only minimum insulation problems. This is illustrated in
the EBR-I pump, which has two turns of 6 by 6 inch cross section copper
connected in series with the current path across the duct. The current re-
quirement of 300 gpm and 4 psi head is 18,500 amp, and for the 12.5-kw
power input the voltage drop is approximately 0.68 volt. Duct and mag-
net are in a welded stainless steel, boxlike enclosure to retain the liquid
metal (NaK) in the event a duct fails. Mica insulation is used, and no ex-
ternal cooling is provided. The current leads are brought out through
stainless steel bellows that provide an “insulating” seal, since the current
leakage is negligible. The enclosure is pressurized with helium at 5 psi.

Clearly, the main virtues of large pc pumps are simple construction and
reliable operation at high temperatures (over 1400°F) for long periods.
Their operation in the presence of intense radiation has presented no dif-
ficulty. The main undesirable features are low efficiency and problems of
supplying the low-voltage, high-amperage direct current. At the reference
conditions of 300 gpm, 40 psi head, and NaK temperature of 480°F, EBR-I
pump efficiency is 42%. Then, with a rectifier efficiency of 40%, the over-
all efficiency is 17%. Since the electrical resistivity of NaK eutectic is ap-
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proximately twice that of sodium, efficiencies would be somewhat lngher
when pumping the latter. Also, with the homopolar generator, over-all
efficiencies of nearly 45% may be reached.

DC pump development at Argonne National Laboratory [52,53]. Direct
current electromagnetic pumps have been studied at Argonne National
Laboratory since 1947. Some 30 different pump designs have been em-
ployed, ranging from 5 to 10,000 gpm capacity. During the first years,
most investigations were concerned with electrical design. These design
procedures are now well established. It was apparent early that the me-
chanical design of pc pumps would be more difficult than the electrical de-
sign, especially as pump size was increased. Thus construction techniques
have been strongly emphasized.

As discussed previously, the principal advantage of the pc conduction
pump is its ability to operate in highly radioactive regions at clevated
temperatures. For high-temperature operation, all electrical connections
in the pump must be made reliable. Conventional soldering and brazing
methods are not adequate at high temperatures.

The pump duet material most often used in liquid sodium pumps at Ar-
gonne iz 18% Cr-8% Ni stainless steel. 1t is chosen for the following
reasons:

(1) Good corrosion characteristies in sodium. i

(2) High electrical resistivity.

(3) Good weldability.

(4) Nonmagnetic property.

(5) High-temperature strength.

Other materials surpass 18-8 stainless steel in one or more of these
eharacteristics but experience has justified its use. In sclecting a current
conducting material, the choice is much more limited. Low electrical re-
sistivity is of paramount importance, and consideration must be given to
the problem of joining the conductor to the pump duct. Choice 1s limited
to copper, aluminum, silver, nickel, sodium, or NaK. Most pumps built
at Argonne use cither copper, sodium, NaK, or combinations of these.
If space is unimportant sodium or NaK are attractive, because when they
are molten no thermal stress problems are encountered 1n making electrical
contact to the pump duet. This technique, modified, is used extensively in
pumps built at Argonne. For example, the bus from the current source
to one large pump consists of molten sodium in a long, irregularly shaped
box of rectangular section. Where space limitations are important (as
near the electromagnet of the pump) copper replaces most of the sodium.
Where the actual electrical junction is made to the pump duet, sodium is
again employed. Figure 2-14 illustrates a pump design with this sodium-
to-copper-to-sodium electrical conductor. With this conductor welds of
copper to stainless steel can be avoided completely. If welds of this type
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are necessary, intermediate welds of nickel and nickel-copper alloy are
placed between the stainless steel and copper. This expensive method
should be avoided in large pumps.

The pump duct in small pumps is a rectangular section, formed from a
round tube. This method is inexpensive but strength and reliability are
sacrificed, since to attach the electrical conductor welding must now be
done on the thin tube wall. It is much better to form the rectangular duct
from four separate stainless steel sheets welded together. Two of these
(parallel to the direction of current) must be thin, but the sheets compos-
ing the clectrical junction can be quite heavy, thus adding strength and
rigidity to the pump duct. Using heavy sheets, in some cases the copper
conductor can be welded directly to the stainless steel sheets. Here the
copper conductor is made up of many smaller bars, stacked together in
parallel. Distortion of the heavy stainless steel sheet is a major difficulty.

As stated earlier, it has been found advisable to build pc pumps with
scries-exeited clectromagnets. This is especially true in large pumps. As
the current requirements of the pump increase, the flux density does not al-
ter greatly, hence the ampere-turns needed for the electromagnet depend
on the air gap size and ultimately on the pump capacity. The pump in
Fig. 2-14 has a one-turn, serics-cxcited electromagnet. While this design
is not good from the standpoint of flux leakage, it is simple and inex-
pensive.

When large currents and electromagnets with few turns are used some
compensating device must overcome the cross-magnetizing magnetomotive
force produced by current passing through the pump duct. Graded field
poles and tapered pump duets could be employed, but for simplicity a se-
ries compensating turn is almost always used. After the current passes
through the pump duct, it immediately returns in an opposite direction
through a path parallel to the pump duct current path. Since no magnetic
material is linked by this turn, it cancels the cross-magnetizing effect of
the pumping current. In Fig. 2-14 the compensating turn comprises two
parallel conductors on each side of the pump duct.

As pump sizes increase, another serious problem confronts the designer.
The head-capacity relationship of the pump depends on the amount of
current that actually traverses the pump duct in the region of strong mag-
netic field. In practice it has been found that much current does bypass
this region by traveling down the pump duet and crossing outside magnetic
field boundaries. Of course, this current diversion reduces pump effi-
ciency. To avoid such a loss, the pump duct is subdivided into several
separate and electrically insulated channels, increasing the resistanee of
the diversion path.

The approaches described for pump design may be summarized as
follows:
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F1a. 2-13. View of 10,000-gpm pc electromagnetic pump in test facility, show-
ing the large amount of welding necessary for such an installation,

(1) Sodium-to-copper-to-sodium eleetrical conductors.

(2) Welded fabrication of pump ducts from heavy and light gauge
sheet.

(3) Series field excitation for pump winding,

(4) Series compensating turn of a conductor within the magnctie gap.

(5) Subdivided pump duct to reduce current bypassing.
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Fira. 2-14. Cutaway perspective of 10,000-gpm bpc electromagnetic sodium
pump.

Pump

All these concepts have been used recently in designing and constructing
a high-temperature, large-capacity nc pump.

The 10,000-gpm direct current electromagnetic pump [54]. The Ar-
gonne National Laboratory has recently completed tests on a 10,000-gpmn
pc pump. Pumping high-temperature intensely radioactive molten sodium
in a completely sealed duct, this pumnp utilizes a power supply with an effi-
ciency greater than 80% ; by contrast, metallic rectifiers have efficiencies
of 20 to 40%.

The pump-power supply combination is a single compact unit, aligned
vertically to reduce electrical conductor length between generator and
pump. Pictorial and schematic representations of the unit are shown in
Figs. 2-13 through 2-16. With reference to Fig. 2-13, the unit components
and a functional description of each are listed in Table 2-19. It should be
noted that many lincal feet of welding are necessary to install such a large
pc pump (Fig. 2-13). Because of this and because testing of mechanical
pumps has shown good results, the consensus now is that large “cast’” me-
chanical pumps are preferable. Accordingly, in the EBR-II design elec-
tromagnetic pumps have been replaced by mechanical pumps of the same
capacity.
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TasLe 2-19
CHARACTERISTICS OF THE 10,000-GPM
Pume Power SuppLy Unir [52,54]
Item Functional description Capacity

Structural characteristics

Arrangement Vertical alignment of

components —

Over-all height 30 ft

Over-all weight 35 tons -
Drive motor

Type Induction, squirrel cage 1250 hp

Input voltage 3-phase, 60-cycle 2300 volts

Set connection
Homopolar generator
'1“}'pe

Brush conducting
material
Machine winding

Field excitation

Rotor

Stator-NaK insulation
Terminal ring
Temperature

Losses, full load

Test loading

Test loading
Efficiency

Electromagnet
Excitation

Flux density
Core composition and
weight

Direct

Liquid brush

NaK eutectic, water-cooled,
argon blanketed

Excitation coil, Cu strap,
water-cooled

Separate pc source, dry
rectifier

12-inch Fe rotor, Ag-soldered.
Cu plugs

Stainless steel, double-
walled cylinder

2 inches wide, Cu

Maximum operating

Excitation, bearings

Maximum generator load
current

Maximum generator field
current

Over-adl full load

Homopolar generator output,
one-turn coil, series excited

Na-filled duct

Carbon-steel plates, 20, 2
inches thick, 3-inch spacing

250,000 amp,
2.5 volts

13 turns

2500 amp

150°C

60 kw

425,000 amp,
1.8 volts

2450 amp
929,

250,000 amp
7000 gauss

16 tons
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TABLE 2-19 (continued)

Item Functional deseription Capacity
Gap dimensions Between plates rectangular 21 inches high,
cross section 6 inches wide,
42 inches long
Pump duct
Material 18 Cr-8 Ni stainless steel
sheet —_
Geometry, pumping Single duct at center of gap 21 inches high,
region 6 inches wide,
30 inches long
Geometry, flow Multiple-channel duct on 12, 1§ inches X
regions either side 6 inches cross
section
Insulation Flat sheet, mica or ceramic —
Temperature limit Curie point of iron 763°C

EBR-II secondary pump [55]. Two types of 5000-gpm sodium pumps
have been constructed for possible use in the secondary heat-transfer sys-
tem at Argonne’s Experimental Breeder Reactor 11, and some tests have
been completed. The type finally chosen will depend, in part, on operat-
ing performance data from these tests. One pump, an Allis-Chalmers
single-stage centrifugal type, is deseribed in subsequent paragraphs. The
other, an ac linear induction pump (FLIP), was manufactured by the
General Electric Company and is rated at 5000 gpm at 40 psi head. De-
sign and performance characteristics are listed in Table 2-20.

A general view of the pump in its test facility is shown in Fig. 2-17.
Preliminary operating tests have shown that this pump meets flow, pres-
sure, and power input requirements. After it operated 10 hr, the instru-
mentation was adjusted in preparation for longer runs.

United Kingdom Dounreay pumps [56]. The primary and secondary
coolant circuits of the Dounreay Fast Reactor (DFR) [57] are to be di-
vided into twenty-four parallel paths with sodium circulated by twenty-
four FLIP* type pumps. According to p. 275 of Reference 56:

“ . . The design of the pumping unit was based on the following main

assumptions:

“a. The pump channel could be made reliable and so would not re-
quire maintenance.

“b. The shape, construction, and wall thickness of the channel would
be such that only small loads could be applied to it by the main piping.

*Flat linear induction pump.
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Mounting
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Fic. 2-15. Cutaway perspective of 250,000-ampere homopolar generator.

“c. The wound cores on either side of the channel might be a source
of trouble and so should be designed so that they could be remotely re-
moved for maintenance.

“d. The channel would not withstand a high internal pressure when
the wound cores were removed.

“e. Containment of the pump in air inert-gas-filled enclosure would
be necessary.”

An early prototype of the DFR induction pump, supplied by The Eng-
lish Electric Company Limited [56], was rated [58] at 400 gpm at 30 psi
head when pumping sodium at 250°C with an efficiency of 30%. When
pumping sodium-potassium alloy with the same stator current, perform-
ance was 400 gpm, 15 psi, and 23% efficiency.
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Fie. 2-16. Schematic diagram of 250,000-ampere homopolar generator.

Fia. 2-17. General view of 5000-gpm Ac linear induction sodium pump.
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TABLE 2-20

CuarActERISTICS OF THE EBR-II FLIP Type Pump [55]

General data

Manufacturer

Type

Capacity, gpm

Pumping head, psi

Input power, kw

Efficiency, %

Operating temperature, rated, °F

Stator characteristics

Stator dimensions, inches

Winding temperature, maximum, °F
Winding coolant, water, gpm
Winding arrangement

Pump duct characteristics

Material

Cross scction, inches
Length, inches

Wall thickness, inches

Pump enclosure

Shape
Flow nozzles, welded, inches

Test factlity

Pipe and fittings material
Pipe size, schedule-10, inches
Throttle valve

Heat removal

Preheating

Test operating time

General Electric Co.
Ac linear induction
5000

40 at flow capacity
220 at 480 volts

43 at 5000 gpm

700 (370°C)

27 X 41

390 (200°C)

15

Six-pole field, linear synchronous
speed of 58.5 fps to 60 cycles/sec

ATSI type-347 stainless ateJel
13 x 27

41

1
16

Right-rectangular parallelopiped
12

Type-304 stainless steel

12

12-inch bellows-sealed wye type

Finned air cooler over 12-ft length
of test loop

From 70 to 250°F'; resistance heat-
ing for pump, 60 c¢ps induction
heating for test loop

10 hr
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Mechanical pumps. Even with the requirements of no leakage, mini-
mum maintenance, and with the problems involved in rubbing and bear-
ing surfaces, mechanical pumping of liquid sodium at high temperatures
is desirable because of high pump efficiencies and absence of power-supply
problems. Mechanical pump development has drawn upon existing tech-
nology in pumping molten metals and other fluids at high temperatures.
Emphasis has been almost exclusively on single-stage centrifugal pumps
because they are mechanically simple and have favorable hydraulic char-
acteristics. Multistage units have not been employed because sodium
loops do not usually require high delivery heads. Gas-scaled reciprocat-
ing pumps have been built for speeial process systems requiring high head
and low capacity at low temperature.

Problems encountered in pump design, sununarized in order of impor-
tance, are as follows: ]

(1) Adequate lubrication to bearirgs whether rotating in or out of the
sodium.

(2) Abrasion of bearing materials in contact with the high-temperature
liquid, since sodium has poor lubrication qualities.

(3) High mechanical strength required because of vibration and bear-
ing load problems,

(4) Cooling and radiation shielding of parts.

Items 1 and 2 are the only really vexatious problems. Vibration and
bearing load problems have been reduced by using pumps with double
volute cascs. It has not been difficult to develop high-strength parts,
since heavy sections are employed for all pressure containers and stressed
parts. Cooling and radiation shielding problems are relatively simple.
Most adversely affected parts can be removed and shielded from the heat
and radiation source without impairing pump efficiency.

Mechanical pump development may be classified according to the type
of pump seals employed: (1) membrane, (2) frozen, (3) gas. These gen-
eral types indicate both the approach and specific design conditions.
Three seal types are listed below, along with industrial or national re-
search organizations largely responsible for developing them:

Membrane seal —Byron-Jackson
Westinghouse
Allis-Chalmers

Frozen seal —ORNL
North American Aviation

Gas seal —ANL, ORNL, KAPL
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The gas-seal pump can be employed only in systems where the scal can
be installed above a free surface of the liquid metal. Here they operate
well and reliably.

Argonne National Laboratory [53] is now testing a 5000-gpm, 40-psi
head, sump-type centrifugal pump with continuous argon gas leakage past
a labyrinth seal and a dynamic hydraulic sodium bearing. The pump has
operated for 6700 hr without incident at 700°F, 40 psi head. It was arbi-
trarily disassembled for inspection at 6700 hr. Inspection showed no wegr
of the bearing surfaces, and the pump life test is continuing. The pump
has a 78% over-all efficiency. The mechanical pump is the least costly of
the three types tested. Simplicity of construction, freedom from mainte-
nance, and over-all good performance of the new mechanical pumps have
brought about redesign of the EBR-II primary system to use them. The
“submerged”” arrangement of the EBR-II, with all mechanisms operating
from above through an inert-gas blanket is particularly favorable to the
use of such pumps. On the other hand, in systems where a pump must be
installed in all-welded piping where pump scals would be in contact with
sodium, the electromagnetic pump may be better suited.

Another characteristic favoring mechanical pumps is over-all efficiency.
This is illustrated by comparing the cfficiency of Argonne’s 10,000-gpm pc

Fie. 2-18. General view of 5000-gpm mechanical pump test facility. This
pump was operated for over 7000 hours at 700 to 900°F and 789, over-all effi-
ciency without malfunetion or maintenance,
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electromagnetic pump with that of their 5000-gpm centrifugal pump
[53], both of which recently completed preliminary testing. Even though
the low-efficiency (~40%) rectifier was replaced by a more efficient (85 to
90%) homopolar generator, the over-all efficiency of the 10,000-gpm pump
is still in the range of 40 to 45%, as compared with 78% for the centrifugal
sump pump (Fig. 2-18).

As described in Chapter 4 and illustrated by Figs. 4-65 and 4-66, sodium
is circulated in the Enrico Fermi Reactor by three 11,800-gpm centrifugal
pumps in parallel loops. They are clectric motor-driven, vertical-shaft,
sump-type pumps, with inert gas seals, operating at 110 psi head at 550°F.
Their over-all efficiency is 77%.

2-4.5 Transfer and handling systems [46,53]. Important aspects of
sodium piping system design, construction, and operation are integrity,
leaktightness, welding, and precleaning of wustenitie stainless steel sys-
tems; methods of pre-heating systems; and instrumentation for flow con-
trol and for measuring flow rate, temperature, pressure, and liquid level.

Austenitic stainless steels are commonly used for sodium at least up to
900°F. A test loop of 2-inch (schedule-5) pipe—with sections of stainless
steel types 304, 304L, 316, 321, and 347 welded together in various combi-
nations—has operated at Argonne National Laboratory at about this tem-
perature for two years without a weld or pipe failure. Two sodium pump
test loops, constructed of 12-inch (schedule-10) pipe of stainless steel,
type 304, have operated at 700 to 900°F for approximately 6000 hr each
without difficulty. One loop employing ring joint flanges with stainless
steel oval rings, studs, and nuts has not leaked. At Argonne National Lab-
oratory, argon gas-blanketed, heliare, first-pass welds are used without
backup rings. Pipe and fittings are not cleaned in the completed system
before filling with sodium, but dirt and grease are removed with solvents
before welding in each section or component. Large systems, such as the
pump test loops, are flushed with hot sodium and drained several times
before final filling and startup. The following paragraphs discuss compo-
nent types and design, and service techniques now in use.

Piping.* Liquid metal piping is designed according to the same general
rules that apply for more familiar fluids. The problem is more severe be-
cause of higher opcrating temperatures and the greater possibility of ther-
mal shock and fatigue.

Thermal expansion is more severe than in most industrial piping be-
cause operating temperatures are higher (up to 1700°F) and because pip-
ing materials for sodium have high coefficients of thermal expansion. For
temperatures above 800°F, one of the austenitic stainless steels (such as

*Condensed from Reference 59.
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types 304, 316, 321, 347, and 310) is generally used. Their mean cexpan-
sion coefficients are about 40% higher than those of carbon or intermedi-
ate alloy steels. There are indications that intermediate alloy and the fer-
ritic stainless steels can be used with NaK or sodium up to 1100 or 1200°F.
Should these materials prove feasible, pipe expansion will be decreased and
cost should be less.

The low system design pressures for sodium-cooled reactors do not re-
quire heavy-walled piping. \

Current liquid metal technology has need of a reliable high-temperature,
breakable pipe joint. Threaded joints are often employed in small lines
that must be disassembled frequently and are also used when some leakage
can be tolerated. However, threaded joints are definitely not recom-
mended for applications requiring long, reliable service at temperatures
exceeding 500°F. Ground joint unions (metal-to-metal scat) have been
successful in both carbon steel and stainless steel pipelines, but they arc
best employed only where they can be checked often or where some liquid
metal leakage is tolerable. Most operating experience with ground joint
unions has been with smaller sizes (1 inch or less) at temperatures under
500°F. A few have been utilized in 800 to 1000°F NaK lines.

The use of flanged joints in liquid metal service has been limited chiefly
to components that must be removed from the system frequently and for
joining dissimilar materials. Flange bolting and gaskets often relax at
elevated temperatures, and leakage occurs. It has been recommended that
socket welds be used with piping one inch or less in size, rather than con-
ventional backing rings. In small piping, where the backing ring occu-
pies too much of the flow area, it may increase pressure drop and interfere
with drainage. Whenever possible, joints of a liquid metal piping system
should be butt-welded. Butt welds have the advantages that they can be
x-rayed, there is no appreciable reduction in pipe flexibility, less welding
is required, and the piping system is stronger because there is little stress
concentration.

Copper tubing with flared brass fittings is most commonly used for trans-
ferring small quantities of NaK at temperatures below 250°F. It is not
suitable for high-temperature service or where thermal shock may be en-
countered.

Steel tubing with compression fittings can be employed over a wider
range than can copper tubing. Satisfactory service up to 1400°F has been
reported for “Swagelok” stainless steel fittings. However, there is com-
paratively little data on the use of tube and tube fittings at high tempera-
tures. The system designer should utilize tube fittings with caution until
their limitations are more clearly established. One thing is definite: only
seamless pressure tubing should be used.
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Supports for liquid metal piping are not much different from those used
on conventional power piping, but because temperatures are likely to be
higher, larger movement may have to be accommodated. For this reason,
counterbalanced and constant support hangers may be called for.

Valves. Valves common in test facilities at Argonne National Labora-
tory are of stainless steel, with cast bodies, bellows seal, and backup pack-
mg. Drain and fill valves arc usually 1 and 2-inch Crane gate valves.
They have proved adequate and reliable. In each of the 12-inch pump test
loops, a 12-inch Crane angle valve throttles pump flow. This stop valve
will throttle about 50% flow. The valves have not leaked. In 1-inch,
2-inch, and 4-inch sizes, a reliable valve tor 100% flow control is the
Hammel-Dahl all-stainless steel bellows seal type with a remotely con-
trolled air-diaphragm operator (Fig. 2-19). The valve has a cast body
with a stellite seat; the stainless steel casting permits induction heating of
contained sodium. Performance is without ‘chattér” at high or low flow,
and without failures.

Another example of present applieation is the sodium throttle valve for
the Enrico Fermi Atomie Power Plant (Chapter 4). As shown in Fig.
4-68, this is an angle type, double-bellows seal valve. The entire assem-
bly is within a pipe riser that can be sealed above the hand whecel of the
valve. The valve inner scetion is removable when the reactor is shut

Fia. 2-19. General view of Haminel-Dahl control valve used in liquid sodium
systems. All stainless steel construction permits induction heating.
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down, without draining the primary system. The valve opening cannot
be completely closed and flow inadvertently shut off.

Instruments. The range of operating temperatures encountered in so-
dium heat-transfer systems, from near the freezing point (208°F) to
1100°F, is a major factor in designing instruments. Operating pressure
does not seriously affect instrument design but does influence the choice of
instrument types for specific uses.

The magnetic flowmeter, entircly outside the sodium system, is aysafe
and reliable instrument with no moving parts. In addition, it will with-
stand the high temperature of the liquid sodium system. It consists of a
permanent magnet fastened mechanically to the outside of a stainless steel
pipe passing through the center of the air gap. Two wire output leads are
welded to the pipe diametrically opposite each other at the center of the
magnet air gap, in a plane 90° from that of the magnetic field.

Electromagnetic flowmeters calibrated with an orifice meter are in each
major test facility at Argonne National Laboratory. For the 12-inch,
schedule-10 piping system a small, inexpensive permanent magnet gives a
flux of 200 gauss and an emf output of 12 mv at 5000-gpm flow. Experi-
ence with 30 clectromagnetic flowmeters indicates that calibration against
an orifice or weigh tank gives the most accurate flow measurements, This
is especially desirable in the large pipe magnets where generated voltage is
not quite proportional to flow. In EBR-I expericnce, laboratory cali-
brated electromagnetic flowmeters removed from test loops in Chicago and
shipped as far as Idaho retained their calibration to within 2%.

Pressure transmitters with all-welded stainless steel bellows sensing el-
ements have been used almost exclusively during the past three years in a
variety of test facilities. Experience shows several things: the original
factory “Zero” should not be tampered with, the air piping at the transmit-
ter should be stainless steel if temperatures are over 800°F because, with
copper, oxidation plugs the instrument, and the air supply should be free
of moisture and dirt.

The simplest sodium level indicator is a probe: a metal rod, insulated
from the tank or container, which can be lowered through an insulating
packing gland into contact with the liquid sodium to complete an electri-
cal circuit. This probe can also be mounted vertically on the tank bot-
tom. A resistance level detector has been developed that offers maximum
safety and reliability, requires no maintenance, operates in radioactive
areas indefinitely, withstands shock and vibration, functions over a wide
temperature range, and employs fairly simple, rugged auxiliary amplifier
and measuring components.

Cleaning [60]. If the system is improperly or carelessly precleaned,
the residual dirt, grease or oil, weld slag, surface oxides, moisture, etc.,
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can be major sources of contamination. These will add oxygen, hydrogen,
carbon, and insolubles to the sodium. However, even when precleaning
is thorough, some pickup of impurities from metal surface oxides and
absorbed gases is certain. Insoluble material can be removed by filtering.
For startup, where cleanliness is important, the system should be con-
ditioned by a series of high-temperature flushes, drainings, and refiltra-
tions at low temperature.

All components should be installed free of grease, dirt, oil, and other
foreign materials that could later react chemically with liquid metal or
plug the piping or valves. During fabrication, metals are usually coated
with oil or grease (which can carburize when exposed to high-temperature
NaK or sodium) and they must be degreased. Pickling solutions, de-
greasing solutions, and detergent compounds can remove these organics.
In the case of pickling, care must be taken to choowe a solution suitable
for all materials in both the system and components. While most systems
are basically unimetallie, instruments and special equipment may contain
other materials. After use, all traces of the pickling solution must be re-
moved to prevent contamination of the liquid metal.

Degreasing solutions are satisfactory, but here again care must be taken
to remove all traces of the solution to guard against halogenated hydro-
carbons that could react chemically with the sodium or NaK, and hydro-
carbons that could carburize the materials of construction.

An effective method is to flush the component with a nonsudsing de-
tergent in hot water. After the system has been thoroughly flushed, it is

Fia. 2-20. View of sectional cut through two-inch pipe, showing partial plug of
sodium oxide.
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rinsed with hot water and dried completely under a vacuum or a flowing
inert gas. Drying is very important in alkali metal systems, because of
the chemical reactivity of these metals with water. Usually the system
is heated to some definite temperature and evacuated to below the vapor
pressure of water at that temperature.

Impurities are removed from the liquid metal system by cold trapping
or by filtering. Two types of cold traps have been successful. The dif-
fusion cold trap which operates continuously can remove slowly forming
oxides if rapid decontamination is not required. However, if impurities
enter the system in large quantities or if fast purification is necessary,
a circulating cold trap is commonly used. It bears repeating that these
systems must be operated within the maximum allowable cooling rate to
prevent equipment plugging from precipitation in connecting piping. An
example of partial plugging is shown in Fig. 2-20.

Heating. Large piping systems at Argonne National Laboratory have
been preheated by electrical resistance, eddy currents, and by hot air
forced over external piping surfaces. Sixty-cycle eddy-current heating
appears to be most satisfactory, particularly for large systems (see Fig.
2-21). The larger the installation, the more the advantage of the few
induction heating coils as compared with the increasing number of resis-
tive heating circuits required. Also, the induction coils are outside the
thermal insulating jacket, and their electrical insulation is protected from
the high temperatures of the piping.

Maintenance and replacement of components. Auxiliaries such as vent,
drain and instrument lines should be monitored frequently to ensure that
their temperature is higher than the saturation temperature of the im-
purities of the system. These blind ends act as diffusion cold traps, and
plugging will oceur if the temperature of the lincs becomes low enough for
the oxides to deposit on the surfaces.

Instrument and cover gas lines connected to the gas space over the
expansion tank often become plugged in high-temperature systems as
distilled vapors cool and solidify. Proper design can minimize these dif-
ficulties, but temperature control of the lines near the nozzles to the sys-
tem is required.

Liquid metal can be removed from or added to the system during
operation, as necessary. In very large systems, liquid metal is occasion-
ally withdrawn during normal heating to reduce the size of the expansion
tank required. At times, leaking valves in the charge line may slowly
drain metal from the heat-transfer system.

Maintaining and repairing sodium systems demands precautions that
must be strictly observed. These are necessary to prevent excessive so-
dium oxidation when the system is exposed to the atmosphere.
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Fia. 2-21. General view of EBR-IT model tank (5000-gallon Na capacity),
showing induction heating coils and fuel-handling mechanism.

Three techniques are suited to sodium piping systems. If repair or
modifications are extensive and involve many openings, it is advisable to
clear all sodium from the system. After the piping is drained, the residual
sodium film is chemically removed. This is laborious and complex, but
once the sodium is removed from the system, repairs can take place in a
conventional manner, i.e., no inert blanket gas is required. Removing
sodium film is described later.

The other two repair methods are known as the “balloon” and “freeze”
techniques. They are considered suitable for all but the most involved



86 THE FAST NEUTRON POWER REACTOR [cHaP. 2

and extensive maintenance and repair. The balloon technique, for piping
4 inches in diameter and larger, requires draining the sodium. A 2-inch
hole is drilled on the side away from the pipe section to be removed, and
an empty balloon is inserted in the hole and inflated. A balloon pressure
1 to 3 psi above the system pressure will effectively hold the inert gas in
the system, to prevent oxidation. After the repair weld is made, the
balloon is removed and a plug is welded into the hole. The balloon
technique is particularly useful where excessive oxidation of the sodium
is undesirable.

For smaller piping, or where oxygen contamination is less critical, the
system can be drained, allowed to cool, and cut open. Rubber stoppers
or caps made of masking tape prevent gross contamination by the at-
mosphere.

In the freezing technique, the sodium is not drained from the piping.
The pipe is scaled by allowing the liquid metal to solidify in it. When
the pipe is cut frozen sodium is exposed, and although the surface will
oxidize, the solid sodium plug protects the rest of the system from con-
tamination.

If it is not necessary to remove a component, welding can usually be
done in place. The sodium is drained and the system filled with inert
gas at about atmospheric pressure. Although the sodium film should be
removed, this is not absolutely necessary. Standard welding procedures
can be utilized on the outer system surfaces.

2-4.6 EBR-II working model.* To demonstrate the feasibility of the
submerged primary system design concept, a fairly large working model
of the EBR-II was built (Figs. 2-21, 2-22, and 2-23). The model dupli-
cates major components of the parent design,* appropriately scaled. It
comprises:

(1) The primary tank (approximately 11 ft in diameter by 8 ft decp),
which contains approximately 5000 gal of sodium; the sodium is heated
clectrically and is maintained at approximately 750°F, approximating
the ambient sodium temperature in the EBR-II system.

(2) A reactor mockup of 61 “dummy fuel subassemblies.”

(3) A prototype pc electromagnetic pump with a capacity of 1000 gpm
at 40 psi head;} the pump, piping, reactor, and instrumentation are in-
terconnected as in the EBR-II primary system. Since this is an iso-
thermal experiment, the heat exchanger is omitted and a tnrottle valve

*Taken from Reference 61.
+Because of a design change, the EBR-II will employ two 5000-gpm mechani-
cal pumps (described in Chapter 3).
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Fie. 2-22. Cutaway perspective of EBR-II model tank, showing internal ar-
rangement of core assembly, mner tank support, pump enclosures, and sub-
assembly storage, as well as external top-mounted access and handling equipment,



88 THE FAST NEUTRON POWER REACTOR [crap. 2

Terminal j
°

To Gage on Instrument
P \

Electro- Throttle
magnetic Na Level & Shut
Pump —1 1] £ Off Valve

Reactor Tank
Cover

>3 Ball &
Seat Joint

Boll & Seat

Joint Pressure

T .

/}(

Flow Meter

Pressure
Transmitter

Fia. 2-23. Schematic drawing of EBR-II model tank internals, showing coolant
flow path and important mstrumentation.

Fic. 2-24. View into sodium tank following equipment removal. Sodium in
tank is frozen and covered with oxide; subsequently, this oxide was removed
within three days by cold trapping.
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Fii. 2-25. Free sodium surface through viewport during operation, showing
bubbles and ripples caused by free-falling sodium from cold trap return lhine.

substituted. The arrangement of the flow system is shown sehematically
in Fig. 2-23.

(4) A bypass circulation sodium purification system which includes a
pump, regenerative heat exchanger, and cold trap for the continuous
circulation of sodium and continuous removal of sodium oxide.

(5) A prototype shutdown cooler.

Operation of the system components has shown that the physical
arrangement and the operational procedures are entirely feasible. There
has been periodic fuel handling with approximately 80 loading and un-
loading operations to date. The pump has operated 4500 hr without dif-
ficulty. The continuous bypass sodium purification system has shown
that it is feasible to maintain sodium purity below 0.002 w/0 O,. This
was accomplished in a system in which the inert gas blanket leakage is
higher than is expected in the EBR-II system. The shutdown cooler
has functioned satisfactorily, and the heat-removal capability has met
expectations,



920 THE FAST NEUTRON POWER REACTOR LcHAP. 2

Fia. 2-26. Free sodium surface during operation, shown for comparison with
oxide coated surface of Fig. 2-24.

Particularly significant has been the comparative case with which the
system has been modified. Of course, there is no radioactivity, but
these modifications have been made in the face of all the “chemical prob-
lems” associated with sodium. This has shown that maintenance prob-
lems expected in the EBR-II can be solved if added precautions are taken
for radioactive sodium.

Valuable experience was obtained from the system after the sodium
wag contaminated with oxygen during maintenance. Comparable sys-
tem contamination in small experimental loops and apparatus has
caused much difficulty in the past. In the working model, the system
was quickly and easily purified, and normal operation resumed. Large
amounts of sodium oxide formed after major component removal can
simply and economically be removed by cold trapping. A view through
an open equipnent hateh in the sodium tank is shown in Fig. 2-24.
Sodium in the tank is frozen and covered with oxide. Three days after
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Fia. 2-27, View of stainless steel mesh packing in cold trap,

operation was resumed, this oxide was removed by the cold trap. Figures
2-25 and 2-26 show the free sodium surface during operation. In Fig.
2-25 the bubbles and ripples are caused by free-falling sodium from the
cold trap return line. Figure 2-26 should be compared with the oxide
coated surface in Fig. 2-24. A view of the stainless steel mesh packing
in the cold trap is shown in Fig. 2-27. A view of the EBR-II model tank
fuel subassembly storage basket is shown in Fig. 2-28; the particles ad-
hering to the basket outer surface are sodium oxide formed upon removal
of the basket directly into air. Location of the subassembly basket in the
tank is shown in Fig. 2-22. This experience has lessened concern over
inadvertent oxygen contamination of the sodium system. It also suggests
that larger sodium systems are much more reliable than the small experi-
mental systems from which most previous experience has been drawn,
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F16. 2-28. View of EBR-IT model tank fuel subassembly storage basket after
removal from sodium directly into air. Location of basket in tank is shown in
Fig. 2-22.
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CHAPTER 3

THE EXPERIMENTAL BREEDER REACTOR II*

3-1. INTRODUCTION

The Experimental Breeder Reactor II (EBR-II) is one of the .caveve.n
being built under the Civilian Power Reactor Development Program ini-
tiated in 1955. It is a sodium-cooled, fast-neutron power reactor with a
gross electrical output of 20 Mw, to be fueled initially with U#*® and later
with plutonium. The plant includes an integral fuel-processing facility
where the irradiated fuel is processed, fabricated, and assembled for re-
turn to the reactor.

EBR-II will extend research and development begun by the Experi-
mental Breeder Reactor No. I [1], which first produced power in 1951;
it is to be large enough to give results that can be extrapolated confidently
to practical central station reactors. The program objective is to develop
and demonstrate principles of design and opcration that can be used to
achieve economic power production by full-scale fast-breeder reactors.
These principles lie in three major areas: (1) establishing an economic
fuel cycle; (2) ensuring safety of the reactor without sacrificing its eco-
nomic potentialities; and (3) improving and simplifying liquid sodium
technology.

To establish an economic fuel cycle for a fast breeder reactor it must
be shown that the breeding of plutonium is feasible, that plutonium can
be recycled economically, and that specific power can be high enough to
avoid excessive fuel investment charges. The EBR-II facility is perti-
nent to all of these aspects of the fuel cycle. The reactor will indeed be a
breeder, designed for seclf-sustaining operation once the initial U#3® fuel
has been replaced by plutonium. An integral fuel-processing and refab-
rication plant will make it a self-sustaining nuclear system that will re-

*Compiled by J. R. Dietrich, W. R. Baldwin, and J. L. Watkins, GNEC. Much
of the material of this chapter was taken from references [2] and [3]. Refer-
ence [2] was written by L. J. Koch, H. O. Monson, D. Okrent, M. Levenson,
W. R. Simmons, J. R. Humphreys, J. Haugsnes, V. C. Jankus, and W. B. Loewen-
stein; reference [3] by L. J. Koch, H. O. Monson, W. R. Simmons, M. Levenson,
F. Verber, E. Hutter, R. A. Jaross, T. R. Spalding, J. R. Simanton, and A. Lovoff
(all of Argonne National Laboratory). Important contributions to this chapter
in the form of manuscripts and prepublication copies of papers were made by
J. H. Kittel and M. V. Levitt of ANL.

All figures for this chapter, except as noted, were furnished by Argonne Na-
tional Laboratory.
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quire a feed of only small quantities of U3, Large reactors of this type
would have quite acceptable fuel inventory charges (a fraction of a mill
per kilowatt hour) should they attain specific powers comparable to that
of EBR-II.

It is necessary to demonstrate that the reactor can be operated safely
and reliably without unduly large expenditures for safcty devices, and
without uneconomic restrictions on operating characteristics such as ex-
cess reactivity allowance and thermal performance. Safety questions
include (1) those that have to do with controlling reactor power and pro-
viding against any possible uncontrolled power increases, and (2) those
that have to do with maintaining adequate cooling for the fuel elements
under all possible conditions of operation and shutdown. In these areas
the reactor will represent an integral experiment and demonstration, em-
bodying design principles that have been developed to provide high in-
herent safety, multiple barriers against the release of radioactive material,
and maximum integrity of the cooling system, without sacrifice of reactor
performance. Dynamic experiments with the reactor by the oscillator
technique will help to demonstrate the effectiveness of these design prin-
ciples.

The goal of sodium technology development is to improve and simplify
the technology so that sodium can be used as a power reactor coolant
without unduly increasing capital and operating expenses. The problems
include thosc of maintaining a circuit of flowing hot liquid sodium, op-
erating and maintaining the highly radioactive sodium circuit, keeping
the sodium molten, and developing and proving components for use in
sodium systems. In these areas the reactor again has its major signifi-
cance as an integrated facility whose design principles are expected to lead
to economy and reliability. This integral test of design principles is more
significant because the reactor system will employ large components whose

Fic. 3-1. Artist’s sketch of EBR-II plant with associated power and fuel proc-
essing plants.
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performance characteristics can be applied with confidence to full-scale
power reactor systems.

The EBR-II facility, shown in Fig. 3-1, compriscs four major func-
tional systems: i

(1) The primary system: the reactor, its associated equipment, and the
primary sodium cooling system.

(2) The secondary system: the intermediate sodium heat-transfer
system. »

(3) The steam-electric system.

(4) The fuel process system: the system for decontaminating, fabricat-
ing, and assembling fuel elements.

Heat produced in the reactor is removed by the primary sodium sys-
tem and transferred to the secondary sodium system by the heat ex-
changer. From the secondary system, the heat is transferred in the steam
generator to produce superheated steam which is then delivered to a con-
ventional condensing turbine at 850°F and 1250 psig. A simplified flow
diagram of the power system is shown in Fig. 3-3.

To remove the greater portion of the fission products the irradiated
fuel is subjected to a high-temperature oxidative slagging process. It is
then fabricated and assembled into new fuel clements, for reeycling
through the reactor. These operations are carried out remotely in a large,
high-radiation level, inert atmosphere, hot laboratory facility.

- " g"" — "’"" T T ;_{
@".{ Plant Soflum Plant 4D Q

Process
Plant

(7l

?laclneél

[station

Fic. 3-2. Plot plan showing plant arrangement,
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The EBR-II facility consists of five plants with the following sup-
porting faeilities and structures (Fig. 3-2):

(1) The reactor plant includes the reactor system, the reactor primary
sodium cooling system, and services to these facilities. The reactor build-
ing is a oylmdrlcal gastight steel. shell, of steel plate 1 inch thick, de-
signed for an internal pressure of 24 psi.

(2) The power plant includes the turbogenerator and associated equip-
ment, the control room for the reactor and power plants, and the major
personnel facilities for the entire facility.

(3) The sodium plant includes pumnping, purification, and storage fa-
cilities for the secondary sodium system, and a reeciving station for the
sodium. It is of simple construction, containing only the minimum facili-
ties required for operation. The building normally will not be occupied
by operating personnel.

(4) The beiler plant, housing the stcam gencrator, is somewhat iso-
lated, with sodium lines linking it to the sodium plant, and steam and
condensate lines linking it with the power plant. Like the sodium plant,
it is simply constructed and contains only the minimum facilities required
for operation.

(5) The process plant includes the fuel process cell and supporting
facilities, inert gas storage facilities, the sodium equipment cleanup cell,

249,000 #/hr 1250 psig—850 F

~_8s0F
610F 1 |8soF -
'Es perh . Turbine
1 ‘808 [& 580 F
— 1 %
Sodium Level E E;c:pcru'or u:
"‘E':' 1610 550F | <
8200 gpm] [cha i 1 -
700 F i ! £
soof| FL_ O 3
700 F 6030 gpm! ' §
s 13
2 e
4100 ac 41 #la
w — 2" 8|
DT a-bd— =ISH E
o~
Primary Tank
>, 4
486F 364
V550 F
Primary Secondary

Fic. 3-3. Simplified flow diagram of EBR-II power cycle. (GNEC)
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and exhaust ventilation equipment for the process plant and reactor plant.

An additional building (laboratory and service building) located ad-
Jacent to the above plants houses analytical facilities and personnel for
control of the fuel process cycle.

The EBR-II facility will be constructed on a new site at the National
Reactor Testing Station in Idaho at an estimated cost of $29,100,000.
The estimate includes all general site development and supporting facili-
ties as well as the reactor and equipment for the complete power vycle
and fuel cycle. Construction began near the end of 1957 and is to be com-
pleted in 1960.

The description that follows is organized around the four major func-
tional systems enumerated above, rather than around the system of build-
ings that make up the facility. Most attention is given to the systems
that seem most important in developing safe, economical fast reactors:
the primary system and the fuel process system.

3-2. GENERAL PranT DEscripTioN

The EBR-II reactor proper consists of an enriched uranium core sur-
rounded on all sides by a fertile blanket of depleted uranium. Maximum
power density in the core is about 1370 kw/liter. The sodium coolant flows
at a maximum of 26 fps with temperatures of 700°F at the reactor inlet
and 900°F at the outlet. The fuel elements making up the core section
consist of core-length, small diameter (0.144-inch) cylindrical pin units;
they are designed for high thermal performance, high burnup capability,
and simple construction. The fuel pin fits loosely in its jacket, a thin-
walled steel tube; the space between the pin and the tube wall is filled
with sodium to provide a heat-transfer bond. Heat is removed by pri-
mary sodium flowing along the outside of the fuel tube. Individual fuel
clements are assembled into fuel subassemblies of hexagonal cross sec-
tion; these are held in a close-packed array by a bottom support grid to
form the reactor core. The reactor is controlled by moving some of the
fuel into and out of the core. This is accomplished by 12 vertically
movable fuel subassemblies, located at the outer edge of the core. Two
additional movable subassemblies, which serve as “safety rods,” are
moved only during loading or unloading of the reactor.

Construction of the blanket is similar to that of the core except that
larger diameter elements are used. The blanket reduces neutron leakage
from the core, thus reducing the critical mass, and captures a large frac-
tion of the neutrons which do leak from the core in U?* to produce plu-
tonium. In EBR-II most of the plutonium is produced in the blanket,
and a significant fraction of the reactor power is gencrated there. To
simplify the problem of matching the coolant flow to the power produc-
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Fig. 3-4. Schematic diagram of the EBR-IIL.

Core Section

Inner Blanket Section

Outer Blanket Section

Control Rod (12)

Safety Rod (2)

Fia. 3-5. Schematic cross section of EBR-II, showing the arrangement of sub-
assemblies in the reactor tank. The core can be enlarged or reshaped by substi-
tuting core-type subassemblies in the inner blanket.



124 THE EXPERIMENTAL BREEDER REACTOR II [cHAP, 3
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Fic. 3-6. Cutaway drawing of the EBR-I1 primary system.

tion for each subassembly, the radial blanket is divided into inner and
outer scctions. The inner section, like the core, is supplied with the full
circulating pressure of the primary pumps, while the circulating pressure
for the outer blanket is reduced by an orifice in the inlet line.
. The vertical section of the reactor (Fig. 3—4) shows the arrangement of
core and blanket subassemblies in the reactor tank, while a horizontal
section (Fig. 3-5) shows the relative size of the core and blanket sections.
The reactor, the primary sodium pumps and piping, the primary-
secondary heat exchanger, and the fuel-handling system are all contained
in the “primary tank,” submerged in a pool of sodium (Fig. 3-6). Two
primary mechanical pumps force sodium from the pool through the re-
actor, then through the heat exchanger, and back to the pool. This “sub-
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merged concept,” as an approach to the problems of fast reactors and
liquid sodium systeins, is expected to have a number of practical advan-
tages. Among these are:

(1) The arrangement contributes significantly to the reliability of the
primary coolant system. The primary tank can be built to have a very
high degree of integrity, since it is of relatively simple design (essentially,
an unmodified right circular cylinder). The tank is built with double
walls, and with no external connections below the liquid sodium level.
Because the entire coolant system is flooded with sodium (to a level about
10 ft above the top of the reactor), loss of reactor coolant is virtually im-
possible. (Even if both primary tank walls were to fail, the free volume
between the inner tank and the liner of the biological shield is small
cnough to keep the sodium level above the top of the reactor.) In addi-
tion, the arrangement is ideally suited to natural convection cooling, pro-
viding extremely reliable shutdown cooling should forced convection be
lost.

(2) In a practical power reactor, fuel must be replaced quickly to mini-
mize outage time. So that unloading operations can begin immediately
after shutdown, while heat generation is still high, fuel elements are un-
loaded and transferred while they are submerged in sodium, cooled by
natural convection. The fuel clements are transferred to a fuel storage
rack in the primary tank, where they are further cooled by the sodium
until they are removed for processing.

(3) The primary coolant system piping need not be leaktight, since the
leakage is internal. Such leakage occurs at the connections between the
pumps and the reactor, between the reactor tank and cover, and around
subassembly nozzles.

(4) The heat capacity of the very large mass of bulk sodium (approxi-
mately 620,000 1b) provides considerable “thermal inertia” to the pri-
mary system. It prevents rapid changes in the primary coolant inlet
temperature, and makes the shutdown cooling system more reliable.

(5) Maximum integrity is provided for containing radioactive sodium.
The entire radioactive coolant system, except for the single, small, sodium
cleanup circulation circuit, is confined within the primary tank.

(6) Essentially all the radioactivity in the plant is confined to the pri-
mary tank; hence only this tank and the single circuit referred to under
item (5) require shielding. Equipment cells and pipe galleries need not
be shielded.

(7) Auxiliary heating of the primary system sodiuin (to prevent freez-
ing) is simplified, since the entire system is heated as a unit. The indi-
vidual components and pipes are in an environment of sodium, and the
entire system is at one temperature.
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Heat removed from the reactor by the primary coolant system is trans—
ferred to the secondary sodium system in a shell-and-tube heat exchanger
(Fig. 3-6). The secondary system, a nonradioactive sodium heat-transfer
loop between the radioactive primary system and the steam system, pre-
vents any possibility of contact between water and radioactive sodium
and avoids the need for shielding around the steam boiler. Sodium flows
through the secondary system at 6050 gpm and its temperature increases
from 610 to 880°F in the heat exchanger. Included in the secondary
system are the ac linear-induction sodium circulating pump, the heat
exchanger, the steam superheater, and the steam evaporator, in that
sequence.

In the steam system, including the evaporator, superheater, turbo-
generator, condenser, and associated equipment, steam is generated at
1310 psig, superheated to 850°F, and delivered to the turbine. At
62.5-Mw reactor output, 249,000 1b of steam per hour will be supplied to
the 20-Mw turbogenerator. An induced draft cooling tower dissipates the
low-temperature heat rejected in the condenser.

Shutdown cooling in the event of pump failure is provided by natural
convection of the primary sodium through the reactor. If the secondary
sodium system is inoperative, the heat is delivered to the bulk volume of
sodium in the primary tank; shutdown coolers in the primary sodium,
operating by natural convection, transfer the heat to the atmosphere.
The bulk volume of sodium in the primary tank also cools the fuel during
reactor unloading.

The reactor and primary coolant system equipment are contained in a
gastight cylindrical steel shell designed to withstand a static internal pres-
sure of 24 psig (with a normal safety factor of approximately four). The
reactor plant is shown in Figs. 3-7, 3-8, and 3-9. Even though the re-
actor is located at the National Reactor Testing Station, a containment
structure is provided so as to duplicate the conditions for which a prac-
tical central-station reactor would be designed, and to minimize any re-
strictions on experimental operation which might otherwise be imposed
by hazard considerations.

The fuel process plant adjoins the reactor building. It is a pilot-scale
plant of sufficient capacity for reprocessing, reconstituting, and refabricat-
- ing the EBR-II fuel, utilizing pyrometallurgical reprocessing methods and
remote fabrication techniques. The reactor and the process plant will
operate together on a closed fuel cyecle, under conditions characteristic of
a large fast-breeder reactor complex. The equipment of the process plant
will be designed specifically for the processes and techniques to be evalu-
ated first (oxide slagging as the primary reprocessing procedure and pre-
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Fic. 3-7. Cutaway drawing of the EBR-II plant, showing the arrangement of
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cision casting as the basic fabrication technique), but the basic facilities
of the plant are versatile enough for later modification to other processes.

Performance characteristics and design data for the EBR-II are given
in Table 3-1 (see pp. 234-238), generally in the same order as the descrip-
tions which follow in Sections 3-3, 3-4, and 3-5.
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3-3. ReacTor AND PRIMARY SYSTEM

3-3.1 Reactor. The reactor vessel is located centrally at the bottom of
the primary tank (Fig. 3-6). Coolant is supplied by two “main” pri-
mary sodium mechanical pumps operating in parallel. The reactor is
divided into three main zones: core, inner blanket, and outer blanket
(Fig. 3-5). The reason for dividing the annular blanket (surrounding the
core) into two separate zones is that power generation and hence coolant
flow requirements vary widely across this region. Both the core and the
blanket are composed of hexagonal subassemblies containing fuel ele-
ments, blanket elements, or both. All subassembies are the same size re-
gardless of function; their numerical distribution is given in Table 3-2.

Core assembly. The core, including the control and safety rods, has
the shape of a right equilateral hexagonal prism with an equivalent radius
of 9.52 inches (24.17 cm), a height of 14.22 inches (36.12 cm), and a total
volume of 2.34 ft* (66.3 liters). The core assembly comprises 61 vertically
positioned, right hexagonal subassemblics of identical size: 2.29 inches
across the flats of the hexagon (Fig. 3-5). Twelve of these subassemblies,
at the outer edge of the core, function as control “rods,” while two sub-
assemblies, located more centrally, serve as safety “rods.” The rods,
which are modified movable fuel subassemblies within stationary thim-
bles, effect control by vertical movement into or out of the core. Slow
movement is provided for operating control, and high speed 1s provided
for rapid reactor shutdown (scram). The safety rods are operative only
during normal reactor shutdown when fuel-loading operations are per-
formed and the control rods are disconnected from their drives.

TABLE 3-2

NuMERICAL DISTRIBUTION OF REACTOR SUBASSEMBLIES [2]

Type Number

Core fuel subassemblies 47
(containing three sections: upper
blanket, core, lower blanket)

Control subassemblies 12
(located in core fuel region)

Safety subassemblies 2
(located in core fuel region)

Inner radial blanket subassemblies 66

Outer radial blanket subassemblies 510

Total reactor subassemblies 637
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Each subassembly is positioned and supported at the bottom by a com-
bination support grid and inlet coolant plenum. In addition, each sub-
assembly makes contact with adjacent subassemblies by means of “but-
tons” formed by “dimpling” the walls of the hexagonal subassembly
tubing. When the subassemblies are in place, there is a 0.030-inch nomi-
nal clearance between them. This arrangement permits a tight fit be-
tween subassemblies when buttons are aligned, but allows easy removal
of units from the reactor when alignment is broken. The subassemblies
are spaced on a triangular pitch of 2.320 inches, center to center. The
tubes are 2.290 inches across the external flats, with walls 0.040 inch thick.

The upper ends of all subassemblies are identical, and all are accom-
modated by the same handling and transfer devices. The lower adapters
are of diffcrent sizes to diffcrentiate the three types of subassemblies
(core, inner radial blanket, and outer radial blanket).

Heat is removed by sodium flowing up through the subassemblies and
around the fuel and blanket elements. To accommodate the very large
range of flow rates, two parallel flow systems are employed. Both systems
are served by the same pumps, but in one the circulating pressure is re-
duced by orifices in the inlet lines. The high-pressure system supplies
the core and the inner blanket; the low-pressure system supplies the
outer blanket. The two systems have scparate inlet plenum chambers
and a common outlet plenum chamber, as shown in Fig. 3-4.

Because the inner blanket is included in the core-cooling system, ex-
perimental enlarging or reshaping of the core by substituting core-type
subassemblies within the inner blanket is possible. The largest experi-
mental core contemplated includes the inner row of subassembly positions
of the normal inner blanket. It will be possible to operate the reactor
with this row either partly or completely filled with core subassemblies.
Such a configuration will be employed to adjust criticality of the reactor
if the enrichment is not accuratcly established by critical experiments.
The ability to vary the size of the reactor core also permits some varia-
tion in enrichment of the fuel alloy, making it possible to investigate such
variables as Doppler coefficient as a function of enrichment over a limited
range.

Fuel and blanket elements vary in size and shape according to the
particular type of subassembly. The element types for a core subassem-
bly are shown in Fig. 3-10, and the approximate composition of cach type
of subassembly is shown in Table 3-3. The composition is based on a
unit volume of the lattice, and the sodium volume includes the static so-
dium in the reactor.

Core subassembly. Each core subassembly (Fig, 3-11) comprises three
“active” sections: upper blanket, core, and lower blanket, end-to-end in
a hexagonal tube. The core section consists of 91 cylindrical fuel ele-
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TABLE 3-3

SuBAassEMBLY COMPOSITION [2]

Volume, %
Subassembly type -
Fuel alloy | Uranium Steel Sodium
Core, fuel section 31.8 0 19.5 48.7
Core, blanket section 0 32.0 20.4 47.6
Control and safety, fuel section 21.3 0 20.8 57.9
Inner and outer blanket 0 60.0 17.6 22.4

ments spaced on a triangular lattice; a single, helical rib on the outside of
each element provides the spacing. The clements in the subassembly are
fastened at their lower ends to a support grid. Each fuel element (Fig.
3-10) is a slender cylinder or “pin” of fuel alloy (0.144 inch diameter by
14.22 inches long) fitted into a thin-walled, stainless steel tube. The
coolant flows along the outside of the element tube.

Each fuel pin is precision cast to size. Pins consist of “equilibrium
fissium alloy,” an alloy approximating the chemical composition of equi-
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librium recycled fuel. Initially, the fissionable constituent will be U2/
later Pu?* will be employed. The composition of the fissium alloy varies
with the fissionable isotope employed because of the difference in fission
product yields. Compositions of the alloys are given in Table 3-1, and
discussed in Section 3-6. The stainless steel tube containing the pin has
a wall thickness of 0.009 inch and an outside diameter of 0.174 inch. The
resulting 0.006-inch annulus between the pin and the inside of the tube
is filled with static sodium to provide a thermal bond, which extends 0.6
inch above the top of the fuel pin. A 2.35-inch inert gas space above the
sodium accommodates its expansion. The fuel element tubc is welded
closed at each end.

The individual fuel elements are fastened in the hexagonal subassembly
tube at their lower ends by hooking to a parallel strip grid (Fig. 3-12).
The upper ends of the elements are unrestrained, to permit free axial ex-
pansion. This method of attachment is designed to facilitate remote as-
sembly and disassembly.

The upper and lower blanket sections are similarly constructed; each
blanket section consists of 19 pin-type elements on a triangular lattice.
These pins are of unalloyed depleted uranium, 0.3165 inch in diameter and
18 inches long. Each pin fits loosely in a blanket element tube which is
0.376 inch OD and has a wall thickness of 0.022 inch (Fig. 3-10). The
0.008-inch clearance annulus is filled with sodiund to provide a thermal
bond. The blanket elements are positioned in the subassembly by a par-
allel strip grid similar to that for the fuel elements, and the upper ends
are also positioned by grid strips which permit axial expansion but no
other movement. Since the blanket elements are positioned at each end,
no spacers are provided along their length. The lower adapter of the sub-
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Fi6. 3-12. EBR-II core subassembly.
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assembly, which engages the reactor grid, contains holes for the coolant
to enter from the high-pressure inlet coolant plenum chamber. The re-
actor grid and its relationship with the subassembly adapter are described
in Article 3-3.2.

Blanket subassemblies. An inner blanket subassembly (Fig. 3-13) is
composed of 19 cylindrical blanket elements spaced on a triangular pitch
and contained in a hexagonal shell. The active material of an element
consists of depleted uranium cylinders (0.433-inch diameter) totaling
55 inches in length. They are contained in stainless steel tubes 0.493-inch
OD and of 0.018-inch wall thickness. The resulting 0.012-inch annulus
is filled with sodium to provide a thermal bond. The sodium extends
2 inches above the top of the uranium, with a 4-inch argon gas expansion
region above the sodium. End closures are sealed by welding. Each sub-
assembly has a lower adapter similar to those in the core, but of smaller
diameter. The inner blanket subassemblies engage the high-pressure inlet
coolant plenum chamber in the reactor grid.

The outer blanket subassembly differs from that of the inner blanket in
the design of the lower adapter, which is arrarged to engage the reactor
grid in the low-pressure inlet plenum chamber. The two different lower
adapters are shown in Fig. 3-13; their functions are described in Article
3-3.2.

Control subassembly. Each control subassembly (Fig. 3-14) consists
of a control rod and a guide thimble. The guide thimble is hexagonal in
cross section and has the same dimensions as the stationary subassembly
tubes. Each thimble thus occupies a unit lattice position identical to
those occupied by stationary subassemblies.

627/16 | 2.290
: 55 (Five Pins) 3/16 040 Woll
493 0D. x 018 Wall —Na Level 433 O D. Pin Section A-A
2-5/8
} 91-27/32 i 4
5-5/8-»t+—~8-3/32 55 " | 20-1/2j
" .
e =\ —_-do
Lf:ﬂ] — I
A¢ i
21-13/16 l 21-13/16 1
T | é@w
Coolant Flow
Inner Blanket Subassembly Bottom Adapter Outer Blanket Subassembly Bottom Adapter

Fig. 3-13. EBR-II inner and outer blanket subassemblies.
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Twelve identical control rods provide operational control for the re-
actor. The control rod is a modified core subassembly with 61 cylindrical
fuel elements identical to those employed in a stationary core subassem-
bly. It does not contain an axial blanket. The control rod is encased in
a hexagonal tube 1.908 inches across flats, which is smaller than the hex-
agonal thimble tube by the equivalent of one row of fuel elements. A
void section equal in height to the reactor core is provided above the
core section. During operation this void section is filled with sodium.
The reactor is controlled by vertical movement of the control rod, to
adjust the proportion of fuel or void (sodium) in the core region. A re-
flector section of steel (solid, except for coolant flow passages) is imme-
diately above the void section. At the upper end of the control rod is an
adapter section, identical to those of the stationary subassemblies, which
attaches to the control drive unit for operation of the rod, or to the fuel
gripper unit for unloading. The lower end of the control rod helow the
fuel section is a cylindrical tube also containing a steel reflector section.
It has guide bearings which act against the guide thimble.

The control rod, like the core subassemblies, is cooled by the high-
pressure sodium coolant system. Sodium enters through slots in the lower
end of the thimble and in the lower end of the control rod. The slots in
the thimble section are above the lower bearing of the control rod through-
out the control rod travel. The lower end of the thimble is open, and the
lower control rod bearing serves as a flow restriction to prevent sodium
leakage from the bottom of the thimble. The primary system sodium
pressure, acting across the lower end of the control rod, exerts a down-
ward foree to oppose the lifting force of the coolant flowing through the
rod.

When replacement is necessary, the control rod is removed from the
reactor by the fuel-handling system in the normal manner. Considera-
tions of radiation damage and fuel lifetime apply to the control rod. The
guide thimble can be removed and replaced in the event of damage; it is
locked in the lower reactor grid by a latch which is engaged by rotating
the thimble. The six surrounding subassemblies mwust be removed for
this operation.

Since the vertical position of a control rod in the reactor is variable,
the heat generation within the control rod is also variable. The coolant
flow must be established for the maximum heat generation, i.e., for the
case of the control rod fully inserted in the reactor. With constant cool-
ant flow, the temperature rise in the coolant decreases as the control rod
is lowered out of the reactor, and the average sodium outlet temperature
is degraded. Coolant flow can be made to vary according to the position
of the control rod if the relative sizes and locations of the coolant slots
in the guide thimble and in the control rod are properly chosen. The re-
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quirements for this system will be established experimentally, to provide
nearly constant sodium outlet temperature from the control rods in all
operating positions.

Safety subassembly. Each safety subassembly (Fig. 3-15) consists of
a safety rod and a guide thimble which are like those of the control sub-
assembly except at the lower ends. The two safety rods are actuated as
shown in Fig, 3-16. The safety rods are not uged for normal operational
control; they are always fully inserted in the reactor (in their most re-
active position) during operation and normal shutdown. The purpose of
the safety rods is to provide available negative reactivity when the re-
actor is shut down and the control rods are disconnected from their drives,
as during reactor loading and unloading operations.

The safety rods are attached to a common drive unit extending below
the reactor structure. The unit is driven by two shaft extensions outside
the fuel transfer system and therefore is unaffected by fuel transfer op-
erations. The guide thimble is locked to the lower reactor grid structure
in the manner deseribed for the control rod guide thimble. The safety
rod is engaged to the driving mechanism by a rotational locking mecha-
nism. Inadvertent disengagement of the safcty rod is prevented by a
hexagonal collar on the upper end of the safety rod, which normally en-
gages the inside of the thimble, preventing rotation of the safety rod. To
connect or disconnect the safety rod (as for replacement), it must be
raised one inch above its normal up position by the safety rod drive
mechanism.

The safety rod upper adapter is identical to those of the control rod
and the stationary subassemblies, and is handled in the normal manner
by the fuel transfer system. The guide thimble is removable in the man-
ner previously described. Cooling of the safety rod is similar to that of
the control rod, but no provisions are needed for variable flow. The safety
rods must be in an up position before the reactor can be made critical.

3-3.2 Reactor vessel assembly. The reactor vessel assembly, as shown
in Figs. 3-4 and 3-17, consists of the reactor vessel, the grid assembly, and
the top cover. It contains the reactor core and blanket subassemblies,
and control and safety rods, and keeps them properly oriented. The as-
sembly is centered at the bottom of the primary tank, supported by the
structural members, which reinforce the bottom of the primary tank inner
shell. The vessel assembly, surrounded on all sides by the neutron shield,
is submerged beneath 10 ft of sodium.

To ensure accurate alignment, the reactor vessel is fastened to the grid
assembly by bolts, which are tack-welded to ensure a permanent connec-
tion. The vessel cover, serving as a neutron shield as well as a closure,
is clamped to the vessel flange. Closing the cover completes the plenum
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from which coolant flows to the heat exchanger; within this plenum cham-
ber, the coolant is at an average temperature of 900°F and a pressure of
18 psig. A sodium seal is formed between the vessel flange and the cover.
For fuel unloading, the hold-down clamps are released and the cover is
raised to the top of the primary tank. The clamps and cover elevating
mechanism are shown in Fig. 3-23.

Reactor vessel. The reactor vessel is a cylindrical tank with flanged
ends. A thermal baffle lines the upper plenum and the coolant outlet
nozzle (Fig. 3-17), so as to lower the temperature difference across the
vessel wall and across the nozzle wall. Below the plenum region is a lami-
nated steel thermal shield. The vessel wall is “insulated” from the bulk
sodium in which it is submerged by a vented outer steel shell which con-
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tains static sodium. This shell-and-static-sodium combination provifies
sufficient thermal insulation to avoid unacceptable thermal stresses in the
vessel wall.

Grid-plenum assembly. The grid-plenum assembly (Fig. 3-17) is a
combination grid structure which supports and locates the subassemblies
and forms the coolant inlet plenum chambers. Details of this assembly
are shown in Fig. 3-18. It consists of two 4-inch-thick stainless steel
plates containing the locating holes for the lower adapters of the sub-
assemblies. The subassemblies are supported by the upper plate and ex-
tend through the lower plate. Each subassembly is supported by a spheri-
cal shoulder which engages a conical seat in the upper grid plate to provide
a seal, minimizing the leakage flow of coolant along the outside surfaces
of the subassemblies.

The high-pressure coolant plenum chamber, which provides the supply
for the core and inner blanket, is formed between the two grid plates.
The low-pressure coolant plenum chamber, which provides the supply for
the outer blanket, consists of an annular chamber immediately below the
lower grid plate. The grid-plenum chamber arrangement and coolant
flow arrangement are shown in Figs. 3-17, 3-18, and 3-19. The upper and
lower grid plates are interconnected by tubes welded to each plate in the
outer blanket zone. This prevents short-circuiting of the high-pressure
coolant through the outer blanket and provides the structural system re-
quired to support the entire reactor load on the upper plate. The high-
pressure coolant flows between these tubes into the core and inner blan-
ket region, where it enters the subassemblies. The lower nozzles of the
core and inner blanket subassemblies contain holes located between the
upper and lower grid plates. The coolant enters the subassembly through
these holes and flows upward through the subassembly. The lower end
of the subassembly nozzle is closed, forming a hydraulic piston.

The sodium in the high-pressure coolant plenum chamber is at a pres-
sure of 68 psig, of which 8 psig is static head. The remainder gives a
pressure difference of 60 psi acting across the piston. This provides a re-
sultant total downward force of 120 lb on each of the core subassemblies
and about 100 1b on the inner blanket subassemblies. The upper surface
of the lower grid plate is stepped so as to vary the cross-sectional area of
the holes in the subassemblies. This provides orificing of the flow through
the subassemblies to match the heat generation rate.

The low-pressure coolant enters the low-pressure plenum chamber at
23 psig, and enters the lower nozzles of the outer blanket subassemblies
through openings at the bottom. Because the pressure drop through the
outer blanket subassemblies is much smaller and the weight of these units
is larger, it is unnecessary to provide hydraulic hold-down.
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Fic. 3-19. Schematic diagram of the primary coolant system.
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Holes of different sizes in the grid plate and orientation bars of differ-
ent thicknesses below the plate prevent fuel and blanket subassemblies
from being placed in wrong positions; such misplacement would introduce
reactivity and ¢ooling problems.

Top cover. The top cover (Figs. 34, 3-17) closes the reactor vessel,
forms the upper surface of the outlet plenum chamber, and provides the
upper portion of the neutron shicld. Guide bearings are provided in the
cover for the 12 control rod drive shafts which operate through it. Dur-
ing unloading, the fuel gripper mechanism also operates through an open-
ing in the cover. The small lcakage flow through the various openings
during reactor operation is employed as a part of the neutron shicld cool-
ing system in this region.

The top cover is raised and lowered by two shafts penetrating the small
rotating plug in the primary tank lid. The mechanism is designed to per-
mit free expansion of the lifting shafts. From the underside of the top
cover, pins project directly above each subassembly adapter, to within
1/4 inch of the adapter. The pins prevent any appreciable lifting of the
subassemblies should the hydraulic hold-down system fail. Thermocouple
wells adjacent to some of these pins measure the outlet sodium tempera-
ture in all regions of the reactor. The thermocouple leads pass through
tubes brought out through the hollow cover-lifting drive shafts. Inside
the cover, the tubes are manifolded to the various locations. The tubes
are permanently installed in the assembly, but the thermocouple junctions
and leads can be withdrawn.

3-3.3 Primary cooling system. The primary system component ar-
rangement is shown schematically in Fig. 3-19. The pumps, heat ex-
changers, and connecting piping are disposed radlally around the reactor
vessel and elevated somewhat above it.

The coolant flow path in the primary cooling system is as follows:

(1) The inechanical coolant pumps take in bulk sodium about 19 ft
above the bottom of the primary tank. Coolant flows from the pumps
downward to the connecting piping.

(2) The flow from each puinp separates into two streams, entering the
high-pressure and low-pressure reactor inlet plenum chambers. The pump
outlet line is connected to the high-pressure inlet plenumn chamber. A
smaller line connected to the cutlet line supplies the low-pressure plenum
chamber through an orifice and valve.

(3) In all regions of the reactor, coolant flows upward through the fuel
and blanket subassemblies and into a common upper plenum chamber
which has a single 14-inch outlet.

(4) The 14-inch upper plenum outlet nozzle is located on the opposite
side of the reactor vessel from the heat exchanger. The connecting pipe
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between these two components is designed to accommodate thermal ex-
pansion. The auxiliary pump is located in this line.

(5) The primary coolant flows downward through the shell side of the
heat exchanger and discharges into the bulk sodium in the primary tank.
The heat exchanger outlet is approximately 73 ft above the centerline of
the reactor. This arrangement assures a reliable natural convection cool-
ing system for shutdown cooling.

Ball-seat pipe disconnccts are used in the lines between the main so-
dium pumps and the lower plenums of the reactor vessel, so the pumps
can be removed from the primary tank for maintenance. The sodium line
between the upper plenum of the reactor vessel and the heat exchanger
shell is permanently attached to the cover of the primary tank; however,
the tube bundle, upper and lower plenums, sccondary sodium inlet and
outlet nozzles, and shield plug can be lifted out as a unit.

When the reactor is in operation, coolant is supplied by the two main
primary sodium centrifugal pumps. At 1009 power operation, each pump
supplics approximately 4250 gpm of coolant at 62-psi head. Unequal flow
through the two main pumps does not cause serious maldistribution of
flow through the reactor because the pressure differential (42 psi) between
the upper and lower plenums is much greater than the pressure differences
(0.5 psi) within the lower plenum chambers. The vertically mounted,
single stage, centrifugal pumps utilize hydraulie liquid sodium bearings
located at the pump impellers. They are driven by totally enclosed, leak-
proof, 480-volt, ac motors. Labyrinth shaft seals minimize diffusion of
sodium vapor toward the motor enclosure. The motors arc frequency-
controlled over about a 10 to 1 speed range, providing smooth continuous
control over the entire range. There are no flow control valves in the
primary coolant system.

A 5000-gpm, 40-psi head, centrifugal pump of similar design has been
operated for more than 7500 hr at speeds of 1750, 890, and 175 rpm and
at temperatures up to 900°F (Fig. 3-20). This pump has been subjected
to 126 starts, 26 of them during low-speed operation. After 6500 hr of
operation, the pump was disassembled and inspected, and found to be in
excellent condition. The hydraulic bearing showed no significant wear.

During shutdown conditions, when the reactor power is 1% or less of
the design value, sufficient coolant flow is established by thermal convec-
tion to remove fission-product decay energy without exceeding the estab-
lished fuel alloy temperature limitations. For more drastic emergency
shutdown conditions, including the casc of complete failure of all pumps
accompanied by reactor scram, analysis indicates that the fuel will over-
heat, but not dangerously. The relative elevations of the heat exchanger
and reactor were established to ensure thermal convection of the priniary

sodium.
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Fic. 3-20. General view and sectional diagram of an EBR-II type 5000-gpm
mechameal pump.

The primary purpose of the auxiliary pump (Fig. 3-21) is to augment
thermal convection under certain conditions of reactor shutdown. These
conditions can result from any system malfunctions which destroy the
normal temperature distributions that promote thermal convection. An
example would be the case of a rapid reactor shutdown followed, not im-
mediately, but after several seconds, by failure of the pumps. During the
interim, the pumps would overcool the reactor and eliminate most of the
temperature differential (and the thermal-convection head) which would
normally exist across the reactor. The auxiliary pump ensures continuity
of flow under these conditions. It is a pc electromagnetic pump in the re-
actor outlet line, in series with the main pumps. Its design capacity is
approximately 500 gpm at 0.23 psi and 900°F sodium temperature. The
pumping section is incorporated in the 14-inch outlet pipe with no change
in pipe cross section. This is done to maintain the integrity of the piping
system (at the expense of pumping efficiency, which is unimportant).
Auxiliary pump power is supplied from metallic rectifier units backed up
by storage batteries. During normal operation, these batteries float on
the line and remain fully charged. In the event of a sustained power
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Fic. 3-21. Cutaway drawing and sectional view of auxihary pump for the
EBR-II priunary system.

failure, the pump operates until the battery is discharged; the discharge
results in a gradual decay of the flow rate and an ideal transition to ther-
mal convection. Interlocks between the auxiliary pump and reactor con-
trols prevent reactor startup unless the pump is connected and operating
with the batteries fully charged.

The primary cooling system is instrumented to measure temperature,
flow, pressure, and liquid level, and to initiate safety controls. The sig-
nals from these instruments are either recorded, indicated, or scanned.

The primary system is filled from the sodium receiving facility in the
sodium plant (Figs. 3-1, 3-2) through a primary tank fill line and a pri-
mary sodium cleanup facility. To avoid thermal shock or local freezing
of the sodium, the entire primary system is held at the temperature of
the incoming sodium. Upon completion of the filling operation, the fill
line is disconnected and capped. Draining will require considerable time
(days), which is consistent with the requirements for fission-product decay
cooling of the fuel, and considerations of radioactive decay of the sodium.
Reactor operation is restricted to a minimum primary sodium tempera-
ture of 580°F. The bulk sodium is heated to this temperature electri-
cally by immersion heaters. Expansion of the bulk sodium between
580°F and the 700°F normal operating temperature raises the sodium
level approximately 4 inches. An 18-inch argon gas blanket is main-
tained between the sodium surface and the primary tank cover at 700°F.
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3-3.4 Shutdown cooling. Fission-product decay heat is removed frofa
the fuel after shutdown by maintaining sodium flow through the reac-
tor and removing heat from the sodium. After shutdown, coolant flow
through the reactor can be maintained by operating onc or both of the
main pumps, by operating the auxihary pump, or by natural convection
flow. Heat can be removed from the sodium by transferring it to the sec-
ondary system, or by transferring it to the bulk sodium in the primary
tank, and then removing it by the shutdown coolers.

NaK cnters the inner pipe of the bayonet cooler at the top and flows
to the bottom, where it reverses direction and cnters the annulus. Flow
is then upward through the annulus, where heat is transferred to the
NakK, then to the top of the hayonet cooler. Leaving the bayonet cooler,
the NaK flows upward into a finned-tube air heat exchanger in a damp-
ered air stack outside the reactor containment building. Here the heat
is removed by natural convection of air. The cooled NaK then flows
downward into the inlet of the bayonet cooler.

The system is designed for reliability and simplicity. The design of
the bayonet coolers provides for minimum internal stresses over large
temperature ranges and minimum obstructions in the flow circuit. All-
welded construction is used and there are no valves in the system. After
the system is filled with NaK, the filling line (which contains a valve)
is capped. The system can be drained (except the bayonet cooler) by
connecting a storage tank to the fill line. This is done only if the reac-
tor is to be shut down for an extended period.

3-3.5 Neutron shield. The primary function of the neutron shield is
to reduce the neutron flux at the primary heat exchanger below the level
which would produce appreciable activation of the sodium of the sec-
ondary system. The shield surrounds the outside of the reactor vessel
on all sides and is submerged in the bulk sodium of the primary tank
(Figs. 3-4 and 3-6). The shielding material is graphite and graphite
impregnated with 3 w/o natural boron. To prevent graphite from re-
acting with the sodium and contaminating it, the graphite is canned in
stainless steel. For purposes of description, the shield can be separated
into three sections: radial, top, and bottom. To facilitate fabrication,
handling, and installation, the graphite and the borated graphite are
canned in conveniently sized pieces which can be readily stacked and
placed in position around the reactor vessel. The cans are leak-tcsted,
loaded with graphite, and closed by welding. They arc filled with helium
to an absolute pressure of 10 inches of mercury (at room temperature)
to minimize the internal pressure at operating temperature (12 psia at
700°F). The helium helps to conduet the heat generated in the graphite
to the can wall. Additional helium generated by the (n, @) reaction with
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boron will increase the pressure by approximately 19 psi (at operating
temperature) during the life of the reactor, if all the helium generated
is released to the helium atmosphere. The cans, which are designed for
a positive net internal pressure of 50 psi, are cooled externally by natu-
ral convection flow of sodium.

The radial shield is assembled from graphite blocks (4% X 44 X 18
inches long) in stainless steel cans (415 X 4% X 3/32-inch wall thickness,
and approximately 13 ft long). The cans are placed in rows around the
periphery of the reactor vessel, and cach row is held in place by stainless
steel bands. Clearance between the cans permits natural convection flow
of sodium. Rows are staggered to minimize neutron streaming. Spe-
cially shaped shielding cans are used around the inlet and outlet sodium
pipes of the reactor vessel. The threc inside rows of cans contain plain
graphite, the fourth contains borated graphite, the ffth plain graphite,
and the sixth borated graphite. The total graphite #i .ckness of the ra-
dial neutron shield is 24% inches, of which 8! inches :s borated and 163
inches is plain graphite.

The bottom shield is assembled from rectangular cans of composition
and size similar to those used in the radial shicld, except that the lengths
are adjusted to fit the space. The staggering and spacing patterns of
the cans are also similar. The first two layers of cans, adjacent to the
bottom of the reactor vessel, contain plain graphite; the third contains
borated graphite; the fourth contains plain graphite; and the fifth con-
tains borated graphite. The total graphite thickness of the bottom shield
is 20§ inches, of which 123 inches is plain and 8} inches is borated
graphite.

Because of the intricate structure of the reactor vessel cover, the top
shield cans are of complex shape. They arc stacked to prevent neutron
streaming and to permit cooling. The cans in the center portion of the
cover are cooled by the sodium that leaks from the upper plenumn cham-
ber, between the control rod drive shafts and guide bushings. The other
cans are cooled by natural convection of the bulk sodium through open-
ings in the periphery of the cover. There are six layers of cans filled with
cither 3% borated graphite or boron carbide, with a total thickness of
244 inches.

3-3.6 Control rod and safety rod drive systems. Operation of the re-
actor is controlled by 12 control rods (deseribed in Article 3-3.1). Each
rod is independently driven by an electrical-mechanical drive mecha-
nism (Fig. 3-16). The drives are identical and are arranged so that only
one drive can be operated at a time (with the exception of scram, when
all twelve operate simultaneously). Operating control is achieved by
14-inch vertical motion of the control rods provided by a rack-and-



150 THE EXPERIMENTAL BREEDER REACTOR II [cHAP. 3

pinion drive with constant-speed electric motors; therefore only orfe
speed of movement is possible. During fuel loading operations, the con-
trol rods are disconnected from their drives while in their down (least
reactive) position. They remain in this position during the unloading
procedure.

The control rod drive mechanism connects the drive to the control rod,
and provides (1) slow-speed vertical motion (in both directions) for re-
actor control, and (2) high-speed downward motion for reactor scram.
These operating functions, combined in a single unit, are appropriately
interlocked to ensure the proper sequence of operation. The control rod
drive mechanism is attached to the control rod by a double-jawed, cam
and sleeve operated gripper. The gripper device is attached to the main
drive shaft which extends upward through the biological shield into the
operating area above the primary system. The shaft is driven by a rack
and pinion at 5 in/min by a constant-speed, rapidly reversible polyphase
motor. The drive shaft is connected to the rack by means of a fast-
acting magnetic latch actuated by a magnetic clutch. Scram insertion
of the rods is provided by pneumatic action.

The two safety rods (Article 3-3.1) provide additional reactivity shut-
down capacity when the reactor is shut down and the control rods are
disconnected. They provide a safety factor during reactor loading op-
erations. The safety rod drive mechanisms are completely independent
of the control drive systems and the fuel-handling systems. They are
actuated by low-level detectors separate from the normal operational
control system.

The rods are connected beneath the reactor to a horizontal bar which
is moved by two vertical shafts extending upward through the biological
shield (Fig. 3-16). Each shaft is coupled to a rack tube by a magnetic
clutch lateh arrangement similar in design to the one described above
for the control rod drive. The rods are driven by synchronous motor
drives and simply raise the system to the cocked position. When the
latch is released, the drive mechanism and the safety rods fall 14 inches
under the force of gravity. A pneumatic shock absorber decelerates the
mechanism during the last 5 inches of movement. All reactor operations,
including actuation of the control system or actuation of the fuel-
handling system, require the safety rods to be in the up position.

3-3.7 Nuclear instrumentation. Neutron equipment channels. There
are 11 nuclear equipment channels, divided 