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Preface

Since publication of the Sodium—NaK Supplement to the Liquid Metals Handbook in 1955, liquid metal
technology has expanded in depth, in spectra, and in the size of equipment that has been developed. Even
so, further expansion is needed to satisfy the requirements of the Liquid Metals Fast Breeder Program.
Reliable components, with engineering capabilities up to an order of magnitude greater than those
developed to date, are required, an expansion of capability beyond the mere extrapolation of laboratory
devices.

The capability increase now demanded renders the admonition contained in the Foreword to the 1955
supplement that only test will demonstrate satisfactory performance of a component constructed for an
advanced technology as vital now as it was in 1955. Testing alone can demonstrate that all facets of sound
engineering have been incorporated into the design and manufacture of the final product.

Through the technology described in this Sodium—NaK Engineering Handbook, it is hoped that
designers will have a basis for freeing their imaginations from the bonds of small-scale experience and create
systems and components which incorporate the lessons of the past into the industrial requirements of the
future.

Robert W. Dickinson, Director
Liquid Metal Engineering Center






Editor's Preface

This handbook, comprised of five volumes, is intended for use by present and future designers in the Liquid
Metals Fast Breeder Reactor (LMFBR) Program and by the engineering and scientific community
performing other type investigation and experimentation requiring high-temperature sodium and NakK
technology. The arrangement of subject matter progresses from a technological discussion of sodium and
sodium—potassium alloy (NaK) to discussions of various categories and uses of hardware in sodium and
NaK systems.

Emphasis is placed on sodium and NaK as heat-transport media; other applications of these metals are
treated in the final volume. Several thousand documents were reviewed in accumulating and compiling
information; those believed to be most vaiuable are cited as references.

Sufficient detail is included for basic understanding of sodium and NaK technology and of technical
aspects of sodium and NaK components and instrument systems. |nformation presented is considered
adequate for use in feasibility studies and conceptual design, sizing components and systems, developing
preliminary component and system descriptions, identifying technological limitations and problem areas,
and defining basic constraints and parameters. Preparation of a finished design, however, will require more
extensive research into the reference literature.

The handbook includes the work of some 50 contributors; the efforts of each were coordinated to
facilitate an end product with a common theme, each part consistent in perspective with the whole, but
considerable individual license was permitted in presentation of that material. Therefore each volume and
chapter reflects the style of its author and, to this extent, differs from other volumes and chapters.

In many instances, the data from various sources were in conflict and the authors had no basis for
selecting those which were most valid, In such instances explanations and references are supplied in
sufficient detail to permit the reader to perform independent research. Attention is invited to the existence
of the Liquid Metals Information Center, located at the Liquid Metal Engineering Center, as a continuing
source of current information,

0. J. Foust
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Note to Reader

The reader is advised that, although the publication of this volume is in the late 1970’s, the material in it
was written in 1968. Although most of the information is still valid and useful, on certain topics the
material is appreciably out of date. Therefore more recent publications should be consulted for the
current status of some topics.

Chapter 4 Instruments
The following additional references were supplied by the author, K. A. Davis:

1. K. A. Davis, B. E. Fischer, F. L. Fletcher, G. E. Turner, and G. J. Twa, Development and Testing
of Instrumentation Sensors for Sodium Coolant Systems, International Conference on Liquid
Metal Technology in Energy Production, Champion, Pennsylvania, May 3—6, 1976, ERDA Report
CONF-760503-P2, pp. 746-754, November 1976.

2.C. R. F. Smith, W. J. Richardson, and J. T. Holmes, On-Line Sodium and Cover Gas Purity
Monitors as Operating Tools at EBR-II, International Conference on Liquid Metal Technology in
Energy Production, Champion, Pennsylvania, May 3—6, 1976, ERDA Report CONF-760503-P2,
pp. 770-776, November 1976.

3. R. Hans, W. Haubold, J. Jung, and H.-J. Weiss, The Present State of Experiments Development
and Installation of the LMFBR Sodium Impurity Monitoring Devices, paper presented at
International Atomic Energy Agency Specialists Meeting on In-Core and Primary Circuit
Instrumentation of LMFB Reactors, Risley, England, January 27—29, 1976.
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Chapter 1
Sodium and NaK Systems

Prineipal Authors:

Contributing Authors:

1-1 INTRODUCTION

Other chapters of this handbook are
concerned with the properties and be-
havior of the liquid metals sodium and
NaK and with the design, fabrication,
operation, and maintenance of compo-
nents and facilities that employ these
materials. This chapter discusses the
design of systems in which sodium or
NaK is used as a heat-transfer medium
and describes how the information pres-
ented in other chapters is integrated
and applied in the design of a liquid-
metal-heat-transport system. Other ap-
plications, such as those in which the
liquid metal is used as a thermal or
electrical conductor or as a thermody-
namic working fluid, will be taken up
in Vol. V, Chap. 5.

This chapter emphasizes the known
problem areas and critical requirements
in the design of liquid-metal systems,
particularly sodium-cooled fast breeder
reactor systems. The system components
are discussed in detail elsewhere in
this handbook. Purification systems and
storage are covered in Vol. V, Chap. 1,
and Vol. III, Chap. 3, and are therefore

K. L. ADLER, J. J. AULETA, AND H. O. CHARNOCK

J. H. CAMPO, J. M. HOWARD, H. A. ROSS-CLUNIS, AND L. GOODMAN

not discussed extensively here.

1-2 SYSTEM DESIGN CRITERIA AND
CONSIDERATIONS

1-2.1 Use of Liquid Metals for Reactor
Systems

Liquid metals are considered for
heat-transfer media in reactor systems
for a number of reasons [l]. The liquid
metals under consideration, sodium and
NaK, are relatively noncorrosive and
compatible with normal materials of con-
struction such as austenitic and fer-
ritic steels (Vol. V, Chap. 2) [2,3].
Since liquid metals can operate at high
temperatures under low pressure, low
system design pressure and high press-
ure and temperature of steam-turbine-
design conditions can be used. The
normal boiling point of sodium is
1621°F, which far exceeds anticipated
future steam operating temperatures.

The high thermal conductivity of
sodium results in high heat-transfer
coefficients and minimizes heat-trans-
fer surfaces. Sodium has a relatively
high heat capacity and is relatively
inexpensive.



Liquid metals are highly resistant
to radiation and thermal damage. How~
ever, liquid metals are chemically very
reactive with many elements found in
the normal system environment. Safety
precautions in design and operation
must be carefully observed. In par-
ticular, hot sodium or NaK will react
violently with water or even dry air
(Vol. III, Chap. 2) [4].

Both sodium and potassium become
radioactive when exposed to a neutron
flux (Vol. I, Chap. 1) [5]. As a
result, liquid metals that have passed
through a nuclear reactor must be
treated as radioactive materials.

NaK is a liquid at room temperature
and will spread throughout an area in
the event of a leak, whereas sodium
will tend to solidify on cold surfaces.
NaK will spontaneously ignite in air
much more easily than sodium. For
these reasons, NaK is considered some-
what more hazardous to handle in the
event of leakage.

In addition, the solidification of
sodium at ambient temperature may allow
loop repairs and maintenance without
draining the system, but NaK systems
generally require drainage [6].

Since sodium is a solid at room tem-
perature, preheating equipment is used
in the sodium systems to permit filling
and initial operation. Over a range of
compositions, including the eutectic,
NaK alloys are liquid at room tempera-
ture and generally do not require pre-
heating (Vol. I, Chap. 1).

1-2.2 Main Heat-Transfer System

The main heat-transfer system for a
power reactor removes the heat generated
in the nuclear reactor and transfers it
to the steam system.

Types of main heat-transfer systems
can be many and varied, depending on
the use of the reactor. The major fac-
tors in determining the selection of
specific systems are safety, application,
and economics. In general, main sodium
heat-transfer systems can be subdivided
into single-and double-loop systems.

ADLER ET AL.

In the single-loop system (Fig. 1.1)
[7] the main primary sodium heat-trans-
fer system transfers its heat directly
to the thermodynamic working fluid
used in the power-conversion portion
of the plant. In the double-loop sys-
tem (Fig. 1.2)[7],

TURBINE

CONTAINMENT GENERATOR

AND SHIELDING

REACTOR

CONDENSATE
PUMP

BOILER
PRIMARY COOLANT PUMP

Fig. 1.1 Indirect-cycle liquid-
metal heat-transport system without
intermediate loop. (From J.G. Yevick
(Ed.), Fast Reactor Technology:Plant
Design, p. 122, The M.I.T. Press, Cam-
bridge, Mass., 1967.)

PRIMARY TURBINE

COOLANT SECONDARY GENERATOR

LOOP COOLANT WATER-STEAM
Loor

[
>

%

FEEDWATER
PUMP

CONDENSER

PUMPS
REACTOR

INTERMEDIATE
HEAT EXCHANGER

Fig. 1.2 Indirect-cycle liquid-
metal heat-transport system with inter-
mediate loop. (From J.G. Yevick (Ed.),
Fast Reactor Technology:Plant Design,
p. 123, The M.I.T. Press, Cambridge,
Mass., 1967.)

CONTAINMENT AND SHIELDING
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the main primary sodium heat-transfer
system transfers its heat to a main
secondary, or intermediate, heat-trans-
fer system , which in turn transfers
the heat to the thermodynamic working
fluid. Basically, the double-loop sys-
tem is used in power-plant reactor sys-
tems as a safety requirement: Should
a water or steam leak occur in the
steam generator, the product of the
sodium-water reaction (Vol. II, Chap. 4)
will be nonradioactive, and no radio-
active hazards will be encountered in
the disposal of the reaction products.
For reasons of plant safety and flexi-
bility, the double-loop system is often
used, even though steam is not the
ultimate heat sink. For example, in
certain test reactor plants, heat from
the main primary sodium is transferred
to a secondary sodium system, which, in
turn, rejects the heat to the atmos-
phere through an air-cooled heat ex-
changer. The secondary loop ensures
that, if leakage occurs in the air-
cooled heat exchanger or external
piping systems, only nonradioactive
sodium will be dispersed to the atmos-
phere. A nonradioactive secondary heat-
transfer system simplifies design since
the heat-dump area need not be shielded.
The main heat-transfer systems can
be designed as piped or pot systems,
In the piped concept (Fig. 1.3) [8] the

primary sodium is removed from the
reactor vessel through a piping system
and intermediate heat exchanger and
back to the reactor through a cold-leg
piping system. In the pot concept
(Fig. 1.4) all primary sodium heat-
transfer-system components are located
in a large sodium-filled tank; the sec-
ondary sodium is passed through an
intermediate heat exchanger (IHX) that
is immersed in the primary vessel [9].
The amount of piping required for the
primary sodium in the pot system is
considerably less than in the piped
system, which may require a somewhat

INTERMEDIATE
HEAT EXCHANGER

TO SECONDARY
SODIUM LOOP

SODIUM  COLD
PUMP SODIUM

Fig. 1.3 Piped arrangement of
primary heat-transport system. [From
M. Shaw and M. Whitman, Science and
Technology, No. 75: 31 (March 1968).]

HOT
SODIUM INTERMEDIATE
HEAT EXCHANGER

SODIUM
PUMP

f
REACTOR

INSULATOR

TFROM SECONDARY
{sobium Loop

Fig. 1.4 Pot arrangement of primary
heat-transport system. [From M. Shaw
and M. Whitman, Seience and Technology,
No. 75: 31 (March 1968).]
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larger reactor building and higher
costs of primary sodium piping. The
piped system, however, has advantages
in maintainability, since primary-sys-
tem components are accessible during
shutdown, and in cost, since the sup-
port structure for the reactor vessel
is simplified [10].

The pot system requires a larger
reactor vessel, and thus a higher re-
actor-vessel cost. Its inherent ther-
mal capacity minimizes thermal transients
during malfunction. Pumping power is
lower with this system, but there is
an engineering problem of protecting
the heat-transfer-system parts (pumps
and heat exchangers) from excessive
activation due to neutron radiation.
Some pot-system layout could render
fuel handling difficult or more ex-—
pensive [8].

Selection of the basic system has
motivated complex engineering trade
studies for analyzing the safety, en-
gineering, and economic factors in
volved [10]. The pot system has been
chosen for the Dounreay Fast Reactor
(DFR), Experimental Breeder Reactor No.I
(EBR-I), and Experimental Breeder Re-
actor No. II (EBR-II). The piped sys-
tem has been chosen for the Enrico Fermi
Atomic Power Plant (EFAPP), Breeder Re-
actor-5 (BR-5), and BN-350. It is not
yet clear whether either concept is
superior for all applications. These
trade studies are performed at system
and component levels. The results of
one must be closely interrelated with
the other.

(a) Establishing Basic System
Parameters. The primary reactor system
selected determines the economic and
design criteria to be used. The cri-
teria for evaluation and design of a
test facility are considerably differ-
ent from those for a nuclear power-
generating station.

The main objective of the test fa-
cility is to obtain maximum experi-
mental data with minimum capital and
operating costs. The safety and re-
liability criteria are limited to an

ADLER ET AL.

operating life varying from 5 to 10
years. Special design features and
instrumentation are dictated by the
test program.

The main objective of the nuclear
power plant is to generate electricity
at a minimum energy cost. Safety, re-
liability, and high availability are of
primary importance in obtaining this
minimum energy cost during the 20- to
30-year life of the plant. The design
of the plant is dictated by minimum and
simplified maintenance requirements and
must maximize thermal efficiency while
minimizing capital and operating cost.

At the inception of the test-facility
study, the interested agency establishes
the test goals, requirements, site,
schedules, budgets, and expected termin-
ation date. In case of the nuclear
power station, the interested utility
establishes, by economic and engineering
studies, many of the requirements for
the plant. Among these are the follow-
ing basic requirements: |

1. Rated and maximum power capa-
bility based on the projected electric-
system demand.

2. Expected plant-capacity factors
during the planned operating life.

3. Guaranteed requirements as to
fuel~cycle and inventory costs, plant
start-up date, plant thermal efficiency,
start-up schedule, plant availability,
etc,

4, Plant site and yearly cooling-
water temperatures.

5. Loading and unloading require-
ments and expected number of cycles.

6. Economic factors.

Trade studies are made by the archi-
tect and engineering firm or by the
manufacturers of the reactor or its
major components to determine the sys-
tem design which will meet the require-
ments imposed by the utility and which
is consistent with the existing safety
and technical limitations. System
trade studies are made to establish the
following design features:

1. Turbine type, speed, and last-
stage bucket length.
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2. Steam-cycle configuration, steam
conditions, and feedwater temperature.

3. Reactor outlet temperature.

4. Reactor AT and secondary-system
AT combination.

5. TIHX outlet sodium temperature.

6. Steam-generator type and tempera-
ture differences.

7. Number of heat-transfer loops and
arrangement (pot vs. piped).

8. Sodium and steam velocities and
pressure drops.

9. Maximum fuel burnup, refueling
shutdowns, and fuel cycle.

10. Reactor core height and con-
figuration. v

11. Reactor, IHX, and steam-gen-
erator thermal requirements and net
plant efficiency.

12. Heat losses and pumping re-
quirements.

Close integration between the
utility, the architect and engineering
firm, and the manufacturer of the reac-
tor and major equipment must exist to
obtain meaningful trade studies conducive
to a successful design.

(b) Establishing the Major Component
Designs [11]. Component trade studies
are made in parallel with the system
economic evaluations to establish the
following design features:

1. Reactor~vessel configuration.

2. Reactor fuel handling and re-
fueling.

3. Reactor
tribution,

4. Reactor

5. Reactor
figuration.

6. IXH configuration, sodium ve-
locities, pressure drops, and heat-
transfer areas.

7. Evaporator, superheater, and re-
heater configuration; sodium and steam
velocities; pressure drops; and heat-
transfer areas.

8. Type and location of pumps and
drive arrangement.

9. Main pipe sizes, arrangements,
materials, insulation, and pressure
drops.

flow direction and dis-

power density.
core height and con-

10. Control- and stop-valve sizes
and pressure drops.

11. Reactor containments and build-
ing arrangement.

12. Condenser type and cooling-
water cycle.

Close integration between the com-
ponent and the system trade studies
must exist for a successful plant de-
sign.

(¢) Safety, Technology and Oper-
ational Limitations [11]. The design
features and parameters established
during the progress of the trade studies
are limited by such safety, technologi-
cal,and operational boundaries as the
following:

1. Maximim fuel pin center and
cladding temperatures.

2., Maximum reactor outlet tempera-
ture.

3. Maximum steady-state temperature
gradients.

4. Maximum rates of pressure and
temperature changes.

5. Maximum number of pressure and
temperature cycles.

6. Maximum pressures and tempera-
ture in the system.

7. Maximum and minimum control
reactivity rates.

8. Maximum excess reactivity re-
quired.

9. Maximum flow velocities.

10. Criteria for pipe~rupture ac-
cident.

11. Loss of pumping-power accidents.

12. Normal load reductions.

13. Step load reductions.

14. Emergency turbine-generator

tripout from 100% rated load.

15. Spurious reactor trips due to
equipment malfunctions or operator
error.

16. Start-up and shutdown sequences.

17. Accidents with single control-
rod insertion.

18. Reactor trip without reduction
of sodium flow.

19. Loss of primary and/or second-
ary sodium flow.




a. One primary loop of three
(example) .

b. Two primary loops of three
(example) .

c. Two secondary loops of three
while primary flow continues
(example) .

d. Simultaneous loss of primary
and secondary loop flow.

20. Accidents with control-rod with-
drawal.

a. One rod, initially at rated
power.

b. One rod, hot restart.

c. One rod, cold restart.

d. Bank of rods, initially at
full power.

21. Containment of the design base
accident (DBA).

22, Provisions for removal of re-
actor decay heat.

(d) Decay-Heat-Removal Concept.
Once the basic heat cycle for the plant
has been optimized and the thermal
power of the reactor has been estab-
lished, the number of loops required
for the plant can be determined. A
reactor plant must include as a minimum
one main heat~transfer loop and also
means of removing decay heat. Decay
heat can be removed with a specific
decay heat loop, auxiliary (pony) motor
pump drives, or natural circulation.

In small plants a design could con-
sist of one main loop and a small loop
capable of removing heat. For large
plants, two, three, or more equal size
loops are generally provided. At least
two loops must be in use during power
operation. Should only one loop be
operable the plant is shut down immedi-
ately.

Unless an emergency power supply is
guaranteed, the heat~transport system
should be designed to ensure the re-
moval of decay heat by natural circu-
lation due to the difference in density
of the two columns of liquid metal (hot
leg and cold leg) comprising the heat-
transport loop. If the relative ele-
vations of the reactor, IHX, and steam
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generator and the system pressure drops
are carefully selected, the natural-
circulation decay heat can be removed
under a given thermal driving head

[12, 13].

The selection of the number of loops
results from a detailed study of over-
all economics, safety, plant avail-
ability, failure probability, size of
commercially available components,
plant layout, total flow, and allowable
pressure drop and velocities [7].

(e) Selecting Flow Velocities.
After design parameters and number of
loops have been established, sodium
flow velocities and pressure drops can
be determined. The sizing of the
piping and components requires an eco-
nomic balance between capital cost of
the equipment, pumping cost, and re-
liability.

The following range of flow ve-
locities is generally used in current
practice in the design of sodium piping
systems:

1. In a small pipe, 4 in. and less
in diameter, velocities may range from
4 to 8 ft/sec.

2. In piping from 4 to 16 in. in
diameter, economic designs permit ve-
locities up to 15 ft/sec.

3. In piping 18 in. and larger in
diameter, pressure drops are reasonable
for velocities up to 20 ft/sec.

Velocities above 20 to 25 ft/sec,
even in large piping, are normally not
used without detailed study for the
specific application. At high tempera-
tures and high velocities, material-
corrosion and mass-transfer effects
are accelerated (Vol. V, Chap. 2) [14].
Figure 1.5 is a typical plot of cor-
rosion effects in stainless or carbon
steels as a function of flow velocity
and oxygen content in flowing sodium.
High velocities can also cause flow-
induced vibrations that could damage
piping.

Since velocities in the reactor core
and control valves may be higher for
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Fig. 1.5 Corrosion of steel as a
function of sodium velocity and oxygen
content (30-year plant life).

other reasons, they are provided for
in the design by detailed analysis and
test. In headers, where flow distri-
bution is an important consideration,
low velocities are utilized, or ori-
ficing arrangements are provided to
ensure proper distribution between
units. Two or more large orifices in
series can be used to perform the func-
tion of a single smaller one to avoid
orifice cavitation [15].

(£) Pump Location. Main primary
sodium pumps can be installed in the
hot sodium leaving the reactor or in
the relatively cool sodium leaving the
intermediate heat exchanger. The pump
location requires an economic evalu-
ation based on the following consider-
ations. If the pump is placed in the

hot coolant leg, the level control of
a free-surface mechanical pump is less
difficult. If low velocities are used
in the pump-suction lines, problems of
pump suction, pressure drop, and pump
cavitation are reduced. Location of
the pump in the hot leg improves flow
distribution when natural-convection
decay removal is a design objective.

If the pump is located in the cold
leg, the pump cost may be reduced.
This reduction in cost must be evalu-
ated against the additional complexity
of the level control system, problems
in establishing sufficient pump-suction
pressure, and decay-heat-removal capa-
bility by natural convection.

(g) Diagrams. After the design
parameters have been established by
the evaluation studies, flow diagrams
are prepared for the main heat-transfer
system. These diagrams include: (1) a
process diagram that shows process-de-
sign information such as mass flows,
temperatures, pressures, and pipeline
sizes for the system; (2) a process and
instrumentation diagram, that shows all
details, including vent, drain, fill,
and other connections, all instrumen-
tation, valving and other components
required in the heat—transfer system;
and (3) an elevation diagram of the
various major components to determine
locations for vents and drains, to pro-
vide sufficient information to calcu-
late pressure on the various components,
and to establish capability for remov-
ing decay heat., This elevation diagram
is developed in conjunction with the
plant-layout drawings.

1-2.3 Auxiliary Systems

Liquid-metal heat-transfer systems
require a number of auxiliary systems
for operation [7,9]. The most impor-
tant of these auxiliary systems are
discussed in this section.

(a) Sodium Service Systems.
The sodium service systems provide
three basic functions: (1) receive,
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store, and process the coolant for the
main heat-transfer system (Vol. III,
Chap. 3); (2) provide for purification
of the coolant (Vol. V, Chap. 1) and
(3) provide for monitoring the coolant
with respect to possible deleterious
contaminants (Vol. III, Chap. 3) [16].

(1) Storage System. Normally the
sodium storage systems are separated
into two completely isolated systems:
one for the radioactive primary cool-
ant system and the other for the non-
radioactive secondary coolant system.

In certain systems some part of the
primary storage system is connected to
the reactor where a continuous or an
intermittent overflow tank accommodates
fluctuations in sodium level [6]. These
tanks are designed to the same code and
pressure requirements as the reactor
vessel when connected directly to the
reactor during operation. For economy,
such overflow tanks or equipment may be
separated from the dead storage tankage,
and thus the dead storage tanks can be
designed to less stringent requirements.

Some part of the storage system may
be available for emergency transfer of
sodium to the reactor during reactor
operations. The sodium is in storage
at operating temperature with pre-
heated fill lines. The dead storage
tanks can be divided into hot and cold
storage portions for economic reasons
and can be located outside the reactor
containment building to reduce build-
ing cost.

Primary sodium storage facilities
and other primary sodium service sys-
tems are generally installed in inert-
gas-filled cells for protection from
radioactive sodium fire in the event
of leakage (Vol. IITI, Chap.3) [17].

(2) Distribution System. Sodium
service systems normally include small
liquid-metal pumps that are used (1)
to supplement the main heat-transfer
pumps when pressure is not sufficient
to operate purification and monitoring
equipment; (2) to transfer sodium to
and from the storage facilities; (3) to
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automatically make up sodium to the
heat-transfer systems; and (4) to pro-
vide an emergency supply of hot sodium
to the main heat-transfer systems.

Electromagnetic pumps are normally
used for the sodium service systems [6].
These pumps are small, and operation
is intermittent. Linear induction,
conduction, and helical-rotor-type
pumps are available for this service
(Vol. 1V, Chap. 1) [18]. Hermetically
sealed canned rotor pumps of the cen-
trifugal type are also available and
can be considered for this application
{19, 20].

Nozzles are placed on top of the
sodium storage tanks to avoid the pos-
sibility of tank drainage should the
nozzles or piping leak. Dip legs are
used for pump-out lines. The result
is an inverted syphon. Provision must
be made for priming the pumps. In ad-
dition, a syphon breaker may be re-
quired to assure that the tank will not
syphon if the pipe fails. The service
pumps and piping systems must provide
adequate net positive suction head to
assure proper pump operation without
cavitation. The piping configuration
must provide complete drainage.

For the design of the sodium-service
system, maintenance and access must be
considered since these systems become
radioactive during operation. The
components are installed in shielded
vaults and are operated remotely. For
critical service, redundant equipment is
provided in separated shielded vaults to
permit maintenance.

For isolation during maintenance,
small pipe lines are provided with
means to freeze the sodium in a section
of the pipe. The frozen-sodium plug
acts as a positive means of shutoff to
supplement closed valves [6].

(3) Sodium Purification System.

The sodium purification system (Chap. 6)
removes impurities from the sodium in the
heat-transfer systems and thus controls
corrosion and mass-transport phenomena.
The presence of undesirable impurities
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can also be detected, and guidance in
operation of the sodium purification
system is thus available.

Pure sodium is relatively compatible
with normal construction materials in
the sodium heat-transfer systems (pri-
marily carbon steel, alloy steel,
stainless steel, and hard-facing al-
loys). However, certain contaminants,
notably oxygen, even in trace quan-
tities, can render the sodium active
and precipitate deleterious attack
(Vol. V, Chaps. 1 and 3) [21]. Oxygen
content should be kept as low as prac-
tical and for high temperature sodium
certainly below about 10 ppm. An O,
increase from 12 to 50 ppm resulted
in a fourfold increase in corrosion in
one test series [14].

Carbon contamination in the sodium
is of concern because carbon transfer
can occur from ferritic to austenitic

steels, from steel to refractory metals,

and from the hot to the cold end of
single metal systems [22]. Decarburi-
zation reduces the strength of steels,
and carburization embrittles steel and
refractory metals. This is of par-
ticular concern in thin metal sections
such as fuel cladding or bellows [23].
One basic piece of equipment for the
sodium purification systems is the cold
trap. Sodium oxide, sodium hydride,
and other miscellaneous contaminants
in sodium become quite insoluble at
temperatures approaching the melting
point of sodium. Thus, when the sodium
passes through a cold zone, many of the
deleterious contaminants precipitate
out, and their concentrations can be
reduced to very low values [21, 24-26].
A typical cold trap would be filled
with stainless-steel mesh to adsorb
the contaminants and would be either
liquid or gas cooled. Forced circu-
lation is standard for the sodium in
major cold-trap systems. Small test
loops often operate with diffusion cold
traps. The larger sodium systems would
probably contain automatically con-
trolled equipment to maintain the tem-
perature in the trap at some point ap-
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proximately 50°F below the oxide pre-
cipitation temperature of the sodium
in the system but not less than ap-
proximately 250°F. The lower limit is
required to avoid complete freezing of
the sodium, NaK cold traps operate at
lower temperatures. Cold traps are
normally disposable when exhausted.
Primary-system cold traps must be in-
stalled to permit remote handling.
Carbon steel is suitable for cold
traps since they operate at relatively
low temperatures and are disposable.
Primary-system cold traps are designed
to the same pressure and code require-
ments as the reactor if they are to be
in service during reactor operation.

Cold traps cannot precipitate out
enough oxide, however, to prevent oxi-
dation of zirconium or other refractory
metals if they are included in the
sodium system. Therefore, other means
for removing oxide are provided. An
appropriately sized hot trap filled with
zirconium foil* and operating at el-
evated temperatures in the range of
approximately 1000°F will react with
essentially all the oxygen in the sys-
tem, and will leave the system oxygen
content below 1 ppm. Use of zirconium
hot traps along with cold traps is not
advisable since oxygen may be redis-
solved from the cold trap to react in,
and thus deplete, the zirconium hot
trap (Chap. 6) [27].

Pump seals and other points where
carbon materials (for example, lubri-
cants) may be introduced into the sys-
tem are very carefully designed. The
best way to remove carbon* is to pass
the sodium through a hot trap filled
with stainless-steel foil operating at
or above 1200°F, a method that can main-
tain carbon concentration in the sodium
at a reasonable level (Vol. V, Chap. 1)
[21, 28, 29].

(4) Monitoring. Plugging meters are
usually installed in sodium systems to

*Possible detrimental effects of sys-
tem decarburization are discussed in
Chap. 6.
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indicate the impurity content of the
sodium (Vol. III, Chap. 4, and Vol. V,
Chap. 1) [21]. These meters do not re-
cord the concentration of any one con-
taminant specifically, but they do react
to precipitation of both sodium oxide
and sodium hydride and perhaps to other
contaminants. Plugging-meter readings
give the general degree of contami-
nation of the sodium [30]. Abnormal
changes in the plugging temperature
indicate the possibility of abnormal
contamination.

Hydrogen meters presently under
development can be used to detect hy-
drogen in sodium utilizing the per-
meability of a membrane such as pure
nickel for separation (Vol. III, Chap.
4, and Vol. V, Chap. 1) [21]. Hydrogen
in the sodium indicates a source of
contamination. Hydrogen in the second-
ary sodium system of a power plant
using steam as a working fluid tends to
indicate a steam—-generator leak.

United Nuclear Corporation is de-
veloping an in-line carbon meter to
detect carbon contamination of sodium
before it causes damage to major
components. The meter consists essen-
tially of a thin-walled probe immersed
in the sodium stream, a controlled flow
of decarburizing gas, and a gas ana-
lyzer. At high temperature, carbon from
the sodium diffuses through the probe
wall and reacts with the gas. The car-
bon content in the flowing gas stream
is continuously monitored to indicate
the carburizing potential of the sodium
impurity (Vol. III, Chap. 4)[31].

(b) Cover-Gas Systems.

Since liquid metals are highly re-
active with components of the atmos-
phere, air must be kept from the sys-
tem. Most reactor designs- provide an
inert-cover-gas blanket over the re-
actor-system free-sodium surface.

In certain systems the cover gas
acts as a disengagement volume for
dissolved gases, including radiolytic
gases. Normally, the cover-gas systems
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are operated at a small positive press-
ure to ensure the complete absence of
air inleakage into the system.

Of a number of cover gases con-
sidered, helium, argon, and nitrogen
are the most acceptable (see Vol. I,
Chap. 2, and Vol. III, Chap. 3). Gen-
erally, nitrogen is used only at low
sodium temperatures to avoid nitriding
steel surfaces in contact with nitrogen
bearing sodium at high temperatures
(Vol. V, Chap. 2).

Sodium systems must be absolutely
leaktight in the regions containing
liquid. The gas-containment envelope
must be as nearly leaktight as practicall
Primary sodium cover gas usually con=-
tains radioactive gases, that must be
contained. Helium and argon are expen-
sive, and even minor leakage can be in-
tolerable economically; even leakage to
radioactive vent systems is undesirable.
Inleakage is not permissible, because
the atmosphere contains oxygen, moisture
carbon dioxide, and other constituents
that are reactive with sodium.

Usually the cover-gas pressure is low]
(less than 1 psig) to minimize the possi
bility of outleakage unless there are
overriding reasons for higher pressures.
(Although bulk outleakage can be minimiz
by minimizing the pressure differential,
outleakage due to diffusion from an area
of high partial pressure to one of low
partial pressure must not be overlooked.
This phenomenon could be significant
for radiolytic gases.) Higher pressures
are used where required to provide ad-
ditional pump-suction pressure, to pro-
vide a pressure differential between
primary and secondary systems, or per-
haps for other reasons. The cover-gas
system may require initial purification,
depending on the quality of makeup gas
available. High-purity gases generally

do not require extensive purification,
although drying may be desirable.
Reactor systems generally are sup-
plied with a minimum of two independent
pressure—-control devices to introduce
the cover gas into the reactor and to
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release excess radiocactive gases. The
lines are relatively large (2 in. in
diameter and more) where practical to
minimize the possibility of plugging
from sodium vapors. Gas lines are
protected from sodium frost by vapor
traps (Vol. IV, Chap. 5) [32] which
trap sodium vapor from the hot sodium
systems; thus the possibility of
plugged gas lines and malfunctioning
is minimized. The gas lines between
the hot sodium system and the vapor
traps are heated to prevent deposition
of solid sodium at these points. The
vapor traps are generally installed in a
limited-access area where maintenance
can be performed during shutdown. The
vapor traps can be heated remotely and
melted out during reactor operation,
when access is not feasible [33].

Often gas lines must be connected
to sodium systems at normally wetted
points (e.g., vents required on sodium
piping or sodium-filled equipment).
Freeze traps are frequently used at
these locations to prevent sodium from
entering gas lines. The freeze traps
permit gas passage during fill. Sodium
that enters the trap freezes and plugs
the trap; this plug prevents furthur
flow of sodium into the gas lines (or
vice versa). The thermal design of the
freeze trap must ensure that the trap
will freeze promptly during fill and
will not melt out inadvertently during
normal operation. Special heaters
melt out the traps for draining oper-
ations.

In the radioactive-waste-gas systems
and in the inert-gas-supply systems,
no aqueous material may be allowed to
enter the sodium system. Ideally a
separate waste-gas system would be pre-
ferred for sodium-containing equipment
and a completely isolated vent system
for aqueous—-containing equipment. Gen-
erally, for economy, compromises are
made by using float valves, check
valves, pressure-reducing stations, and
other means of ensuring isolation.

It is desirable to isolate the
cover—gas supply system for radioactive
systems from nonradioactive systems.
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This can be done by separating the two
systems at the source through pressure-
reducing stations, possibly backed up
by check valves.

Cover-gas systems are generally con-
structed of carbon steel, which is quite
satisfactory for inert-gas systems at
the temperatures and pressures under
consideration. All-welded construction
is utilized to minimize leakage. Bel-
lows—-seal valves are generally used.
Quite often resilient seat valves are
preferred to ensure tight shutoff and
to minimize seat leakage. Where re-
silient seat construction is used,
liquid-metal vapors must be kept from
the valves, or the compatibility of non-
metallic materials with liquid metals
and their vapors must be examined.

(c) Cover-Gas Supply and Purifi-

cation.

Cover gas from liquid-metal systems
can become excessively contaminated
with use. Once-through use of the
cover gas could be prohibitively ex-
pensive because of the cost of the gas
itself, the cost of storage and treat-
ment for disposal, or both. Under these
conditions purification systems are
being considered for future plants.
Possible contamination can be cate-
gorized into three general groups:
particulate or aerosol contamination;
chemical contamination; and radiological
gaseous contamination. Within each
grouping, possible specific contami-
nants must be studied to determine
whether removal is necessary and if
so, to what degree.

Aerosols and sodium vapors are re-
moved by vapor traps located near the
equipment being serviced (Vol. IV,
Chap. 5) [33]. Thus far, vapor traps
have been built only for low flows
(<1 scfm). For the large flows en-
visioned for cover gas purification
systems, larger vapor traps must be de-
veloped. Current vapor traps consist
of mesh-filled vessels through which
the hot, vapor—laden gas passes. The
gas is cooled in the mesh, and con-



12

densed liquid metal adheres to the
mesh., Experiences at the Hallam Nu-
clear Power Facility (HNPF) and other
plants indicate that this principle may
not be adequate for larger flows unless
intermittent meltout capability is pro-
vided. Continuous refluxing impinge-
ment condensers are being developed by
Argonne [32]. The vapor is converted
to the liquid state but is not solidi-
fied. Therefore this trap should not
plug as does the accumulating type.

Potential chemical contamination of
the cover gas includes, primarily, the
following gases:

. Hydrogen.

. Oxygen.

. Water vapor.
. CO and CO».

. Hydrocarbons.
. Nitrogen.

. Noble gases.

0f these, the first five will react
chemically with the liquid metal and,
in fact, can thus be removed. Nitrogen
can dissolve in liquid metals, notably
in a chemical complex with other con-
taminants such as carbon or calcium,
and can result in nitriding of metal
surfaces at high temperatures. The
noble gases are relatively inoffensive
from a chemical standpoint. Sources of
potential gaseous contamination in-
clude:

1. Contaminants in the helium sup-
ply.

2. Residual contamination during
initial £ill, either from incomplete
purge or as a result of adsorbed gases
or surface oxidation on metal parts.

3. Inleakage during fuel-handling
or maintenance procedures.

4, Permeability of metal wall sur-
faces.

5. Diffusion past seals.

6. Contamination with water vapor
from a steam-generator -leak.

7. Gaseous fission products or vol-
atile material desorbed from the so-
dium.

Atypical analysis of raw grade "A'" he-
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1ium in tank cars is as follows [34]:

Helium 99.99657
Neon 7 to 19 VPM*
H,0 3 to 7 VPM
H, < 1 VPM

No <1 to 5 VPM
0, + Ar < 1 VPM

CO, <1 VPM
Hydrocarbons < 1 VPM

*VPM (volumetric parts per million)
= mole fraction x 105

Apparently the only significant
chemical contaminant from this source
is water, which is removed by the so-
dium itself.

Residual contamination is, primarily
oxygen, nitrogen, moisture, and pos-
sibly hydrocarbons. Inleakage during
fuel transfer could be assumed to be
normal atmospheric components, oxygen,
nitrogen, moisture, and CO;. The con-
tribution from the other sources men-
tioned is probably of only minor im-
portance.

Quite probably helium gas for power
reactors in the immediate future will
not need chemical purification, con-
sidering the purification effected by
the sodium itself. However, means are
available, if required, to purify the
helium [35]. In general, hydrogen,
oxygen, and moisture are removed by
copper-copper oxide catalysis followed
by molecular-sieve drying. Residual
moisture, CO,, and hydrocarbons are re-
moved in cryogenic freezers. Residual
hydrogen and nitrogen and noble gases
can be removed by use of adsorption beds
operating at liquid-nitrogen tempera-
ture. Nitrogen can also be removed by
gettering on metals such as titanium
sponge at high temperature [36].

The requirement of removing noble
fission gases is established by study-
ing probable leak rates to occupied
areas, coupled with a determination of
probable cover-gas activity, and per-
missible activity in the occupied
areas. Gaseous activity is due pri-
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marily to 133Xe, 135Xe, 133mXe, and
85gr [37]. The xenon can be removed
and delayed for a suitable period of
time in carbon-filled delay tanks op-
erating at elevated pressures. If
krypton generation exceeds the amount
that can be released to the atmosphere
at the plant, the krypton can be re-
moved in charcoal-filled adsorption
traps operated at a liquid-nitrogen
temperature and then transferred to
storage bottles for shipment and per-
manent storage or disposal [38]. Pro-
vision is made for complete removal of
the xenon before removal of krypton in
the liquid-nitrogen-cooled cold trap.
Otherwise, the cold trap will not be
particularly effective for the removal
of krypton because of the interference
between the two gases [39].

Design of the purification system is
a separate technical and economic study
that is generally unique for each plant
and each set of conditionms.

It is generally more difficult to
purify argon than helium because of the
interference effect due to the rela-
tively high adsorption coefficient of
the argon itself. Thus, where nuclear
requirements and economic consider-
ations dictate a need for cover-gas
purification, an economic study will
often favor helium in the United States,
even though argon may be less expen-
sive initially and may be less suscep-
tible to leakage losses through in-
finitesimal paths. In foreign econ-
omies, such as European countries, the
cost of helium is much greater than in
the United States, and economics pro-
bably favor argon.

(d) Radioactive Vent-Gas Systems.
Exhaust gases from primary coolant
systems and from certain auxiliary sys-

tems within the plant contain radio-
active gaseous and particulate ma-
terial. These waste gases evolve
during normal breathing of the system,
during purging operations, and during
certain cleaning operations. If steam
or water is used for cleaning, the
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waste—-gas stream may contain hydrogen,
oxygen, and moisture. A radioactive
vent—-gas collection and disposal system
disposes of these streams in a safe
manner [17].

Gases released from hot primary
liquid-metal systems contain liquid-
metal vapors and possibly aerosols
which must be removed to prevent down-
stream contamination or plugging. These
vapors can be removed by suitably design-
ed vapor traps. Effluents from wash
cells are usually passed through vent
condensers to remove excess moilsture.

In the design of the collection sys-
tems,certain separations of the streams
must be maintained or other measures
must be taken to assure safety of the
plant; essential points are as follows:

1. Vents from liquid-metal-contain-
ing equipment must be isolated from
those venting aqueous material in such
a manner that water or moisture cannot
syphon or flow into the liquid-metal
system or vice versa.

2, Vents containing liquid-metal vapor
must be isolated from those containing
moisture or oxygen to prevent formation
of oxide or hydroxide in the vent sys-
tem,

3. Vents containing hydrogen must
be isolated from those containing oxygen
to prevent the buildup of explosive
concentration of these gases in confin-
ing equipment.

The entire vent collection system
must be analyzed carefully from the
point of view of pressure interactions
and their effect on relief-valve set
points. For example, pressure in col-
lection systems upstream of the waste-
gas compressors must be controlled at
some minimum pressure; otherwise,
spring-loaded relief valves may open
when not required. Conversely, high
purge-flow rates through certain lines
may increase pressure in the vent col-
lection system to the extent that the
set point of relief valves becomes
excessive relative to the atmosphere.

Radioactive vent streams are dis-
posed of by compression into pressurized
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storage tanks for storage, decay, mon-
itoring, and controlled release to the
atmosphere [9]. Normally, streams are
filtered through high-efficiency fil-
ters to remove particulates before
monitoring and before release.

Carbon steel is normally used for
the radiocactive vent—-gas systems. All-
welded construction is preferred to en-
sure leaktightness. Resilient seat
valving is often used to minimize seat
leakage.

(e) Preheating Systems.

Reactor systems using sodium require
preheating of the process systems be-
fore operation. In general, electric
preheat systems consisting of resistance
heaters attached to the sides of the
piping and equipment are used (Vol. IV,
Chap. 5). Induction heat may be con-
sidered for ferritic systems but does
not seem optimal for austenitic sys-
tems. Austenitic systems have been
preheated in this manner by wrapping or
cladding the austenitic pipe with fer-
ritic material. This has proved rather
expensive and has resulted in high-tem-
perature gradients along the pipe [40].
An induction preheater can be designed
which makes use of the sodium coolant
as the secondary turn of the trans-
former [41, 42)}. Steam, organic, or
NaK-traced equipment or gas-heated
equipment have been used in other
designs [43, 44].

In the design of the preheating sys-
tems for large equipment, such as heat
exchangers, the stress problems as-
sociated with differential heating must
be examined carefully. Preheating sys-
tems include sensing and control equip-
ment to ensure that both the rate of
temperature change and the temperature
limits are not exceeded.

The main considerations in preheating-

system design are (1) preheating empty
systems (before they are filled with
sodium) and (2) maintaining suitable
temperatures in the sodium-filled sys-
tem but without internal heat sources
such as a nuclear reaction. Generally,
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the first consideration is more criti-
cal since the sodium in a filled system
acts as a heat distributor and ensures
relatively uniform heating of the
equipment. Ideally, the heat~input
rating of the heater is sized to pre-
vent equipment from exceeding permissi-
ble temperature. Before an excessive
temperature is reached, the heat losses
from the system should equal the heat
input by the heaters.

(f) Inert-Gas-Filled Cells.

Molten sodium is highly reactive
with the atmosphere, forming sodium
peroxide (Na;03), which, in turn, is
extremely corrosive to most metals, in-
cluding steel and stainless materials
[45]. Most sodium systems are con-
tained in inert-gas-filled cells. Ni-
trogen is commonly used. The basic
reasons for this type of containment
are to prevent fire and the resulting
dispersal of radioactive sodium and to
prevent damage to equipment. Radio-
active sodium systems are generally con-
tained in closed, shielded vaults to
confine the radioactivity and to pre-
vent excessive radiation levels in the
occupied portion of the plant.

The cells are generally designed to
prevent leakage at a differential pres-
sure of about 2 psi. Generally, con-
crete is not satisfactory as a sealing
medium since it will leak gas at ap-
preciable rates through the pores of
the material itself and through con-
struction. joints or minor defects.

These cells are usually lined with steel
sheet or other suitable material and
maintained at a very slight negative
pressure so that there can be no out-
leakage of radioactive contamination to
the surroundings. Pressure buildup due
to inleakage is released through suit-
able pressure-control valves.

Since the cells are completely
sealed, internal cooling equipment is
necessary to keep the cells within ac-
ceptable temperature limits. The nu-
clear heat generated in primary sodium
(gamma heating), together with sensible
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heat released from high-temperature
sodium piping is appreciable. The
cooling system must be designed so that
water cannot enter the cells. Such
heat-transfer media as organic coolants,
gas, or- NaK are sometimes used.

(g) Steam-Generator Leak-Relief
System.

Leaks between the water-steam side
and the sodium side of the steam gen-
erators can be predicted during the
lifetime of the plant. Various ap-
roaches have been used to prevent such
leaks. Double-wall steam-generator
construction with monitoring capability
between walls was provided at HNPF,
Sodium Reactor Experiment (SRE), EBR-I,
and EBR-II. More-advanced designs have,
in general, utilized single-wall con-
struction for economy and have provided
a relief system to accommodate the
pressures in the event of a leak (Vol.
II, Chap. 4) [6, 17, 46].

Basic requirements of the steam-
generator leak-relief system include:

1. Rapid means of relieving the ex-
cess pressure buildup in the event of
a major leak and sodium-water reaction.

2. Means of containing and safely
disposing of the reaction products from
a sodium-water reaction.

3. Safe means of disengaging the
gaseous products (notably hydrogen)
and of disposing of the hydrogen.

4. Means of purifying and/or dis-
posing of the solid and liquid reaction
products (sodium, sodium oxide, sodium
hydride, sodium hydroxide) and of
cleaning up the equipment to facilitate
rapid repair and return to service.

The overriding design objective of
the system is plant safety. In particu-
lar, the potential release of radio-
activity (radioactive sodium or other
species) to the surroundings must be
minimized. The secondary safety ob-
jective is to minimize potential secon-
dary damage to equipment in the plant.
Of paramount importance are:

1. Need to prevent damage to the
intermediate heat exchanger, to safe-
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guard the integrity of the primary-so-
dium-system containment.

2. Need to confine secondary damage
to the leaking loop so that unaffected
loops can still remove decay heat from
the reactor core.

Analytical studies [47, 48, 49] and
available test data [46, 49] indicate
that pressure on the sodium side of a
steam generator rises rapidly (order
of milliseconds) to approximately
steam pressure at the point ot a major
leak. Rupture disks are installed on
the steam generators to accommodate
this pressure and to attenuate the
pressure wave in other parts of the
secondary sodium system (notably the
IHX). At the Fermi plant, the disks
were installed in the gas space. Some
newer designs may have no gas space in
the steam generators, and the disks may
be wetted by sodium. No cases are
known where rupture disks have been in-
stalled in this manner for long periods
of time, although some experience is now
being gained in this area at the Sodium
Component Test Installation. Calcu-
lations [50] indicate that properly
sized and located disks will attenuate
the pressure waves so that pressure in
the IHX's reaches no more than about
300 to 500 psi.

Discharge from the rupture disks must
be piped to a suitable disengaging tank
where the gaseous products are disen-
gaged and sent to a vent stack for dis-
posal. The entire disengaging system
is kept filled with nitrogen at all
times to keep oxygen out, and the prob-
ability of a secondary hydrogen ex-
plosion is thus minimized. Stack dis-
charge is situated so that, should the
hydrogen gas ignite, no damage would
ensue to adjacent structures or facili-
ties. Check valves or other devices
prevent the backflow of air into the
system after an incident.

The disengaging structure is designed
to minimize entrainment of sodium or
oxide in the gas stream and subsequent
fallout. Such sodium compounds can
damage automobile paint, insulation,
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vegetation, structures, and can pos-
sibly injure personnel. The disengaging
tank must have provision for segre-
gating, purifying, reacting, and neu-
tralizing or otherwise disposing of

the solid and liquid residues.

All piping in the rupture-disk sys-
tem is assumed to be covered with a
film of sodium and sodium oxide after
an incident. The collection piping sys-
tem and disengagement tank must be
equipped to permit cleaning and drying
of all surfaces before return to
service.

The reaction outlined is quite
rapid. Thus it is highly desirable to
provide for automatic action to secure
the plant in the event of an incident.
Actions include:

1. Stop the flow of feedwater,
isolate the steam header, and drain the
water side.

2, Stop the flow of secondary and
primary sodium in the affected loop
and drain the secondary system.

3. Reduce plant output or scram the
reactor.

4, 1Isolate the IHX (if possible) to
minimize possible corrosion damage.

5. Flood the stream side and sodium
side with nitrogen to minimize corrosion
and to prevent air from entering the
system.

1-2.4 Safety and Reliability

Safety is a paramount consideration
in the design of any nuclear plant
(Vol. III, Chap. 2) with the primary
objectives of protecting the public
from possible radioactivity exposure
and protecting plant personnel from
both radiocactivity and conventional
hazards. The following considerations
must be kept in mind during the plant
design:

1. All radioactivity must be kept
within the plant under all conditions
of plant operation, normal or abnormal,
including casualty conditions. For
this purpose a containment building is
generally built around the entire re-
actor and primary coolant system. No
active fuel or radioactive sodium is
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permitted outside this building (except
in shielded transfer equipment), and
the design is such that these radio-
active materials can be kept within the
building under all conditions.

2, Since decay heat must be removed
from the core under all conceivable nor:
and abnormal conditions, the core must |
completely covered with sodium irres-
pective of what credible abnormal con-
dition may be postulated. One approach
is to provide a secondary containment
vessel for the primary system [6] which
would surround the primary containment
vessel and extend above the top of the
core. If a leak should develop in the
primary containment vessel, the sodium
would be retained in the secondary con-
tainment vessel and the sodium level
would not drop below the top of the
core. Also the sodium level must be
maintained above the pump-suction
nozzles in the reactor vessel to main-
tain suction to the pump for removing
decay heat. A second approach would be
to provide an entirely contained pri-
mary system within a complete secondary
containment barrier.

3. The main heat-transfer system
(or decay-heat-removal system, if it
exists) must be highly reliable and
able to remove decay heat under all
conceivable modes of failure or mal-
function.

4, The heat-transfer medium in a
liquid-metal primary cooling system is
radioactive because of neutron acti-
vation of the liquid metal. Therefore
primary sodium systems are installed in
shielded vaults and are completely in-
accessible during operation and for 10
days thereafter. The vaults are leak-
tight and blanketed with an inert cover
gas (generally nitrogen) to prevent the
spread of radioactivity in the event of
a spill or leak of primary sodium. The
cover gas excludes oxygen and thus en-
sures that a leak will not result in
either a sodium fire and generation of
radioactive sodium oxide smoke or a
rapid oxidation of the sodium to sodium
peroxide, which, in turn, would result




SODIUM AND NaK SYSTEMS

in rapid erosion and possible major
failure of the primary containment bar-
rier. Remote monitoring instruments,
such as leak detectors, are required

so that the operator can monitor the
condition of the equipment within the
vaults even though the equipment can-
not be seen or approached.

5. Water or steam must never enter
the equipment cells for sodium systems.
Limitations are thus imposed on the
space cooling equipment for the cells
since heat-transfer media other than
water are preferred.

6. Owing to the high heat-transfer
coefficients associated with liquid
metals, the temperatures of piping and
vessels follow the temperature of the
liquid-metal heat-transfer media very
closely. Thus rapid temperature tran-
sients in the sodium coolant result in
rapid temperature transients in the
containing metal. Sudden changes in
cross section or other configurations
that could result in thermal-stress
damage must not be permitted. There
must be highly reliable and redundant
control systems to avoid inadvertent
scrams or sudden thermal shocks to the
system. Since the inertia of a so-
dium system prevents sodium flow from
decaying as rapidly as heat generation
decreases during a reactor scram, quick-
response valves or eddy-current brakes
are sometimes provided to assist in
flow reduction to minimize the possible
effects of thermal shock [51].

1-2.5 Control and Instrumentation

Control systems for liquid-metal-
reactor steam-generating systems are
similar to those in other types of
power plants. Control systems for the
large liquid-metal-cooled plants will
probably be fully automatic; computer-
ized control systems with automatic
data logging can be used for recording
essential information. The following
points are unique to the design of
these systems [52-57]:

1. Primary sensing elements are,
in general, designed specifically for
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use in liquid-metal service. The
sensing signals are converted to elec-
tric signals, which are transmitted to
the control systems in a conventional
manner.

2. Control-system components are
duplicated so that component failure
will not cause false setback or scram.
This redundancy minimizes the frequency
and intensity of thermal shock in the
system.

3. Sensing devices and control sys-
tems must be extremely fast acting and
reliable to avoid nuclear excursions in
fast-reactor systems and resulting
thermal shocks.

Primary sensing elements that do not
require penetration into the sodium
containment systems are preferred [58,
59]. For example, temperature is sensed
by thermocouples mounted in all-welded
thermocouple wells. Where possible,
pressure is detected by pressure-sensing
devices installed in the gas space
rather than in the liquid metal.
tromagnetic flowmeters are used in
liquid-metal systems, where possible,
instead of differential-pressure instru-
ments that require penetration (Vol. III,
Chap. 4) [60]. Liquid-metal level de-
tectors commonly consist of induction
coils inside welded thimbles, welded
electrical conduction-type instuments
(J-tube), or bubbler-type instruments
in which signals are generated in the
gas space (Vol. III, Chap. 4) [61, 62].

The control system actuates a valve
or eddy-current brake to minimize
thermal shock in the system following
a scram. The control system often in-
cludes a "setback" mode of fixed-rate
control-rod insertion as a safety action
to avoid a scram where it is not abso-
lutely necessary [6, 7].

The control system is designed to
minimize thermal swings of the sodium
in the reactor and also at critical
points throughout the heat-transfer
system. Most liquid-metal systems are
designed for constant operating tem-
perature throughout the various process
systems to accomplish this. This is

Elec-
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an idealized case since some temperature
swings will be required either in the
hot leg or in the cold leg of the re-
actor or in both as a function of plant
load. Minor swings may be required for
control. One mode of operation

would be to maintain the primary-so-
dium-system hot-leg temperature constant
and to permit the cold-leg temperature
to vary over a relatively small tem—
perature range throughout the plant
operating-load range.

Pressure-relief devices in sodium
systems are preferably placed in the
cover—gas space rather than in the wet-
ted portion of the system. Diaphragm-
sealed spring-loaded pressure-relief
valves and diaphragm-type pressure-
control valves are used; rupture disks
are included to override the other re-
lief devices in the event of a malfunc-
tion. Normally, the relief devices
discharge to the radioactive-gas dis-
posal system. The discharge from rup-
ture disks is often released to the
equipment galleries. 1In the relief
systems, care must be taken to ensure
against backflow of air into the sodium
systems after the pressure-relief ac-
tion has taken place. Spring-loaded
relief devices are provided for this
function. Check valves can be used as
backup for control valves or rupture
disks if required.

In the design of sodium systems, the
problem of maintaining the instrumen-
tation must be considered. Instruments
installed in primary sodium systems are
subject to gamma and neutron radiation
and to elevated temperature. The use
of nonmetallic components should be
discouraged. The parts of the detec-
tion instrument subject to this type
of environment must be accessible for
preventative maintenance and repair.
Some instrument components in the pri-
mary reactor containment must be suit-
able for operation throughout the plant
lifetime. In this case, duplicate pri-
mary sensing devices should be installed
during construction. Where later re-
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placement of the thermocouples will not
be possible, thermocouples are provided
in duplicate with lead-outs to access-
ible junction blocks. Also, leak detec-
tors are provided on sodium piping and
equipment, particularly if installed in
inaccessible vaults. Here again it is
desirable to have duplicate primary
sensing instruments.

1-2.6 Maintenance of Liquid-Metal Sys-
tems

(a) Introduction.

Mechanical procedures for mainten-
ance in liquid-metal systems are anal-
ogous to procedures in other similar
types of equipment. Emphasis here is
on the various complicating factors
unique to liquid-metal systems. These
might be broadly categorized as follows:
1. PFire hazard

a. Nonradioactive sodium or NaK
fires.

b. Radioactive sodium or NaK fires.

c. Hydrogen fires resulting from
sodium-water reactions and hydrogen
generation.

2. Problems with radioactivity

a. Radioactive sodium or Nak.

b. Plated-out fission products or
corrosion products.

c. Neutron activation of components
themselves or lack of accessibility to
the component because of its location
or proximity to other radioactive
equipment.

d. Cover-gas activity.

3. Problems with cleaning of
components during maintenance

a. Cleaning for protection of per-
sonnel.

b. Cleaning for purposes of main-
tenance (i.e., before welding or other
operations).

c. Cleaning during or after main-
tenance to prevent corrosion.

d. Design to permit complete drain-
age of low points and pockets as well
as to permit complete venting of high
points.
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e. Mechanical design to prevent
areas where foreign material may col-
lect during fabrication, installation,
or operation.

(b) Fire Hazard (see Chap. 2, this
volume, and Vol. I, Chap. 2).

Both hot NaK and hot sodium oxidize
spontaneously in air. Moisture in the
air accentuates this reaction. The
exact temperature at which sodium or
NaK will ignite spontaneously is a com-
plex phenomenon and probably cannot be
stated precisely but is of the order
of 400°F for sodium. Obviously it
would be hazardous to attempt mainte-
nance on hot systems. Sodium systems
can be exposed to room-temperature air
without excessive risk of fire. The
NaK systems present a greater hazard
since NaK will flow and react spon-
taneously at lower temperatures. Thus
it is vitally important that NaK equip-
ment be fully drained before being cut;
such drainage must be provided for in
the design. Sodium pipes are often cut
while full of frozen sodium [63]. Such
a procedure limits the extent of oxi-
dation in the system. Where sodium sys-
tems are to be opened in the drained
condition, nearly complete drainage
capability is highly desirable.

(¢) Radioactivity Problems in Main-
tenance (see Chap. 2).

The following are potential sources
of radiocactivity that can complicate
maintenance procedures:

1. Induced radioactivity in the
coolant (??Na and ?"Na in sodium and
*2K in potassium).

2. Fission products and daughter
decay products in the coolant, notably
L4loe “1317 13705 1k0p, lu0y,  90g,
%52r/°°Nb, and '°3Ru [64 - 66].

3. Component activation and cor-
rosion products from core components,
including 60Co, nge, >6Mn, 5 Cr, 83Ni,
qun, and °%Co.

4, Cover-gas activity.

(1) Coolant Activity. There are
two significant neutron-activation re-
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actions of sodium: (1) 2°Na + n » 2%Na
+ v and (2) %°Na + n > 22Na + 2n.

The first reaction is the more im-
portant because it is caused by thermal
neutrons and thus its probability of
reaction is enhanced by the substantial
23Na thermal-neutron absorption cross
section of 0.5 barn. The °*Na decays
with a 15-hr half-life to 2*Mg by beta
decay, accompanied by the emission of
two gamma rays of 1.4 and 2.8 Mev.
Coolant activity resulting from this
reaction in thermal reactors typically
runs about 1 mc/g-Mw(t). The second
reaction occurs only with neutrons that
have an energy of 13 Mev or higher.

The cross section for this reaction
ranges from 0 at energies less than 13
Mev up to 72 mb at 21 Mev; a weighted
average for a fission spectrum is only
6 Ub. The %%Na decays with a 2.6-year
half-life to ??Ne by release of a posi-
tron with the accompanying emission

of a single gamma ray of 1.3 Mev. In
thermal reactors the ratio of 2"Na
activity to 22Na activity is about

108 1; in fast reactors this ratio is
about 10°:1. Thus, durin operation
and shortly thereafter, 2%Na provides
the dominant activity. During extended
shutdowns, 2%Na quickly becomes domi-
nant.

Neutron activation of potassium
produces two radioactive species:

(1) *®k 4+ n > "% and (2) *'K + n > "2k,
The “°K decays with a half-life of

1.2 x 10° years and therefore contrib-
utes very little to coolant activity.
The “?K decays with a 12.5-hr half-
life and emits a 1.5-Mev gamma ray as
well as a relatively high energy (3.6~
Mev) beta particle.

These relatively short-lived activa-
tion products make primary coolant sys-
tems unapproachable for maintenance for
approximately 10 days after shutdown.*

*Decay in excess of approximately 10

days is of little value since the acti-
vity of the sodium in a fast reactor
system is thereafter predominantly caused
by the 2.6-year half-life 22Na.
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Thus, if maintenance is required, an

appreciable plant downtime is necessary.

Various means are available to the de-
signer to mitigate this problem. One
is to use highly rugged and reliable
equipment that will require little or
no maintenance. Where possible, the

equipment and the plant layout should be

designed so that components requiring
maintenance can be removed into shield-
ed casks for cleaning to remove the
activated coolant without waiting for
decay. This method is used quite gen-
erally in the design of free-surface
sodium pumps. Another approach is to
install multiple coolant-loop systems
with each system located in an indi-
vidually shielded vault. This would
permit shutdown and draining of an in-
dividual loop for the required delay
period while the remainder of the re-
actor system continues to operate.
Absolute isolation of the inoperative
loop from the remainder of the acti-
vated-sodium system is necessary and

can be accomplished with highly reliable

valving, double valving with bleedoff,
frozen sections of pipe, or combi-~.
nations of these. After a single loop
is shut down, particular precautions
must ensure that the active sodium in
the remaining portion of the system
cannot enter the vault during main-
tenance.

(2) Fission-Product Plate-Out.
Fission products from leaking or vent-
ed fuel elements can be carried from
the reactor vessel in the flowing so-
dium stream and can deposit, or plate
out, on the cold surfaces of the pro-
cess systems [65 - 67]. This effect
has been noted with plutonium, stron-
tium, cesium, and a number of other
isotopes. Experience with the BR-5
indicates that the plated material is
strongly adherent and may even tend to
alloy with the tube surface material.
At present the only known way of re-
moving this material is by chemical
cleaning [67]. Thus the designer must
plan for the components to be remotely
removed and chemically cleaned in a
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separate cleaning cell with a suitable
cleaning agent or for chemical cleaning
of the entire primary sodium system in
place. The latter method is exceed-
ingly expensive since the entire system
must be completely drainable and capa-
ble of being isolated to ensure that
aqueous cleaning media cannot inadver-
tently enter portions of the system
containing large quantities of sodium
or vice versa. Reliable line blinds
should ensure isolation of the sodium
storage facilities from the aqueous
media. The cleaning media must be
completely removed and the system com-
pletely dried before the sodium is re-
charged. The problem of fission-prod-
uct plate-out will undoubtedly become
more serious as the vented-fuel-element
concept for large liquid-metal-cooled
reactors becomes more common.

Most fission products and daughter
products of interest in this respect
are volatile at fuel temperature or
are daughter products of volatile ma-
terials and thus can escape from
vented fuel elements. These, as well
as the fissionable materials or fission
products can be released from damaged
or leaking fuel pins.

Activation products of significance,
notably ®°Co, are components of core
alloys, such as fuel cladding, or
structural components. These materials
become activated under the neutron ir-
radiation in the core and subsequently
are released to the flowing coolant
stream by many mechanisms, including
corrosion, wear, and fretting.

In general, components in the core
are activated and are treated as such.
The cost of maintaining these com-
ponents often outweighs their value,
and generally components are replaced
rather than repaired.

(3) Component Activation. Of more
importance to the system designer are
the radiological effects outside the
core area. Where possible, components
requiring maintenance are so located
and/or shielded that neutron activa-
tion is minimal.
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Certain construction materials be-
come activated in a neutron field.

This is particularly important in the
case of cobalt-bearing materials. All
stainless steel contains small amounts
of cobalt. More important, most hard-
surface materials, such as the
Stellites, contain relatively large
quantities of cobalt. Other elements,
such as iron, nickel, chromium, and
manganese, which are contained in the
various steels used, also undergo
neutron activation. Thus items that
require removal from the sodium systems
for maintenance work must be designed
to minimize activation.

For example, hard facings used for
pump bearings, valve seals, or other
applications can be installed outside
any possible neutron field, and neu-
tron flux can be minimized in the area
of cobalt-bearing materials installed
in the reactor cavity.

Protecting cobalt-bearing materials
from neutrons must be considered in
design of the shield configuration
inside the reactor cavity and also in
terms of neutron streaming through the
pipeways where the mechanical equipment
is installed outside the reactor cavity.
Since induced activation is caused pri-
marily by thermal neutrons, localized
shielding with a good absorbing ma-
terial for the thermal spectrum (such
as CaBO,, boron steel, or Boral) can
alleviate the activation of suscep-
tible components.

(4) Cover-Gas Activity. Two con-
siderations concerning the cover gas
are activity of the cover gas itself
and activity of possible contaminants
in the cover gas. 1If helium is the
cover gas selected, then cover gas
activity per se is a minor consider-
ation. Argon becomes activated in a
neutron flux by transmutation of “Ar
to “'Ar, which decays with a 1.8~hr
half-life to stable *!K. In general,
the “!Ar itself is not a primary prob-
lem in comparison with the other radio-
active products that could contaminate
the cover gas. Also, shielding for the
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2%Na activity is generally adequate for
the *!Ar.

Important activated contaminants in
cover gas of sodium systems generally
consist only of sodium vapor, 85Kr,
and !33%e. Occasionally, cesium is
also detected as a daughter product
of xenon decay. Other fission products
are relatively unimportant in the cover
gas over sodium systems because, having
relatively short half-lives, they have
decayed before reaching the cover gas
or because the sodium has chemically
trapped the products.

The problems with cover-gas activity
can be subdivided into those antici-
pated with nonvented but leaking fuel
elements and those connected with
vented fuel elements, the difference
being a matter of degree. The 2*Na
can be removed from the cover-gas by
suitably designed vapor traps on all
vapor lines leading from a sodium sys-
tem [33, 38]. Vapor traps are neces-
sary for two reasons: (1) If the so-
dium vapor passes into cover-gas or
radioactive-waste-gas lines, the lines
may plug eventually; (2) in addition,
the lines will become activated due to
the 2*Na. Activation of the lines may
be a problem, for example, in radiation-
detection instruments, valves, or
purification systems. Initially 133%e
is the predominant gaseous source of
radioactivity in cover—gas systems.

The other xenon and krypton isotopes
are relatively insignificant initially
since they decay in the fuel or the
sodium. Krypton-85 becomes the pre-
dominant source of radioactivity after
approximately 30 to 35 days.

The xenon can be removed by
adsorption on activated charcoal for
decay or by storage and monitoring and
subsequent release to the atmosphere.
Approximately 30 to 35 days decay of
waste cover-gas should be satisfactory
to decay this isotope and permit direct
release to the atmosghere.

During operation *Kr, with a half-
life of approximately 10.5 years, is
a relatively minor constituent of the
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cover-gas activity when compared with
the '3°Xe. Owing to its long half-
life, however, 85Kr becomes the major
cover—-gas problem after a decay of
approximately 35 days. For small
plants and for those with nonvented
fuel elements, the 85kr can generally
be disposed of by monitoring and con-
trolling release after xenon decay.
For large plants, particularly those
with vented fuel elements, the total
quantity of 85kr generated becomes ex-
cessive, and facilities will probably
be required to locate, concentrate,
store, and ship this material for per-
manent storage. Adsorption trainms,
operating at liquid-nitrogen tempera-
ture, are now being developed for this
purpose [35, 39, 68].

(d) Cleaning Components for Main-

tenance.

Some components can be neither ad-
equately shielded nor located out of
a neutron field. If the item has been
activated to the extent that mainte-
nance is not feasible, it must be dis-
posed of as radioactive waste and re-
placed.

Components that require periodic
maintenance are designed to be removed
into shielded casks for transfer to
wash cells for decontamination. For
example, pumps are designed for removal
and decontamination to permit bearing
maintenance. The pumps, lifting mech-
anisms, shield casks, and wash cells
are designed as an integrated system
to facilitate the decontamination op-
eration.

When sodium systems are opened for
maintenance, all interior surfaces are
covered with a film of sodium. When
air enters these systems, this film
oxidizes. More significantly, water
and CO, in the air result in formation
of sodium carbonate and sodium hydrox-
ide. In turn, metal beneath these sur-
face films can corrode. To the maximum
extent possible, air entry is precluded
by plastic films, glove boxes, tempor-
ary seals, rubber balloons, or inert-
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gas blankets at the openings.

After the system has been reas-
sembled and closed, the residual ox-
idized films are removed by the so-
dium itself. The oxides are then
removed from the sodium in cold
traps provided for such maintenance
operations.

The chemical-cleaning procedure
used on BR-5, [67] which provided suf-
ficient decontamination to permit main-
tenance operations, required a large
amount of equipment, including tanks,
pumps, piping, and connections. Posi-
tive isolation (as by capped pipes)
prevented leakage of aqueous media
into sodium-containing equipment or
vice versa. Isolations, connectiomns,
and shielded waste tanks should be de-
signed for the decontamination oper-
ation.

Plans for such a decontamination
procedure must include provision for
sodium-system components that are not
adaptable to cleaning media or vice
versa. For example, freeze-seal valves
freeze seals, and vapor traps may
not be adequate in the cleaning media.
Thus this equipment must either be
isolated or designed to accommodate
both sodium and the cleaning media.

The primary sides of the intermediate
heat exchangers are predicted to be
coated with plated radioactive ma-
terials to a degree that will preclude
approach even after 2%Na decay. Main-
tenance on these units will be possible
only by remote means or after decontami
nation.

If necessary to isolate by blanks,
accessible locations must be provided
so the blanks can be installed before
decontamination. For example, to in-
stall blanks close to intermediate heat
exchangers may not be feasible because
of the high plate-out activity and the
extensive surface in these units.

Particular attention must be given
to low points, or pockets, where so-
dium could collect in quantity and thus
complicate the steaming procedure.

Such pockets could collect and retain
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aqueous media as well and thus compli-
cate drying. In addition, if appreci-
able quantities of aqueous material
"pocket" and dry, the residue could be
corrosive.

1-2.7 Materials

The selection of materials (Vol. V,
Chap. 2) for sodium systems is basi-
cally an economic balance coupled with
the engineering properties and capa-
bilities of the materials. The follow-
ing physical properties and require-
ments must be considered to arrive at
suitable candidates:

1. High strength, good ductility,
and other suitable mechanical proper-
ties at operating temperatures.

2. Compatibility with sodium at
operating conditions.

3. Acceptable cost, commercial
availability, and ease of fabrication.

4. Resistance to exterior corrosion
at operating temperatures in the am-
bient media,

5. High thermal conductivity and
low thermal coefficient of expansion.

The materials used in the primary
systems for some of the existing so-
dium- and NaK-cooled reactors are
compared in Table 1.1 [69].

In general, the carbon steels are
quite satisfactory for liquid-metal
service at relatively low temperatures
(below about 700°F). At intermediate
temperatures, up to approximately
1000°F, the alloy steels, such as
2 1/4 Cr-1 Mo or 5 Cr-1/2 Mo, are
satisfactory. The strength of these
materials falls off and the decarbu-
rization rate becomes excessive in the
1000 to 1100°F range [3]. Austenitic
stainless steels are generally used for
the higher temperatures. In the re-
actor plants built so far, stainless
steel has been the standard construc-
tion material primarily because of its
compatibility with sodium, its resist-
ance to external corrosion and its
availability and ease of fabrication.
Type 304 stainless steel is often pre-
ferred for general service [70].
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Above approximately 1200 to 1300°F,
depending on the exact alloy used, the
strength of these materials also falls
off rather rapidly and other materials
must be used. Incoloy 800 and some of
the other high-alloy high-temperature
materials have been considered. At
very high temperatures, the refractory
metals may be satisfactory in pure so-
dium although some of these materials
will oxidize in the usual inert atmos-
pheres, which are seldom pure, present-
ing external-corrosion problems, Even
at oxygen contents much less than 1%,
these materials will oxidize rather
rapidly at such elevated temperatures.
Some of the refractory metals are

also highly subject to attack by oxygen
or hydrogen in sodium and require ab-
solute sodium purity if they are to be
included in the system.

New developments in the alloy steels,
such as 2 1/4 Cr-1 Mo-1 Nb, indicate
that stabilized chromium-molybdenum
alloys may be quite useful in future
reactor systems [3]. As more plants
are built and as knowledge is gained
about the capabilities of materials
in sodium, it appears that the ferritic
alloys will be more common. Specific
advantages of the stabilized ferritic
alloys include their potential lower
cost, low coefficient of expansion, and
high thermal conductivity. Becoming
widely recognized is their relative
resistance to chloride stress corrosion
as compared with stainless steel for
use in sodium-heated steam generators
[71 - 73].

If dissimilar metals are used in re-
actor systems, the problem of mass
transport must be considered, particu~
larly with respect to carbon [73, 74].
This effect results in the dissolution
of elements from the hot portions of
the system and their deposition on, or
absorption into, the metal at the lower
temperature portions of the system or
vice versa. Thus, in a system contain-
ing a stainless-steel hot section (for
example, fuel-element cladding) and a
ferritic alloy low-temperature section
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TABLE 1.1 - Materials for Primary Coolant Systems in Liquid-Metal-Cooled Reactor Plants [69]

SRE HNPF EBR~1 EBR-II EFAPP LAMPRE-~1 DFR BR-5 Rapsodie
Power ,Mw(t) 20 240 1.4 62.5 430 1 72 5 20
Turbine steam 825/600 825/800 529/390 840/1250 780/900 Air heat 535/185 Air heat Air heat
conditions: temp., dump dump dump in-
°F/pressure, psig itially
Coolant Na Na NakK Na Na Na NakK Na Na
(22.5- (70-30)
77.5)
Reactor inlet 500 602 442 700 600 750 392 707 840
temp., °F ‘
Reactor outlet 960 945 600 884 900 950 662 842 1000
temp., °F
Pipe and vessel 304 s.s. 304 S.S. 347 S.S. 304 S.S. 304 S.S. 316 S.S. 347 S.S. 321 S.S. 316 S.S.
materials 316L S.S.

IV 13 9dIav
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(intermediate heat exchanger), carbon
can be transported from the ferritic
sections to the stainless-steel sections,
resulting in decarburization and
degradation of the ferritic material
and carburization and embrittlement
of the stainless-steel material [3].
Other elements, such as chromium,
nickel, and iron, are also known to
participate in the mass—-transport
phenomena. Thus, this aspect must be
studied carefully in selecting ma-
terials for a sodium system, particu-
larly where dissimilar metals are
used in the same system. Mass trans-
port can also occur in similar-metal
systems fabricated of a single alloy.
If temperature differences exist in
the system, an alloying element can go
into solution in the hot section and
precipitate in the cold section.

A more detailed discussion of ma-
terials is given in Vol. V, Chap. 2.

1-2.8 System Layout

Many factors enter into the plant lay-
out of a sodium-cooled reactor plant.
Some of the more important consider-
ations are (1) containment of the pri-
mary sodium system, (2) space for fuel-
handling operations, and (3) space for
the necessary auxiliary systems and
functions in the reactor containment
building. Designs of the systems outside
the reactor containment buildings are
based on the same general considerations
used for a conventional plant, aug-
mented by the need for radiological
safeguards. In Vol. IV, Chap 4, the
piping layout is discussed in detail.

All potentially radioactive ma-
terial should be contained in the
containment structure; this includes
the radioactive auxiliary sodium sys-
tems, radiocactive-gas-handling systems
that must be connected directly
to the reactor, and auxiliary cooling
systems that must be connected to the
reactor during operation.

A minimum amount of cooling water and
steam should be used for decontamination
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in the reactor containment building.
There must be no possibility of cross-
contamination between the sodium and
aqueous systems. Minimum protection
would be double-barrier containment be-
tween the two systems. In addition,

no water or steam should be permitted
in the vaults that normally contain
sodium—~processing facilities.

Layout of the reactor building is
strongly affected by which system is
selected, a pot or a piped system. In
general, a pot system results in a more
compact arrangement and a smaller re-
actor containment building. Inherent
problems with the pot system include
the need for isolation of the secon-
dary-system equipment. Maintenance
procedures are more complicated with
the pot system since the equipment is
less accessible than equipment in-
stalled in isolated cells. Reactor
design of the pot system is difficult
because of the larger reactor vessel
and loading-face shield. The piped
system can be arranged in isolated
cells so that the equipment can be ap-
ganched after a suitable delay for

Na decay for contact maintenance.
The penalty in piped systems is the
additional cost of shielded cells and
of a larger reactor building.

.Layout is somewhat affected by the
design of the pumps and heat exchangers.
In the heat exchangers, the primary so-
dium may be on either the tube or the
shell side. If unbalanced flow is
used between the primary and the
secondary system, pressure-drop con-
siderations will affect the determi-
nation of which is to be on the tube
side. If the primary sodium is om
the tube side, two barriers are pro-
vided in the tube bundle between the
sodium in the tubes and leakage to the
cell, and this may be a valid safeguard
consideration, especially if the shell
side has an expansion joint. Nuclear-
code cases (as of April 1968) do not
sanction expansion joints in primary
sodium service (Case 1177-5 and
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Case 1330-1).

1-3 MECHANICAL DESIGN CRITERIA AND
CONSIDERATIONS

Basic mechanical-component design
criteria are discussed in other chap-
ters of this book and will not be
discussed in detail here, Rather, an
attempt is made to point out the mech-
anical design details that are unique
in designing liquid-metal-coolant sys-
tems.

The materials (Vol. IV, Chap. 5,
and Vol. V, Chap. 2) available for de-
sign of liquid-metal systems are gen-
erally limited to the metallic ma-
terials owing to the chemical nature
of liquid metals, which is quite re-
active toward most nonmetallic ma-
terials, including those of a carbon-
aceous nature and the ceramic materials
such as glass. Of the metallic ma-
terials, the ferritic and austenitic
steels are of major importance. Final
selection is based primarily on tem-
perature and economics. At relatively
lower temperatures, the ferritic
steels usually have an advantage in
terms of susceptibility to chloride
stress corrosion, heat-transfer
properties, and thermal expansion.

At higher temperature, stainless
steels, Hastelloys, Stellites, and
other materials must be used because
of the need for strength at the higher
temperatures.

Insulation for sodium service is
generally similar to that used for other
types of materials for the temperatures
under consideration. However, the
probable chemical reactions between
the sodium and the insulation in the

event of leakage must be considered [45].

Fireproof insulation is generally re-

quired. The chloride content of the

insulation must be weighed carefully

to ensure that no chloride contami-

nation of austenitic piping will result

from the insulation selected [72, 75].
One critical point in the design

of expansion provisions (Vol. IV,
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Chap. 4) is the reactor vessel itself.
The designer has two basic choices.
The first is to anchor at the top of
the vessel and to allow thermal ex-
pansion downward, in which case the
top shield structure and supports must
carry the full ‘weight of the vessel
and its contents. Differential radial
expansion necessary between the rela-
tively hot vessel walls and the rela-
tively cool loading-face shield and
floor structure may or may not require
the use of large-diameter expansion
joints.

The second approach would be to
support the reactor and its internals
from the bottom, in which case vertical
expansion must be provided for between
the support vessel and the loading-face
shield assembly at floor level. 1In
general, this requirement makes a
large—diameter expansion joint manda-
tory. High reliability and rugged ex-
pansion joints are required for a DBA
of appreciable pressure level, It is
not clear at present whether such ex-
pansion joints will be permitted in
future designs.

The expansion between the anchored
portions of the reactor vessel and the
anchored portions of the circulating
pumps may be relatively simple in the
pot-type concept but can become criti-
cal in a piped system. The upper
portions of the pump and drive are
normally rigidly anchored to the floor
structure. Thus the radial and axial
expansion of the reactor vessel itself
and the expansion of the piping between
the reactor vessel and the pump casing
must be so designed that differential
motion between the piping at the bot-
tom of the pump barrel and the anchored
upper end of the pump barrel do not
cause misalignment that could cause
pump binding.

Free-surface pumps have a high-tem=-
perature gradient between the anchored
portion of the upper pump barrel and
the hot sodium in the pump bowl. This
thermal gradient must be accommodated
without excessive stress. It must be
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uniform around all sides of the pump.
Otherwise, the pump barrel may tend to
bend and cause pump binding.

In dissimilar~metal systems high
metal stresses can develop at the
junction between dissimilar metals
owing to the differential radial ex-
pansion between the two metals, Dis-~
similar-metal welding has been devel-
oped to a relatively satisfactory state
of the art.

Piping supports must be provided
for all anticipated motions of the
pipe because of thermal expansion.

The temperature changes anticipated
during normal operation and preheating
of the plant,both full of sodium and
empty before fill have to be con-
sidered. Thus the predicted motions
on the support points must be calcu-
lated while the plant is both full and
empty. Constant-load spring hangers
are frequently used for sodium sys-
tems. They may require readjustments
after system fill to accommodate the
weight of the sodium. Certain spring
hangers require adjustment after pre-
heat, depending on their design, lo-
cation, and function.

1-3.1 Heat Transfer and Thermal
Shock

The high heat-transfer capability,
high heat capacities, and low viscosity
of sodium result in unique design
problems in avoiding thermal shock to
the system. Sharp changes in cross
section must be avoided, where possible,
since rapid changes in sodium tempera-
ture cause rapid changes of tempera-
ture in thin sections of metal. Tem-
peratures do not necessarily change
rapidly in thick sections of metal,
particularly metals with low thermal
conductivity such as stainless steel.
Thus severe thermal-transient-stress
conditions can be generated at points
of sudden change in metal cross sec-
tions in the system.

Sudden changes of cross section are
serious at the pipe nozzles of the reac-
tor vessels where relatively thin pipe
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studs enter vessels of thick-metal cross
section. Thermal-shock liners, often used
at these points (Vol. IV, Chap. 5),
place a stagnant layer of sodium between
the flowing sodium stream, which is
subject to rapid temperature changes,
and the critical point in the contain-
ment vessel,which must be protected

from such rapid changes. These thermal-
shock liners are of thin material and
are designed to absorb the shock with-
out significant damage. Other points

to be considered are all tube sheets,
such as those in the intermediate heat
exchangers and those in the steam-gen-
erator complex. Tube sheets in inter-
mediate heat exchangers are thick sec~-
tions connected to relatively thin

tubes and shells. Sudden unbalancing

of flow for any reason (for example,
sudden failure of secondary coolant

flow while the primary coolant con-
tinues to flow) would result in a

rapid temperature transient and a high
temperature difference across the rela-
tively thick metal sections, and, in
turn, high internal stress. Other casu-
alty conditions, such as scram or tur-
bine trip, can result in such severe
transients. The systems designer must
know the potentialities of this effect
and must analyze each critical point
with respect to each credible set of
normal or abnormal conditions to assure
that the section will not be damaged

and must include in the control system
any necessary provisions to avoid this
damage.

Serious thermal problems exist in
the design of double-wall, or secon-
dary-containment, piping systems. The
outer pipe, under static conditionms,
may be approximately the same tempera-
ture as the inner pipe. However, under
thermal transient conditions in the
liquid-metal system, the temperature
of the inner pipe can change very rap-
idly relative to the temperature of the
outer pipe and thus induce severe ther-
mal stresses at the junctures between
the two walls unless adequate provision
has been made to absorb the stresses.
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If the outer and inner pipe walls are
of different materials, the different
coefficients of expansion result in

a continuous potential source of ther-
mal stress unless this has been con-
sidered in design. Suspension in such
systems is also a thermal-stress prob-
lem since the inner pipe must often be
supported through the outer pipe, and
provision must be made for differential
expansion between the two.

Many tools are available to the de-
signer to avoid these problems. Ex~-
pansion joints are widely used on the
outer, or secondary, containment wall
to absorb the expansion. Special
sliding supports inside the outer wall
support the inner pipe. Both full and
empty systems are analyzed for tempera-
ture and pressure stresses to ensure
adequate expansion provisions at all
points.

Preheating of double-wall pipe and
equipment is also a thermal-stress
problem, particularly if electric
heaters outside the outer containment
are used. In this instance the heat
from the heater must be transmitted to
the outer pipe, which heats up rather
rapidly, and thence by conduction and
radiation through a gas space to the
inner pipe. Thus the inner pipe can
only heat up more slowly, The heaters
must be accurately controlled to as-
sure that the differential expansion
between the two walls is not excessive
during preheating. Monitoring of the
temperature of the inner-pipe wall is
also a problem. Thermocouples located
on the inner pipe, with pressure- and
sodium-tight bulkhead connectors in
the outer wall, are used for this
monitoring. The instrument leads must
be flexible.

Obviously, serious problems in as-
sembly of double-wall systems are to
be encountered when considering the
necessary support and instrumentation
equipment that must be included in the
design. Therefore the designer must
constantly be cognizant of the problems
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of the fabricator, as well as those
encountered in inspection of the
double-wall construction, particularly
where X-ray, dye-penetrant, helium-
leak-check, and other inspection pro-
cedures are required for the welds on
the inner pipe.

Tubular heat exchangers for so-
dium service must be designed to pro-
vide for possible differential expan-
sion between shells and tubes. Where
sodium is in the shell side, the tem-
peratures of the shell and tube walls
follow each other quite closely
because of the high heat-transfer co-
efficients in the sodium. Even in
fixed tube-sheet construction, expan-
sion joints may not be required.
However, these units must be analyzed
for thermal-transient conditions to
ensure this condition. For conserva-
tive design, expansion between the
shell and tubes is often provided for,
even though analyses may indicate that
it is not necessary under normal con-
dition of operation.

Preheating stress conditions must
be considered in the design of tubular
heat exchangers, especially if exter-
nal electric heaters are used, since
the walls of the shell will heat up
much more rapidly than the tubes in
the inner portions of the bundle. The
shell is heated by direct contact and
by radiation from the electric heaters,
whereas the inner tubes are heated by
a combination of radiation and con-
vection through a gas gap with pos-
sible minor assistance by conduction
through the tube sheets. Thus preheat
can be an overriding factor in the
design of the heat exchangers with
respect to thermal-stress problems.

Expansion joints have failed because
of poor quality control during the
manufacture and heat-treatment process
{76]. Sodium removes the protective
oxide layers of the stainless-steel
surface, and the stainless steel is
thus subject to attack by minor con-
stituents in the sodium stream at
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operating temperatures. It is some-
times necessary for expansion joints
to operate in thermal-transition tem-
perature zones of the metal. The
design metallurgist must appraise
this effect since it could cause pre-
mature failure, particularly in the
thin sections of expansion joints.

1-3.2 Casualty Conditions

The system designer must be cogni-
zant of, and analyze for, all conceiv-
able conditions of normal and abnormal
operation. Some of the significant
areas to be considered are discussed
in the following paragraphs.

The safeguard analysis for the
plant would generally establish a
maximum design casualty condition
for the plant, called the design base
accident (DBA). One formulation of
the DBA is to assume an explosion of
a certain quantity of TNT in the re-
actor to simulate the possible effects
of a nuclear excursion. This approach
provides a design tool for establishing
the design pressures of the various
portions of the plant. Based on this
assumption, design pressures are es-
tablished for the primary systems.

The compressed gases resulting from
the DBA can be rapidly released to the
shielded and contained equipment cells,
which contain the products of the re-
action and prevent the release of
radioactive materials to the surround-
ings. The designer must be cognizant
of the potentiality of a secondary so-
dium-water reaction after the DBA has
taken place.

Potential leakage in the steam
generator must be considered. 1In
general, the steam-water side of the
steam generator is designed for, and
operates at, steam pressures in the’
2400- to 3500-psi range, whereas the
sodium side of the steam generator is
designed for relatively low pressures
in the 100- to 200-psi range. Thus,
should a steam generator leak, the
high-pressure water or steam, or both,
would leak into the relatively low-
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pressure sodium-containing system.

The result could be immediate failure
of the entire secondary sodium contain-
ment system due not only to the steam-
water pressure but also to the hydrogen
pressure that would build up immediate-
ly as a result of the sodium-water re-
action. In addition, this rapid build-
up of pressure on the sodium side

could result in hammer effects on vari-
ous points in the sodium system and
could conceivably result in damage and
failure to the tube walls between the
primary and secondary sodium systems

in the intermediate heat exchanger,
which then would result in failure of
the primary containment system.

Two basic approaches have been used
to prevent this occurrence: The first
is a double-wall construction in the
steam generators with leak-monitoring
equipment between, as used at both
HNPF and SRE, where helium and mercury,
respectively, were used as the inter-
mediate monitoring agent. Thus failure
of either wall of the double-wall con-
struction will be noted in the moni-
toring system, and complete failure
will not occur. The double-wall con-
struction is quite expensive, how-
ever, and present-day design is
directed toward single-wall construc-
tion in which rupture disks located
on the sodium side of the system per-
mit relief of the rapid buildup of
pressure if the system 1leaks. This
method was used at the EFAPP and
proved quite effective in actual leak
incidents. The rupture-disk system
must be designed to permit occasional
replacement and inspection of the rup-
ture disks. The downstream side of the
rupture disks must be piped to ensure
that the sodium and water will not
spread throughout the area. In ad-
dition, the hydrogen generated in the
sodium-water reaction must not be
allowed to cause a secondary explosion
of hydrogen, which could conceivably
result in even more drastic damage
than the primary sodium-water reaction
itself. The rupture-disk discharge
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lines can be connected to inert-gas-
filled (nitrogen) separation tanks;

the separation tanks, in turn, have a
relief device which permits exit of

the steam-hydrogen mixture into the
atmosphere in a safe location and man-
ner and which provides positive reverse-
flow shutoff to prevent entry of air
into the system after the initial re-
action has been relieved. The ef-
ficiency of this system has been proved
both at EFAPP and at Atomics Inter-
national's test facilities in the
ESADA series of tests [77].

1-4 SPECIFIC SYSTEM DESIGNS

This section contains brief descrip-
tions of specific sodium and NaK sys-
tems. Much of the information pre-
sented here was obtained from Ref. 7.

1-4,1 The Sodium Reactor Experiment

The Sodium Reactor Experiment (SRE)
[78] was a sodium-cooled graphite-
moderated reactor built at Santa Susana,
Calif., by Atomics International (AI).
The reactor was designed for a thermal
power of 20 Mw; the plant's electrical
output was about 6 Mw. The reactor,
which began operation in April 1957,
was designed primarily as an experimen-
tal facility to irradiate fuel ma-
terials, to study neutron behavior
in this type of reactor, and to develop
and test sodium-system components. The
SRE achieved full-power operation in
June 1958. 1In February 1964 the re-
actor was shut down to replace the
core and to modify the heat-transfer
system to permit 30-Mw(t) operation
at 1200°F reactor outlet temperature.
These modifications were completed,
and the systems were refilled with so-
dium in May 1965. 1In January 1967 the
USAEC directed that the SRE be de-
activated.

The SRE employed two sodium circuits
(Fig. 1.6) [79], a main and an auxiliary
loop. The auxiliary loop could remove
about 5% of the total heat output of
the reactor; it served to remove decay
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heat from the reactor when the main
circuit was shut down. Each of these
two circuits had an intermediate heat
exchanger where the heat of the radio-
active primary sodium was transferred
to nonradioactive secondary sodium.
Heat was dissipated from the secondary
sodium loops through air-cooled heat
exchangers. The steam generator of
the steam-electric plant was connected
in parallel with the air-=cooled heat
exchanger in the main secondary circuit
[791.

The temperature of sodium from the
reactor was about 960°F. The secon-
dary loops operated at about 60°F below
this temperature. Each main and
auxiliary loop had a centrifugal pump
to circulate the sodium. The secon-
dary loops had expansion tanks, whereas
the reactor tank itself acted as an
expansion tank for the primary loops.
The primary and secondary loops each
had a separate fill-and-drain tank;
the tank of the primary loop was
shielded since it contained the radio-
active sodium drained from the reactor.

The reactor was located below grade
with the upper surface of the top
shield at floor level in the reactor
building. Sodium entered the lower
plenum of the reactor and flowed upward
through channels containing the fuel
elements and into a 6-ft-deep pool of
sodium above the reactor core. Outlet
pipes from this pool of sodium led to
the primary loops. The core tank was
positioned inside a thermal shield of
cast steel, an outer tank, thermal
insulation, a steel liner, and a
concrete shielding. The outer tank
served to contain sodium should the
core tank leak.

Steam was generated at 600 psig and
825°F. Flow in the main loops was
1100 gpm.

1-4.2 Hallam Nuclear Power Facility
The Hallam Nuclear Power Facility
(HNPF) [52, 78] was built by AI for
the USAEC as part of the Power Demon-
stration Reactor Program and was
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Fig. 1.6 Flow diagram for the SRE.

operated for the USAEC by the Consumers
Public Power District at Hallam, Nebr.
The 256-Mw(t) reactor was sodium-
cooled and graphite-moderated. The
plant's net electrical output was

76 Mw.

The reactor began operation in 1962
and reached full power in July 1963.
Power operation continued until the
end of September 1964, when the reactor
was shut down to replace seven ruptured
moderator elements. The cause of the
failure was determined to be long-term
stress rupture, and plans were made
for in-place modifications to prevent
further failures. However, the USAEC
directed retirement of the HNPF in June
1966.

A primary system consisting of three
independent loops, each directly
connected to the reactor vessel, was
chosen for flexibility of operation.

AIR-BLAST HEAT EXCHANGER

(From R.L. Loftness, Nuclear Power Plants,
p. 308, D. Van Nostrand Company, Inc., Princeton, N.J., 1964.)

Thus, if one loop was out of service,
the reactor could be operated at about
80% of full power with the remaining
two loops. If two loops failed, the
reactor was shut down, and the third
loop removed decay heat.

Each primary loop (Fig. 1.7) in-
cluded a variable-speed centrifugal
pump, an intermediate heat exchanger,
power-actuated valves in the reactor
inlet and outlet lines, and a check
valve in the inlet lines. The inlet-
line throttling valve was used mainly
during reactor shutdown to control con-
vective sodium flow for the removal of
decay heat from the reactor core. The
check valve prevented reverse flow.
The reactor vessel served as an expan-
sion tank for the primary loops. The
reactor vessel was pressurized to a
positive pressure of 1 to 6 in. H,0 by
a helium atmosphere above the surface
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Fig. 1.7 Hallam heat-transport system.
Technology: Plant Design, p. 136, The M.I.T

of the sodium pool to prevent inleakage
of air.

The reactor outlet temperature
during normal full-power operation was
maintained constant at 945°F by the
plant control system. At this tem-
perature the sodium pool extended ap-
proximately 11 ft above the top of the
stainless-steel-clad graphite moder-
ator cans. During normal operation
the sodium flow rate in each loop was
adjusted by varying the pump speed to
maintain the desired steaming rate of
the turbine; a minor trim on the pri-
mary loop maintained a scheduled re-
actor inlet temperature (610°F for
100% load). Since all three circuits
were controlled from a single control
system, flow in the three circuits was
balanced unless the operator desired to
run any circuit at constant load or at
a given ratio to the other two cir-
cuits.

All piping and components of the
primary loops were located in shielded
cells below the floor level of the re-
actor room. In these cells a nitrogen
atmosphere was maintained, and the

(From J.G. Yevick (Ed.), Fast Reactor
Press, Cambridge, Mass., 1967.)

pressure was kept slightly above atmo-
spheric. The reactor cavity and the
pipe tunnels were separated by a dia-
phragm-seal assembly. Immediately out-
side the diaphragm seal were the inlet-
line throttling valves and the outlet~
line blocking valves. The piping
passed through shielded pipe tunnels

to three individually shielded cells,
each containing the lower portion of
the pump and the intermediate heat ex-
changer of one of the primary loops.

If the sodium piping and the intermediat
heat exchanger of a shutdown loop were
intact, the loop could be drained and
its cell could be entered on a con-
trolled basis while the reactor and the
two remaining loops were in operation,

The secondary system operated at a
higher cover-gas pressure and at a
higher elevation than the primary sys-
tem so that, in case of a leak, flow
was backed toward the reactor.

The compartments containing the
radioactive-sodium components were
lined with steel to prevent spalling of
the concrete if the sodium leaked.
Concrete access plugs to these areas
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were gasketed to minimize leakage of
nitrogen.

Pump drives for the primary sodium
pumps were located above the reactor
floor. The sodium coolant lines
leaving the reactor vessel were po-
sitioned abouve the core to prevent any
loss of coolant from the core if the
coolant piping failed.

1-4.3 Experimental Breeder Reactor
No. I

The Experimental Breeder Reactor
No. I (EBR-I) [7] was the first fast
reactor project undertaken by the
USAEC. It should be borne in mind
that the design effort for this re-
actor was pioneering in nature; much
of the present nuclear-reactor tech-
nology had not yet been developed.

The technical feasibility of op~
erating a fast reactor with a net
breeding gain was demonstrated by the
EBR-I, which was designed by Argonne
National Laboratory and began operation
in 1951 at the National Reactor Testing
Station in Idaho.

This fast breeder reactor had a
thermal output of 1.4 Mw; NaK was used
as the coolant. The normal flow of
NaK through the reactor was 290 gpm
(v128,000 1b/hr). The heat-transport
system (Fig. 1.8) consisted of a pri-
mary NaK coolant loop that removed heat
from the reactor, a secondary NaK loop
that removed heat from the primary NaK
loop, a steam system that removed heat
from the secondary NaK loop, and a tur-
bine generator. The primary NaK flowed
from an elevated constant-head tank
into the reactor, through the inner
blanket, and then through the core.
From the reactor the NaK flowed
through the intermediate heat exchanger
and then into a receiving tank. It
was pumped continuously from the
receiving tank up to the constant-head
tank, which contained an overflow line
to the receiving tank.

The NaK-to-NaK intermediate heat
exchangers were of a shell-and-tube
design with primary flow through the
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Fig. 1.8 Experimental Breeder Re-
actor No. I heat-transport system.

tubes. The steam generator was divided
into an economizer, a boiler, and a
superheater. NaK passage through these
units was countercurrent to the flow
of water and steam. . Heat-transfer
tubes in each component were similar
and consisted of a composite assembly
of inner nickel, intermediate copper,
and outer nickel tubes. The tubes were
assembled by a mechanical drawing pro-
cess, together with a thermal-diffusion
bonding process, which resulted in good
heat transfer between the tubes. The
tube wall thickness was 5/16 in., of
which 3/16 in. was nickel. An outer
stainless-steel tube made up the shell
of the heat exchanger, and a bellows
was used to allow for differential
thermal expansion. Thus each heat ex-
changer was of a "single tube in a
shell" type, where NaK flow was on the
shell side and water or steam was in
the tube.

A forced-circulation falling-film-
type boiler was used to limit the
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quantity of water in the system and to
increase the heat-transfer rate. The
heat exchangers were in a vertical
position, A baffle was used to estab-
lish a water film at the upper end of
the internal tube on its inner sur-
face. The film ran to the bottom
where excess water and generated steam
were piped into a drum. Steam was led
through a separator in the drum out to
the superheater, which consisted of
horizontal heat exchangers with NaK in
the shell side. The economizer was a
horizontal unit and served to heat the
feedwater from the deaerating tank to
steaming temperature before injection
into the boiler drum.

The primary NaK entered the reactor
tank at 440°F and left the core region
at 600°F. The secondary NaK at 598°F
produced steam at 405 psia and 529°F
which was fed to the turbine generator.

At the end of 1963, after more than
a decade of use as a source of basic
data on fast reactor physics and on
the performance of plutonium as well
as enriched-uranium fuel in a fast
reactor system, the EBR-I was finally
retired from service.

1-4.4 Dounreay Fast Reactor

The Dounreay Fast Reactor (DFR) [80]
of the United Kingdom Atomic Energy
Authority (UKAEA) at Dounreay, Scotland,
is a NaK-cooled fast reactor with a
thermal output of 72 Mw and a gross
electrical output of 15 Mw. The reac-
tor began operation in 1959. It was de-
signed and constructed as an experiment
to provide UKAEA engineers with an op-
portunity to assess problems that could
not be solved (or even necessarily de-
fined) in the design office. The re-
actor achieved a high load factor and
has been firmly established as a valu-
able irradiation facility, the advan-
tages of which are not confined to fast
reactor investigations. The high ratings
achievable are making possible acceler-
ated rates of data accumulation com-
pared with those possible with exist-
ing material test reactors.
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The heat-transport system (Fig. 1.9)
has two notable features, downflow in
the core and 24 primary loops. The
multiplicity of loops ensures continuous
cooling. 1If the flow is normally down-
ward and the pumps fail, there is a
progressive changeover from downward to
upward natural-circulation flow. A
small liquid-metal heat exchanger in
each primary circuit is connected to
a system that rejects its heat to air
by a natural draft through a stack.

This system is always in operatiomn.

The 24 primary circuits each contain an
electomagnetic pump, a main heat
exchanger, a flowmeter, and a bypass
circuit containing an expansion tank,

a flowmeter, and either a hot trap or

a cold trap or one of several types of
meters for checking the oxide content
in the coolant. Each circuit handles

3 Mw of heat.

The"layout and design of the primary
circuit has been dominated by the
necessity to guard against coolant loss.
Experience gained in the construction
of the Windscale chemical-separation
plants using stainless steel showed
that, with proper control of materials
and fabrication techniques, a leaktight
and completely drainable primary system
could be built, provided it was welded
throughout and the circuit was designed
for butt welding so that every weld
could be radiographed and tested.

The primary-secondary intermediate
heat exchangers consist of one tube
inside another. Because of their
potential weakness, no valves were used.
Components subjected to heavy working
or welding stresses were stress re=-
lieved, and, in addition to being X-raye
all welds were pressure tested and leak
tested with nitrous oxide or a halogen
gas. Stainless steel was chosen as
the construction material because there
was little information available in the
mid-1950's on the behavior of carbon
steels in a liquid-metal circuit. The
UKAEA had also had considerable experi-
ence in the controlled fabrication of
large plants made of stainless steel.
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Fig. 1.9 Dounreay heat-transport system.

Technology: Plant Design, p. 132, The M.I.T.

Stainless steel would also make it
easier to keep the circuit clean during
erection, and hence no special cleaning
of the system before filling it with
liquid metal was thought necessary.

It was recognized that the use of
NaK would be an advantage in the early
stages of commissioning and operation
when liquid metal could be circulated
under varying temperature conditions
without freezing. It was decided to
operate the reactor with the NaK alloy
as the coolant.

The Na-30 K coolant enters the re-
actor at 392°F and exits at 662°F,
Steam is generated at 200 psia and
525°F. Both hot and cold traps are
used to maintain control of the oxide
or hydride level in the coolant. Ni-
trogen was originally used as the pri-
mary gas blanket, but argon was used
later.

(From J.G. Yevick (Ed.), Fast Reactor
Press, Cambridge, Mass., 1967.)

1-4.5 Enrico Fermi Atomic Power Plant
The Enrico Fermi Atomic Power Plant
(EFAPP) [7], located on the Michigan
Shore of the western end of Lake Erie
near Monroe, Mich., is the first full-
scale industrial fast reactor power
plant in the United States. The design
and development work was carried out
under the auspices of a group of elec-
trical utility companies and industrial
firms, incorporated as the Atomic Power
Development Associates. A separate
corporation, consisting of a slightly
different group of electrical power
companies and industrial firms, known
as the Power Reactor Development
Company, provided funds for the actual
construction of the reactor plant and
the sodium heat-transport systems.
The Detroit Edison Company owns and
operates the electricity- and steam-
generating facilities of the plant.
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Some features of the Fermi reactor
are similar to those of the Experimen-
tal Breeder Reactor No.II (EBR-II).
However, the EBR-II is of lower capacity
[20 Mw(e)]. Although the Fermi re-
actor is developmental, it is designed
for an ultimate capacity of 156 Mw(e)
[430 Mw(t)], comparable to an average-
sized conventionally fueled unit. The
initial design net electrical output
of the plant is 60.9 Mw with a reactor
thermal power of 200 Mw.

The fuel for the Fermi reactor will
be reprocessed off-site, in contrast
with the EBR-II integrated-fuel concept.
Considerable flexibility exists in the
development of future fuel systems.

The Fermi is a fast neutron breeder.
It is contained in a stainless-steel
reactor vessel sealed at the top by a
rotating shield plug, which supports
the control mechanisms, the holddown
mechanism, and the fuel-handling
mechanism. A sweep mechanism, used
to ensure proper axial positioning of
core subassemblies, is also mounted on
the plug. The entire vessel is in the
lower compartment of the steel reactor
building; the compartment is below
grade and has a nitrogen atmosphere.
The reactor operates at essentially
atmospheric pressure.

The primary system (Fig. 1.10) is
composed of three coolant loops that
have a common point in the reactor
vessel. Each loop contains a sodium
pump, a check valve, a blanket throttle
valve, and the shell side of an inter-
mediate heat exchanger. Primary sodium
flows up through the core and blanket
into a large plenum and then by gravity
from the upper reactor vessel through
three 30-in. pipes to the shell side
of an intermediate heat exchanger.

The discharge of each intermediate
heat exchanger is connected to the
pump suction by a 30-in. line. The
discharge of each pump supplies a
16-in. line, which, in turn, supplies
a 6-in. and a 1l4-in. line. The three
14-in. lines deliver approximately 87%
of the flow to the plenum serving the
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Fig. 1.10 Flow diagram of Fermi
heat-transport system, (From J.G.
Yevick (Ed.), Fast Reactor Technology:
Plant Design, p. 132, The M.I.T. Press,
Cambridge, Mass., 1967.)

reactor core. The three 6-in. lines
deliver approximately 13% flow to the
plenum serving the radial blanket.
Flowmeters are located in both the

6~ and the 14-in. lines. The flow of
coolant to the blanket plenum can be
adjusted by a throttle valve in each
of the 6-in. lines.
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The 30-, 16—, and l4-in. pipes are
fabricated of 304 stainless-steel
plate. The wall thickness for all
three pipe sizes is 3/8 in. The 6-in.
piping is Schedule 40 seamless 304
stainless steel. The 30-in. piping is
cold sprung 100% for 900°F operation,
and the pump-discharge piping is cold
sprung 100% for 600°F operation.

Stainless steel is used throughout
the primary system, and complete car-
bon-steel secondary containment is pro-
vided around this system. Auxiliary
5-hp motors on each of the primary and
secondary sodium pumps furnish the
power to circulate primary coolant to
remove decay heat from the reactor
after shutdown.

The primary piping is of double-wall
construction to minimize the possibility
of leakage. The steam generators are
once-through vertical units with seam-
less single-wall heat-exchanger tubes.

Primary sodium enters the reactor
at 550°F and exits at 800°F., Steam
is generated at 560 psia and 760°F.

1-4.6 Experimental Breeder Reactor
No.IT

The Experimental Breeder Reactor
No. II (EBR-II) [7], designed and op-
erated by Argonne National Laboratory
and located at the National Reactor
Testing Station in Idaho, is a fast
breeder reactor power plant integrated
with a complete fuel-processing and
fuel-fabrication facility. The plant
is rated at 62.5 Mw(t) and 20 Mw(e) and
is the nation's principal fast—flux ir-
radiation facility. The major objective
of the facility is to establish the
feasibility of large-scale plutonium-
fueled fast reactor systems. The re-
actor began power operation in 1964,
The reactor facility was designed to be
experimental in nature and to demon-
strate the feasibility of operating
such a power plant with integral closed
fuel cycle provided by an on-site fuel-
reprocessing and refabrication plant.
As an irradiation facility it is proving
very useful in irradiating candidate
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fuels and structural materials in the
USAEC's Liquid Metal Fast Breeder Reactor
program. Its high-temperature sodium
and fast-neutron flux provide an ideal
environment for this purpose. By the

end of 1966, 340 capsules containing
irradiation specimens and samples of
interest had been or were being ir-
radiated in the reactor core [81].

The engineering design of the EBR-II,
started early in the 1950's, was predi-
cated on maximizing the safety of the
reactor plant. It was on this basis
that selection was made of the pot-
system arrangement. Costs of the pot
approach were not compared against
those of the more conventional loop
arrangements. The arguments advanced
to justify adoption of the submerged
primary-system arrangement were as
follows [82]:

1. The large bulk volume of so-
dium contributes significantly to the
reliability and integrity of the pri-
mary coolant system. Since the entire
system is flooded with coolant (to a
level approximately 10 f£t above the
top of the reactor), loss of reactor
coolant is virtually impossible. In
addition, the system is ideally suited
to natural-convection cooling, pro-
viding very reliable shutdown cooling
in the event of loss of forced con-
vection.

2. The large bulk volume of so-
dium also provides thermal inertia
to the primary system, preventing
rapid changes in load demand from
being reflected as temperature changes
in the coolant entering the reactor.
The large heat capacity of the system
also provides intrinsic emergency
cooling in conjunction with natural
convection if the heat-removal system
(secondary sodium system) fails si-
multaneously with the loss of forced
convection. Such circumstances might
arise in the event of a total power
failure, 4in which case the bulk sodium
heats very slowly and considerable time
is available to initiate standby cool-
ing procedures.
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3. Since the reactor is to demon-
strate the method of operation to be
employed in a central-station power
plant, the fuel replacement must re-
quire only a short time. Shortly
after reactor shutdown, the heat gen-
eration in the fuel element is high,
and reliable cooling must be pro-
vided. Therefore the fuel elements
are unloaded and transferred while
submerged in sodium. They are cooled
by natural convection of the sodium,
and unloading can begin immediately
after shutdown. The fuel elements
are transferred to a fuel storage
chamber within the primary tank where
they continue to cool by natural con-
vection of sodium until they are re-
moved for processing.

4. A maximum of integrity is pro-
vided with regard to containment of
radioactive sodium. The entire
radioactive system is confined with-
in the primary tank. A very high
degree of integrity can be constructed
into this vessel since it is of rela-
tively simple design and contains
no external connections below the
liquid-sodium level. It is of double-
wall construction as further in-
surance against failure.

5. The need for high integrity
of the primary sodium piping is
eliminated. ©Small amounts of leakage
are permissible since the leakage is
internal. A small amount of leakage
actually does occur in the piping
system at the connections between the
pumps and the reactor and between the
reactor and the heat exchanger. These
connections are slip joints, which
permit the pumps and heat exchanger
to be removed from the system without
cutting or disconnecting a tight
piping system.

6. All the radioactivity in the
plant is confined in the: primary tank,
and therefore only the primary tank
requires shielding. Shielded equip-
ment cells and piping galleries are
eliminated.
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7. Auxiliary heating of the pri-
mary-system sodium to prevent freezing
is simplified since the entire system
is heated as a unit. The individual
components, pipes, etc., are in an
"atmosphere' of sodium, and the
entire system i1s at the same tempera-
ture.

Pertinent design and operating
data on the EBR-II are presented in
Table 1.2. The primary tank arrange~
ment and major equipment locations
and a simplified flow diagram are
shown in Figs. 1.11 and 1.12, respect-
ively.

The mechanical coolant pumps take
in bulk sodium about 19 ft above the
bottom of the primary tank; coolant
flow from the pumps is downward to the
connecting piping. The flow from each
separates into two pipes; one enters
the reactor high-pressure plenum, and
the other, the reactor low-pressure
plenum, with the smaller line supplying
the low-pressure plenum through an
orifice and a valve. 1In all regions
of the reactor vessel, coolant flows
upward through the fuel and blanket
subassemblies and into an upper plenum
chamber, which has a single l4-in.
outlet located on the opposite side of
the reactor vessel from the intermediate
heat exchanger. The connecting pipe
between these two components is de-
signed to accommodate thermal expansion
and contains an auxiliary pump. The
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, located approximately 7.5 ft
above the center line of the reactor,
provides natural~convection shutdown
cooling.

Ball-seat pipe couplings are used
in the lines between the main sodium
pumps and the lower plenums of the
reactor vessel so that the pump can
be removed. The sodium line between
the upper plenum of the reactor vessel
and the heat—exchanger shell is
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TABLE 1.2 - EBR-II Design and Operating Data

Heat output 62.5 Mw(t)
Gross electrical output 20 Mw(e)
Primary sodium temperature to reactor 700°F
Primary sodium temperature from reactor 883°F
Primary sodium flow rate through reactor 9000 gpm
Primary sodium maximum velocity in core 23.8 ft/sec
Primary-system sodium capacity 89,000 gal
Secondary sodium temperature to heat exchanger 588°F
Secondary sodium temperature from heat exchanger 866°F
Secondary sodium flow rate 5890 gpm

Steam generator
Output
Steam temperature
Steam pressure
Feedwater temperature

250,000 1b/hr
837°F

1300 psig
550°F

permanently attached to the cover of
the primary tank. The intermediate
heat-exchanger tube bundle, the sec-
ondary sodium inlet and outlet nozzles,
and the shield plug can be lifted out
as a unit,

When the reactor is in operation,
coolant is supplied by the two pri-
mary sodium mechanical pumps. Flow
to the low-pressure plenum can be
controlled by a valve in each circuit,
During shutdown conditions, when the
reactor power is 1% or less of the de-
sign value, sufficient coolant flow is
established by thermal convection to
remove fission-product decay energy
without exceeding the established
fuel-alloy temperature limitations,
For more drastic emergency shutdown
conditions, including the case of com-
plete failure of all pumps accompanied
by reactor scram, analysis indicates
that the fuel will overheat, but not
dangerously. The relative elevations
of the heat exchanger and the reactor
were established to ensure natural
circulation of the primary sodium.

The primary purpose of the auxiliary
pump (Fig. 1.12) 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, after several seconds, by
failure of the pumps. During the
interim the pumps would overcool the
reactor and eliminate most of the tem-~
perature differential (and the thermal
convection head) that would normally
exist across the reactor. The auxil-
iary pump ensures continuity of flow
under these conditions. 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. 1In the event
of a sustained power failure, the pump
operates until the battery is dis-
charged; the discharge results in a
gradual decay of the flow rate and an
ideal tramsition to thermal convection.
Interlocks between the auxiliary pump
and reactor controls prevent reactor
start-up unless the pump is connected
and operating with the batteries fully
charged.

If rejection of heat to the second-
ary sodium is not possible, heat from
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Fig. 1. 12 Experimental Breeder Reactor No. II simplified flow diagram.
the reactor core is discharged to the Each cooler is positioned in a vertical
bulk sodium in the primary tank. The thimble, which is immersed in bulk
heat is then removed from the bulk so- sodium of the primary tank; a thermal
dium via two shutdown coolers with a bond of sodium is provided in the space
design removal capacity of 500 Kw at between the thimble and the bayonet
700°F. The shutdown coolers (see heat exchanger. This type of con-
Fig. 1.13) are immersion-type natural- struction has a dual purpose: (1) It

convection bayonet heat exchangers. provides a structural barrier between
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the primary tank sodium and the coolant
in the bayonet cooler, the coolant
being the eutectic alloy of sodium and
potassium (NaK), and (2) it reduces
the thermal stresses in the bayonet
cooler.

NaK enters the inner pipe of the
bayonet cooler at the top and flows
downward to the bottom of the inner
pipe, where it reverses direction and
enters the annulus. The flow is then
upward through the annulus, where heat
transfer to the NaK occurs, to the top
of the bayonet cooler. When the NaK
leaves the bayonet cooler, it flows
upward into a finned-tube air heat
exchanger, which is located in a
dampered air stack outside the reactor
containment building. Here the heat is
transferred to the atmosphere by natu-
ral convection of air. The cooled NaK
then flows downward into the inlet of
the bayonet cooler.

The rate of heat release from the
system is controlled by the
position of the stack dampers. Nor-
mally the dampers are actuated by
automatic control; however, manual
control is also incorporated in the
event of failure of the automatic sys-
tem. During reactor operation the
dampers are normally closed, and a
minimum flow of NaK occurs in the
shutdown cooling system. This method
of operation prevents the freezing of
NaK in cold weather, provides for
positive starting when the dampers are
opened, and reduces thermal shock on
the system. When the stack dampers are
opened, the thermal head on both the
NaK side and the air side is increased.
This gives rise to increased flow of
both fluids, which, in turn, increases
heat removal from the bulk sodium.

The NaK cooling system, external to
the bayonet cooler, is instrumented
with thermocouples and an electromag-
netic flowmeter. An alarm system is
interlocked with these measuring de-
vices to annunciate and indicate ab~-
normal conditions of flow and tem-
perature.
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The system is designed for maximum
reliability and simplicity. The bayonet
coolers are designed for minimum in-
ternal stresses over large temperature
ranges and minimum obstructions in the
flow circuit. All-welded construction
is used, and no valves are included in
the system.

The sodium pumps circulate 8600 gal
of sodium per minute in the primary
system. The coolant enters the reactor
at 700°F and exits at 883°F. Steam is
generated at 1300 psig and 837°F.

1-4.7 Rapsodie

The Rapsodie reactor is an experi-
mental sodium-cooled fast breeder re-
actor fueled with mixed plutonium-
uranium oxide. The 20-Mw(t) reactor,
located at the Cadarache Center in
southeastern France, achieved rated
power early in 1967. The secondary
sodium system rejects its heat to air
rather than a steam-raising system.

Although Rapsodie was originally
intended as an experiment, the purpose
has largely been redefined by the
French Commissariat i 1'Energie
Atomique so that it will be utilized
as a fuel and material test reactor
in support of the Fast Neutron Project.

The heat released in the core and
blankets of Rapsodie is removed by
two parallel primary loops (Fig. 1.14
and Table 1.3), each with a capacity
of 10 Mw(t). For initial operation,
the sodium enters the reactor at 482°F
and leaves at 644°F. However, the
thermal equipment and the fixed part of
the reactor are designed for tempera-
tures of 360°F higher. The primary
loops are symmetrically placed around
the reactor, each in a separate room.
One room has a tank for expansion of
the sodium in the reactor vessel. From
this tank the sodium passes through
the purification loop and then to an
upper level in the reactor vessel.

The two loops have a common return
line to the reactor and a common
storage tank. The joint to the return
line is made just before it enters the
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TABLE -~ 1.3 Rapsodie Primary Loop Data (Per Loop) [53]

Power
Fluid
Flow at average temp.

Temperature entering reactor
Temperature leaving reactor
Volume of sodium

Piping
Material
Diameter (reactor to the pump)

Diameter (pump to the reactor)

Sodium velocity
In the reactor (max.)
In the 11.8-in. pipe

Pressure drop
In the reactor
In the circuit

10 Mw(t)
Sodium
1543 gpm

482°F
644°F
5400 gal

316 or 321 S.S.

11.8 in. inside diameter;
12.15 in. outside diameter

7.88 in. inside diameter;
8.19 in. outside diameter

10.35 ft/sec
4.5 ft/sec

49 psi
3.8 psi

TO AND FROM TO AND FROM
SECONDARY SECONDARY
SYSTEM SYSTEM

-« —->
r 1
~ -
L -
- -

AN
FLOWMETERS

Fig. 1.14 Rapsodie primary sodium
system. (From J.G. Yevick (Ed.), Fast
Reactor Technology: Plant Design,

p. 133, The M.I.T. Press, Cambridge,
Mass., 1967.)

primary shielding tank. The storage
tank is located in a room below the
rooms containing the primary loops and

is surrounded by sufficient shielding
to allow access to either of the pri-
mary loops after the reactor is shut
down and that particular loop is
drained. All primary equipment that
may require periodic cleaning or re-
pair is accessible from the floor
deck. Each piece of equipment has a
removable shielding plug in the floor
deck to facilitate removal for main-
tenance, which can be carried out when
the reactor is shut down and the loop
is drained. The reactor vessel can
remain full of sodium.

The reactor, the intermediate heat
exchanger, and the pump each have a
free surface that permits maintenance.
With a free surface the shield plug
of each piece of equipment is in a neu-
tral atmosphere, and all the leakproof
closures are at the level of the deck
where they are easily accessible.
Closures are made with a torus seal
except for the reactor vessel, which
uses a tin-bismuth dip seal.

The fluid in the secondary system
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TABLE 1.4 - Performance Data for PFFBR Coolant Systems [54]
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Sodium flow per loop
Sodium flow per loop

Pipe diameters

Reactor to intermediate heat exchanger
Intermediate heat exchanger to pump
Pump to reactor

Velocities in system
Reactor to intermediate heat exchanger
Intermediate heat exchanger to pump
Pump to reactor

8.3 x 10° 1b/hr
20,200 gpm at 650°F

20 in.
24 in.
20 in.

22.4 ft/sec
15.3 ft/sec
22.4 ft/sec

Design temperature (primary system) 1050°F
Operating temperatures
Reactor outlet to intermediate heat exchanger (normal
operation) 1000°F
Intermediate heat exchanger to pump to reactor (normal
operation) 650°F
Shutdown and refueling 600°F
Design pressure (primary system) 125 psig
Material in primary system 304 s.S.
Pressure drop in system 223 ft Na
Intermediate-heat-exchanger loss 17
Piping (reactor outlet to intermediate heat exchanger) 16
Piping (intermediate heat exchanger to pump) 8
Piping pump discharge to reactor 17.5
Reactor entrance and exit loss 11.5
Fuel element 141
Pump entrance loss 1
Check valve 11
Total sodium volume 4500 cu ft
Total sodium weight 232,200 1b
Cycle time 33.4 sec
is sodium. During the first phase of 1-4.8 Plutonium-Fueled Fast Breeder
reactor operation, the heat is dissi- Reactor
pated to the atmosphere through sodium- The primary system of the Plutonium-
to-air heat exchangers. In the second Fueled Fast Breeder Reactor (PFFBR) is
phase these exchangers can be replaced composed of three coolant loops having
by steam generators, which could trans- a common point in the reactor vessel.

mit the energy to a turbine generator. Each loop contains a sodium pump, a
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check valve, and the shell side of an
intermediate heat exchanger (Table 1.4
and Figs. 1.15 and 1.16).

A ventilated space of 8 ft is pro-
vided adjacent to the reactor where the
piping turns to go underneath the shield
wall. There are no penetrations of the
11.5-ft~thick shield wall surrounding
the reactor. The wall is laid out in
a hexagonal pattern with the pump and
intermediate-heat-exchanger tank cen-
tered on a line parallel with one of the
exterior sides. Coolant piping is lo-
cated in tunnels 6 ft below the bottom
of the shield wall., A minimum of four

bends are taken in each piping run, and a

ADLER ET AL.

distance equal to three trench widths
is maintained between turns to pre-
vent neutron streaming. The space
outside the shield wall allows access
of the crane hook to the intermediate
heat exchanger and pump tanks. Equip-
ment storage tanks are located between
the primary loops in the equipment
compartment.

The primary piping is constructed of
ASTM A-358 type 304 stainless steel.
A 3/8-in. wall was selected for struc-
tural stability. The secondary contain
ment is insulated and induction heated.
Aerogel insulation is used in trenches
and other close-clearance areas and ‘

STEAM y
920 °F , FW P
. — — =D
20in. < SURGE SECONDARY
LHX SURGE TANK g 570 °F TANK PUMP
P 870 °F
I000°F {_ [ 1450 psig
STEAM GENERATOR ¥ STEAM
ﬂ ——>—
LOW- FLOW l_ I
20~ in. SODIUM PIPING MOTORS }: FEEDWA
{_ | ' > 382°0F
L - SECONDARY SODIUM f o
’V‘/' > ﬁ;*oo—J
- > /M. s '
AA{ ]_
L REACTOR
 Rea £ 1]
X SECONDARY SYSTEM
iCHECK VALVES
. ~ 20in. FLOWMETERS
- 650 °F

PRIMARY SYSTEM

Fig. 1.15

Flow diagram of PFFBR heat-transport system.
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Fig. 1.16 Heat transport system of PFFBR, plan view (EDT represents equipment

decay tank).

conventional insulation at all other
locations.

1-4.9 Los Alamos Molten Plutonium Re-
actor Experiment

The Los Alamos Molten Plutonium Re-
actor Experiment (LAMPRE-1) [83, 84]
was a 1-Mw(t) molten-plutonium-fueled
reactor in which the fuel was con-
tained in cylindrical capsules with
the sodium coolant flowing outside.
The LAMPRE-1, which was located at the
Los Alamos Scientific Laboratory, was

intended as a facility to test a var-
iety of fuel and container-material
combinations in conjunction with the
development of a homogeneous molten-
plutonium-fueled fast reactor concept.
It achieved criticality in April 1961
and is now decommissioned.

The LAMPRE-1 sodium primary coolant
system (Figs. 1.17 and 1.18) consisted
of 2- and 3-in. Schedule 40 type 316
ELC stainless-steel piping. It
employed two a-c electromagnetic pumps
connected in parallel and a finned-
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Fig. 1.17 Schematic of LAMPRE-1 coolant loop.

tube sodium-to-air heat exchanger.
High-purity helium was used as a cover
gas. Water vapor and oxygen were re-
moved from the helium by a NaK bubbler
before the helium entered the cover-
gas volume.

Two methods were used to heat the
coolant lodp: (1) Piping and components
were traced with electrical tubular
resistance heaters for preheating the

loop before sodium charging. (2) A
transformer and part of the sodium loog
designed to be a one-turn secondary on
the transformer added about 40 kw of
heat.

The sodium coolant loop was containe
in a cell adjacent to the reactor
vessel (Fig. 1.18). An air radiator-
type heat exchanger removed the heat
directly from the primary sodium which
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Fig. 1.18 Cross-sectional view of the LAMPRE-1 system.

cooled the reactor core.

The loop inlet and outlet coolant
pipes were attached above the level of
the core to prevent uncovering of the
core should the primary system leak.

The sodium flow rate was 133 gpm
with an average coolant inlet tempera-
ture of 450°C and an average coolant
outlet temperature of 563°C., The
LAMPRE-1 operated from March 1961 to
June 1963 at power levels up to 1 Mw
for an accumulated power history of
100 Mwd.

1-4.10 Breeder Reactor-5

The Breeder Reactor-5 (BR-5) [85,
86] is a 5-Mw(t) sodium-cooled fast
reactor located at Obninsk near Moscow
in the USSR. The reactor began power
operation in 1959. Sodium is used as .
the coolant in the primary system, and
NaK is used in the secondary system.

The primary system consists of two
separate cooling loops, each with its
own mechanical pump and cold trap. Heat
in the primary loop is transferred to
the secondary NaK loop by an intermedi-
ate heat exchanger. One of the secon-
dary loops is air cooled, and the other
loop is equipped with a double-wall

steam-generating unit. Mercury is used
as an intermediate-heat-exchanger me- '
dium in the steam-generating unit to
prevent any possibility of sodium-
water reactions.

The sodium enters the reactor at.
806°F (430°C) and leaves at 932°F (500°C).
The total sodium flow through both pri-
mary loops is about 300 gpm. Steam at
230 psig is produced in the steam gen-
erator. The BR-5 heat-transport-system
design data are shown in Table 1.5.

1-4.11 The BN-350 Nuclear Power Plant
The BN-350 Nuclear Power Plant
(BN-350) [43] is the first USSR full-
scale sodium-cooled fast reactor
central station. It is a dual-purpose
electrical generating-water desalting
plant designed to produce 150 Mw of
electric power and 120,000 m® of fresh
water per day (V32 million gallons per
day). Thermal rating of the reactor
is 1000 Mw., Completion of the facility
is scheduled for 1968-1969. The primary
system (Fig. 1.19) consists of six
parallel sodium coolant loops. Only
five loops are in continuous operation;
one is held in standby. Each loop
contains a sodium-sodium intermediate
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TABLE 1.5 - BR-5 Heat-Transport-System Design Data

Primary system
Volume of sodium

Flow of sodium
Secondary system
Pump-developed pressure

Volume of Nak

Flow of Nak
IHX outlet temperature

NaK-air heat-exchanger inlet temperature

Steam system

Steam flow

Steam pressure
Steam temperature

Thermal power generated in nickel reflector

Air flow in reflector cooler

70 cu ft
528 gal
"230,000 1b/hr

60 psi

120 cu ft

90 gal
n271,000 1b/hr
880°F (470°C)
700°F (370°C)

10,000 1b/hr
V230 psig
752°F (400°C)

220 kw
39 cu ft/sec

FEED-
WATER
6.8 x 108 Ib/hr 660 psig, 815°F
895°F STEAM
TO TURBINE
520°F

5700F, 6.2 x 10° Ib/hr

Fig. 1.19 BN-350 reactor process
system.

heat exchanger and a vertically mounted
mechanical centrifugal pump. Equipment
of the primary loop is located within
8ix hermetically sealed cells filled
with nitrogen. Components are con~
structed such that the moving parts of
the pump and gate valves can be raised
for repair or replacement without
cutting the piping in the radioactive
primary loop. Sufficient shielding is
provided to allow maintenance on the

loop either when drained or when filled
with sodium.

The reactor vessel and part of the
primary loop piping system up to the
gate valves have a secondary containment
casing filled with an inert gas. Any
vessel leakage will be contained within
the annulus formed by the reactor vessel
and the secondary containment.

An interlock deactivates the sodium
pump in the secondary loop if the pri-
mary pump is turned off and vice versa.
This protects the reactor vessel and
sodium piping system from severe thermal
shocks.

The primary loop piping system
consists of 500~ and 600-mm-diameter
pipes. Each loop contains a check
valve and blocking valves to isolate
the loop from the reactor. NaK is used
as coolant to freeze the seals of gate
valves, pump junctions, and cold traps.
Gas blankets above all unrestricted
volumes are interconnected.

Sodium at 570°F (300°C) enters the
reactor plenum chamber at the bottom
of the vessel through six 500-mm-di-
ameter pipes. It is heated up to
930°F (500°C) before it leaves the
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reactor through six 600-mm-diameter
pipes located in the upper portion of
the vessel. Sodium flow rate through
the reactor is 14,100 tonnes/hr. The
piping material is commercially avail-
able stainless steel X 18 H 9. Cold
traps in both primary and secondary
loops will maintain an oxygen content
of < 0,005%.

1-4.12 Southwest Experimental Fast
Oxide Reactor

The Southwest Experimental Fast Oxide
Reactor (SEFOR) [87] is a 20-Mw(t) so-
dium-cooled fast reactor with charac-
teristics similar to the large, soft-
spectrum fast breeder reactors fueled
with mixed Pu02-U02, for which studies
indicate the potential for producing
low-cost power, The SEFOR will be used
to obtain physics and engineering data
at fuel compositions, temperatures,
and crystalline states characteristic
of power-reactor operating conditions.
The SEFOR is designed particularly for
the systematic determination of the
Doppler coefficient of reactivity at
temperatures up to the vicinity of
fuel melting.

The SEFOR project consists of two
major parts: the design and construc-
tion of the reactor facility and the
related research and development
program. Funds for the design and
construction of the facility are being
provided by the Southwest Atomic Energy
Associates (a group of 17 investor-
owned utility companies located in
the southern and southwestern parts
of the United States), together with
the Karlsruhe Laboratory of West
Germany, Euratom, and the General
Electric Company. The USAEC supports
the research and development program.

The SEFOR plant facility is located
near the center of a 620 acre site 18
miles southwest of Fayetteville, Ark.
Principal plant structures are the re-
actor building, operations building,
and fuel service building [88].

A simplified flow diagram of the
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SEFOR coolant system is shown in Fig.
1.20. The sodium coolant system con-
sists of two parallel heat-transfer
circuits and a main and an auxiliary
coolant system. Each system consists of
a primary loop, which transfers thermal
energy from the reactor core to an
intermediate heat exchanger, and a
secondary loop, which transfers heat
from the intermediate heat exchanger
through an air-blast cooler to the at-
mosphere. Coolant-system design charac-
teristics are summarized in Table 1.6.

The main coolant system can remove
up to 20 Mw of heat, and the auxiliary
system 1 Mw of heat. The auxiliary
system serves as an operating standby
facility to remove reactor decay heat
if the main system is out of service.
In addition to the main and auxiliary
coolant systems, a pump—around loop
maintains the reactor sodium level
under normal operating conditions and
provides makeup sodium to the reactor
vessel and irradiated-fuel storage ves-
sel in an emergency. The main coolant
loops are designed for forced-circu-
lation flows up to 5000 gpm and the
auxiliary loops for up to 250 gpm. In
addition, the main coolant system will
provide a minimum of 250-gpm emergency
flow by natural circulation for a heat-
removal capacity of 1 Mw. The auxil-
iary coolant system can remove 100 kw
at reactor outlet temperatures of
1000°F or less with the use of natural
circulation.

At the 20-Mw power level, sodium
enters the reactor vessel at 700°F and
leaves at 804°F. The heat is trans-
ferred via an intermediate heat ex-
changer located within the concrete
structure of the containment building
and, in turn, is transferred to the
atmosphere via a forced-air heat ex-
changer located adjacent to the oper-
ations building. Since the temperature
rise of the sodium across the core is
relatively low, the outlet sodium can
be kept at less than 1100°F for the
most severe transient tests [87].

The primary sodium loops, which
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Fig. 1.20 Diagram of SEFOR sodium coolant system.

contain radioactive 2"Na, are located in transient conditions encountered during
concrete-shielded nitrogen—~atmosphere reactor testing or accidents. All ma-
cells in the reactor building. The terials in sodium service are 304

main secondary sodium loops are lo- stainless steel.

cated principally outside the reactor Seismic snubbers are located through
containment vessel in an air atmosphere out the piping systems to resist earth-
in the operations building. The air- quake loads. These snubbers will not
blast coolers are located outside the inhibit the relatively slower movement
operations building. caused by temperature changes.

The major components and systems All sodium piping and vessels are
throughout the SEFOR plant, with traced with tubular electrical-resis-
special emphasis on the sodium coolant tance heaters underneath the thermal
system, are designed for earthquake insulation to preheat the system befor
loads (i.e., suddenly applied loads). sodium filling. Piping and equipment
The sodium coolant system is designed within the reactor building have so- |

to withstand the thermal and flow dium leak detectors with alarms
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Main Auxiliary
Reactor power, Mw(t) 20 1
Coolant Sodium Sodium
Coolant temperature, °F
Reactor inlet 700 700
Reactor outlet 804 804
Pipe size
Primary
Pump suction 12 in. Sch. 20 4 in. Sch. 40
Pump discharge 10 in. Sch. 20 3 in. Sch. 40
Secondary 10 in. Sch. 20 3 in. Sch. 40
Design flow rate, gpm
Primary
Total 5000 250
Core bypass 700
Pump capacity
Flow, gpm at 700°F 5000 50/265
Developed head, psi 38 25/13
Intermediate heat exchanger
Primary
Inlet temperature, °F 804 804
Outlet temperature, °F 700 700
Secondary
Inlet temperature, °F 550 550
Outlet temperature, °F 670 670
Heat-transfer coefficient, design,
Btu/(hr) (sq ft) (°F) 1000 1060
Sodium-air heat exchanger
Sodium
Inlet temperature, °F 670 670
Outlet temperature, °F 550 550
Air
Inlet temperature, °F 90 90
Outlet temperature, °F 493 403
Heat-transfer coefficient, design,
Btu/ (hr) (sq ft) (°F) 9.0 7.3
Design temperature, °F
Primary system 1050 1050
Secondary
Cold-leg piping 900 900
Pump 1050 1050
Balance of loop 1000 1000
Design pressure, psig
Primary
Pump discharge 100 100
Pump suction 50 50
Secondary 100 100
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located in the control room. Instru-
mentation for temperature, pressure,
flow, and level indication is provided
for process control of the system, for
monitoring equipment performance, and
for safety trips.

Gas-vent pipes connected to the so-
dium system permit filling with sodium
and regulating the gas pressure over
the free sodium surfaces. The primary
sodium drain tank serves as the prin-
cipal expansion volume for the reactor
and primary loops. The main and auxil-
iary secondary loops have expansion
tanks in which the gas pressure is
regulated to ensure a higher sodium
pressure in the secondary system than
in the primary. Thus, if a leak
should develop between the two systems
at either intermediate heat exchanger,
the sodium would flow toward the radio-
active primary side. The gas-vent
lines contain vapor traps to condense
any sodium vapor that might be trans-
ported into the gas-vent system.

1-4.13 The Phenix Reactor [89]

The Phenix reactor will be a
250-Mw(e) sodium-cooled prototype power
reactor fueled with UO2-Pu0O;. Phenix
will be the second French fast neutron
reactor built and is intended to be
the prototype of future large fast
breeder power plants in France. Start
of construction is scheduled for 1969.

Initially, two different primary-
system configurations were studied and
compared: one with external cooling
circuits similar to the Rapsodie design
concept (loop arrangement) and the
other with integrated primary cooling
circuits and the reactor immersed in a
large sodium tank (pool arrangement)
similar to EBR-II. The pool concept
was finally chosen for further studies.

The reactor is immersed in a large
sodium tank containing the pumps and
the intermediate heat exchangers which
ensure heat removal from the reactor.
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The core is completely surrounded by
neutron shielding to avoid activa-
tion of the secondary sodium and the
primary components. The fuel subas-
semblies are transferred from the core
to an internal storage (around the
core between the blanket and the
shielding) by an eccentric rotating
plug and a rigid rotating arm. The
subassemblies are unloaded in sodium-
filled casks which are removed through
a shielded air lock located above the
reactor on the side of the reactor uppe
shielding.

The secondary circuits circulate the
sodium to the steam generators, which
consist of single-wall modular units
designed to produce superheated steam
at 2364 psia (1.63 x 107 N/m?) and
1004°F (540°C).

The Phenix reactor pool arrangement
is shown in Figs. 1.21 and 1.22., A
cylindrical primary tank (approximately
20 ft in diameter and in height) con-
tains the core, the blankets, the
neutron shielding, and the fuel subas-
semblies stored before unloading. The
pumps and intermediate heat exchangers
(three pumps and six exchangers) pass
through an enlarged upper portion of
the primary tank (approximately 36 ft
in diameter and 6 1/2 ft in height).
The primary tank opens freely into a
large cylindrical tank called the main
tank (about 37.5 ft in diameter and
39.5 ft in height). The sodium flows
upward in the core and through the
neutron shielding; it is then distribu-
ted into the intermediate heat exchange
by the collector formed by the upper
part of the primary tank. It flows dow
into the heat exchangers, enters the
main tank, then goes to the pumps, and
back into the core supply collector.

The thermal characteristics for a
primary sodium pressure drop of about
102 psi (7 x 10° N/m?) and superheated
steam temperatures of 959°F (515°C)
and 1004°F (540°C) are as follows:
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Fig. 1.21 Phenix reactor pool arrangement elevation.

°F °C °F °C
Superheated steam temperature 959 515 1004 540
Primary sodium temperatures
Core outlet 1049 565 1058 570
Core inlet 761 405 788 420
Primary sodium AT 288 160 270 150
Secondary sodium temperatures
Intermediate~heat—~exchanger outlet 1018 548 1040 560
Intermediate-heat~exchanger inlet 676 358 680 360
Secondary sodium AT 342 190 360 200
1-4.14 UKAEA Prototype Fast Reactor tive for developing large LMFBR's.
The Prototype Fast Reactor (PFR) It is being constructed at Dounreay,
[90] is the first commercial-size fast Scotland, and was scheduled for com-
breeder reactor to be built by the pletion in 1970 with full-load oper-
UKAEA. The plant is to be a prototype ation in 1971. The principal plant
and demonstration unit that will verify parameters are presented in Table 1.7.

as far as possible the economic incen- The 250-Mw(e) power output of the
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TABLE 1.7 -~ Main UKAEA PFR Parameters

Thermal output

Core 559 Mw(t)
Blanket 41 Mw(t)
Gross electrical output from generator V265 Mw(e)
Net electrical output from station V248 Mw(e)
Coolant temperature at core inlet 752 to 806°F
Coolant temperature at core outlet 1040 to 1110°F
Secondary sodium temperature at steam-generator inlet 986°F
Secondary sodium temperature at steam-generator outlet 698°F
Primary flow through core 23.2 x 10° 1b/hr
Primary pump head 117 psi
Secondary coolant flow 23.2 x 10°% 1b/hr
Secondary pump head 45 psi
Diameter of primary vessel 40 ft
Weight of sodium in primary vessel 900 tonnes
Steam temperature at throttle valve 955 to 1050°F
Steam pressure at throttle valve 2315 psia
Reheat inlet pressure 495 psia

Feed temperature . 550°F
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PFR is based on the requirement that
it should be the smallest reactor ca-
pable of providing, with confidence,
the information necessary to install
and operate commercial fast reactors
in the United Kingdom in the later
1970's or early 1980's. After con-
sideration of the fuel development,
physics and safety aspects, and finally
the engineering features of the re-
actor, it was concluded that a minimum

power output of 600 Mw(t) was necessary.

The main features of the design are
the ceramic fuel elements, the layout
and containment of the single-tank
primary circuit, the fuel-handling ar-
rangements, the single-wall steam
generators, and the adoption of tempera
tures that permit modern steam con-
ditions of 2300 psig at 960 to 1050°F
(162 kg/cm? at 516 to 566°C). A sim—
plified flow diagram for the plant is
shown in Fig. 1.23.

The primary system is preheated by
a closed-loop circulating hot-argon
system. Low-voltage radiant electric
heaters installed between the leak
jacket and the vault concrete reduce

THREE SECONDARY CIRCUITS

'
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heat losses. The primary system is
preheated to about 350°F at which
point the hot-gas system is stopped
and all temporary connections are
broken. The electrical system is left
energized during sodium transfer. The
system is filled with 300°F sodium.

(a) Secondary Circuits

A secondary sodium system with
three circuits in parallel is shown
diagrammatically in Fig. 1.23. The
three secondary loops are not inter-
connected in any way; thus leakage
can result in the draining of one loop
only.

The steam-generator units are shell-
and-tube heat exchangers with provision
for isolating the the effects of a so-
dium-water reaction and dumping the
reacting fluids (see Vol. II, Chap. 4,
for details).

The entire secondary loop outside
the steam generator is fabricated of
321 stainless steel with full radio-
graphed butt welding throughout. All
pipework and vessels containing sodium
are electrically trace heated.
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Fig. 1.23 Schematic flow diagram of Prototype Fast Reactor plant [90].
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Fig., 1.24 Prototype Fast Reactor primary circuit.

(b) Shutdown and Emergency Cooling

A thermal syphon system is provided
to remove fission-product heat gener-
ated by the core after shutdown, as-
suming complete power failure. The
system consists of six independent
circuits, and each can remove 0.75

Mw(t) of heat. Each circuit consists
of a sodium-to-NaK and a NaK-to-air
heat exchanger and the connecting
piping. The NaK is circulated by natu-
ral convection between the two heat ex-~
changers. Each circuit incorporates a
thermal-expansion tank with an argon
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blanket over the Nak.

(¢) Primary Circuit (Fig. 1.24)

It was considered that the proto-
type should give experience of oper-
ating multiple loops in parallel.
Kinetic analysis showed that the fail-
ure of one pump in three gave an ac-
ceptable transient; so three primary
loops were adopted. The size of a pri-
mary pump [approximately 18,000 gpm
(82,000 liters/min)] represented a
reasonable intermediate step between
the experimental pump already under
test and the larger pumps envisaged
for later reactors. A comparison of
mechanical and electromagnetic sodium
pumps indicated that the mechanical
pump had greater potential for ex-
trapolation to large outputs as well
as a clear advantage in efficiency.
Mechanical pumps were therefore chosen
for the PFR.

All primary circuit components are
supported from the vault roof and can
be withdrawn for maintenance. Suf-
ficient internal shielding allows main-
tenance on components, such as pumps
and heat exchangers, once adhering pri-
mary sodium has been removed.

Each sodium-to-NaK heat exchanger
is an 18/8/1 stainless-steel coiled
tube having an inside diameter of
4 in., a wall of 0.080 in., and an
effective length of 70 ft. The coil
is supported from the vault roof and
is permanently installed in the high-
temperature distribution tray. So-
dium flows over and around the coils.
The ends of the coil extend through the
vault roof, where they are welded to
pipes that lead to and from the NaK-
to—-air heat exchangers; the circuit
is thus completed.

Each NaK-to-air heat exchanger
consists of 13 stainless-steel finned
U-tubes. Air flow across the tubes
is by natural draft of outside air to
the chimney stack, which is of mild
steel and is 11 ft in diameter and
150 ft in height. Air flow across the
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six heat exchangers is controlled by
louvers actuated by local or remote man-
ual control. The louvers open automati-
cally on power failure by loss of
current to an electromagnetic holding
device.

There are two types of "last ditch"
cooling: (1) Outside air supplied to
a sump below the reactor leak jacket
circulates upward in the annulus
between the leak jacket and the con-
crete vault. The upward-moving air
extracts heat from the leak jacket and
is then collected near the top for dis-
charge to the outside through a stack.
(2) Should the heat generation exceed
the capacity of the air system, an
ultimate system would flood the
annulus with seawater and permit
atmospheric-boiling heat transfer.

(d) Fuel Handling

Since the choice of the refueling
system can have a marked effect on the
reactor layout, availability, core
instrumentation, and experimental
facilities, requirements of a commercial
reactor system were studied very care-
fully before the PFR arrangement was
settled. There was a small economic
incentive in favor of an on-load re-
fueling system for a commercial fast
reactor. The complexity of the mech-
anisms and problems of core design,
however, were believed to decrease
reliability of the system enough to
reduce the calculated gain. Also,
there were the problems of controlling
reactivity and coolant flow during the
refueling operation. For these reasons

on-load refueling was rejected for the PFR.

The problems in transferring highly
rated subassemblies from a sodium sys-
tem shortly after shutdown made it
necessary for the subassemblies to be
transferred under sodium until the
decay heat had fallen to such a level
that reduced cooling could be accepted.
The depth of the primary tank was
affected considerably by this require-
ment.
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(e) Safety Principles

The PFR safety principles are sum~
marized as follows:

1. Loss of coolant from the core
is discounted because all penetrations
in the primary tank are in the roof
and there is a completely separate leak
jacket. The primary circuit and leak
jacket are contained in a concrete.
vault below ground level.

2. Temperature transients due to
coolant-flow failure are controlled
by tripping the reactor (guaranteed by
a multiplicity of trip parameters)
and by sufficient pump inertia to
restrict the maximum temperature to
acceptable values. The large volume
of sodium in the primary tank is
directly cooled at all times by a
number of independent natural-con-
vection loops. _

3. Reactivity transients are con-
trolled by limiting the maximum rate
of reactivity insertion, assuming all
absorber is moved simultaneously to a
value such that the transient can be
terminated by reactivity trips with-
out exceeding fuel-failure tempera-
tures.

4. Propagation of certain subas-
sembly faults cannot yet be ruled out,
and therefore the inherent strength of
the primary tank, leak jacket, and
vault has been exploited to provide a
containment system. A series of model
tests has demonstrated the adequacy of
this containment arrangement.

1-4.15 Fast Flux Test Facility

The FFTF [91] consisting of a fast
test reactor and supporting auxiliaries
is planned for construction at Richland,
Wash., to serve as a primary irradiation
test facility for the USAEC's LMFBR
development program [92].

In 1964 the Pacific Northwest Labo-
ratory (PNL), operated by Battelle
Memorial Institute for the USAEC, began
studies and preparatory designs for such
a national fast-neutron-flux testing
facility. Envisioned for at least five
years prior to 1964, the FFTF is now
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being designed and built by the Hanford
Engineering Development Laboratory,
operated by the WADCO Corp.

The objective of the FFIF is to
provide adequate and flexible testing
space for the many LMFBR fuels and
materials that will be developed for
the demonstration and commercial fast
breeders [93]. 1Its power level of
about 400 Mw(t) will provide a fast-
neutron-flux, temperature, and cool~-
ant environment similar to that of a
commercial breeder. The successful
achievement of high fuel burnup re-
quired for economic operation of the
fast breeders will depend largely on
the FFTF.

This brief description of the so-
dium coolant systems for the FFTF was
obtained from Ref. 91, which describes
the reference concept.

This concept was developed to
fulfill the following objectives:

1. Providing an adequately con-
trolled environment in fast neutron
flux for highly instrumented fuels
and materials irradiation tests with
capabilities for fuels testing to
failure in dynamic sodium and for
testing specimens for short duration
(minutes).

2. Providing facilities for pre-
irradiation testing to characterize
the experiments for safety and per-
formance, for interim nondestructive
examination, and for postirradiation
examination.

3. Serving all U.S. fast flux needs
consistent with the primary objectives
of fuels and materials testing.

The Bechtel Corporation is the
architect-engineer for the FFTF, and
the Westinghouse Electric Corporation
is the prime contractor for reactor
design. The following description
represents a preliminary conceptual
design of the FFTF prepared by PNL.

The reactor heat transport system
provides cooling for the reactor driver
fuel and reactor-vessel internal parts
other than closed~loop test fuels,

which are cooled by separate systems.
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The system transfers reactor thermal
power to a circulating liquid-sodium
coolant and waste heat from the so-
dium to an air-cooled heat dump.
Figures 1.25 and 1.26 illustrate the
process-flow arrangement.

The overall system is comprised of
four independent, parallel cooling
circuits of equal power-handling
capability. Each of the four circuits
is made up of a primary-system loop,
a secondary-system loop, and an air
heat dump. '

The system can provide a nominal
400 Mw(t) when any three of the four
cooling circuits are operating with
a reactor outlet sodium temperature
at 1100°F. For initial reactor op-
eration, the system capability is
400 Mw(t) when all four of the
cooling circuits are operating with
a reactor outlet sodium temperature
above approximately 865°F.

(a) Primary Sodium System

The primary sodium system cools the
driver fuel, reactor vessel, and
other internal parts of the reactor
vessel. Sodium circulated through the
four closed piping loops transports
the reactor heat to intermediate so-
dium-to-sodium heat exchangers. The
four loops have common flow paths
through the reactor vessel but are
otherwise independent in operation.
Each loop includes one pump and one
heat exchanger.

Heat is transferred from primary to
secondary sodium systems within the
intermediate heat exchangers. The
heat-exchanger tube bundles isolate
activated primary sodium from the
secondary system, and thus they serve
as barriers to prevent the transport
of radioactive sodium and fission
products out of the containment struc-
ture. This arrangement permits de-
sign flexibility for locating heat-
dump equipment outside the containment
structure in accessible unshielded
areas.

Centrifugal-type sodium pumps are

1
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Fig. 1.25 Reactor heat-transport
system.

located downstream of the heat ex-
changers. Variable-speed pump drives
adjust the sodium flow rate. The
pumps are equipped with auxiliary pony
motors to provide low-flow conditions
required during reactor refueling and
standby operation. Energized from the
plant emergency electric-power supply,
the pony motors provide backup cooling
if the normal power supply fails.

Pressure control of inert cover gas
above the free surfaces maintains sys-
tem operating pressure at the reactor-
vessel outlet. The sodium level with-
in the reactor vessel is fixed by an
overflow to a surge tank.

The relative elevation of reactor-
core and heat-exchanger thermal centers
establishes a driving head for natural-
convective sodium flow adequate for
reactor decay-heat cooling following
an emergency reactor shutdown.

All reactor-vessel nozzles are
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Fig. 1.26 Fast Flux Test Facility heat-transport-system arrangement.

located above the top of the core.
Siphon breaks are installed to prevent
the reactor sodium from draining below
the vessel nozzles if a pipe leaks.
Check valves in each pump discharge
line prevent sodium backflow following
a pump shutdown.

For minimum potential sodium leaks,
permanently installed valves are not
used for system gravity drain. Tem-
porary dip tubes installed through
openings located above normal reactor
sodium level are used to drain the
system.

Primary-system components, other
than pump-drive motors, are installed
in shielded vaults below the main op-
erating floor and adjacent to the re-

actor vault. Shielding is provided
between primary-system components and
habitable building areas. An inert-
gas atmosphere minimizes fire hazards
in the primary equipment vault.

The major primary-system components
are:

1. Primary sodium pumps and elec-
tric-motor-driven equipment.

2. Primary side of intermediate
heat exchangers.

3. Check valves for pump discharge.
. Piping.
. Pipe and equipment supports.
. Thermal insulation.
. System preheat equipment.
. Control and surveillance in-
strumentation.

0o~ OB
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(b) Secondary Sodium System

The secondary sodium system re-
ceives heat transferred from the pri-
mary side of the intermediate heat ex-
changers and transports the heat to
the air heat dumps. There are no so-
dium interconnections between the four
secondary system loops, and thus in-
dividual loops can be selectively op-
erated. Centrifugal pumps located in
the system cold-leg piping circulate
the sodium coolant.

Expansion tanks accommodate sodium
thermal expansion and establish the
required pump net positive suction
head for secondary pumps. System op-
erating pressure is maintained by
control of inert-gas makeup and vent
to the expansion tanks. Sodium pres-
sure at the intermediate heat exchangers
is maintained above the primary-system
pressure to avoid radioactive contami-
nation of secondary sodium if a heat-
exchanger tube leaks.

The physical arrangement of second-
ary-system components promotes natu-
ral-convective sodium flow adequate
for reactor decay-heat removal follow-
ing a reactor shutdown.

Other than the secondary sides of
the intermediate heat exchangers and
piping connections at the heat ex-
changers, secondary-system components
are located in accessible, unshielded
building areas outside the reactor-
system containment vessel. Piping
runs to the heat dumps are located
outdoors and above ground level.

The major secondary-system compo-
nents are:

1. Secondary sodium pumps and
electric-motor-driven equipment.

2. Secondary side of intermediate
heat exchangers.

3. Expansion tanks.

4., Valves as required for heat-
dump module isolation, sodium drain,
and vent.

5. Piping.

6. Pipe and equipment supports.

7. Thermal insulation.

8. System preheat equipment.
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9. Control and surveillance in-
strumentation.

(c) Heat-Dump System

The heat-dump system transfers heat
from secondary-system sodium to ambient
air. The heat dumps are the forced-
draft type, using motor~driven blowers
and fin-tube heat-exchanger coils.

The cooling rate is modulated over the
reactor-power range by controlling

air flow. Heated air is discharged
through exhaust stacks. Stack heights
are designed to promote natural draft
adequate for removing reactor decay
heat.

The heat-dump exchangers are lo-
cated in an outdoor area adjacent to
reactor-plant buildings.

The heat-dump components are:

1. Heat-exchanger fin-tube coil
sections.

2. Cooling air blowers and elec-
tric-motor drives.

3. Coil casings, ductwork, breech-
ing, and exhaust air stacks.

4. Structural supports.

5. Thermal insulation.

6. Preheat equipment.

7. Control and surveillance in-
strumentation.

(d) Inert-Gas Service System

Three inert gases are used in the
FFTF: argon, nitrogen, and helium.
Argon is used as a cover gas for low-
temperature liquid-metal systems, as
an atmosphere for irradiated-fuel-
handling cells, and as an alternate
cover gas for closed-loop primaries
and the fuel-handling machine. Nitro-
gen is used as an atmosphere in radio-
active-sodium equipment rooms, and
helium is used as a cover gas for high-
temperature liquid-metal systems.

(e) System Process Conditions

Table 1.8 lists the general system
design and performance conditions which
typify the design for operation using
advanced driver fuels. Operation with
three of the four available cooling
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TABLE 1.8 - Process Conditions for Ultimate Operation Using Three Cooling
Circuits [91] (Data given are for one of the three operating

circuits)

Power-handling capability

Sodium temperatures

133 Mw(t)/loop

Reactor-vessel outlet (IHX primary inlet) 1100°F

Reactor-vessel inlet (IHX primary outlet) 800°F

Heat-dump inlet (IHX secondary outlet) 975°F

Heat-dump outlet (IHX secondary inlet) 675°F
Air temperatures

Heat-dump inlet 100°F

Heat~dump outlet 500°F

Flow rate
Primary sodium
Secondary sodium
Heat-dump air

Reactor-vessel cover-gas pressure

Primary-system pressure loss

5.02 x 10° 1b/hr/loop
4,98 x 10°® 1b/hr/loop
4.42 x.10% 1b/hr/loop

< 10 in. H,O0

Reactor vessel 120 psi
Intermediate heat exchanger (shell side) 3 psi
Piping system 20 psi
Total pressure loss 143 psi
Secondary-system pressure loss :
Dump heat exchanger 16 psi
Intermediate heat exchanger (tube side) 2 psi
Piping system 66 psi
Total pressure loss 84 psi
Nominal pipe diameters (OD)
Primary
Reactor outlet to pump suction 24 in.
Pump discharge to reactor inlet 16 in.
Secondary 16 in.
Maximum pipe velocities
24 in. (primary) 9.3 ft/sec
16 in. (primary) 20.6 ft/sec

16 in. (secondary)

21.1 ft/sec

circuits and 400-Mw(t) total reactor
power generation is assumed.

[94-100] have been made on a 1000-Mw(e)
ceramic-fueled fast breeder reactor
cooled with liquid sodium. These
studies were focused on the reactor
and primary heat-removal systems and
represent the first phase in the

1-4.16 Design Studies of 1000-Mw(e)
Sodium-Cooled Fast Reactors
Five independent design studies
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USAEC's program to develop basic

fast breeder concepts for large com-
mercial power stations. The objectives
in the studies were to develop designs
that optimized fuel-cycle costs, ob-
tained attractive fuel-doubling times,
and permitted high-temperature steam
conditions at the turbine consistent
with safety requirements in fast re-
actors. The studies thus included
core physics and thermal-hydraulic
analysis, mechanical design features,
fuel-handling concepts, and fuel-cycle
economics.

Some of the design parameters of
each of the five designs are given in
Table 1.9. Also included are the
characteristics of Argonne National
Laboratory (ANL) 1000-Mw(e) design
study [101] and the Karlsruhe 1000-Mw(e)
study [102].

The design studies [103] are being
continued for the USAEC to obtain
information for reference designs of
1000-Mw(e) plants; they will identify
the research and development programs
required for the creation of such
plants. The design will be based on
estimates of the state of technology
by 1980, the effects of fuel costs,
the installed generating capacity and
growth rate of the power industry at
the time, efficient use of natural
resources, and public safety.

In addition to these USAEC-funded
studies, a number of utilities are
participating with reactor manufac-
turers in privately funded design
studies for LMFBR demonstration plants.
These studies are based on current
technology for plants in the range of
300 to 500 Mw(e) for operation in the
1970's.

1-4.17 10,000-Mw(t) Very Large Fast
Breeder Reactor (VLFBR) - Con-
ceptual Design

As part of the USAEC's desalting
program, a conceptual design study

[104] was performed by Argonne National

Laboratory with the aid of Westinghouse

Electric Corporation as a subcontractor
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to determine the feasibility of a
nuclear stream supply system utilizing
a very large sodium-cooled fast breeder
reactor. The design was concluded to
be feasible. Sodium-cooled fast
breeder reactor plants of 10,000 Mw(t)
size should be considered as being
evolutionary from nominal 2500-Mw(t)
commercial fast reactor designs.

Some salient features of the design
studied include an annular-type re-
actor with carbide fuel in the core,

a reactor outlet temperature of 1050°F,
and steam conditions of 2400 psia and
900°F with live-steam reheat to

660°F. Some of the plant data are
given in Table 1.10.

The design of the primary coolant
circuit is based on the loop concept,
in which all primary circuit equip-
ment is in individual complete loops.
Six primary and six secondary loops,
with the steam generators paired to
each of three turbine generators,
were selected for the conceptual de-
sign.

The primary system has been de-
signed with the following safety pro-
visions:

1. The entire radioactive primary
sodium system is housed in a spherical
steel containment building 240 ft in
diameter and 1 1/2 in. in thickness.

2. The primary sodium heat-trans-
port system has been designed so that
it is impossible to syphon the reactor
vessel and thus uncover the core.
Syphon breakers are placed in the re-
actor-vessel sodium-inlet annulus and
all reactor-vessel nozzles are brought
in at an elevation higher than the
core. Also, there are no drains in
the reactor vessel.

3. The reactor vessel is surround-
ed by a second vessel to contain so-
dium in the unlikely event of a sodium
leak in the reactor-vessel proper.

4. Reactor decay heat can be re-
moved by natural-convection flow of
sodium in the six main loops or by a
separate auxiliary sodium loop powered
by electromagnetic pumps or by both.
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TABLE 1.9 - Heat-Transport-System Design Parameters from 1000-Mw(e) Fast Reactor

Parameter Allis-Chalmers [95]

Combustion
Engineering [961

Atomics
International [99]

Electrical output,

Mw(e) 1000
Reactor thermal

power, Mw(t) 2500
Reactor outlet

temp., °F 1200
Reactor inlet

temp., °F 950
Reactor flow (total),

1b/hr 1.14 x 10°
No. of primary

loops 6
No. of primary

pumps 6
Primary pump flow

rate, gpm 50,000
Primary pipe size

(s), in. 36 and 30
Pipe material 316 S.S.
Secondary outlet

temp., °F 1140
Secondary inlet

temp., °F 650
Secondary flow

rate, lb/hr 0.58 x 10°
No. of secondary

loops 6
No. of secondary

pumps 6
Secondary pump flow

rate, gpm
Secondary pipe size
(s) in. 30

1000 1000

2500 2500

1075 1100

750 850

0.87 x 10° 1.136 x 108
5 6

5 6

36,300 50,000

32 and 30 36 and 30
304 S.S. 316 S.S.
985 1050

635 750

0.86 x 108 0.942 x 108
5 6

5 6

36,300 40,000

32 and 30 28

The auxiliary loop is placed lower
than the main sodium loops and is
double contained so that loss of so-
dium in the auxiliary loop and core
is virtually impossible.

Each primary-system loop has one heat
exchanger and one pump connected by 4-
ft-diameter piping. The loops are
connected symmetrically around the re-

actor vessel; the inlet nozzles are
staggered and are at a lower elevation
than the outlet nozzles. A seventh
piping loop (the auxiliary loop) is

to remove reactor decay heat in emer-
gency situations. Check valves in each
main loop and in the auxiliary loop
prevent flow reversal during pump
outages. A simplified flow diagram is
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Design Studies
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General Electric [97] Westinghouse [98]

Argonne National

Laboratory [101] Karlsruhe [102]

1000 1000 1000 1000
2500 2500 2510 2500

1100 1200 1000 1076

800 979 720 806

0.954 x 108 1.28 x 10° 1.01 x 108 1.04 x 108

6 2 6 2

6 4 6 4

37,500 80,000 3296 kg/sec

" 30 and 22 68-53 coaxial 30 and 24 67-75-87.7 coaxial
304 s.S. 300 series

1050 960 1040

720 665 680

0.86 x 10° 0.978 x 10° 0.781 x 10°

6 2 6 2

6

shown in Fig. 1.27.

Figures 1.28 and

1.29 depict primary-system layout and

design.

shell side of the intermediate heat
exchangers to the reactor vessel.
Flow in the reactor vessel leaves the

Primary sodium flows around the
circuit in the following manner.

inlet nozzles, passes down the annulus
bounded by the reactor vessel and core

From the outlet plenum in the reactor
vessel directly above the core, so-
dium flows by gravity to the pump in-
lets and is then pumped through the

barrel, and enters the high-pressure
and intermediate-pressure plenums
between the core-support grid plates.
The circuit is completed as the
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TABLE 1.10 - Reference VLFBR Plant Data

General data

Gross reactor power

Core power

Net plant output

Sodium reactor inlet temperature
Sodium reactor outlet temperature
Steam pressure at turbine throttle

Steam temperature at turbine throttle

Net plant heat rate

Number of primary loops
Number of steam generators
Number of turbine generators

Primary and secondary sodium systems

Primary
Sodium flow
Sodium temperature rise
Number of pumps
Flow per pump
Design total head
Nominal motor power
Pumping power

Intermediate heat exchanger
Number

Material

Area per exchanger

Primary inlet temperature
Primary outlet temperature
Secondary inlet temperature
Secondary outlet temperature
Type

Diameter

Height

Secondary
Sodium flow
Sodium temperature rise
Number of pumps
Flow per pump
Design total head
Nominal motor power

Steam generator

Number

Tube material

Area per exchanger
Steam flow

Feedwater temperature
Feedwater pressure
Steam outlet temperature
Steam outlet pressure
Type

Diameter

Length

10,000 Mw(t)
8200 Mw(t)
3880 Mw(e)
720°F
1050°F

2400 psia
900°F

8800 Btu/kw-hr
6

6

3

3.4 x 10°1b/hr

330°F

6

143,000 gpm at 1050°F
289 ft

10,000 hp

6.1 Mw(e)

6

316 S.S.

54,000 sq ft

1050°F

720°F

620°F

1000°F

Vertical shell and tube
14 ft

42 ft

3.0 x 10%1b/hr

380°F

6

113,000 gpm at 620°F
105 ft

3200 hp

6

Incoloy 800
75,000 sg ft
3.7 x 10"1b/hr
480°F

2600 psia
900°F

2450 psia

Once through, steam in tube
14 ft

50 ft
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Fig. 1.27
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One loop is shown.

sodium flows up through the core,
blanket, and reflector subassemblies
into the outlet plenum.

Free sodium surfaces exist in the
reactor vessel, the primary pump tanks,
and the reactor overflow tank. Gas
equalizer piping is connected between
all inert cover-gas volumes to main-
tain equal gas pressures throughout the
the system. The inert cover—-gas pres-
sure is to be maintained slightly below
that of the containment-building at-
mosphere to prevent radioactive con-
tamination of the primary-system con-
tainment atmosphere.

Primary piping is 304 stainless
steel with a 4-ft outside diameter and
1/2-in. wall thickness. The inter-
mediate heat exchangers and primary
pumps are fixed so that thermal expan-
sions are absorbed by the pipe loops.
No gate or globe valves are specified
for the 4-ft-diameter main piping.

All piping and equipment containing
sodium are provided with electric
heating to preheat the systems before
sodium charging, to keep the sodium
molten, and to maintain a specified
temperature level during reactor-re-

Simplified flow diagram for 10,000-Mw(t) sodium-cooled fast breeder
The system has six primary loops and six secondary

fueling periods. Tubular electric
resistance heaters, strapped to piping
and equipment surfaces, can raise and
maintain the systems at a temperature
corresponding to the steam-generator
saturation temperature of 660°F. This
minimizes downtime between standby

and start-up.

The six main primary sodium pumps
are electric-motor-driven, vertical-
shaft, centrifugal-type, free-surface
pumps with an oil-lubricated mechanical-
shaft seal. Lubricating sodium flows
up through the hydrostatic bearing
and into the upper pump tank, where
it is drained off by an overflow line
that terminates at the reactor vessel.
The pump casing is welded in and be-
comes part of the piping system.

The intermediate heat exchangers
are shell-and-tube units closed at the
top by tube sheets and semitoroidal
heads. This type of closure has
several advantages over the gasket-
closure shielding-plug head: The
possibility of leaking secondary so-
dium to the primary system is reduced
by elimination of the gasket, the
unit is simpler, and the shell side
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Fig. 1.28 Plan view of very large fast breeder reactor plant.

can be operated full of sodium so that
level control is not required.

The cover-gas system provides an
inert atmosphere over all sodium and
sodium-potassium surfaces to prevent
sodium oxidation. Argon gas was chosen
for the cover-gas atmosphere because
it is chemically inert to sodium,
readily available, and heavier than
air.

1-4.,18 Compact Reactor Primary Sys-
tems

The high heat-removal capability of
sodium and NaK, combined with their
relatively low vapor pressure in the
temperature range of interest, makes
these liquid metals suitable heat-
transfer media for compact nuclear re-
actors for such applications as space-
vehicle power. Because of the low
-sink temperature of space and conse-

quent coolant freezing considerations,

the low melting point of NaK (12°F for

the eutectic) makes this alloy prefer-

able to pure sodium in space power sys-
tems.

(a) SNAP-10A

SNAP-10A is a nuclear power unit
designed to produce a minimum of 500
watts of electric power for a period
of at least one year in a space en-
vironment. Figure 1.30 shows the
system thermodynamic cycle. Hot NaK
leaves the reactor at 1040°F. A d-c
Faraday conduction-type pump, composed
of a permanent magnet and an integral
thermoelectric power supply, causes
the NaK to flow through 40 parallel
stainless—-steel tubes that compose
the hot side of the combination radiator
converter. Power is generated when
heat passes through silicon-germanium
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Fig. 1.29 Very large fast breeder reactor plant layout.

thermoelectric elements mounted between
the NaK tubes and an aluminum radiator
that dissipates the waste heat to space.
The NaK reenters the reactor at 910°F.
The SNAP-10A system is reliable
partly because it has no moving parts
during operation. The pump and the
power—-conversion equipment are static
systems. The reactor control drums are
required to operate only while the re-
actor is being brought to power and
until equilibrium operating conditions
are established. Thereafter the reactor
power is controlled statically through
consumption of burnable poisons with
no movement of the control elements.

Figure 1.31 presents a cutaway view
of the SNAP-10A configuration. Table
1.11 lists the operating performance
of two SNAP-10A systems, the ground-
test system FS-3 and the flight-test
system FS-4.

The SNAP-10A reactor vessel is
manufactured of 316 stainless steel.
The thickness of the vessel shell ranges
from 0.032 in. in the side walls in the
core region to 0.125 in. in the top-
head and lower-plenum regions.

Bellows-type expansion compensators
allow for density changes of the NaK
in the closed loop. The spring con-
stant of the bellows plus an external
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130°F

Fig. 1.30 Thermodynamic cycle of SNAP-10A.

spring mounted on the compensator pro-
vide a system pressure high enough to
prevent cavitation in the pump.

(b) SNAP-8

The SNAP-8 reactor is a larger, more
powerful, and more sophisticated version
of the SNAP-10A reactor. Figure 1.32
shows the flow and temperature condi-
tions in the SNAP-8 system. The pri-
mary loop circulates NakK-78 at 49,000
1b/hr; the coolant temperature at the

reactor exit is approximately 1300°F.
The SNAP-8 is a turboelectric nu-

clear space power system using a mercury
Rankine cycle. It is being developed
jointly by the National Aeronautics and
Space Administration and the USAEC

to produce a minimum of 35 kw of elec-

PUMP
FLOW

AP

THERMAL POWER

AV, RADIATOR TEMP.

1033°F

14.5 gpm
1.3 psi
1000 watts
590°F

POWER-CONVERSION SYSTEM

ELECTRICAL POWER 580 watts
AV, HOT-JUNCTION TEMP.,  940°F
AV. RADIATOR TEMP, 640°F
EFFICIENCY, CONVERSION  1.43%

VOLTAGE 30.1

tric power, to have high reliability,
and to be capable of unattended full
power operation for 10,000 hr. NakK is
used as the heat-transfer medium in the
reactor primary loop as well as in the
heat-rejection loop, which transfers
waste heat from the mercury condenser td
the radiators for dissipation by thermal
radiation to the space environment.

The SNAP-8 reactor core vessel is a
9.4~in,~-diameter cylinder of 316 stain-
less steel. Hastelloy alloy C is used
for the lower grid plate in the core,
and stainless steel is used for the
upper grid plate. The selection of
grid-plate materials was based on con-
siderations of the effect of thermal ex-+
pansion on the delayed and prompt nega-
tive temperature coefficients of
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Fig. 1.31 SNAP-10A configuration.

reactivity.

The SNAP-8 reactor operating para-
meters are listed in Table 1.12,

Reliable NaK containment is achieved
by (1) a design that minimizes weld
footage, permits no core-vessel pen-
etrations for thermocouples, and is
analyzed for both static and dynamic
stress loads; (2) careful welding and
thorough inspection techniques cover-
ing fabrication and procurement of
piping; and (3) reactor acceptance
testing, which includes low-level shock
and vibration, long-term circulation of
hot NaK, and thermal cycles.

REACTOR

SHIELD .

STRUCTURE AND RING STIFFENERS

LOWER NaK MANIFOLD

INSTRUMENTATION COMPARTMENT

The SNAP-8 system contains two NakK
pump-motor assemblies, one in the re-
actor loop and the other in the heat-
rejection loop. The pump-motor assem-—
blies are self-contained hermetically
sealed units incorporating on a single
shaft a centrifugal pump, a hermetically
sealed drive motor, an internal coolant-
lubricant circulating pump, and NaK-
lubricated bearings. The NaK coolant-
lubricant circuit for the pump-motor
assemblies has its own filtering and
heat-exchanger (to organic fluid)
circuit, independent of the process
pumping circuit [107].
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TABLE 1.11 - SNAP-10A Actual Performance [105]

System FsS-3 FS-4
Type of operation Ground-test simulated space Earth orbit
environment
Date initially oper- Jan. 22, 1965 Apr. 3, 1965
ated
Launch environment Ground-qualification-level Atlas-Agena
tests
Remote start-up Via ground test console Via spacecraft telemetry
on ground command
Initial stabilized 634 watts* 590 watts
power
Date of termination Mar. 15, 1966 May 16, 1965
of operation
Cause of termination Successful completion of Believed to be failure of
scheduled 10,000-hr voltage regulator in
test program spacecraft
Elapsed operating 417 days 43 days
time
Power before termin- 537 wattsT 530 watts
ation

*Corrected for space conditions.

TAfter reactor temperature adjustment to compensate for hydrogen leakage from
fuel elements.

TABLE 1.12 - SNAP-8 Reactor Operating Parameters [106]

Thermal power, kw 600

Coolant outlet temperature, °F 1300
Coolant inlet temperature, °F 1100
Coolant flow rate, lb/sec 13.6
Coolant pressure, psia 45

Coolant pressure drop, psi N4
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Fig. 1.32 SNAP-8 electric generating system

1-5 EXPERIMENTAL SODIUM LOOPS

The development of heat-transport
systems utilizing sodium requires ex-
tensive testing and development in
such areas as heat transfer, effects
on materials, and component evaluation.
Numerous loops have been built for
investigating heat and mass transfer;
a few very large loops have been and
are being built for testing and
developing pumps, heat exchangers, and
steam generators for large sodium-
cooled reactor systems.

1-5.1 Sodium Technology Facilities
in the United States
Tables 1.13 to 1.27 represeant a

compilation of sodium technology
facilities in the United States as
of 1968. A majority of these tables
were prepared by the LMFBR program
office at Argonne National Labora-
tory and include facilities that

are in operation, in standby, under
construction, under design, or moth-
balled (i.e., partly disassembled
but with main components intact).
Some facilities that could be con-
verted to use with sodium are
included even though they were not
specifically designed for sodium.
1-5.2 Component Test Loops

A number of facilities have been
used for developing and testing sodium
pumps, heat exchangers, and steam gen-
erators. Facilities that are designed
to test components for projected large
sodium-cooled fast reactor systems
are themselves multimegawatt instal-
lations. Four of these facilities are
described in a paper by Morabito and
Savage [108], which is quoted exten-
sively in the following text.

The four facilities discussed in
this paper are: (1) the 10-Mw(t) test
loop at Cadarache, France; (2) the
5-Mw(t) Grand Quevilly Station near

(Text continues on page 98.)




TABLE 1.13 - Sodium Technology Facilities at Aerojet-General Corporation

9L

Facility Construction Power Temp., Pressure, Flow, Instrumentation and/or R K
designation material level,  °F psig 1b/hr special features emarks
kw
Power Con- Primarily 720 To Primary Primary Cold trap, plugging Three-fluid four-
version 316 S.S. 1425 NaK:50 Nak: meters; manual and loop facility for
System 50,000 automatic flow and Rankine cycle sys-
Loop 1 power control; ex- tem and component
(PCs-1) tensive data acqui- testing
sition system
Liquid NaK  Primarily 27 1320 100 60,000 Cold trap, plugging Endurance test
Loop 3 316 S.S. (NaK) meters; fail-safe facility for Nak
(LNL-3) automatic shut- component develop-
down system ment

Liquid 316 S.S. 7 600 500 15,000 Fail-safe automatic Used for testing
Mercury (Hg) shutdown system; components of
Loop 5 can simulate space SNAP-8 Hg system
(LML-5) vacuum conditions

Mercury CL-1 and -2, Boiling-Hg corro-
Corrosion Haynes 25; sion studies
Loops CL-3, 9 Cr-

(CL-1 1 Mo

through

CL-4)

Seventh- 1300 1,650(Hg); 1/7-scale SNAP-8
Scale 6,800 system loop to
Loop (NaK) study Hg boiler

heat-transfer
effects

IV 13 ¥E1av
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TABLE 1.14 - Sodium Technology Facilities at Argonne National Laboratory

77

Facility Construction Na temp., Pressure Na flow Instrumentation and/or Remarks
designation material °F special features

FARET Simulation 304 S.S. 1200 100 psig 380 gpm Temperature, flow and For fuel-subassembly

Loop (4 and {isothermal) AP indicators hydraulic-stability
5 in.) teats
Loop (2 in.) 304 S.S. 1200 to 1700 5 psig 25 gpm  Temperature, flow, and For plugging-meter and
AP indicators metallurgical-sample
tests at high tem—
perature

Quality control 304 S.S. 900 15 psig 15 gpm Blake meter, United Used for comparative

Nuclear Corp. oxygen studies on oxygen—
meter, and distilla- analysis devices
tion sampler

EBR-11 304 s.s. 560 to 900

EBR-II Sodium Carbon steel 650 to 900 5 psig Cold traps and quality- 5000-gal capacity

Storage Tank internally control loop mounted
lined with on tank
1/4—in.
304 S.S.
Components Test 304 S.S. 1200 100 psig 150 gpm Na surge tank, EM pump, Test section, 4 by 48
Loop (4 in,) (isothermal) Freeze-seal valve, in. long; sufficient
cold trap, Calrod size and flexibility
heater; modulator con- for many experiments
struction permits in-
stallation of instru-
ments and components
Two—-Phase Heat~ 304 S.S. 1600 8 psia 5 ft/sec Temperature, flow and For flow studies with
Transfer Stand- AP indicators fitted boiling sodium, 10°
by Loop (3/16 with y-scanner and Btu/(hr)(sq ft)
in. diameter) test section for meas-
uring two-phase com—
position

Loop Nb-1% Zr 2100 Vacuum Electron bombardment For boiling-heat trans-

heater fer studies

Small TREAT Na 304 S.S. 2900 (wmax.) A26 ft/sec 4-in.-square test sec— Used in fuel-meltdown

Closed Loop tion holds up to studies; could possibly

(5/8 1in.) seven EBR-2 fuel gins; be used in fission-
maximum flux, ~10!¢ product distribution
neutrons/cm?/sec

Large TREAT Na 304 s.S. 935 (steady- 50 psig 150 gpm -Cold trap,by-pass flow, Designed for safety

Loop (3 in.) state, two level tanks recir- studies; could possibly
electrical culating and through be used in fission-
heating) flow, and gas scrubber product-distribution
2900 (max.) train studies

Autoclave with 304 S.S. > 1200 Ambient 2 gpm Removable dry box over

Small Pump test section, (40 ppm

Loop (1 in.) oxygen)

Electromagnetic 304 s.S. 1200 50 psig 300 gpm Temperature and level For flow measurement

Flowmeter Cali- indicators and forced-

bration Facil- circulation pump

ity Operation

(1/4 to 4 in.)

Tantalum Still Tantalum For Na distillation to
purify it of metallic
impurities, followed by
Zr gettering

Falex Wear-Test 304 and 900 to 1200 Ambient Permits all electrical For wear testing of

Devices in 316 S.S. readout of wear, wear reactor materials

Sodium Pots rates, torque, etc.

Sodium Analytical 304 S.S. 600 Resistance meter Three 1/2-in. loops con—

Loop United Nuclear Corp. nected to common Na

oxygen meter supply; for evaluation
of in-line instruments
and sampling techniques

Boiling Sodium Nb-1% Zr 2100 ~ 100 Thermal radiation- Bolling Na studies, heat

Test Facility heated boiler, radi-  flux to 10° Btu/(hr)

ating coil condenser, (sq ft)
EM helical induction
pump and EM flowmeter
Component and 304 S.S. 1200 184 gpm 02 and H,0 monitors, For testing of materials

Materials
Evaluation
Loop (CAMEL)

cold trap, plugging
meter, Falex wear
tester and Na dis-
tillation sampler

and components




TABLE 1.15 - Sodium Technology Facilities at Atomic Power Development Associates

Facility Construction Power Na temp., Pressure, Na flow Instrumentation and/or Remarks
designation material level, °F psig special features
kw
High~tem- S.S. 1100 50 10 gpm  EM pump, 58 by 2-in.-diameter paste- To test two-phase AP's,
perature flow test section, 3 pressure particle mobility and
Sodium- transducers, 2 temp. recorders, Fe-~ attrition, and to compare
Uranium constantin thermocouples, 11 mag- performance in connection
Paste Flow netic flowmeters, level indicators, with mobile fuel (paste)
Loop (1/2 rhometers, 5 micrometallic filters; programs; consists of a
in. dia- Na vapor trap, cold trap, Zr hot- Na loop and a paste loop
meter) trap plugging meter, hydroclones
and radiation gauge
Sodium En- S.S. 50 1000 147 300 gpm Cold trap and in-place vacuum dis- Can accommodate 2 complete
durance tillation for removal of sodium Fermi-sized subassemblies,
Loop from components about 96 in. long, in an
(4 in.) 8-in.-diameter test sec-
tion; primarily a com—
ponent-endurance test loop
Sodium 304 s.S. 1000 7.5 gpm 1- and 4-in. interconnected loops, To investigate Na systems,
Technology max. plugging meter, 3 resistivity including development and
Loop meters, United Nuclear Corp. meter evaluation of in-line
with 4 cells, 2 sampling stations instruments
and hydroclone
Sodium Puri-~- 304 S.S. Ambient Slightly Filter cascade; unit consists of To remove total impurities
fication to 750 >15 to 3 tanks, 2 condensers, and a to the 1- to 10-ppm
System (operat- high filter (5-u micrometallic) range
ing) to vacuum
1000 11/2
(max.) hr (pro-
duct)
Hydrogen Will employ analytical instrumen- To investigate continuous
Detector tation H; detection
Loop
Sodium-Water Test materials: 600°F 1.5 to Test unit 3 ft in diameter by Consists of 5 main systems:
Leak 2 1/4 Cr-1 Mo (re- 3.0 16 ft long: water leak rate, 1. Sodium
Facility 5 Cr-1 Mo action ft/sec 4 cm®/min to 75 cm®/sec 2, Circulating water
316 S.sS. water 3. Reaction water
304 Ss.S. temp.) 4. Reaction products

5. Nitrogen cover -gas

8L
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TABLE 1.16 - Sodium Technology Facilities at Atomics International (Including Liquid Metal Engineering Center)

Na temp., °F

Na flow

Instrumentation and/or
special features

Remarks

Facility Construction Power
designation material level
Ultrapure Na 304 S.S. except
Preparation for tantalum
reflux con-
denser

Sodium Test 304 and 316 1.5 by 10°

Loop S.S. Btu/(hr)
(sq ft)

Large Com- 6-in. loop, 275 kw
ponent Test 2 1/4 Cr-1 Mo;
Loop (LCTL) 3~in. loop,

304 s.S.

Systems Qual- 304 S.S.
ity Sodium
Loop (1 in.)

Sodium Com- 304 S.S. 35 Mw(t)
ponent Test (furnace)
Installa- 30 Mw (IHX)
tion
(SCTI)

(10 in.)

Sodium Pump
Test
Facility
(SPTF)

Sodium Re- S.S. 30 Mw(t)
actor Ex-
periment
(SRE)

Pump Test 304 S.S.

Loop

500 (isothermal)

1200 (isothermal);
1400 (potential)

1000 (6 in.)
(isothermal);
1200 (3 in.)
(isothermal)

600 (isothermal)

900 to 1300 (pri-
mary) 1175 (max.)
(secondary) ;

1100 (max.)
(generator steam
at 2400 psi)

1250 (max.)

1200

1000 (max.)

(v 20 ft/sec)

1200 (6 in.);
2000 (3 in.);
130 (3 in.)

10 gpm

3600 gpm

1500 gpm
(primary)

2200 gpm

Gettered

Plugging meter and
cold trap

Cold trap and plugging
meter

Cold trap, plugging
meter, United Nuclear
Corp. meter, and hot
trap (S.S.)

Cold trap, plugging
meter, and sampling
station

Carbon-removal hot
traps, sodium-oxide-
removal cold: traps,
and plugging meter

Contains two 12-in.
loops

Consists of Ta still, re-
flux condenser, S.S. ex-
truder, and vacuum handl-
ing equipment

High-heat-flux loop

Contains 15,000 gal of
sodium

Consists of gas-fired
furnace, IHX (900 to
1200°F), steam generator,
primary and secondary Na
loops, and feedwater/
steam loop

Either 30-or 42-in. pipe
to have capacity for two
60,000-gpm loops

If put into operation, Na
is in such condition that
effect of carbon on ma-
terials could be deter-
mined

For testing 12-to 1l4-in.
Na pumps under nonradio-
active operating condi-
tions

6L




TABLE 1.17 - Sodium Technology Facilities at Babcock and

Wilcox Company

Facility Construction Power Na temp., Na flow Instrumentation and/ R .

. o emarxs
designation material level F or special features

Na-Heated Evaporator, 140 Enter 25 gpm Zr hot trap, cold trap, Single-tube, once-through
Steam Gen- 2 1/4 Cr- kw super- plugging meter, and heat-transfer and fluid-
erator 1 Mo; heater at Na sampler flow mock-up; Hy0 enters
Mock~up Super- 1140; evaporator at 530°F; H,0
(11/4 heater, enter enters superheater at
in.) 316 S.S. evaporator 1015°F; steam produced,

' at 750 1050°F, 2450 psi
(max.
temp., to
1200)

Natural 2 1/4 Cx- 10 1200 (de- 0.25 gpm Cold trap, plugging Designed to study the ef-
Circulation 1 Mo; kw sign) indicator, and Na fects of velocity on
Loop 316 S.S. sampler carbon transfer
(3/4 in.)

Large Size 304 S.S. 1350 15 to 40 To be designed for For fuel-element and
Loop ft/sec full flow drive-line (control-rod

system) testing

08



TABLE 1.18 - Sodium Technology Facilities at Brookhaven National Laboratory

Facility Construction Power Na temp., Na flow, Instrumentation and/or Remarks
designation material level °F gpm special features
13 Thermal 1 v-20 Ti; 1400 Hot or cold traps To be used in fast-reactor-materials
Circula- six 316 (max.); corrosion program
tion S.S.; five 910
Loops 321 S.S.; (min.)
1 Haynes
25
2 Pumped 321 s.s. 40 kw 1500 6 Hot trap, cold trap, oxide meter, Figure "8" design with regenerative
Corrosion (max.) plugging meter, and bypass and heat; to test corrosion of re-
Loops bucket for analysis by distilla-  fractory metal and cobalt alloys;
(1 in.) tion and Hg amalgamation-I?R AT, 500°F
heating of test section, dry box
attached to loop
High Heat 304 S.S. 20 to 40 1500 12 Same as for corrosion loops To test corrosion of refractory
Flux Loop (tenta- kw, 1 x (max.) metal and cobalt alloys under high
(1 in.) tive) 10® Btu/ sur- heat flux
(hr) (sq face
ft) (el- temp.;
ectron- 1200
beam- bulk
heated Na
speci- temp.
mens)
Analytical 304 S.S. 1200 Bypass, bucket, distillation, Develop sampling procedure; oxide
Loop or 316 (isother- etc.; dry box meter, Na sample source
(1/2 in.) S.S. mal)
Sodium Heat 316 S.S. 40 kw 1600 40 Hot trap, cold trap, oxide meter, Forced convection, forced-convection
Transfer (max.) plugging meter, and bypass boiling inception, natural-convec-
Loop sampler tion boiling inception, and steady

boiling modes available

18
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TABLE 1.19 - Sodium Technology Facilities at

Loop Title Construction Power Na temp.
No. material level, kw (max.), °F
1 High Flux Heaters 316 S.S. 25 1470
2 Mass Transfer 316 S.S.;
2-1/4 Cr-1 Mo 25 1300
3 Mass Transfer Hot leg, 316 S.S. 25 1300
cold leg,
2-1/4 Cr-1 Mo
4 Stress Rupture 316 and 304 S.S. 25 1300
5R Stress Rupture 316 and 304 S.S 25 1300
6R Cyclic Stress 316 and 304 S.S. 25 1300
7 Multipurpose Tests 304 S.s. 10 1200
8 Mass Transfer 316 and 304 S.S. 100 1300
9 Corrosion Mock-Up 316 and 304 S.S. 100 1300

Large Reactor System
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General Electric Advanced Products Operation

83

Na flow, Preﬁsure, Special equipment Remarks
gpm psi
3 60 Corrosion sample Test of heaters for 10°
holders, plugging in- Btu/(hr) (sq ft) service
dicator, cold trap, and
induction heaters
3 80 Plugging indicator, cold Operated 30,000 hr in
trap, and 25-kw cooler replicate corrosion pro-
gram
3 80 Plugging indicator, cold Operated 30,000 hr in
trap, and 25-kw cooler replicate corrosion pro-
gram
10 50 Plugging indicator, cold Long-term creep tests
trap, and 6000-psi
argon system
10 50 Plugging indicator, cold Sealed pressurized cap-
trap, Na sampler, econ- sules operated at different
omizer, and 500°F AT pressure for stress-rupture
data
10 50 Plugging indicator, cold Pressure cycling between
trap, economizer, and 3000 and 6000 psi by argon
S500°F AT system; cover gas, helium
10 10 Cold trap, plugging in- Useful for various tests
dicator, valve manifold, or simultaneously
visual sodium test pot,
static pot mechanism
test, and vessel-cover
seal test
6 60 Plugging compound collec- 450 corrosion samples in
tor, plugging indicator, parameter study (velocity,
cold trap, 1300-cm® sam- length-to-diameter ratio, gpm)
pler, and 100-kw air
cooler
6 60 Plugging indicator, cold Design for modification in

trap, and 100-kw air
cooler

progress to add 1400°F test
section at 10° Btu/(hr)(sq ft)

(Table continues on next page.)
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TABLE 1.19 - (Continued)
Loop Title Construction Power Na temp.
No. material level, kw (max.), °F
10 Main Sodium Service 304 S.S. 50 1000

and Supply System
11 Heat Transfer and 304 S.5.3 200 1300

Fluid Flow Loop 2-1/4 Cr-1 Mo
12 Thermal Shock Loop 304 and 316 S.S. 15 1400
13 Sodium-Water Re- 316 S.S. 60 1200 Na;

action System 550 H,0
14 Sodium Disposal and Steel and concrete

Cleaning Station
15 SEFOR Refueling Cell Various

Mock-Up
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TABLE 1.19 - (Continued)

85

Na flow,
gpm

Pressure,
psi

Special equipment

Remarks

10

80

100-gpm
transient

10

10

30

50

10 Na;
3000 H,0

4-ft-diameter reactor
mock-~up vessel, 750-
gal storage tank,

micrometallic filter,

plugging indicator, cold
trap, valve manifold and

distribution system

100-kw air cooler

and two test sec-
tions for flow or heat
transfer, 10 ft tall

Timed gas pressuriz-
ation and oscillograph

Deionizer, feed pump,
accumulator, and steam-
generator reaction
assembly

100-cfm water centri-
fugal fume scrubber,
and remote nozzles for
water stream, water
spray, and steam

Crane, viewing windows,
8000-cu ft argon cell
recirculating argon
system, and master-
slave manipulator

Supplies sodium to several
loops and SEFOR refueling
cell

Used for full-scale SEFOR
fuel-assembly flow test
and heat-transfer test

Can produce 500°F AT ther-
mal transient in less than
1 sec in a 6-in.-diameter
test section

To be used in investigation
of small leaks

General-purpose cleaning
and disposal work

Full~-scale refueling sys-—
tem for SEFOR




TABLE 1.20 - Sodium Technology Facilities at General Electric Nuclear Systems

Programs Department

98

Facility Construction Purity Temp., Flow,
disignation material Fluid control °F gpm Types of test Remarks
50-kw Condensing 316 S.S. Primary: K Cold trap and 1600 10 Heat transfer and K condensing experiments
Heat Transfer Secondary: 02 hot trap components with heat flux to 300,000
Facility Na Btu/(hr) (sq ft)
100~kw Boiling Nb-1 Zr Primary: Na  Cold trap 2100 10 Heat transfer and Boiling experiments with
K Heat Trans- Secondary: components heat flux up to 225,000
fer Facility K Btu/(hr)(sq ft)
300-kw Two-fluid Haynes 25 Primary: Na  Cold trap and Primary: 1850 500 Heat transfer and Converted to NaK-Hg for
Heat Transfer alloy Secondary: hot trap Secondary: components SNAP-8 testing
Facility K 1500
3000-kw K Tur- 316 S.S. K Hot trap 1600 50 Components Single closed-loop Rankine
bine Test cycle system
Facility
Two-Phase Nb-1 Zr Primary: Na Cold trap and Primary: 2150 10 Corrosion, instru-
Corrosion Loop Secondary: hot trap Secondary: ments, coolant
K 2000 purity, and com-
\ ponents
Advanced Ma- T-111%* Primary: Li 2150 10 Corrosion, instru-
terial Test or Na; Sec- ments, coolant
Loop ondary: K purity, and com-
ponents
Electromagnetic 316 and Na, K, NaK Hot trap 1500 50 Components
Pump Test 321 s.S.
Loop
Bearing and 316 S.S. K, Na Hot trap 1400 10 Components and
Seal Test materials
Loop
Bearing Friction 316 S.S., K, Na Hot trap 1600 10 Materials
and Wear Test Nb-1 Zr
Loop liner
Boiler Develop- T-111* and Li, Na, K, Hot trap and 500 Two-phase heat trans-
ment Loop 321 s.S. NaK cold trap fer and components
2600°K Lith- T-111% Li, Na 10 Materials
ium Loop
Valve Test T-111% and Li, Na 10 Components
Loop Nb-1 Zr

*Tantalum alloy.

*IV 14 ¥dIav




TABLE 1.21 ~ Sodium Technology Facilities at Geoscience Limited Laboratory
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Facility Construction Temp. , Na flow Pres- Instrumentation and/or R K
designation material °F gph ft/sec sure, special features emarks
psig
Forced-circu- Haynes 25 1750 6.0 25 250 System is completely Single or multiple
lation boil- alloy mobile for safety tube, I?R heated
ing potassium purposes system for precise
system No. 1 heat-transfer-con-
ductance measure-
ments
Forced-circu- Haynes 25 1750 60.0 200 250 Optical port available Single tube, I*R
lation boil- alloy and for boiling-mercury- heated system for
ing potassium 316 S.S. droplet distribution known vapor qual-
and mercury photography ities
Liquid-metal- Any metal 3000+ to 100 Interchangeable test Droplet vaporization
droplet vapor- can be surfaces, environ- lifetime measureable
ization re- used mental gas control, as a function of all

search system

vapor pressure and
temperature control,
and surface physics
and chemistry control

important environ-
mental parameters

L8
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TABLE 1.22 - Sodium Technology Facilities at Los Alamos Scientific Laboratory

ADLER ET AL.

Title Construction Power Na temp. Na flow, Pres- Special Remarks
material level, (max.), gpm sure, equipment
kw °F psig

10 Thermal Con- 321 S.S. 1.5 1380 (Thermal 6 Hot trap Test of materials in
vection Com-~ convec— hot-trapped sodium;
patibility tion, 2 gal Na; AT, ~ 10°F
Test Loops low) or less
(4 1in.)

Hot Trap Eval- 316 S.S.; 5 1300 1 5 Plugging indicator, dis- To test hot-trap mater-
uation Loop some 321 tillation sampler, hot ials; 15 gal Na; AT,
(1/2 in.) s.S. trap, and cold trap 360°F in test section

: and 900°F in system

Steam Gener- Carbon steel 20 615 8 10 Rhometer, vacuum distil- Originally to give Na
ator Trap storage lation, oxygen sampler, supply, now used for
1 in.) tank; pip- oxygen—-meter housing, oxygen-meter tests, rho-

ing, 304 and cold trap meter test, isothermal
S.S. in main flow, 600 gal Na

Fission Pro- 316 and 321 1 1200 0.7 15 Hot trap, cold trap, Study fission-product be~
duct Loop S.S. carbon bed, S.S. and havior, distribution,
(1/2 in.- Ni surface collectors, and trapping; 0.5 gal Na;
11/2 4n.) and dip sampling AT, 810°F maximum, iso-

thermal in test section

Open Capsule 316 and 321 1.5 1300 0.7 15 Hot trap-2 fuel-test OQut-of-pile fuel-venting
Loop (1/2 in.- S.S. legs; 1 material- experiment, isothermal,
11/2 in.) test leg 0.5 gal Na

Cold Trap Ex- 304 s.S. 15 615 opt. 1 15 Plugging indicator, NaK Cold-trap design studies;
perimental 1100 coolant circuit, 02 AT, 360°F or more; 60
Loop (1 in.- max. meter, distillation gal Na
1/2 in.) sampler, impurity addi-

tion system, and cold
trap

Forced Convec- 321 S.S. 3 1380 1-2 6 Distillation sampler and Materials-compatibility
tion Na Loops Zr hot trap studies in (Pu,U) C pro-
(4 in.) gram; 4 gal Na, iso-

thermal

Analytical 304 and 316 6 840 2.5 3 Distillation sampler, To determine solubility
Loop No. 1 S.8. cold trap, plugging of 0, in Na. Evaluate
(3/4 1in.) valve, and chromato- analytical techniques;

graph AT, 270°F; 8 gal Na

Analytical 304 and 316 10 1020 5 3 Cold trap, hot trap, emf Evaluate analytical
Loop No. 2 5.S. cell, distillation techniques, system get-
(3/4 in.) sampler, resistivity tering, hot trapping,

cell, and chromatograph and cold trapping; AT,
270°F; 50 gal Na

Forced Convec- 304 S.S. 14 1380 2 1l to 2 Zr hot trap, distilla- Compatibility testing
tion Temp. tion sampler and of materials that will
Gradient sample-removal equip- contain carbide fuels;
-Loop (3 imn.) ment AT, 630°F in 18 in.;

3 gal Na

Na Supply 304 S.S. 5 1200 to 0.2 15 Inert glove box, dis- Supply of Na at 8 + 3 O,
Loop (3/4 1300 tillation sampler, < 15C; < 10H; < 3N
in.-5 in.) . capsule loader, and Zr (ppm); AT, 540°F;

hot trap

3 gal Na




TABLE 1.23 - Sodium Technology Facilities at MSA Research Corporation
Facility Construc- Power Na temp., Pres—- Na flow, Instrumentation and/or
" designation tion level °F sure, gpm special features Remarks
material or heat psig
flux,kw
Heat Trans- 316 S.S. 3000 1200 at 225 Primary NaK loop, Used to test prototype
fer System 3 Mw; secondary Na loop, and steam generators
(3 in.) 1500 at water-steam loop
1 Mw;
1600 at
0.8 Mw
2 Mechani- 316 S.S. 1200 N25(71 Cold trap and plug- Contain seven test
cal Prop- (iso- ft/sec) ging meter stations
erty Test thermal)
Systems to be
(1 in.) raised
to 1400
Mechanical 316 S.S. 1400 100 Cold trap, plugging AT, 50 to 150°F, will
Property (15 to meter, Zr-Ti hot contain provision
Test Sys- 30 ft/  trap, in-stream sam- for 10 creep or creep-
tem (1 sec pler, and bypass rupture test units
1/2 in.) across samp]_er
test
speci-
men)
Pump Devel- 316 S.S. 1600 60 500 to EM flowmeter, Venturi
opment 1000 meter, throttling
Test Loop valve, and cold trap
(4 in.)
Pump Devel- 316 S.S. 1600 100 200 EM flowmeter
opment
Test Loop
(2 in.)

68
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TABLE 1.24 - Sodium Technology Facilities at Oak Ridge National Laboratory

Facilitv designation Construction Power Liquid-metal
y g material level, kw temp., °F

Boiling potassium 313 s.S. 3 41/2 1600
natural-circulation
loop facility (1/2 and
4 in.)

Boiling Potassium Nb-1 Zr 6.1 2200
Natural-Circulation
Loop Facility No. 1
(3/8 and 1/2 in.)

Lithium Thermal Con- Nb and Ta 2 2000 to 2400
vention Loop Facility alloys
(7/8 in.)

Molecular-Distillation 16 (max.)
still

Intermediate Potassium 304 and 316 360 1540
System S.S.

Small Potassium System 304 and 316 35 1540

No. 1 S.S.

Small Potassium System 316 S.S. 35 1540

No. 2

Vacuum test facility D-43 15 2200
(General Electric)

Vacuum test facility Cb-1 Zr 10 2000

(Stokes)




TABLE 1.24 (Continued)
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Liquid-metal

Instrumentation and/or special

flow, gpm features Remarks

180 Vacuum chamber, 36 in. in di- Used to provide a vacuum

(max.) ameter by 50 in. in height; environment for high-
pump, 500 liters/sec Ti sub- temperature natural-
limation pump; chamber pres- circulation test loops
sure, 1 x 10~!'! torr (cold of liquid or boiling
and empty) alkali metals

0.06 Vacuum chamber, 2 by 2 by 4 ft; Used for refractory-
pumps, two 280 liters/sec metal, boiling-loop
getter ion; chamber pressure, corrosion
2 x 1078 torr

0.3 Vacuum chamber, 18 in. in di- Used for loop and capsule

8 1/2 gpm con-
densate flow

144 1b/hr con-
densate flow

144 1b/hr con-
densate flow

40 1b/hr con-
densate flow

40 1b/hr con-
densate flow

ameter by 34 in. in height;
pump, 400 liters/sec ion;
chamber pressure, 108 to
107 1° torr

Condenser, 12 by 24 in.;
environment, 10~° torr,
xylene-cooled

Variable electric power
supply and air-cooled heat
sink

Variable electric power
supply and air-cooled heat
sink

Same as No. 1 except test
loop contained in an
electrically heated oven

Chamber, 4 ft in diameter
by 10 ft in height; two
1500 liters/sec ion and
four 5000 liters/sec sub-
limation pumps rated
5 x 107*2 torr cold

Chamber, 4 ft in diameter by 10
ft in height; two diffusion
and one mechanical pump and a
large liquid N» trap achieved
5 % 1078 torr during hot test

studies of refractory
metals in contact with
alkali metals.

Temp., 200 to 250°F

To permit purification of
alkalis by molecular vac-
uum distillation; esti-
mated capacity, 225 g/min
(max.)

Available. Conveniently
modifiable for tests of
simulated reactor cores,
heat exchangers, and
for topping cycle
tests

Being used to measure
burnout heat flux with
boiling potassium. Sched-~
uled for improvement
tests for once-through
potassium boilers.
Available.

Presently on endurance
test of liquid-metal
system and components.
Available.

Scheduled for two tests
of 3000-hr duration.
Available.

Has completed 2000 hr of
a 3000-hr compatibility
test. Scheduled for use
filling LiF capsules
next. Available.

(Table continues on pages 92-93.)
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TABLE 1.24 (Continued)

ADLER ET AL.

s . . Construction Power Liquid-metal
Facility designation material level, kw temp., °F
Forced Circulation 316 S.S. 7.5 1600 (max.)

Boiling Potassium

System
NaK Corrosion 316 S.S.; 15 1450

Facility Hastelloy N;

Croloy-9M

Test Facility for 304 8.S. 600 for meter;
United Nuclear Elec- 1300 elsewhere
trochemical Oxygen in system
Meter
Electromagnetic Pump 316 S.S. 1300

Test Facility
Liquid~Metal Flow- 304 s.s. 1500

meter Calibration

Facility

Liquid-Metal Jet Pump 304 S.S. 1500

Facility
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TABLE 1.24 (Continued)

93

Liquid-metal
flow, gpm

Instrumentation and/or special

features

Remarks

40 1b/hr con-
densate flow

0.5

40

14.5 (max.)

Has capability for small

loop tests of material
compatibility in sodium

Facility can handle simul-
taneously five small-loop
compatibility tests

Five flow-through sampling
stations. Capability for
impurity additions and
variation of surface-to-
volume ratio

Volume tank provides for
calibration of low-flow
electromagnetic flowmeters
up to 0.5 gpm

Calibrated Venturi and
differential-pressure~
sensing systems provide for
calibration of electro-
magnetic flowmeters up to
30 gpm

Designed to measure the
effects of cavitation on
jet pump performance under
both liquid and two-phase
suction conditions

Has completed 7000 hr of
10,000-hr metallurgical
endurance test. Available.

Available. Development
and endurance tests of
liquid metal instru-
mentation and puri-
fication systems.

Available, along with
five meters.

Available. Suitable for
obtaining both perform-
ance and cavitation
inception characteristics
of electromagnetic pumps
for low-flow boiler feed
duty.

Available. Can also be
used to obtain both per-
formance and cavitation
characteristics of elec-
tromagnetic pumps up to
40 gpm.

Available. Can be used
to test a new theory
designed to correlate
the cavitation perform-
ance of jet pumps.
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TABLE 1.25 - Sodium Technology Facilities at Pacific Northwest Laboratory

Facility Construction Na temp., Pressure, Instrumentation and/or
. . . o Na flow . Remarks
designation material F psig special features
Radioiso- 304H S.S. 1400 2 gpm 120 Hot traps, cold traps, AT, 500°F at 2 gpm; loop
tope (40 ft/ plugging meter, and will be in No-atmos-
Transport sec) sampler phere glove box for Pu
and Depo- work
sition
Loop
Sodium 316 S.S. 1500 28 to Cold trap For fuel-reuse tests
Loop (de- 30 gpm (will take a PRTR sub-
sign); assembly)
1200
(50-hr
opera-
tional);
isother-
mal
Mechanical 304 S.S. 1600 25 gpm Cold trap and plugging Provision for seven test
Property meter stations
Study
Loop
(1 in.)
Heat Trans- 304 S.S. 1500 ~N25 gpm AT, "N225°F
fer
System
Static 304 S.S. 1200 Static to 250 Four '"pots" for instru-
Sodium ment testing
Facility

*fIV Ld Jd1av




TABLE 1.26 - Sodium Technology Facilities at United Nuclear Corporation
Facility Construc- Power Na temp. Pres—- Na Maximum
designation tion ma- level, (max.), sure, flow, activity Instrumentation and/
. o . . . Designated use
terial kw F psig gpm capabil- or special features
ity,
curies
FCL-1, 316 S.S. 25 1600 100 5 20 Hot trap, cold trap, Designed to with-
FCL-2 (1750 argon cover gas, stand large trans-
with sodium samples, and ients and thermal
special provision for in- shocks; components
refrac- sertion and removal are easily re-
tory of corrosion sam- placeable; corro-
test ples sion and purity
section) control tests
FCL-3 304 S.S. 25 1300 50 5 0 Cold trap, oxygen Oxygen-meter and
meters, plugging carbon-meter de-
indicator, sodium velopment
sampler, impurity
injector, and car-
bon-meter
FCL-4 304 S.S. 6 1200 100 5 0 Oxygen meters, im-  Oxygen-meter cali-
purity injectors, bration
impurity getters,
and sampler
Thermal 304 S.S. 3 1200 to 0.1 20 Designed so that
Convection or 316 1600 harps can be
Loops S.S. easily removed
as desired
NASA LM 316 S.S., 500 2240 Maximum flux in
Heat Nb-1 Zr (hot sup- test section
Transfer ply sys- 10% Btu/(hr)
tem) ; (sq ft) max.;
1940 active in other
(heat-re- programs
jection
system)

SHALSAS XBN ANV RWAIJOS
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TABLE 1.27 - Sodium Technology Facilities at Westinghouse
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Facility Construction Na temp., Na Flow Pressure, Instrumentation and/or Remarks
designation material °F psig special features

Thermal Con- 304 S.S. (318, Heated leg, 0.5 No trapping in system, TFor testing corrosion of
vection Loop Inconel pre-~ 1400 to (6.24 and cold thermocouples vanadium samples, at-

(1 in.) viously) 1500; cold cm/sec) mosphere control during
leg, 950 loading < 1 ppm O, < 0.5
to 1100 ppm H,0

Fission Product 316 S.S. 900 (iso- 10 20 Cold-trap gamma scan- For fission-product stud-
Loop, 1/2 in. (isothermal) thermal) ner ies (now using!'37Cs)
pipe (FPL-1)

General Purpose 304 s.S. 1200 (max.) 200 For heat-transfer tests,
Test Loop mechanical testing of
(GPL-1) small components, and

three-tube steam-gener-
ator test to produce
steam at 2400 psi

Mass Transfer 316 S.S. 1350 (max.) 50 For testing fuel-cladding
Loops (1 in.) and steam—generator

materials

Fission Product 20 to To mock-up cold trap For studies of fission-
Loop (FPL-2) 30 product management

General Purpose 600 to For testing full-size
Loop (GPL-2) 1200 fuel assemblies

"Frosting" To study vapor deposition
Study Loop of sodium in inert

atmosphere

Bench Scale To study effect of impur-
Loops (Thermal ities in Na bonds on
and Forced heat transfer
Convection)

Vanadium Test 316 S.S. 1470 5 to 20 EM pumps and cold trap To study Na corrosion of
Loops (VTL-1 ft/sec vanadium alloys

and VTL~2)

IV 13 43Iav




TABLE 1.28 -~ Development Facility Design Characteristics

SCTI Grand Quevilly Interatom Cadarache

Country United States France Germany France
Heat source

Size, Mw(t) 35 5 5 10

Type Gas 0il 0il 0il
Primary coolant Na Na Na Na
Material 316 S.S. 321 s.s. 2 1/4 Cr-1 Mo-Nb 321 s.s.
Flow, 1b/hr 1.14 x 10° 0.13 x 10° 0.21 x 10° 0.70 x 10°
Heater outlet temp., ° 1200 1112 1040 1004
Heater inlet temp., °F° 900 662 770 842
Secondary coolant Na NaK-56 Na , NaK-56
Material 316 S.S. 321 s.S. 2 1/4 Cr-1 Mo-Nb 321 s.s.
Flow, 1lb/hr 8.55 x 10° 0.16 x 10° 0.13 x 10° 0.85 x 10°
THX outlet temp., ° 1175 1075 995 968

IHX inlet temp., °F 777 635 554 788

Steam circuit
Material
Pressure, psig
Steam temp., °F

Feedwater temp., °F

Flow, 1b/hr

2 1/4 Croloy
2400

1050

600

1.16 x 10°

321 S.S. + C.S.
1800

1013

428

0.16 x 10°

2 1/4 Cr-1 Mo-Nb
2400

1004

582

0.20 x 10°

Air heat dump

SWALSAS BN NV WNIdJOS
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Rouen, France; (3) the 5-Mw(t)
Interatom loop at Bensberg, Germany;
and (4) the 35-Mw(t) SCTI at the
Liquid Metal Engineering Center, Santa
Susana, Calif.

Each of these installations includes
a fossil-fueled heat source, primary
and secondary sodium (or NaK) loops,
and purification equipment. All ex~
cept the Cadarache 10-Mw(t) loop in-
clude steam~ and water-handling equip-
ment. The Cadarache facility utilizes
an air heat dissipating system. The
development of heat exchangers and
steam generators is a primary purpose,
but each test facility can be used
for developing and testing other so-
dium-system components. Final modifi-
cations of the Rapsodie fast reactor
pumps were made as a result of tests
conducted in the Cadarache facility.

Pumps for future sodium reactors will
generally be of larger capacity than
the flow capabilities of these four
installations; nevertheless, these
installations can be used in the
development of prototype pumps.
Facilities for testing pumps of
35,000~ to 100,000-gpm size are planned
by the USAEC and are being considered
by France and Germany.

The design conditions for each of
the four installations are listed in
Table 1.28. 1In addition to these,
each installation is capable of
imposing transient operating situ-~
ations such as may be encountered in
a reactor-system application,

(a) 10-Mw(t) Cadarache Facility

The 10-Mw(t) Cadarache loop started
up in August 1962, The Cadarache
loop and another rated at 1 Mw have
been operated at several steady-state
levels up to 100% of full power.
Transient conditions studied during
forced convection have included im-
posing up to 307% steps in primary so-
dium flow, 25% steps in secondary so-
dium flow, and up to 50% power steps
in the sodium heater. During natural-
convection regimes, the airflow to the

ADLER ET AL.

system heat dump has been subjected to
30% changes. Transients that result in
a change from forced to natural convec-
tion have been studied. These transient
have been imposed by shutting off the
primary pump, shutting off (at low powen
both primary and secondary pumps, and by
simulating reactor scram (loss of heatey
power) at 1 Mw,
In general, loop operation has been
satisfactory, and the overall design
of the installations proved correct.
As a result, Rapsodie was upgraded to
include two 10-Mw loops instead of
one. The French report [44]:
Experience with the loop led to
modifications of the purification
circuits, preheating system, me-
chanical pumps, and sodium—-to-air
heat exchangers. It also led to
important modifications in the lay-
out of the piping, both in the main
circuits and in purification circuit
and auxiliary pipe work. Further-
more, operation of the prototype
circuits led to the choice of so-
dium for the secondary fluid in-
stead of NaK as originally intended;
it was found that the necessary pre-
heating did not constitute a serious
handicap in a circuit of large di-
mensions which was in continuous op-
eration. Moreover, with the use of
sodium, dismantling is faster and
safer, leading to a correspondingly
large reduction in the investment
involved.

(b) 5-Mo(t) Grand Quevilly Station,
France [109]

The Grand Quevilly Station was
commissioned May 25, 1964, and
started up on June 25. Steam design
conditions were achieved Dec. 22, 1964.
It comprises an oil-fired sodium
heater; a 4-in.-ID sodium primary loop
for heating the shell side of an inter-
mediate heat exchanger; a 4-in.-ID sec-
ondary NaK loop for heating the shell
side of a bank of six parallel tube-
in-tube double-wall steam generators;
and steam circuitry. Type 321 stainless
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steel is utilized in the sodium and
NaK systems, type 321 and 2 1/4 Cr-

1 Mo steel are used for the steam sys-
tem, and carbon steel is used in the
water systems. A flow diagram of the
Grand Quevilly Station is shown in
Fig. 1.33.

] In addition to steady-state per-
formance, the control and regulation
system will permit simulation of load-
following characteristics, either by
varying sodium heater power with steam
demand or by dumping excess steam at
essentially constant sodium heater
power. Provisions were not originally
included for testing heat exchangers
and steam generators separately.

Db The loop has been used to evaluate
the steady-state heat-transfer coef-
ficients of the intermediate heat ex-
changer and the steam generator.
Transient conditions were scheduled to
be studied.

Steam generators of different de-
signs, including single-wall and dif-
ferent geometric configurations, will
be tested in connection with choosing
economical types for Phenix, the next
French fast reactor. Among concepts
under consideration are the single-
wall modular type, one with straight
tubes and shell, another with bellows
in the shell, and a third having hair-
pin-shaped tubes.
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(¢) 5-Mw(t) Interatom Facility [110]

A 5-Mw(t) facility for testing so-
dium heat exchangers, steam generators,
pumps, and other components and sub-
systems has been built by Interatom at
its Bensberg, Germany, site. The im-
mediate objectives of the facility -are
to develop components for the 58-Mw(t)
KNK reactor to be built at Karlsruhe
and to develop 2 1/4 