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FOREWORD

This report describes the present conceptions of the
Experimental Breeder Reactor-II as well as the safety
procedures and precautions which are currently anticipated
for its operation. Undoubtedly as further ideas are investi-
gated and as construction proceeds, modifications will be
introduced. The basic concepts and design, however, are
essentially stabilized; it is anticipated that any alterations
will be of a minor nature in comparison with the principles
incorporated. Although final approval for operation of the
reactor has not yet been obtained, this reportis beingissued
at this time since no gains or benefits to those who can
utilize the information contained herein will be obtained by
postponing publication.
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HAZARD SUMMARY REPORT
EXPERIMENTAL BREEDER REACTOR II (EBR-II)

by
L. J. Koch, H. O. Monson, D. Okrent, M. Levenson,

W. R. Simmons, J. R. Humphreys, J. Haugsnes, V. C. Jankus

I. INTRODUCTION

Argonne National Laboratory proposes to construct an Experimental
Fast Power Reactor at the National Reactor Testing Station in Idaho, as a
part of the Atomic Energy Commission's program for the development of
power reactors.

The Experimental Breeder Reactor II (EBR-II) is an unmoderated,
heterogeneous, sodium-cooled reactor and power plant with a power output
of 62.5 megawatts (mw) of heat. The energy produced in the reactor is con-
verted to 20 mw of electricity through a conventional steam cycle. The
reactor is fueled with U2 or plutonium, and the plant includes an integral
fuel processing facility where the irradiated fuel is processed, fabricated,
and assembled for return to the reactor.

Although provisions are being made for subsequent loading of the
reactor with uranium-plutonium fuel, the descriptions and analyses pre-
sented in this report pertain only to an enriched uranium loading. Some
preliminary data relating to uranium-plutonium alloys are presented, and
reference is made to the adaptability of the fuel element design and the fuel
process cycle to these alloys. The uranium-plutonium alloy development
program will continue, including the probable use of EBR-II as an irradia-
tion facility and for engineering scale fuel processing and fabrication ex-
periments. In addition, systems and kinetics analyses will be made similar
to those presented in this report for the enriched uranium-fueled reactor.
It is planned to present these data in a supplement to this report prior to
the preparation of a plutonium-uranium fuel loading.

The separations process employed permits the buildup of certain
fission products; operation of the plant will determine the effect of buildup
of these fission products, as well as the buildup of the higher isotopes of
uranium and plutonium.

The EBR-II is primarily an engineering facility to determine the
feasibility of this type of reactor for central station power plant application.
Major emphasis has been placed on achieving high thermal performance at
high temperatures, and high fuel burnup with a fast and economical fuel
processing system. The thermal performance of the reactor and the size of



the system components are such as to permit direct extrapolation to cen-
tral stationapplication. The planthas been designedto permit a maximum of
experimental operational flexibility by separation of the plant systems,

and yet permit extrapalation to a commercial plant which would not require
the same degree of separation.

The EBR-II is a high performance reactor with a maximum power
density in the core in excess of 1300 kw/liter of core volume. Associated
with this high thermal performance are high temperature differences in the
fuel and coolant, and coolant velocities as high as 26 fps. The determination
of reactor performance at these operating conditions, and the investigation
of the effects of operating variables, are a significant part of the experi-
mental program.

The plant will be located at Site 16 at the National Reactor Testing
Station to permit maximum operational flexibility of the reactor system,
and because of the limited information available pertaining to power reac-
tor operation with plutonium fuel. The same design philosophy has been
employed, however, as would apply if the reactor were to be constructed in
a populated area, and the reactor system will be housed in a gastight "con-
tainment shell." It is recognized that although the NRTS is an "isolated
location" with respect to population density, high-priority facilities in the
nation's reactor development programs are located there.



II. SUMMARY

The EBR-II reactor consists of an enriched core surrounded on all
sides by a fertile blanket of depleted uranium. The fuel elements which
comprise the core section of the reactor consist of small diameter cylin-
drical pin assemblies. The design of the fuel element is influenced by the
desire for high thermal performance, high burnup, and simplicity of con-
struction. The fuel pin is a loose fit in a thin-walled tube which provides
a clearance annulus between the pin and the tube wall. This annulus is
filled with static sodium to provide a heat transfer bond between the fuel
and fuel tube. Heat is removed from the fuel element by the primary so-
dium flowing along the outside of the fuel tube.

The fuel element lends itself to fabrication by remote control
methods as required by the particular fuel process selected. Of particular
significance is the fact that complete decontamination of the fuel is not ob-
tained. Certain fission product elements, notably molybdenum and ruthe-
nium, are not removed, and becauseofthe highfission yield ofthese elements,
they tend to build up in significant concentration in the fuel alloy. The fuel
alloy to be employed in the EBR-II, therefore, is established by the fuel
process; fortunately, it appears to exhibit excellent irradiation damage sta-
bility and thermal cycling stability. To avoid large changes in alloy com-
position with each fuel cycle, the reactor will be loaded initially with a
synthetic alloy approximating the equilibrium composition, and consisting
of enriched uranium plus approximately 5% (by weight) of synthetic fission
products. (Provisions are made to permit subsequent loading of the reactor
with plutonium-uranium alloys. The fuel process and fabrication cycle is
adaptable to this fuel system and the addition of fission products appears to
enhance the stability and fabricability of the alloy.)

The EBR-I has exhibited certain operational instabilities which as
yet are not completely explained. It is believed that these instabilities are,
at least in part, due to mechanical instability in the reactor, notably bowing
of the fuel elements. In the EBR-II, every effort has been made to achieve
a very rigid, close-packed arrangement of the fuel and, in addition, to pro-
duce preferential bowing such as to effect a probable bowing coefficient
which is essentially zero or negative.

The reactor operates with a maximum power density in the core of
approximately 1370 kw/liter with a maximum coolant velocity of 26 fps,
and reactor coolant temperatures of 700F inlet and 900F outlet. Reactor
control is effected by the movement of fuel into and out of the reactor core.
This is accomplished by 12 modified moveable fuel subassemblies which
move vertically and are located at the outer edge of the core.



Heat is removed from the reactor by the primary sodium coolant
system and transferred to the secondary sodium system in a shell-and-
tube heat exchanger. The secondary system transfers the heat to the
steam generator where superheated steam is produced to drive a conven-
tional turbine-generator.

The reactor and the entire primary coolant system, including heat
exchanger, are contained in a large vessel (primary tank) and operate
completely submerged in the coolant. This provides a high degree of re-
liability of containment of the primary coolant and of operation of the
cooling system.

The large volume of sodium in the primary system provides a re-
liable source of constant temperature coolant to the reactor. Inlet sodium
is pumped from the bulk sodium directly to the reactor. Because of the
large heat capacity of the primary sodium, the temperature of the sodium
entering the reactor remains essentially constant irrespective of changes
in reactor power or reactor coolant outlet temperature or of temperature
changes in the secondary system or steam system.

Shutdown cooling of the reactor is accomplished by natural convec-
tion of the primary sodium through the reactor. The relative elevation of
the reactor and heat exchanger provides natural convection of the coolant
even though heat is not removed from the primary sodium in the heat ex-
changer. If the secondary sodium system is inoperative, the heat is de-
livered to the bulk volume of sodium in the primary tank. It is removed
by shutdown coolers in the primary sodium, which operate by natural con-
vection and transfer the heat to the atmosphere.

The bulk volume of sodium in the primary tank is also employedas
the coolant during reactor unloading. The entire loading and unloading op-
erations are carried out with the subassemblies submerged in the sodium
and with the fission product decay heat being removed by natural convec-
tion of the sodium. The irradiated subassemblies are permitted to cool in
the primary sodium system for 15 days before removal for processing.

The reactor, primary coolant system, and all associated equipment
are contained in a building in the form of a gastight cylindrical steel shell
designed to withstand a static internal pressure of approximately 25 psig
(with a normal safety factor of approximately four). Pressure developed
within this container may be the result of energy released in a nuclear ac-
cident, energy released in a sodium-air reaction, or a combination of the
two. These two potential sources of accidental energy release are treated
separately. The primary tank structure in conjunction with the biological
shield is designed as a primary container to withstand the energy released
in a nuclear accident. It is estimated that the structure will easily contain
a nuclear accident equivalent to the detonation of 300 1b of TNT in the center



of the reactor, and probably could contain an accident several times this
large. Although the primary system is expected to contain the nuclear
energy release, some primary sodium may be expelled into the building
atmosphere. The maximum pressure which may develop as a result of
the sodium-oxygen reaction is a function of the rate and manner in which
the sodium is exposed to the atmosphere. Experimental work described in
this report indicates that pressures as high as 80 psig can be obtained
under very idealized conditions; such peak pressures, however, being of
very short duration. In an accidental expulsion of sodium into the EBR-II
reactor building, it does not appear possible that pressures of this magni-
tude could be developed. It is not expected that pressure due to sodium-
oxygen reaction could exceed the static pressure rating of the building shell-
25 psig. If the pressure rating were exceeded, however, it is probable that
the containment shell would not fail. No water or appreciable quantities of
hydrocarbons are employed in the reactor building, thus eliminating pos-
sibility of other types of chemical reactions with sodium.

As a convenient reference, the major design and operating features
of the EBR-II plant are summarized in Table I.
Table I

EBR-II DATA

General

Heat Output mw 62.5
Gross Electrical Output mw 20
Primary Sodium Temperature, to reactor F 700
Primary Sodium Temperature, from reactor F 900
Primary Sodium Flow Rate, through reactor gpm 8200
Primary Sodium Maximum Velocity, in core fps 26
Primary System Sodium Capacity gal 86,000
Secondary Sodium Temperature, to heat

exchanger F 610
Secondary Sodium Temperature, from heat

exchanger F 880
Secondary Sodium Flow Rate gpm 6050
Steam Generator

Output Ib/hr 248,000

Steam Temperature F 850

Steam Pressure psig 1300

Feed-Water Temperature F 550
Turbine Throttle Conditions

Steam Flow 1b/hr 198,000

Steam Temperature F 850

Steam Pressure psig 1250



Table I (Cont'd.)

Reactor Data

Core Dimensions

Equivalent Diameter in. 19.04
Height in. 14.22
Total Volume liters 66.3
Upper and Lower Blanket Dimensions
Equivalent Diameter in. 19.04
Length (each end) i 18
Inner Blanket Dimensions
Equivalent O.D. in. 27.46
Length in. 55.0
Radial Thickness in. 4.21
Outer Blanket Dimensions
Equivalent O.D. in. 61.5
Length in. 55.0
Radial Thickness in. 17.02
Core Composition
Fuel Alloy vol-%  31.8
Stainless Steel (Type 304) vol-% 19.5
Sodium vol-%  48.7
Control and Safety Rod Composition (Fuel Section)
Fuel Alloy vol-%  21.3
Stainless Steel (Type 304) vol-%  20.8
Sodium vol-% 57.9
Upper and Lower Blanket Composition
Uranium (depleted) vol-% 32
Stainless Steel (Type 304) vol-%  20.4
Sodium vol-%  47.6
Inner and Outer Blanket Composition
Uranium (depleted) vol-% 60
Stainless Steel (Type 304) vol-% 17.6
Sodium vol-% 22.4
Subassemblies
Core 47
Control (Rod and Thimble) 12
Safety (Rod and Thimble) 2
Inner Blanket 66
Outer Blanket 510
Total 637
Configuration hexagonal
Dimension across flats in. 2.290
Hexagonal Tube Thickness in. 0.040
Structural Material 304 SS

Lattice Spacing (Pitch) in. 2.320
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Table I (Cont'd.)
Clearance between subassemblies in. 0.030
Fuel Elements (Pin-Type, Sodium Bonded)
Fuel Pin Diameter in. 0.144
Fuel Pin Length in. 14.22
Fuel Tube O.D. in. 0.174
Fuel Tube Wall Thickness i, 0.009
Thickness Na Bond Annulus in. 0.006
Elements per subassembly 91
Upper and Lower Blanket Elements (Pin-Type, Sodium Bonded)
Blanket Pin Diameter in. 0.3165
Blanket Pin Length (Total) in. 18
Blanket Tube O.D. in. 0.376
Blanket Tube Wall Thickness in. 0.022
Thickness Na Bond Annulus in. 0.008
Blanket Elements per subassembly (each end) 19
Control and Safety Rods
Configuration hexagonal
Dimension across flats in. 1.908
Fuel Elements same as core subassembly
Fuel Elements per rod 61
Inner and Outer Blanket Elements (Pin-Type, Sodium Bonded)
Blanket Pin Diameter in. 0.433
Blanket Pin Length (Total) in. 55
Blanket Tube O.D. in. 0.493
Blanket Tube Wall Thickness in. 0.018
Thickness Na Bond Annulus in. 0.012
Blanket Elements per Subassembly 193
Fuel Alloy (Enriched U-fissium)
Total Core Loading kg 363
U?*® Enrichment To 49
Critical Mass - U%® kg 170
Fuel Alloy Composition: (fissium)
Uranium wt-% 95.0
Zirconium wt-% 0.2
Molybdenum wt-% 2.5
Ruthenium wt-% 1.5
Rhodium wt-% 0.3
Palladium wt-% 0.5
Fertile Blanket Material (depleted uranium)
Total Blanket Loading kg 28,100

Nuclear Data

Total Fissions per cc/sec, at center of core 4.4 x 10'3



Table I (Cont'd.)

Neutron energy distribution at center of core

Flux above 1.35 MEV n/(cmz)(sec)

Flux below 1.35 MEV n/(cmz)(sec)

Total Neutron Flux n/(cmz)(s ec)
Prompt Neutron Life Time sec

Reactor Control

Power Coefficients:

0 - 22.5 mw (Ak/k)/mw

22.5 - 62.5 mw (Ak/k)/mw
Doppler Effect - Average (Ak/k)/C
Isothermal Temperature Coefficient (Ak/k)/C

Total Reactivity (worth)
12 Control Rods Ak/k
2 Safety Rods A
Control Rod
Total
Operating Drive (each rod)
Velocity in./min
Total Movement in.
Scram Drive
Safety Rod
Total
Operating Drive
Velocity in./min
Total Movement in.
Scram Drive
Long-term Reactivity Effects (From Clean to 2% burnup)

Burnup of U?® in Core Ak/k
Buildup of Pu in Core Ak/k
Buildup of Pu in Blanket Ak/k
Buildup of Fission Products Ak/k

Irradiation Growth of Fuel (4% growth) Ak/k

Heat Transfer

Heat Generation in Reactor

Core, Control and Safety Subassemblies mw
Upper and Lower Blanket mw
Inner Blanket mw
Outer Blanket mw
Neutron Shield mw

Heat Generation in Core
Radial Maximum to Average Power
Density at Reactor Center Plane ratio

0.8 x 10%3
2.9 x 103
3.7 x 10%3
8 x 10°8

-3.2x1073
-6.0 x 10”5
+0.04 x 1075
-3.6 x10-3

0.06
0.015-0.020

12

rack & pinion
5

14
pneumatic

2

rack & pinion
2

14

gravity

-0.02
+0.002
+0.0072
-0.002
-0.011



Table I (Cont'd.)

Axial Maximum to Average Power
Density at Reactor Center Line ratio 1.17

Power Density, Average mw/liter 0.89
Power Density, Maximum mw/liter 1.37
Power Density, Maximum to Average ratio 1.53
Specific Power mw/kg 0.314
Fuel Elements, surface area sq ft 231
Control Elements, surface area (in

active zone) sq ft 32.4
Safety Elements, surface area sq ft 6.6
Total sq ft 270
Maximum Heat Flux Btu/(hr)(ft 1,030,000
Average Heat Flux Btu/(hr)(ft?) 680,000
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III. DESCRIPTION OF EBR-II FACILITY

The EBR-II Facility is comprised of four major, functional systems
which may be defined briefly as follows:

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

(2) The Secondary System: the intermediate sodium heat transfer
system.

(3) The Steam System: the steam-electric system.

(4) The Fuel Process System: the system for decontaminating,
fabricating, and assembling fuel elements.

The heat produced in the reactor is removed and transferred by the
primary sodium system to the secondary sodium system in the heat ex-
changer. From the secondary system, the heat is transferred in the steam
generator to produce superheated steam which is delivered to a conventional
condensing turbine at 850F and 1250 psig. A simplified flow diagram of the
power system is shown in Fig. 1. A temperature-~enthalpy diagram is in-
cluded as Fig. 2.

The irradiated fuel is processed by a high-temperature oxidative
slagging process (to remove the greater portion of the fission products),
fabricated, assembled into new fuel elements, and recycled through the
reactor. These operations are carried out remotely in a large, high-
irradiation level, inert atmosphere, hot lab facility.

The EBR-II Facility consists of five plants and miscellaneous sup-
porting facilities and structures (Figs. 3 and 4). The plants are designated
as follows:

(1) The Reactor Plant (Fig. 5), includes the reactor system, the re-
actor primary sodium cooling system, the disassembly cell, and pertinent
services to these facilities. The reactor building is a cylindrical gastight
steel shell, constructed of 1 in. thick steel plate, and, designed to withstand
an internal pressure of approximately 25 psi with "normal safety factors."
Air locks, and service connections also meet this rating.

(2) The Power Plant includes the turbine-generator and associated
equipment, the control room for the reactor and power plants, and the major
personnel facilities for the entire Facility. The building is of conventional
construction.
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(3) The Sodium Plant includes the pumping, purification, and stor-
age facilities for the secondary sodium system. It also includes a receiv-
ing station for the sodium. It is of simple construction, containing only
the minimum facilities required for operation. The building normally will
not be occupied by operating personnel.

(4) The Boiler Plant houses the steam generator. It is somewhat
isolated, with sodium lines linking it to the Sodium Plant, and steam and
condensate lines linking it with the Power Plant. It is of extremely simple
construction, containing only the minimum facilities required for operation.
The building normally will not be occupied by operating personnel.

(5) The Process Plant includes the fuel process cell and support-
ing facilities, the inert gas storage facilities, the sodium equipment cleanup
cell, and exhaust ventilation equipment for the Process Plant and Reactor
Plant. The building is of conventional construction.

An additional building (Laboratory and Service Building) located
adjacent to the EBR-II Facility provides supporting analytical facilities
and personnel facilities, particularly for control of the fuel process cycle.
The EBR-II Facility will be located at Site 16 of the National Reactor Test-
ing Station in Idaho, as indicated in Fig. 6. Site data are presented in
Appendix G.

A. The Primary System

The EBR-II primary system consists of the following:

Reactor

Primary Cooling System

Shutdown Cooling System

Neutron Shield

Control and Safety Drive Systems
Fuel-Handling System

Primary Tank and Biological Shield
Disassembly Cell

Sodium Cleanup System

Inert Gas System

The reactor, the primary sodium pumps and piping, the heat
exchanger, and the fuel handling system are contained in the "primary
tank," submerged in sodium, as shown in Fig. 7. Coolant is pumped di~
rectly from the bulk sodium in the primary tank to the reactor, and after
flowing through the reactor, passes through the heat exchanger and back
to the bulk sodium. This "submerged concept" is employed for the follow=~
ing reasons:
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(1) The arrangement contributes significantly to the reliability
of the primary coolant system. A very high degree of integrity can be con-
structed into the primary tank, since it is of relatively simple design (es-
sentially, an unmodified right circular cylinder). As added safety measures,
double-wall construction is used on the tank, and no external connections
below the liquid sodium level are permitted. Because the entire coolant
system is flooded with sodium (to a level approximately 10 ft above the top
of the reactor), loss of reactor coolant is virtually impossible. (Even if
both primary tank walls were to fail, the free volume between the inner
tank and the liner of the biological shield is sufficiently small to maintain
the sodium level above the top of the reactor.) In addition, the arrangement
is ideally suited to natural convection cooling, providing extremely reliable
shutdown cooling in the event of loss of forced convection.

(2) Since the reactor is to demonstrate the method of operation
to be employed in a central station power plant, the replacement of fuel
must be accomplished in a short time. Shortly after reactor shutdown, the
heat generation in the fuel is high, and reliable cooling must be provided.
This is accomplished by unloading and transferring the fuel elements while
they are submerged in sodium. They are cooled by natural convection of
the sodium, and unloading preparation can begin immediately after shut=-
down. The fuel elements are transferred to a fuel storage rack within the
primary tank where they continue to cool, by natural convection of the so-
dium, until removed for processing.

(3) The need for leak tightness of the primary coolant system
piping is eliminated. Small amounts of leakage are permissible, since the
leakage is internal. (A small amount of leakage actually does occur at the
connections between the pumps and the reactor, between the reactor tank
and the reactor tank cover, and around subassembly nozzles.).

(4) The heat capacity of the very large mass of bulk sodium
(approximately 620,000 1b) provides considerable "thermal inertia" to the
Primary system. It prevents rapid temperature transients in the primary
sodium coolant reactor inlet temperature, and it adds reliability to the
shutdown cooling system.

(5) A maximum of integrity is provided with regard to contain-
ment of radioactive sodium. The entire radioactive coolant system (with
the exception of the single, small, sodium cleanup circulation circuit) is
confined within the primary tank.

(6) Essentially all of the radioactivity in the plant is confined
to the primary tank and, therefore, only the primary tank (and the single
circuit referred to under (5) above) requires shielding. Shielded equip-
ment cells and pipe galleries are eliminated.



(7) Auxiliary heating of the primary system sodium (to prevent
freezing) is simplified, since the entire system is heated as a unit. The in-
dividual components and pipes, etc., are in an "atmosphere" of sodium, and
the entire system is at one temperature.

1. Reactor

a. Reactor Arrangement

The reactor is divided into three main zones: core,
inner blanket, and outer blanket (Fig. 8). Twelve control rods are located
at the outer edge of the core, and two safety rods are located within the
core, as shown. Each zone is comprised of a number of right hexagonal
subassemblies 2.29 in. across flats of the hexagon. All subassemblies are
of identical size; their numerical distribution being as follows:

Core 47
Safety 2
Control 12
Inner Blanket 66
Outer Blanket 510

Total 637

The construction of the subassemblies and elements
will be described later.

The core, including the control and safety rods, has
an equivalent radius of 9.52 in. (24.17 cm) and a height of 14.22 in.
(36.12 cm); a total core volume of 66.3 liters.

Division of the annular blanket surrounding the core
into two separate zones, the inner blanket and the outer blanket, is neces=-
sitated by the wide variation in power generation across this region.

The 12 control rods and the 2 safety rods consist of
modified movable fuel subassemblies. The rods, plus their stationary
thimbles, comprise the control and safety subassemblies. The external
dimensions of the thimbles are identical to the core and blanket subassem-=-
blies, and the lattice spacing for all units is identical. Reactor control is
effected by moving the control rods in their thimbles (in a vertical direc-
tion) and thus moving fuel into, or out of, the core. Slow speed is provided
for operating control, and high speed is provided for reactor shutdown
(scram).

The safety rods are operative only during normal re-
actor shutdown, when fuel-loading operations are performed and the con-
trol rods are disconnected from their drives. The safety rods are not a

13
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part of the normal reactor operational control system. The construction
of the control rods and safety rods are described in Sections f and g.

Each subassembly is located and supported at the bot-
tom by a combination support grid and inlet coolant plenum (Fig. 9). In
addition, each subassembly makes contact with adjacent subassemblies by
means of "buttons" formed in the hexagonal subassembly tubing, as de-
scribed in Section b.

The heat generated in the fuel (or blanket) material is
removed by sodium flowing up through the subassemblies and around the
fuel and blanket elements. In order to accommodate the very large range
of flow rates required, two parallel flow systems are employed. One sys-
tem supplies the core and the inner blanket (a high-pressure system); the
other supplies the outer blanket (a low-pressure system). The two sys-
tems have separate inlet plenum chambers and a common outlet plenum
chamber, as described in Section h.

Because the inner blanket is included in the core-
cooling system, experimental enlarging or reshaping of the core by sub-
stitution of core-type subassemblies within the inner blanket is possible.
The largest experimental core contemplated includes the inner row of the
inner blanket. It also will be possible to operate the reactor with this row
partly filled with core subassemblies. This is the procedure which will
be employed to adjust criticality of the reactor if the enrichment is not
accurately established by critical experiments. (The ability to vary the
size of the reactor core also permits variation in enrichment of the fuel
alloy and thereby the investigation of such variables as Doppler coefficient
as a function of enrichment over a limited range.)

b. Subassemblies

A single subassembly size is employed throughout
the reactor, resulting in a close-packed reactor geometry. The hexag-
onal subassembly tube is 2.290 in. across external flats with a 0.040-in.
wall thickness. The subassemblies are spaced on a triangular pitch of
2.320 in. center distance. A nominal clearance of 0.030 in. between each
subassembly permits removal of the units from the reactor. Each face
of the core and inner blanket subassembly hexagonal tubes contains a
"button" (3/8 in. dia. by 0.014 in. high) which is formed by "dimpling"
the tube wall. The function of these buttons is described in Appendix A.

The upper end of each subassembly is identical, and
all subassemblies are accommodated by the same handling and transfer
devices. The lower adapters are of different size to differentiate the three
types of subassemblies, and are of different configuration to accommodate

the two coolant systems. The subassembly-reactor grid relationship is
described in Section h.
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Each subassembly contains a number of fuel elements,
a.nd/or blanket elements, of size and shape appropriate to the particular
type of subassembly. Approximate composition of each type of subassembly
is shown in Table II. The composition is based on the volume of a unit lat-
tice, and the sodium volume includes the static sodium in the reactor.

Table II

SUBASSEMB LY COMPOSITION

Volume = per cent

Subassembly Type Fuel Alloy Uranium Steel Sodium
Core - Fuel Section 31.8 0 19.5 48.7
Core - Blanket Section 0 32.0 20.4 47.6
Control and Safety - Fuel Section 21.3 0 20.8 57.9
Inner and QOuter Blanket 0 60.0 17.6 22.4

c. Core Subassembly

The core subassembly (Fig. 10) is comprised of three
"active" sections: upper blanket, core, and lower blanket. The core sec-
tion consists of 91 cylindrical fuel elements spaced on a triangular lattice
by a single, helical rib on the outside of each element. The elements are
supported within the subassembly by fastening their lower ends to a sup-
port grid. The fuel elements (Fig. 11) are "pin type," consisting of a right
circular cylinder (pin) of fuel alloy (0.144 in. dia. by 14.22 in. long) fitted
into a thin-walled, stainless steel tube. The coolant flows along the outside
of the element tube.

Each fuel pin is precision cast to size and consists of
"equilibrium fissium alloy." Initially, the fissionable constituent will be
U?%3; while later Pu®? will be employed. The composition of the fissium
alloy varies with the fissionable isotope employed because of the difference
in fission product yields. The method of fabrication of the fuel pin, and the
composition of the fissium alloys, are described in Section III-D.

The fuel pin is contained in a stainless steel tube

0.009 in. wall thickness by 0.174 in. O.D. The resultant annulus between
the pin and the inside of the tube (0.006 in.) is filled with static sodium to
provide a thermal bond. The sodium bond extends a nominal 0.6 in. above
the top of the fuel pin. An inert gas space (2.35 in.) is provided above the
sodium to accommodate expansion of the sodium. The fuel element tube
is welded closed at each end. The details of construction, assembly, and
test of the fuel element are described in Section III-D.
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The individual fuel elements are contained within the
hexagonal subassembly tube. They are fastened to the subassembly at their
lower end by hooking to a parallel strip grid, as shown in Fig. 10. The
upper ends of the fuel elements are unrestrained, to permit free axial ex~
pansion of the fuel element. Mechanical attachment of the fuel elements in
the subassembly is dictated largely by considerations of remote assembly
and disassembly.

The upper and lower blanket sections are identical in
construction and each consists of 19 pin-type elements also spaced on a tri-
angular lattice. The unalloyed depleted uranium pins are 0.3165 in. dia.
and total 18 in. long. They are similar in geometry to the fuel elements,
being a loose fit in the blanket element tube which is 0.376 in. O.D. by
0.022 in. wall thickness. The 0.008 in. annulus is filled with sodium to
provide the necessary thermal bond. The details of the upper and lower
blanket elements are shown in Fig. 11.

The blanket elements are positioned in the subassem-
bly by a parallel strip grid similar to that employed for the fuel elements.
In addition to being fixed at the lower ends to the grid strips, the upper
ends are also positioned by grid strips which permit axial expansion but
no other movement. Since the blanket elements are positioned at each end,
no spacer provisions are made along the length of the blanket elements.

The "lower adapter" of the subassembly engages the
reactor grid, and contains slots through which the coolant enters the sub-
assembly from the high pressure inlet coolant plenum chamber. The re-
actor grid, and the relationship with the subassembly adapter, are de-
scribed in Section h.

d. Inner Blanket Subassembly

The inner blanket subassembly (Fig. 12) is comprised
of 19 cylindrical blanket elements spaced on a triangular pitch and con~
tained in the hexagonal subassembly.

The "active" blanket section consists of depleted ura-«
nium cylinders (0.433 in. dia.) totaling 55 in. in length. They are contained
in a stainless steel tube 0.493 in. O.D. with a 0.018 in. wall thickness. The
resultant 0.012 in. annulus is filled with static sodium to provide a thermal
bond. The sodium extends a nominal 2.0 in. above the top of the uranium,
with a 4.0-in. argon gas expansion region above the sodium. The end clo-
sures are welded to provide a sealed unit.

The lower adapter of the subassembly is similar to,
but smaller in diameter than, the core subassembly. The inner blanket
subassemblies engage the high-pressure inlet coolant plenum chamber in
the reactor grid, as described in Section h.
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e. Outer Blanket Subassembly

The outer blanket subassembly differs with the inner
blanket subassembly in the design of the lower adapter. The lower adapter
is arranged to engage the reactor grid in the low-pressure inlet plenum
chamber. The two different lower adapters employed in the subassemblies
are shown in Fig. 12; their function is described in Section h.

f. Control Subassembly

The control subassembly (Fig. 13) consists of a con-
trol rod and a guide thimble. The guide thimble is hexagonal in cross
section and of the same dimensions as the subassembly tubes. Each thim-
ble, therefore, occupies a unit lattice identical to those occupied by the
various subassemblies.

Twelve identical control rods are employed to provide
the required operational control for the reactor. The control rod consists
of a modified core subassembly with a core section comprised of 61 cylin-
drical fuel elements identical to those employed in the core subassembly.
The control rod is encased in a hexagonal tube 1.908 in. across flats, which
is smaller than the hexagonal thimble tube by the equivalent of one row of
of fuel elements. The control rod does not contain an axial blanket. A void
section equivalent in height to the reactor core is provided above the core
section. During operation this void section is filled with sodium. Reactor
control is effected by vertical movement of the control rod, adjusting the
proportion of fuel or void (sodium) in the core region of the reactor. A re-
flector section of solid steel (except for flow passages for the coolant), is
located immediately above the void section. The upper end of the control
rod is equipped with an adapter section identical to the subassemblies for
attachment to the control drive unit or the fuel gripper unit for unloading.
The lower end of the control rod below the fuel section consists of a cylin-
drical tube also containing a steel reflector section. Bearings are provided
on this lower section which provide the guide between the control rod and
the guide thimble.

The control rod is cooled in a similar manner to the
core subassemblies by the high-pressure sodium coolant system. Sodium
enters through slots in the lower end of the thimble, and through a second
set of slots in the lower end of the control rod. The slots in the thimble
section are above the lower bearing of the control rod throughout the con-
trol rod travel. The lower end of the thimble is open, and the lower con-
trol rod bearing serves as a flow restriction to prevent sodium leakage
from the bottom of the thimble. The primary system sodium pressure
acts across the lower end of the control rod, and therefore exerts a down-
ward force on the control rod. This downward force opposes the lifting
force due to the pressure drop of the coolant flowing through the control
rod (similar to the arrangement in the core subassemblies).
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The control rod is removed from the reactor by the
fuel-handling system in the same manner as the various subassemblies.
The same considerations of irradiation damage and fuel recycling apply
to the control rod. The guide thimble is also removable from the reactor
in the event of damage. It is locked in the lower reactor grid by a latch
which is engaged by rotating the thimble. Rotation of the thimble is nor-
mally prevented by the six subassemblies which surround it. To remove
or install a thimble it is necessary, therefore, to first remove the six ad-
jacent subassemblies.

Since the vertical position of the control rods in the
reactor is variable, the heat generation within the control rod is also
variable. The coolant flow through the control rod must be established
for the maximum heat generation, i.e., with the control rod fully inserted
in the reactor. If a constant coolant flow is employed, the temperature
rise in the coolant decreases as the control rod is lowered out of the re-
actor. This results in considerable degradation of the outlet sodium tem-
perature from the reactor. The arrangement of the control rod and guide
thimble coolant inlet slots permits the use of variable orificing propor-
tional to the position of the control rod in the reactor. This can be ac-
complished by the relative size and locations of the coolant slots in the
guide thimble and in the control rod. The requirements for this system
will be established experimentally to approach a constant outlet sodium
temperature from the control rods in all operating positions. The sys~
tem described will not permit precise control of coolant temperature,
and it will be necessary to overcool the control rods, but not to the extent
that would result in a constant flow system.

g. Safety Subassembly

The safety subassembly (Fig. 14) consists of a safety
rod and a guide thimble. The safety rod and thimble are essentially iden=-
tical to the control subassembly except for modifications at the lower end.
Two safety rods are incorporated in the reactor and located as shown in
Fig. 8. The safety rods are not a part of the normal operational control
system. They are fully inserted in the reactor (in their most reactive
position) at all times during operation and shutdown. The purpose of the
safety rods is to provide "available negative reactivity" during operations
when the reactor is shut down and the control rods are disconnected from
their drives. Their primary purpose is to provide a safety device during
reactor loading and unloading operations.

The safety rods are attached to a common drive unit
extending below the reactor structure. The unit is driven by two shaft
extensions outside the fuel transfer system and therefore is unaffected by
fuel transfer operations. The drive unit is described in Section III-A-6.



The guide thimble is locked to the lower reactor grid
structure in a similar manner to that described for the control rod guide
thimble. The safety rod is engaged to the driving mechanism by a rota-
tional locking mechanism. Inadvertent disengagement of the safety rod is
prevented by a hexagonal-shaped collar on the upper end of the safety rod.
This normally engages the inside of the thimble, preventing rotation of the
safety rod. To connect or disconnect the safety rod for loading purposes,
the safety rod must be raised 1 in. above its normal "up position" by the
safety rod drive mechanism.

The safety rod upper adapter is identical to the con-
trol rod and the subassemblies, and is handled in the normal manner by
the fuel transfer system. The guide thimble is removable in the same
manner as the guide thimble in the control subassemblies.

Cooling of the safety rod is accomplished in the same
manner as the control rod, but since it is a one-position device, no pro-
visions are made for variable flow. The safety rods must be in an up
position before the reactor can be made critical.

h. Reactor Vessel Assembly

The reactor vessel assembly (Fig. 15) consists of the
reactor vessel, the grid assembly, and the top cover. It contains the re~
actor -- core and blanket subassemblies, and control and safety rods =--
and provides the proper orientation of these units. The assembly is located
and supported at the bottom and on the centerline of the primary tank; it is
supported on the structural members which reinforce the bottom of the pri-
mary tank inner shell.

The vessel assembly is surrounded on all sides by the
neutron shield and is submerged beneath approximately 10 ft of sodium.

The vessel assembly consists of three major units:
the grid-plenum assembly, the vessel, and the top cover. To insure accu=-
rate alignment, the vessel is fastened to the grid assembly by bolts, which
are tack-welded to insure a permanent connection. The vessel cover serves
as a neutron shield as well as a closure. It is clamped to the vessel flange
by means of three hold-down clamps. When the cover is closed, it forms
the upper reactor coolant plenum chamber from which the coolant flows to
the heat exchanger. Within the plenum chamber the coolant is at an ave-
rage temperature of 900F and a pressure of 18 psig. The cover separates
this sodium from the ambient bulk sodium in the tank. The sodium seal is
formed between the vessel flange and the cover. When it is desired to un-
load fuel or blanket subassemblies, the hold-down clamps are released and
the cover is elevated to the top of the primary tank to allow the fuel handl-
ing system to unload and transfer the fuel to the storage rack.

19
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Reactor Vessel

The reactor vessel is a cylindrical tank with flanged
ends. The upper plenum of the vessel, as well as the coolant nozzle, is
lined with a thermal baffle. The function of this baffle is to lower the
temperature difference across the vessel wall and also the coolant outlet
nozzle wall. Below the plenum region the vessel contains a laminated
steel thermal shield. The vessel wall is "insulated" from the bulk sodium
in which it is submerged by a second steel shell which is vented, and there-
fore contains static sodium. This shell-and-static-sodium combination
provides sufficient thermal insulation with acceptable thermal stresses in
the vessel wall.

Grid-Plenum Assembly

The grid-plenum assembly is a combination grid struc-
ture which supports and locates the subassemblies and incorporates the
coolant inlet plenum chambers. It consists of two 4 in. thick stainless steel
plates containing the locating holes for the lower adapters of the subassem-
blies. The subassemblies are supported by the upper plate and extend
through the lower plate. The subassemblies are supported by a spherical
shoulder on the subassembly which engages a conical seat in the upper
grid plate to provide a seal. This arrangement minimizes the leakage flow
of coolant along the outside surfaces of the subassemblies.

The high-pressure coolant plenum chamber -~ supply
for the core and inner blanket -~ is formed between the two grid plates.
The low-pressure coolant plenum chamber -~ supply for the outer blan-
ket -~ consists of an annular chamber immediately below the lower grid
plate. The grid-plenum chamber arrangement and coolant flow arrange=~
ment are shown in Fig. 16. The upper and lower grid plates are inter=-
connected by tubes welded to each plate in the outer blanket zone. This
prevents short-circuiting of the high-pressure coolant through the outer
blanket. It also provides the structural system required to support the
entire reactor load on the upper plate. The high-pressure coolant flows
between these tubes into the core and inner blanket region where it enters
the subassemblies. The lower nozzles of the core and inner blanket sub=-
assemblies contain slots located between the upper and lower grid plates.
The coolant enters the subassembly through these slots and flows upward
through the subassembly. The lower end of the subassembly nozzles is
closed, forming a "hydraulic piston." The sodium in the high-pressure
coolant plenum chamber is at a pressure of 61 psig, of which 8 psig is
static head. The remainder gives a pressure difference of 53 psi acting
across the piston. This provides a downward force of 148 1b. on the core
subassemblies and 116 Ib. on the inner blanket subassemblies. The upper
surface of the lower grid plate is "stepped" in such a manner as to vary
the cross-sectional area of the slots in the subassemblies. This provides

orificing of the flow through the subassemblies to match the heat genera-
tion rate.
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The low-pressure coolant enters the low-pressure
plenum chamber at 22 psig, and enters the lower nozzles of the outer
blanket subassemblies through openings at the bottom. Because the pres-
sure drop through the outer blanket subassemblies is much smaller and
the weight of these units is larger, it is unnecessary to provide "hydrau-
lic hold-down."

Three different hole diameters are employed in the
grid plate, i.e., the core section has the largest diameter hole, the inner
blanket section has a smaller diameter hole, and the outer blanket section
has the smallest diameter hole. This prevents a fuel subassembly from
being placed inadvertently in an inner blanket position or an outer blanket
position, and likewise, an inner blanket subassembly cannot be placed in
an outer blanket position. To prevent the interchange of subassemblies in
the other direction, the subassembly orientation bars are used. These
bars provide proper angular orientation of the subassemblies during load-
ing. They are fastened to the underside of the lower grid plate as shown
in Fig. 16 and engage slots in the subassemblies. There are three thick-
nesses of bars: the core subassemblies engage the thickest, the inner
blanket subassembly slots are thinner, and the outer blanket subassembly
slots are thinnest. If an inner blanket subassembly is inadvertently placed
in a fuel position, the slot in the inner blanket subassembly tip is too nar-
row to engage the bar. This prevents engagement of the subassembly at
least 2 in. short of its normal position in the grid, which is easily detected
by the loading mechanism. The same condition exists if an outer blanket
subassembly is placed in an inner blanket position or a fuel position.

This arrangement of loading control was adopted, be-
cause a core subassembly inserted in either blanket zone introduces both
a reactivity problem and a cooling problem, while a blanket subassembly
introduced in the wrong zone introduces only a cooling problem. The
lower grid is 19 in. deep, while the core is only 14 in. long. If a core
subassembly cannot engage the grid in the wrong location, an error during
loading does not permit the fuel section of the subassembly to enter the
core region. In the reverse manner, a subassembly can engage the grid
for approximately 17 in. of travel, but the error is detectable.

Top Cover

The top cover provides the closure of the upper end
of the reactor vessel and forms the upper surface of the outlet plenum
chamber. It.also provides the upper portion of the neutron shield. The
12 control rod drive shafts operate through the top cover, and guide bear-
ings are provided in the cover for these units. During the unloading opera-~
tions, the fuel gripper mechanism also operates through an opening in the
top cover. A small amount of leakage occurs through these various open-
ings during reactor operation when a sodium pressure differential of
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approximately 12 psi exists across the cover. This leakage flow is em-
ployed as a part of the neutron shield cooling system in this region.

The top cover is raised and lowered by two shafts
penetrating the small rotating plug. It is fastened to the reactor vessel
by three clamping mechanisms, and the raising and lowering mechanism
is designed to permit free expansion of the lifting shafts. This arrange-
ment avoids the large load due to internal pressure being transferred to
the cover lifting mechanism, and also avoids problems associated with
differential thermal expansion in the system.

The underside of the top cover is provided with "pro=-
jections" on the same spacing as the core and inner blanket subassemblies.
These pins are positioned directly above each subassembly adapter and
provide approximately 1/4 in. of clearance between the adapter and the
end of the pin. The pins prevent any appreciable lifting of the subassem-
blies in the event of failure of the hydraulic hold-down system.

Thermocouple wells are provided adjacent to some of
these pins to measure the outlet sodium temperature in all regions of the
reactor. The thermocouple leads are introduced through tubes which are
brought out through the hollow cover lifting drive shafts. Inside the cover
the tubes are manifolded to the various locations. The tubes are perma-
nently installed in the assembly, but the thermocouple junctions and leads
can be withdrawn from the system.

2. Primary Cooling System

The primary system component arrangement is shown
schematically in Fig. 17. The reactor vessel is centrally located at the
bottom of the primary tank. The pumps, heat exchangers, and connecting
piping are disposed radially around the reactor vessel and elevated some-
what above it.

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

a. The d-c electromagnetic primary coolant pumps take
suction from the bulk sodium approximately 7 ft above the bottom of the
primary tank. The physical configuration of the primary coolant pumps
resembles aninverted "U," with the pumping section being horizontal. The
coolant flow in each pump is upward through the suction leg and downward
through the discharge leg.

b. The flow from each pump separates into two streams
before entering the high-pressure and low-pressure reactor inlet plenum
chambers. The inlet nozzles to each of the lower plenums are approxi-
mately diametrically opposite. The pump outlet line is connected to the
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high-pressure inlet plenum chamber. A smaller line connected to the
outlet line supplies the low-pressure plenum chamber through an ori-
fice and valve.

c. Coolant flow in all regions of the reactor is upward
through the fuel and blanket subassemblies and into a common upper plenum
chamber with a single 14-in. outlet.

d. The 14-in. upper plenum outlet nozzle is located on the
opposite side of the reactor vessel from the heat exchanger. The connecting
pipe between these two components describes a helix-like spiral to accom-
modate thermal expansion. The auxiliary pump is located in this line.

e. The primary coolant flows downward through the shell
side of the heat exchanger and discharges into the bulk sodium in the pri-
mary tank. The heat exchanger outlet is approximately 7% ft above the
centerline of the reactor. This arrangement assures an inherently reliable
natural convection cooling system for shutdown cooling as discussed further
in Section III-A-3.

Ball-seat type pipe disconnects are used in the lines be-
tween the main sodium pumps and the lower plenums of the reactor vessel.
This allows removal of these pumps from the primary tank for mainten-
ance. The sodium line between the upper plenum of the reactor vessel and
the heat exchanger shell is permanently attached to these two components.
The heat exchanger shell is permanently attached to the cover of the pri-
mary tank; however, the tube bundle, upper and lower plenums, secondary
sodium inlet and outlet nozzles, and shield plug can be removed as a unit
in a vertical direction.

When the reactor is in operation, coolant is supplied by
the two "main" primary sodium, d-c electromagnetic pumps operating in
parallel. At 100% power operation, each pump supplies approximately
4250 gpm of coolant at 60 psi head.

Imbalance between the rate of flow through each main
pump does not cause serious maldistribution of flow through the reactor
because there is a very large pressure differential (41 psi) between the
upper and lower plenums as compared to the pressure differences
(0.5 psi) within each of the lower plenum chambers.

Power is supplied to each pump by a separate metallic
rectifier unit. Flow control of the primary cooling system is effected by
regulation of the voltage output of these rectifier units over a 0 to 3-volt
range. Voltage control over this entire range is continuous and smooth.
Interlocks between pump power, flow, and reactor control prevent reactor
startup if the pumps are not operative.
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During shutdown conditions (reactor power of 1% or less),
sufficient coolant flow is established by thermal convection to remove fis=-
sion product decay energy within established fuel alloy temperature limi-
tations. The relative elevations of the heat exchanger and reactor were
established to insure thermal convection of the primary sodium without
heat removal in the heat exchanger.

A detailed discussion of the shutdown cooling system ar-
rangement is contained in Section III-A-3.

The primary purpose of the auxiliary pump is to augment
thermal convection under certain conditions of reactor shutdown. These
conditions occur as a result of system malfunctions which tend to "destroy"
the temperature distributions necessary to maintain thermal convection.
The auxiliary pump insures continuity of flow under these conditions and
prevents undesirable temperature transients (as described in Section IV=G).

The auxiliary pump is a d-c electromagnetic pump located
in the reactor outlet line, and operates in series with the main pumps. Its
design capacity is approximately 500 gpm at 0.15 psi and 900F sodium tem-~
perature. The pumping section is incorporated in the 14-in. outlet pipe
with no change in pipe cross section. This is done to maintain the integrity
of the piping system (at the expense of pumping efficiency, which is not im-
portant).

The auxiliary pump electrical power is supplied from me-
tallic rectifier units and storage batteries. The storage batteries, operat-
ing in parallel with the rectifier units, assure pump operation in the event
of a complete power failure. During normal operation, these batteries
float on the line and remain fully charged at all times. In the event of a
sustained power failure, the pump operates until the battery is discharged,
which results in a gradual decay of the flow rate and an ideal "transition"
to thermal convection. Interlocks between the auxiliary pump and reactor
controls prevent reactor startup unless the pump is connected and operat-
ing with the batteries fully charged.

The primary cooling system is instrumented to measure,
indicate, record, and initiate safety controls on temperature, flow, pres-~
sure, and liquid level. The signals from these instruments are either
recorded, indicated, or scanned. Figure 18 is a flow diagram of the pri-
mary circuit, indicating points of measurement of flow, pressure and
temperature.

The primary system is filled from the sodium receiving
facility in the Sodium Plant via the primary tank fill line and the primary
sodium cleanup facility. To avoid thermal shock or local freezing of the
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sodium, the entire primary system is "normalized" at the temperature of
the incoming sodium. Upon completion of the filling operation, the fill line
is disconnected and capped.

The system can be drained by reversing the filling proce-
dure and by energizing the drain pump. Draining will require considerable
time (days), which is consistent with the requirements for fission product
decay cooling of the fuel, and considerations of radioactive decay of the
sodium.

Reactor operation is restricted to a minimum primary
sodium temperature of 580F. The bulk sodium is heated to this tempera-
ture electrically by immersion heaters. Expansion of the bulk sodium be-
tween 580F and the 700F normal operating temperature raises the sodium
level approximately 4 in. An 18-in. argon gas blanket is maintained be-
tween the sodium surface and the primary tank cover at 700F (22 in. at
580F).

3. Shutdown Cooling System

Removing the fission product decay heat from the reactor
fuel after shutdown involves: heat removal from the reactor by the sodium
flowing through the reactor; and heat removal from the sodium.

After reactor shutdown, coolant flow through the reactor
can be maintained in any of the following ways:

a. Operation of one or both of the main pumps.
b. Operation of the auxiliary pump.
c. Natural convection flow.

Heat removal from the sodium leaving the reactor can be
accomplished by two methods:

a. The heat can be transferred to the secondary system.
b. The heat can be transferred to the bulk sodium in the
primary tank and then removed by the "shutdown

coolers."

If the reactor cover is closed, coolant flow through the re-
actor, by any of the three methods described above, follows the "normal
circuit": through the heat exchanger - to the bulk sodium. If the secondary
system is operating, the heat is transferred in the heat exchanger to the
secondary system sodium. The secondary system, in turn, transfers heat
to the steam system in the steam generator. The heat leaves the steam
system via the condenser, and is transferred to the atmosphere through
the condenser water cooling tower.
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If the secondary system is inoperative, the heat is trans~
ferred to the bulk sodium in the primary tank. The heated sodium leaving
the reactor is mixed with the bulk sodium by discharging from either the
secondary heat exchanger, or, if the reactor vessel cover is raised, from
the top of the reactor. The heat is then removed from the bulk sodium by
the shutdown coolers which, in turn, transfer the heat to the atmosphere
through a finned-tube air heat exchanger. Since the primary system has
a very large thermal capacity compared to the amount of fission product
decay heat removed from the reactor, the temperature rise of the bulk
sodium is slow, and fast response of the shutdown coolers is not necessary.
The salient feature of this method of heat removal is the complete independ-

ence of any external power source. All fluid flow is due to natural convection.

The shutdown cooler (Fig. 19) is an immersion-type, bay-
onet heat exchanger. Basically, it consists of two concentric pipes approxi-
mately 26 ft long, the outer pipe being closed at the bottom. The inner pipe
is thermally insulated from the annulus to provide a greater thermal head
for natural convection. The cooler is positioned in a vertical thimble which
is immersed in the bulk sodium of the primary tank, with a thermal bond
of sodium provided in the space between the thimble and bayonet heat ex-
changer. This type of construction has a dual purpose:

a. It provides a structural barrier between the primary
tank sodium and the coolant in the bayonet cooler =-
the coolant being the eutectic alloy of sodium and
potassium (NaK).

b. 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 direc-
tion 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.
Leaving the bayonet cooler, flow is upward into a finned-tube air heat ex~-
changer, which is located in a dampered air stack outside the reactor con-
tainment building. Here the heat is transferred to the atmosphere by
natural 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. Normally the dampers are actuated by
automatic control; however, manual control is also incorporated in the
event of failure of the automatic system. 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 also reduces thermal shock on the system. When the



stack dampers are opened, the thermal head on both the NaK and air side
is increased. This gives rise to increased flow of both fluids which, in
turn, results in increased heat removal from the bulk sodium.

The NaK cooling system, external to the bayonet cooler, is
instrumented with thermocouples and an electromagnetic flowmeter. An
alarm system is interlocked with these measuring devices to annunciate
and indicate abnormal conditions of flow and temperature.

The system is designed for maximum reliability and sim-
plicity. The design of the bayonet coolers provides for minimum internal
stresses over large temperature ranges and minimum obstructions in the
flow circuit. All welded construction is used and no valves are included
in the system. After the system is filled with NakK, the filling line (which
contains a valve) is capped. The system can be drained (except the bayonet
cooler) by connecting a storage tank to the fill line. This is done only if the
reactor is to be shutdown for an extended period during cold weather.

4. Neutron Shield

The neutron shield surrounds the outside of the reactor
vessel on all sides and is submerged in the bulk sodium of the primary
tank. The shielding material is graphite and graphite impregnated with
3% (by weight) of natural boron. To prevent the reaction and contamina-
tion of the graphite with sodium, it is canned in stainless steel.

For purposes of description, the shield can be separated
into three sections: radial, top, and bottom as shown in Fig. 20. To facil-
itate fabrication, handling, and installation, the graphite and the borated
graphite is canned in conveniently sized pieces which can be readily
stacked and placed in position around the reactor vessel. All cans used
for cladding are leak tested, loaded with graphite, and closed by welding.
The cans are filled with helium to an absolute pressure of 10 in. Hg (at
room temperature) to minimize the internal pressure at operating tem-
perature (12 psia at 700F), and also to provide a heat transfer medium to
conduct the heat generated in the graphite to the can wall. The helium
generated by the (n,a) reaction with boron, results in an increase in pres-
sure of approximately 19 psi (at operating temperature) during the life of
the reactor, assuming that all of the helium generated is released to the
helium atmosphere. (The cans are designed for a positive internal pres-
sure 50 psi greater than the external pressure.) They are cooled exter-
nally by natural convection flow of sodium.

a. Radial Shield

The radial shield is assembled from graphite blocks
(4 x 4fx 18 in. long) fitted in stainless steel cans (41 x 47 x 3> in. wall
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thickness and approximately 13 ft long). The 1/8 in. clearance space
between the can and the graphite is filled with helium.

The cans are placed in rows around the periphery of
the reactor vessel, and each row is held in place by stainless steel bands.
Clearance is provided between the cans to permit natural convection flow
of sodium. Each row is staggered with respect to adjacent rows to mini=-
mize neutron streaming. Specially shaped shielding cans are used around
the inlet and outlet sodium pipes of the reactor vessel.

The three inside rows of cans contain plain graphite,
the fourth row contains borated graphite, the fifth row contains plain
graphite, and the sixth row contains borated graphite. The total graphite
thickness of the radial neutron shield is 24-2- in., of which 8?; in. is borated
and 16%in. is plain graphite.

b. Bottom Shield

The bottom shield is assembled from rectangular cans
of similar composition and size used in the radial shield except that the
lengths are tailored to fit the space available. The staggering and spacing
pattern of the cans are also similar. The first two layers of cans, adjacent
to the bottom of the reactor vessel, contain plain graphite, the third layer
contains borated graphite, the fourth layer contains plain graphite, and the
fifth layer contains borated graphite. The total graphite thickness of the
bottom shield is 20% in., of which 124 in. is plain and 8% in. is borated
graphite.

c. Top Shield

Because of the complex structure of the reactor vessel
cover, the cans are of complex shape. They are stacked to prevent neutron
streaming and to permit cooling. The cans in the center portion of the
cover are cooled by the leakage of sodium from the upper plenum chamber,
between the control rod drive shafts and guide bushings. The other cans
are cooled by natural convection of the bulk sodium through openings in
the periphery of the cover.

The cover contains six layers of cans filled with either

3%}-borated graphite or boron carbide. The total thickness of the top shield is
24% in.
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5; Counters, Chambers, and Instrument Thimbles

a. Counters and Chambers

General

Two fission counters and eight compensated ion cham-
bers comprise the detectors for the nuclear instrument channels. Since
detectors of proven reliability for 700F operation are not available, con=-
ventional detectors are employed in cooled thimbles. For reliable opera-
tion, the temperatures of counters and chambers are maintained below
140F.

A description of the nuclear instrument channels is
incorporated in Section IV-A-2.

Counters -

Two U®*-enriched fission counters detect thermal neu-
trons in the startup range of operation. These counters are located close
to the reactor neutron shield, where gamma intensities approach 10° r/hr
after prolonged full power operation. This type of counter is employed
because the large pulses due to fission fragment ionization may be effi-
ciently discriminated in the presence of unusually high gamma radiation.

Chambers

Six compensated ion chambers of the boron-coated
type are located near the reactor neutron shield. In addition, two identical
chambers operate as back-ups in the biological shield cooling annulus.

This type of chamber electrically cancels the chamber
current component due to gamma radiation of reasonable intensities. Since
the gamma component is not proportional to the instantaneous reactor
power, it constitutes an error superimposed on the normal neutron current.
In EBR-II, the gamma intensity near the neutron shield is unusually high,
at times exceeding the compensation capacity of the chambers. Therefore,
dense gamma shielding is incorporated in thimbles to increase effective
chamber neutron sensitivities by factors of 10 to 100, depending upon the
channel's function. For certain channels, additional sensitivity is gained
by means of graphite beam holes through the neutron shield.

b. Instrument Thimbles

General

Eleven instrument thimbles provide housing for ten
counters and chambers. Of these, eight extend downward vertically through
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the primary tank cover into the sodium. They are distributed along a pe-
riphery just outside of the reactor neutron shield, as shown in Fig. 21.
Each thimble is designed to reduce the high ambient temperature and
gamma intensities in the surrounding sodium to levels tolerable for the
type and function of the detector housed.

The remaining three thimbles extend vertically down-
ward into ducts of the biological shield cooling annulus, and are outside of
the primary tank; one is a spare. These channels are employed for high-
power reactor operation. The gamma level can be tolerated because the
channel functions only over a small high-power range where the neutron
level predominates sufficiently. Since this is a low-temperature region,
simple, conventional thimbles are employed.

Thimble Design

Figure 22 shows the design of a typical thimble, which
operates immersed in the 700F primary sodium. Shielding is placed di-
rectly around the bottom of the inner pipe. Annuluar bayonet-type ducts,
which merge into a single divided duct at the bottom, maintain tempera-
ture below 120F at the detector.

Helium gas is used as the coolant because it does not
activate, it is inert, and it has good heat transfer properties. Helium en-
ters and leaves the top of each thimble through ducts spiralled through
the thimble biological shield plug and connected to distribution headers.

To provide operational reliability, duplicate full-
capacity, heat exchangers and blowers operate in parallel. In the event
of power failure, auxiliary power is supplied by the emergency diesel-
electric generating unit.

The thimble is insulated with stainless steel wool,
which is stable under irradiation, to minimize the cooling load. (Tests
will be conducted to determine the heat load experimentally, and to eval=-
uate other insulations - including an evacuated annulus.)

6. Control and Safety Drive Systems

Operation of the reactor is controlled by 12 control rods,
which are described in Section 1-f. Each rod is independently driven by
an electrical-mechanical drive mechanism. The drives are identical and
are so arranged that only one drive may be operated at a time (with the
exception of "scram," when all twelve operate simultaneously). Operating
control is achieved by a 14 in. vertical motion of the control rods which is
provided by a rack and pinion type drive with constant speed electric
motors; therefore, only one speed of movement is possible. The control
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rods are disconnected from their drives during fuel loading operations. The
disconnect is made with the control rods in their down or least reactive
position. The control rods remain in this position during the unloading
procedure.

Two safety rods are provided in the reactor in addition to
the 12 operational control rods. The safety rods are not a part of the nor-
mal operational control system for the reactor. The safety rods are always
in the reactor and they are designed to function when the control rods are
disconnected from their drives. The primary purpose of the safety rods is
to provide "available negative reactivity" when the reactor is shut down and
the control rods are disconnected. They provide a safety factor during re-
actor loading operations. The safety rods are described in Section 1-g.
The safety rod drive mechanisms are completely independent of the control
drive systems and completely independent of the fuel handling systems.
They are actuated by low level detectors separate from the normal opera-
tional control system.

a. Control Drive System

The control rod drive mechanism performs three
major functions: the connection between the drive and the control rod, the
slow-speed vertical motion (in both directions) for reactor control, and
the high-speed downward motion for reactor scram. These operating
functions are combined in a single unit and are appropriately interlocked
to insure the proper sequence of operation.

The control rod drive mechanism is attached to the
control rod by means of a "gripper." The gripper attaches to the conical
top of the control rod adaptor (which is also used for unloading). The
gripper consists of two jaws which engage the control rod adaptor and are
operated by a cam incorporated in a sliding sleeve. Jaw operation is posi-
tive; the jaws are opened and closed by the cam, and are locked in position
by the cam. The jaws operate through a funnel-shaped guide tube and upon
opening, recede beyond the guide tube, providing a smooth interior surface.
This eliminates the possibility of the control rod adaptor "hanging up" after
the jaws are opened. The gripper also contains a "sensing device" which
makes contact with the top of the control rod adaptor. It consists of a
plunger which is made to move one-half inch in a vertical direction by the
control rod adaptor during engagement and disengagement of the control
rod from the gripper. It is spring loaded and the motion of the sensing
plunger is transmitted to a position indicator. If necessary, it can also
be used to forcibly eject the adaptor from the gripper. A third check is
also provided to eliminate the very unlikely possibility of the control rod
adaptor sticking to the sensing plunger. The relationship between the con-
trol rod adaptor, the sensing plunger, and the gripper jaws is such that
after the control rod is released, and the plunger is in the down position,
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the jaws will not close if the adaptor is still in contact with the sensing
plunger. Closing the jaws after the control rod has been released provides
a final check that release has actually been accomplished. The arrange-
ment of the units comprising the gripper mechanisms is shown in Fig. 23.

The gripper device is attached to the main shaft which
extends upward through the biological shield into the operating area above
the primary system. The actuating mechanism for the gripper and the
sensing mechanism are located above the operating floor and are easily
accessible for inspection and maintenance. The necessary motions em-
ployed to actuate the gripper and to sense the operations are transmitted
by shafts from the gripper to the operating stations. The actuating mech-
anism shown in Fig. 24,is constructed in such a way that the control rod
cannot be released except when it is in the down position of the control
stroke. The position of the jaw actuating device and the position of the
sensing device are indicated by transducers and are suitably interlocked
into the system. The actuating device must be in its proper position, and
the sensing device must affirm that it is, before subsequent operations can
be performed.

The control rod is actuated by a long shaft which ex-
tends through the upper biological shield with the control rod attached to
its lower end and the drive mechanism at its upper end. The shaft is driven
by a rack and pinion at a rate of 5 in./min by a constant speed, instantly
reversible, polyphase motor. The rack gear teeth are cut on the outside
of the tube through which the main drive shaft extends. The drive shaft is
connected to the rack tube by a fast-acting magnetic latch. The latch con-
sists of two rollers which engage notches in the shaft and are actuated by a
magnetic clutch. The magnetic clutch is energized to engage the latch and
thereby connect the shaft to the rack tube. The latch arrangement is shown
in Fig. 25.

The main shaft extends upward through the rack tube
and is attached to a piston in a pneumatic cylinder. The upper end of the
cylinder contains compressed air at a pressure of approximately 50 psig.
The lower end of the cylinder is open to the atmosphere. The pneumatic
pressure is always acting against the piston, tending to drive the shaft,
and thus, the control rod down. Motion is prevented by the latch connect~
ing the shaft to the drive rack. Upon a scram signal, the magnetic clutch
is de-energized, releasing the shaft from the drive rack and driving the
control rod down (out of the reactor core). Scram can occur at any position
in the operating stroke of the control rod and is automatically actuated by a
power failure (which de-energizes the magnetic clutch). A release time of
0.008 second, including the time elapsed between actuating the scram sig-
nal and beginning of shaft motion, is expected. (Tests conducted on a proto-
type unit have shown release times of 0.003 to 0.007 second.) To insure
the compressed air supply to the air cylinders, they are supplied from



accumulator tanks, which, in turn, are supplied by an air compressor.
Check valves are provided in the connecting lines between the accumulator
tanks and the air cylinders and between the air compressor and the accu-~
mulator tanks, to prevent loss of compressed air in the event of line fail-
ure. Pressure-actuated switches scram the reactor in the event of failure
of the air supply. The compressed air available in the cylinder or in the
accumulator tanks is sufficient to insure a "pressure assist" during a
scram in addition to the force of gravity.

Deceleration of the scram stroke is accomplished by
a hydraulic shock absorber connected to the air cylinder. The shock ab-
sorber is actuated during the lower 5 in. of travel. Approximate velocity~
displacement and displacement-time curves assuming 100% initial dis-
placement are shown in Fig. 26.

A mechanical stop is built into the system when the
piston reaches the top of the air cylinder. If the limit switches on the rack
driving pinion fail to stop the unit at the upper end of its travel, the drive
shaft is stopped (including the control rod) and the rack continues to travel,
moving away from the shaft and disengaging the latch. When this occurs,
the shaft and the control rod are automatically scrammed by the disengage-
ment of the latch. Over-~travel of the control rods is prevented and is not
dependent upon the operation of the limit switches.

The 12 control drive mechanisms are mounted on a
platform which surrounds a central support structure. The platform can
be raised 3 in. and lowered 3/4 in. from its normal operating position. The
upward movement is required to raise the lower end of the drive mechan-
ism, after disconnect from the control rods, to clear the subassembly
adaptors during fuel handling operations. The bottom position of the nor-
mal control rod stroke holds the control rod 3/4 in. above its bottom seat
in the guide sleeve. When released from the gripper, the rod drops and
is supported by the guide sleeve. The downward movement of the platform
is required to engage the control rods when they are in their down position.

The motion of the support platform is electrically
interlocked with the gripper-actuating mechanism and the sensing mech-
anism to prevent raising the platform before disconnecting the control rods
from the drive mechanisms. Two mechanical interlocks are provided as
an additional safety feature. Two of the twelve individual gripper jaw-
actuating devices operate two rotating stops for the support platform. The
platform cannot be raised until these two gripper mechanisms have been
opened. The platform can only be raised if all twelve electrical circuits
are properly sequenced, and the two mechanical safety devices are also
in their proper position. The mechanical arrangement is shown on Fig. 24.

33
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b. Safety Drive System

The two safety rods (Fig. 27) are connected beneath
the reactor to a horizontal bar which is connected to two vertical shafts
which extend upward through the biological shield. Each shaft is coupled
to a rack tube by a magnetic clutch latch arrangement similar in design
to one described above for the control rod drive. The rods are driven
by synchronous motor drives and simply raise the system to the "cocked
position." When the latch is released, the drive mechanism and the safety
rods fall 14 in. under the force of gravity. A pneumatic shock absorber
decelerates the mechanism during the last 5 in. of movement. All reactor
operations, including actuation of the control system or actuation of the
fuel-handling system, require the safety rods to be in the up position.

The safety rods are connected to the horizontal sup-
port bar by a bayonet-type lock,described in Section III-A-l1-g. The entire

system acts as a unit with both rods being "dropped" simultaneously.

7. Fuel Handling System

"Fuel handling" includes: removing the subassembly from
the reactor, transferring it to the storage rack, and after a 15-day cooling
period (for fission product decay), removing it to the disassembly cell.
The fuel-handling system (Fig. 28) consists of the reactor gripper mech-
anism, the holddown mechanism, the transfer arm, the storage rack and
the disassembly cell gripper mechanism. The reactor gripper mechanism,
and the holddown mechanism are located in the small rotating plug which
is in turn eccentrically located in the large rotating plug. Rotation of the
two plugs is employed to position the gripper over the desired location in
the reactor, and to position the gripper at the "transfer position." The re-
actor cover is also supported by the small plug, rotates with it, with the
gripper mechanism and holddown mechanism operating through the cover.

After the reactor is shut down, the 12 control rods are re-
leased from their individual control rod drive mechanisms. The reactor
cover holddown clamps which fasten the cover to the reactor tank are then
released. The three cover holddown clamps are equally spaced about the
circumference of the cover. Clamping is accomplished by a tube which
slides over a fixed rod, as shown in Fig. 29. Sliding the clamping tubes
upward provides clearance between the flange and the tubes permitting the
cover to be raised by the two elevating columns. The columns are raised
by two synchronized electric motor-driven lifting mechanisms located on
the small rotating plug. In the raised position, the reactor cover engages
pins extending from the underside of the rotating plug, to prevent swinging
of the relatively heavy mass (approximately 17 tons) during plug rotation.
The cover is raised 9 ft-8 in. to provide clearance below it for removal of
subassemblies from the reactor. The control drive mechanisms are then
raised 3 in. to clear the subassembly adapters.
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The reactor is now prepared for unloading a subassembly.
The rotating plugs must be rotated to the proper location to position the
gripper over the desired subassembly. Both shield plugs are supported by
roller bearings and rotated byelectric motors. The plugs are sealed around
their periphery by "freeze seals'" employing a bismuth~tin alloy. The bismuth-
tin alloy is contained in a trough around the plug while a baffle fastened to the
plug dips into it. During reactor operation, the alloy is frozen (melting point
281F), forming a gastight, pressure-proof seal. During fuel-handling opera-
tions, the alloy is heated until it reaches the liquid state, allowing rotation
of the plugs. In addition to the rotation of the two plugs to the required loca-
tion, it is also necessary to rotate the gripper unit about its centerline to
provide the correct angular orientation of the gripper head.

All operations involved in the fuel handling cycle include
provisions for maintaining a "known" angular orientation of the subassembly.
Three locations on the subassembly provide this orientation control: (1) the
cone-shaped adapter is slotted and engages a blade in the gripper mecha-
nisms; (2)the section below the collar is rectangular and engages the slotted
arm of the transfer arm; and (3) the lower nozzles of the subassemblies are
slotted and engage orientation bars in the reactor grid and the storage rack.
Each of these "orientation controls" on the subassemblies are in the same
plane. Control of angular orientation, and knowledge of angular orientation
is maintained at all times during the fuel handling cycle.

The rotating plugs and gripper head are rotated to the proper
position for the particular subassemblyto be removed. (There is an angular
position for eachof these three units for eachlattice position in the reactor.)
The holddown mechanism consisting of a "funnel-shaped" sleeve is lowered
byanelectrically driven screw over the subassemblyto be removed. It con-
tacts the six adjacent subassemblies, spreads them slightly, and prevents
them from moving as the subassembly is removed. This arrangement is
shown in Fig.30. The holddown sleeve also acts as a guide for the gripper
mechanism.

The gripper head is lowered (through the holddown sleeve)
and contacts the adapter on the subassembly. The gripper device onthe lower
end of the mechanism grips the subassembly adapter in the same fashion as
the control drive gripper described inSectionIII-A-6. The orientating blade
between the gripper jaws engages the slot in the conical shaped head. The
sensing device also functions as described in Section III-A-6. The gripping
mechanism is moved vertically by an electrically~-driven screw drive and
the gripper jaws are motor operated. Interlocks prevent the opening of the
gripper jaws except when the gripper head is in the upper plenum chamber
of the reactor,or at the transfer point between the gripper and transfer arm.

After the subassembly has been raised out of the reactor,
the holddown tube is raised around the suspended subassembly and acts as
a support during movement of the two rotating plugs.



36

The plugs are rotated to the transfer point, and the gripper
head is rotated to the "transfer angle." The collar on the subassembly
adapter fits into the U-shaped transfer arm-holding device as shown in
Fig. 31. The rectangular section below the collar assures proper orienta~
tion. The collar of the subassembly adapter fits into a recess on the trans-
fer holding device into which it is lowered by the gripper mechanism. The
locking bar on the transfer arm holding device locks the subassembly posi~
tively to the transfer arm. The subassembly is released by the gripper and
the holddown is lowered.

The transfer arm is rotated through a horizontal arc of
about 80 deg. and positions the subassembly above any one of three con-
centric rows of storage locations in the storage rack. The transfer arm
is operated manually and, "by feel," provides several checkpoints for the
operator; for example: The physical contact between the transfer arm and
subassembly at the transfer position is felt, the transfer arm cannot be
moved while the subassembly is held by the gripper and holddown sleeve,
and provides a check that the transfer has been made correctly. Similar
checks can be made between the transfer arm and the storage rack.

The storage rack is a tank-shaped structure providing
70 storage locations in three concentric rows. The storage rack is sus-
pended by a shaft extending through the disassembly cell, with its drive
mechanism mounted on the ceiling of the disassembly cell. The storage
rack can be rotated as well as raised to different levels in the primary
tank. An empty storage location is positioned below the subassembly,
which is suspended from the transfer arm, by rotation of the storage rack.
By elevating the storage rack, the subassembly is inserted into a storage
location and at the end of the upward movement, it is lifted from the hold-
ing device upon release of the transfer arm locking bar. To assure proper
vertical movement of the storage rack, a transfer-indicating device is used.
This is a sensing rod extending vertically from the disassembly cell ceil-
ing directly to the transfer position. It is actuated by the upper adapter of
the subassembly, which is raised when improper rotation of the storage
rack would position an already occupied storage location below the sub-
assembly or if the storage rack lifting mechanism accidentally overtravels
its correct transfer level. In either case, the transfer~indicating device
acts as an electrical safety stop. A further checkpoint exists here. As
long as the subassembly is held jointly by the storage rack and the trans-
fer arm, the transfer arm cannot be moved, indicating proper operation of
both mechanisms. After subassembly transfer, the transfer arm is ro-
tated to a neutral position while the storage rack is lowered.

After 15 days cooling, the subassembly is removed from
the storage rack to the disassembly cell. The disassembly cell gripping
device is similar to the fuel-handling gripper, with the addition of flow
channels for inert gas, which is circulated through the gripper shaft and
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through the subassembly to provide cooling during transfer operations. The
gripping device mechanism is mounted in a rotating plug in the ceiling of
the disassembly cell, which positions the gripper over the subassembly in
the storage rack and after removal transfers it to the disassembly receiv-
ing station. The rotating plug is of similar construction and has an identi-
cal sealing arrangement as the two rotating plugs above the reactor.

The operations performed in the disassembly cell are de-
scribed in Section III-A-9.

A subassembly is loaded into the reactor by reversing the
sequence of operations.

8. Primary Tank and Biological Shield

The primary tank, primary structure, and shield cooling
system comprise an integrated system, which is designed to: meet static
load requirements, maintain accuracy of alignment, and contain internal
energy release. As shown in Fig. 7, the tank is surrounded by, and sup-
ported by, the primary structure which includes the biological shield.

The primary tank and the primary structure are com-
pletely independent of each other on all sides except the top. The primary
tank is supported at the top and all units entering the primary tank do so
through the top. Much of the equipment entering the primary system is
large and heavy and must be adequately supported, as well as the total
weight of the primary tank. The "low temperature top structure" is de-
signed to support these loads.

The primary structure is also designed to contain the en-
ergy release associated with a "hypothetical" nuclear accident. For design
purposes, an energy release equivalent to 300 1b of TNT at the center of
the reactor was assumed. (The possible magnitudes of energy release are
discussed in Appendix C.) Although the primary tank would be destroyed,
the primary structure surrounding the tank has been designed to contain
this energy release without failure (as described in Appendix E).

a. Primary Tank

The primary tank is of double wall construction (a
tank within a tank)to provide maximum reliability of sodium containment.
The tank is constructed of Type 304 stainless steel. The inner tank is 26 ft
internal diameter and the outer tank wall is 26 ft-11 in. internal diameter.
The side walls are constructed of 1/2 in. thick plates, while 1 in. thick
plates are employed for the tank bottoms. The space between the two tanks
is filled with an inert gas, which is monitored to detect leakage through
either tank wall (sodium or air). The outside of the tank is insulated to
minimize heat loss from the primary system.
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The bottom of each of the tanks is stiffened with radial
beams. A similar structure is used for the primary tank cover, which is
39 in. deep. (This depth is used for shielding material and thermal insula-
tion.)

The inner tank bottom plate structure is designed to
support the reactor tank, the subassemblies, neutron shield and the entire
sodium load. This load is transferred by the tank wall to the top cover
where the tank is supported. The outer tank structure is designed to carry
only the sodium load in the event of a leak developing in the inner tank.

The criteria used in the bottom plate structure design
are as follows:

(1) The inner tank bottom plate structure is designed
to support the full load with a maximum deflection of 1/4 in. at a tempera-
ture of 750F. This small deflection was established to minimize misalign-
ment between the reactor and the upper structure of the primary system.

(2) The outer tank bottom plate structure is designed
to support the uniformly distributed sodium load with an allowable bending
stress in the plates and beams of 14,700 psi. (Deflection does not affect
equipment alignment.)

The primary tank and its contents, and those compo-
nents which are connected to the primary tank top cover, are supported by
six hangers welded to the top cover beams, which in turn transfer these
loads to the top structure beams. Each hanger is pin-connected so that
differential radial expansion between the top structure and the primary
tank cover (due to large differences in operating temperatures) will not
impose any additional stresses in the system.

The primary tank design and the method of support
are arranged to provide radial expansion about the vertical centerline of
the system. The most critical units, the reactor and the rotating plugs
which locate the control drives and fuel unloading mechanisms, are loca-
ted on the physical centerline of the system. Differential vertical expan-
sion is avoided by the use of identical material for all equipment in the
system, and maintaining it at the same temperature.

b. Primary Structure

The primary structure (Fig. 32) consists of a system
of columns and beams which transmit the loads to the main internal build-
ing foundation. In combination with the biological shield, it forms a "pres-
sure vessel" surrounding the primary tank. The bottom structure consists
of six radial beams embedded in the heavily reinforced concrete with six
columns connected to the beams. These columns are connected at the top
to six radial beams which frame into a circular ring (6 in. thick) located
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on the centerline of the system This top structure with additional stiffen-
ing members provides the supporting structure for the primary tank and
for the major primary system components supported external to the pri-
mary tank.

The material proposed for this structure is USS
Carilloy T-1 plate steel, which has a yield point of 90,000 psi and a ten-
sile strength of 105,000 psi at room temperature. Using American Weld-
ing Society E-12015 electrodes welded joint efficiencies of 100% are
anticipated.

A ring of ordinary concrete (6 ft thick) provides the
radial biological shield, the inside diameter of which is at essentially the
same diameter as the inside of the six vertical columns. The shield alone
provides sufficient strength to carry the static loads imposed on the top
structure. The steel columns are required to provide the strength required
to withstand the assumed internal energy release. The steel columns are
not only required to carry the load resulting from the internal pressure
against the top structure, but certain precautions must be taken to main-
tain the integrity of these columns from "blast damage."

c. Blast Shield

In order to preserve the integrity of the primary
structure (in particular, the columns) and the radial biological shield in
the event of an "explosion-type accident" in the reactor, a laminated and
continuous blast shield (2 ft thick) is placed between the primary tank and
the biological shield. The laminations consist of alternate layers of 1/2 in.
thick carbon steel plate shells and 4 in. thick lightweight concrete (a foam
type of concrete with a very low density), or glass wool. The blast shield
serves as a cushion for most of the energy released, reducing the pres-
sure acting on the structure to allowable limits. The mechanism of en-
ergy attenuation and absorption is the crushing of the low-density
concrete and glass wool, and the stretching of the steel shells. An esti-
mate of the effectiveness of the blast shield is included in Appendix E.

d. Biological Shield

The radial biological shield is constructed of ordinary
concrete 6 ft thick. The concrete is reinforced with continuous hoops of
reinforcing rods in such a manner so as to allow the shield to resist safely
an internal pressure of 75 psig. (The estimated resultant pressure beyond
the blast shield is only 5 psig.)

Figure 33 shows the detail of the primary structure
columns in the radial biological shield. The inner steel form for the bio-
logical shield is permanent. The columns have been set back 2 in. from
the inner face of the biological shield to avoid lateral loading of the col-
umns in the event that the concrete tends to move outward.
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The radial biological shield and structure is continuous
except at an elevation near the top of the primary tank where it is penetrated
by several horizontal offset holes (approximately 8 in. dia.) for the ventila-
tion ducts required for shield cooling. The shield is heated by the heat loss
from the primary system, and by energy absorbed in attenuating neutrons
and gamma rays. The heat is removed to avoid overheating the steel plates
and the concrete.

e. Shield Cooling System

The shield is cooled by forced circulation of air. It is
essentially a re-circulation system; however, a fraction of the air is con~-
tinuously drawn into the system and an equal amount is discharged from
the building. The shield cooling system is a part of the building ventilation
system and the air is exhausted from the building through the shield cool-
ing system. The shield cooling system operates at a pressure slightly
below that of the building atmosphere. This provides in-leakage and also
simplifies certain areas in the shield which cannot be connected to a closed
circulation system. The top structure and the shield plugs installed therein
are cooled by air drawn from the building atmosphere. The radial shield
and the structure below the primary tank are cooled primarily by recircu-
lated air. Figure 34 is a simplified diagram describing the shield cooling
system. Air from inside the building shell is drawn into the primary sys-
tem through a duct system in the rotating plugs and in the primary top
structure, and circulated around the top cover of the primary tank, through
ducts in the biological shield into exhaust blowers. It joins air which has
circulated through the radial shield and bottom shield air space. The air
flow then is split into two paths, one to the exhaust stack in the Process
Plant, and the other through coolers.

The heat that must be removed by the shield cooling
system consists almost entirely of the heat loss from the primary system,
the heating in the shield due to neutron and gamma ray attenuation being
only a small fraction of the total heat load. The total heat load is approxi-
mately 430,000 Btu/hr, of which 415,000 Btu/hr is the heat loss from the
pPrimary tank, and approximately 15,000 Btu/hr is due to the neutron and
gamma attenuation in the structure and shield.

An air-cooling system of 15,000 cfm capacity with a
maximum air velocity of approximately 30 fps is required. Reliability of
the system is achieved by auxiliary power supplies to the exhaust blowers
and coolers. Because of the large heat capacity of the system, interruption
of the cooling system is not critical.
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9. Disassembly Cell

Ths disassembly cell is a sealed, shielded cell directly in-
terconnected with the xeactor primary system. The disassembly cell is
actually a part of the P ess Cell but is located in the reactor building to
perform certain prelimfinary process operations.

All su ‘assemblies entering the reactor system are trans-
ferred through the disabsembly cell to the storage rack, and thence to the
reactor. All subassemblies removed from the reactor follow a reverse
pattern and, in addition, the core subassemblies, control rods, and safety
rods are partially disassembled. These units which contain enriched fuel
are permitted to cool, while submerged in sodium in the storage rack, for
15 days after removal from the reactor. After this cooling period, these
units still require forced convection of inert gas through them to provide
adequate cooling. To avoid the necessity for elaborate cooling facilities
in the transfer coffins, these units are disassembled to the extent that
forced convection cooling is not required. This consists of removing the
hexagonal subassembly cans and separating the individual fuel elements.
The subassembly cans are cut and separated from the internal sections
of the subassembly in essentially the reverse manner of the assembly
operations. The fuel elements are mechanically engaged to the grid in
the subassembly and can be mechanically removed. After the individual
fuel elements are removed from the cluster and separated, they will cool
adequately in the atmosphere of the cell. The blanket sections of the core
subassemblies and the blanket subassemblies do not introduce cooling
problems and are not disassembled in the disassembly cell.

During the disassembly operations on the enriched units it
is necessary to provide a continuous flow of inert gas through the units to
extract heat from the cluster of fuel elements. This is accomplished in the
disassembly cell with much more reliability than would be possible in the
transport coffins required to transport this equipment to the Process Plant.
Of particular importance is the fact that the coffins must be transferred
through the reactor building air lock, with the attendant possibilities of
malfunction of equipment, loss of forced cooling, and resultant melting of
the fuel.

The process operations are also divided between the dis-
assembly cell and the process cell with respect to fission product con-
tamination. The operations in the disassembly cell involve the physical
separation of the fuel elements from the core subassembly, but do not
include any separation of the fuel element containers from the irradiated
fuel. No appreciable fission product release is expected in the disassem-
bly cell, and the primary contaminant in this cell is activated sodium.
Gross fission product contamination is confined to the process cell.
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10. Sodium Cleanup System

A recirculating cold trap system (Fig. 35) is used for con-
tinuous primary sodium purification. This system enables the mainten-
ance of impurity concentrations at or near their greatly reduced solubility
limits for temperatures just above the melting point of sodium. Cold trap
precipitation is effective in maintaining low concentration of such impuri-
ties as sodium hydride, most fission products, and particularly sodium
monoxide.

The cold trap consists of a 500-gallon tank filled with
Type 304 stainless steel wire mesh to provide supplementary surface area
to enhance sodium crystallization and deposition.

A regenerative heat exchanger is incorporated in the main
sodium stream to reduce over-all heat losses in the cold trap system. The
cold trap operational temperature of 350F is maintained by a secondary
sodium cold trap coolant loop.

Two types of analytical devices are used to determine the
sodium quality. A plugging indicator is mounted on the cold trap inlet line
to monitor the oxygen concentration in the primary tank sodium. Two
vacuum cup samplers are used to physically remove sodium samples for
chemical or radiological analysis; samples may be taken from either the
cold trap inlet or discharge line.

Parts of the cold trap circuit lie below the level of sodium
in the primary tank. Since radioactive primary sodium is circulated in the
cold trap system, it is essential to eliminate the possibility of an accident
or equipment failure resulting in syphoning of primary tank sodium. To
avoid this possibility, a surge tank is included in the cold trap inlet line at
its highest point of elevation. An argon gas blanket pressure is maintained
such that, under static conditions, the sodium level is just below the surge
tank discharge opening. With the pump operating the level rises sufficiently
to establish flow. The power supply to the pump is interlocked to a sodium
vapor monitor at the cold trap floor level to cut out when a sodium leak is
detected, thereby "breaking" the inlet sodium line at the surge tank. In
addition, an argon gas line is provided for positive gas addition to insure
breaking the sodium column in an emergency.

The cold trap discharge line empties into a splash sleeve
in the gas phase of the primary tank, precluding any possibility of syphon-
ing through the discharge line.

Five remotely controlled valves are placed in the cold trap
circuit for use in isolating various sections of the system during emergen-
cies and for any necessary repair work. The horizontal sections of both
the cold trap inlet and discharge lines are pitched to drain back into the
Primary Tank.



These provisions insure a minimum of sodium spillage in
the event of system failure. Excluding failure of the cold trap tank proper,
a rupture at any other place in the system can involve no more than the
sodium inventory in the cold trap discharge line and in the vertical section
of the inlet line.

11. Inert Gas System

It is necessary to provide an inert gas blanket over the
pPrimary system sodium and an inert gas atmosphere within the disassem-
bly cell. Of the noble gases, argon was chosen for this system because it
is superior with respect to: pumping, heat transfer, sealing, and second-
ary effects on structural materials (such as nitriding). To maintain a low
level of atmosphere contamination, a gas cleanup system (Fig. 36) is pro-
vided through which the argon can be continuously recirculated and purified.
Continuous circulation is also desirable as a means of preventing excessive
sodium aerosol buildup in the gas.

Although the disassembly cell and primary tank are inter-
connected, the two gas systems are essentially separated and the gas sys-
tem is arranged to handle them independently (with a small leakage rate
between the systems). Because the recirculation requirements for the two
regions are different, the primary inert gas system provides independent
control of the pressure and recirculation rate of the primary tank blanket
gas and the disassembly cell atmosphere. During normal operation, the
primary tank pressure and recirculation rate is respectively -3 in. H,0
and 20 cfm and for the disassembly cell -2 in. H,O and 200 cfm. The
purpose of a lower pressure in the primary tank is to minimize diffusion
of sodium vapors from the primary tank to the disassembly cell. The
blower discharge pressure and the capacity of the blower head tank are
established such that, upon equalization, the pressure of the complete
primary inert gas system would be less than 2 psig. Make-up gas is
added to the primary circulating gas system, as needed from the Process
Plant argon gas supply system. Excess gas is vented directly through fil-
ters to the exhaust stack or to a retention tank for subsequent disposal.

An internal inert gas manifold within the disassembly cell
supplies heated argon for drying fuel subassemblies upon their removal
from the primary tank. This manifold also supplies coolant gas through
flexible connections to the fuel subassemblies prior to and during their
disassembly.

Argon vented to the stack is continuously monitored for
activity. If the activity exceeds the tolerable level, the gas is pumped into
a retention tank and held until it decays sufficiently for safe disposal.
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12. EBR-II Working Model

In order to demonstrate the feasibility of the submerged
primary system design concept, a working model of significant size was
constructed. The working model (Fig. 37) duplicates all of the significant
components of the parent design, appropriately scaled to function in this
system. These include:

a. The primary tank (approximately 11 ft. dia. by 8 ft
deep), which contains approximately 5,000 gal of sodium. The sodium is
heated electrically and maintained at approximately 750F, which approxi-
mates the ambient sodium temperature in the EBR-II system.

b. A reactor mock-up of 61 "dummy fuel subassemblies."

c. A prototype d-c, electromagnetic pump with a design
capacity of 1,000 gpm at 40 psi head. The pump, piping, reactor, and in-
strumentation are interconnected in a manner similar to the EBR-II pri-
mary system. Since this is an isothermal experiment, the heat exchanger
is omitted and a throttle valve is incorporated in its place. The arrange-
ment of the flow system is shown schematically in Fig. 38.

d. A by-pass circulation sodium purification system which
includes a pump, regenerative heat exchanger, and cold trap for the con-
tinuous circulation of sodium and continuous removal of sodium oxide.

e. A prototype shutdown cooler.

The operation of the system components has shown that
the physical arrangement and the operational procedures are entirely feas-
ible. Fuel-handling operations have been performed periodically; a total
of approximately 80 loading and unloading operations have been completed.
The pump has operated a total of 4500 hrs without difficulty. The con-
tinuous by-pass sodium purification system has demonstrated the feasi-
bility of maintaining the sodium purity below 0.002 wt-% O,. This has been
accomplished in a system in which the inert gas blanket leakage is higher
than is expected in the EBR-II system. The shutdown cooler has operated
very satisfactorily, and the heat removal capability has equalled that
predicted.

Several minor modifications have been made in some of
the operating mechanisms as a result of the experience obtained from the
operation of the working model. These are also incorporated in the EBR-II
system components, and even greater operational reliability is anticipated
in the EBR-II system. An intangible asset has been the practical experi-
ence obtained from the operation of this unit and by the confidence in the
system design which has resulted from this satisfactory operation. Par-
ticularly significant has been the comparative ease with which modifications
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to the systermn have been made. Although there is no radioactivity present,
these modifications have been made in the face of all of the "chemical
problems" associated with the sodium. This experience has demonstrated
that the maintenance problems which may be expected in the EBR-II can
be suitably performed with the addition of adequate precautions to take
into account the additional complexity associated with radioactive sodium.

Particularly significant experience was obtained from the
system after abnormal contamination of the sodium with oxygen during cer-
tain maintenance operations. Comparable system contamination in small
experimental loops and apparatus have caused considerable operational
difficulties in the past. In the working model the system was quickly and
easily purified, and normal operation resumed. This experience has mini-
mized concern with respect to the problems associated with the inadvertent
oxygen contamination of the sodium system. It also suggests that larger
sodium systems are considerably more reliable than the small, experi-
mental systems upon which the majority of previous experience has been
based.

B. Secondary System

The secondary system is the non-radioactive sodium heat trans-
fer loop between the radioactive primary system and the steam system. The
principal function of this system is to transfer heat from the primary sodi-
um system to the steam system in an efficient manner. The flow rate is
2.58 x 10° lb/hr (approximately 6050 gpm). The heat exchanger inlet tem-
perature is 610F and the outlet temperature 880F. The principal compo-
nents of the secondary system in flow sequence, are the sodium circulating
pump, the heat exchanger, the steam superheater and the steam evaporator.

The circulating pump is an a-c linear induction electromagnetic
pump with a capacity of 6500 gpm at about 65 psi. Flow control down to 5%
of nominal rating is achieved by providing a variable input alternating cur-
rent voltage to the pump. This variable voltage is obtained from the output
of a motor generator set, which is controlled to provide the required incre-
ments of flow.

The circulating pump is located in the Sodium Plant building
which is about 50 ft from the Reactor Plant building. This single story
building of fireproof construction also contains the secondary sodium pu-
rification system, sodium receiving facilities, and the sodium storage tank.
The sodium storage tank is below floor level in this building, and the entire
secondary system sodium, except that in the heat exchanger, can drain into
this tank.

The surge tank, which is connected into the piping at the circu-
lating pump inlet, maintains a constant head to the pump. The sodium pu-
rification system circulates 20 gpm from the storage tank and discharges
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into the surge tank insuring constant level. The overflow returns to the
storage tank through an internal overflow pipe in the surge tank. Argon
gas at approximately 10 psi is provided as an inert gas atmosphere over
the sodium in the surge and storage tanks.

The heat exchanger is located within the primary tank in the
Reactor Plant. It is suspended from the primary tank cover, and is almost
totally submerged in the primary sodium. It is a shell-and-tube-type ex-
changer with the secondary sodium on the tube side.

The Boiler Plant building is 100 ft from the Reactor Plantbuild-
ing. The steam generation equipment is located so as to insure drainage
to the storage tank in the Sodium Plant. The secondary sodium passes
through the superheater section and the evaporator section in series.

All piping in the secondary system is capable of absorbing
thermal expansions due to temperature changes from ambient to 1000F.
The sodium yard piping is carried on conventional concrete piers fitted
with pipe guide or anchor frames as required. The yard piping is heated,
insulated, and weatherproofed. Heating is accomplished by 60-cycle in-
duction heating, and serves to maintain a temperature above the freezing
point of sodium (208F).

C. Steam System

The steam system serves as a "heat sink" for power generated
in the reactor. Steam is generated at 1300 psig, 850F from the heat deli-
vered by the secondary sodium system. At 62.5 mw reactor output, the
steam generator will deliver 248,000 lb/hr steam to a 20 mw stearm power
plant of essentially conventional design. An induced draft cooling tower
provides low-temperature heat rejection.

Certain features have been added to the system to improve re-
liability and to divorce the reactor from load fluctuations on the turbine.

A by-pass system operates in conjunction with the turbine to
permit absorption of all energy produced in the reactor irrespective of
electrical output. Normal plant operation consists of continuous by-pass
of steam to absorb load variations in the steam system without affecting
the reactor.

Steam conditions were selected to provide maximum stability
to the heat transfer loops with respect to system temperatures. The satu-
ration temperature of 1300 psig steam (580F) approximates the minimum
temperature of the secondary system (610F). This results in a constant
high temperature heat sink provided the steam pressure is maintained
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constant, which can be readily accomplished. The temperature of the
secondary sodium seen by the primary sodium coolant system is es-
sentially constant under all conditions of operation.

Recent experience has indicated that reliability of the steam
generator unit cannot be assured. High thermal stresses are known to
have contributed to many of the failures. In an effort to minimize thermal
stresses in the EBR-II steam generator, special feed-water temperature
requirements have been included. In addition to feed-water heating by ex-
traction from the turbine, feed-water temperature is raised further by an
additional heater supplied with steam direct from the 1300 psig system.
In this manner, the feed-water is heated to 550F over the entire load
range resulting in a very small temperature difference between the feed-
water and the evaporator water (580F).

Because of the questionable reliability of the steam generator
at this stage of development, the EBR-II steam generator is located in a
separate building adequately removed from the reactor, with "blow-out
panels" designed to fail in a direction away from the reactor. The steam
generator is also separated from the bulk of the sodium in the secondary
system to minimize resultant damage if a serious failure occurs.

D. Process System

Although fuel processing is normally not covered in a discus-
sion of reactor safety it is included here since it is an integral part of this
reactor cycle. The EBR-II probably will be the first reactor in this country
to operate directly on recycled fuel and hence face the entire problem of
heavy isotope buildup.

Irradiated fuel from the reactor will be cooled for only 15 days
prior to transfer to the process plant for decanning and processing. The
processing facilities are contained in two shielded cells located in the
Process Plant. The larger of these cells contains the equipment for de-
canning spent fuel and blanket elements, for processing them, and for
fabricating the fuel into new elements. This cell is gastight and contains
an inert atmosphere of high-purity argon. The second cell is a conven-
tional shielded hot cell with an air atmosphere and is used for assembly
of subassembly units as well as service work for the main cell.

Spent fuel elements are disassembled in the reactor building
and the individual fuel pins (still canned in stainless steel) are transferred
to the inert gas cell of the process plant. Here the pins are mechanically
decanned. The bare pins are then charged to a furnace in 10-kilogram
batches and melted in an environment deficient in oxygen. Under these
conditions the volatile and noble gas fission products are released to the
furnace atmosphere and those fission products whose oxides are more
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stable than uranium oxide (cerium, rare earths) appear in the dross or
slag. The ingot resulting from this melting operation contains uranium,
plutonium, and the fission products Zr, Nb, Mo, Ru, Rh, Pd and presum-
ably Tc. These elements reach an equilibrium value and it is the "esti-
mated equilibrium" alloy that will be used for the EBR-II fuel (see end of
section for discussion of "fissium" and its properties). The ingot produced
by the processing furnace is remelted in an injection-casting furnace and
new fuel pins are cast directly to size in expendable Vycor molds. The
pins are then cut to length and inspected prior to reassembly into new
elements.

In the reassembly area of the process plant new fuel cans con-
taining the bottom fitting and spacer wire are cleaned and leak tested before
being introduced into the fabrication facilities. The bond sodium is intro~-
duced into the can and the can is then transferred into the shielded portion
of the cell. The refabricated pins are inserted into the cans which are
then capped and welded. Each assembled pin is treated to ensure that the
bond metal (sodium) wets both the pin and the can so that good heat trans-
fer is assured, and each pin is leak tested to check the final seal weld. The
final step in pin preparation is a bond-testing procedure which not only
monitors the bonding treatment but also determines the sodium level within
the can.

The finished pins are transferred from the argon atmosphere
cell to the air cell where they are assembled into new subassemblies for
return to the reactor.

"Fissium" is the name that has been applied to all alloys of
uranium, plutonium, and fission products arising out of the work on pyro-
metallurgical processing. Most of the processes in this category do not
completely remove the metallic fission products and as a result the con-
centration of these elements increases with fuel re-cycle until an equilib-
rium value is reached. This equilibrium value is a function of the fission
yield of the isotopes involved, half-life, cooling time, cross section, and
dragout via slag and processing losses. As a result there are many pos-
sible equilibrium alloys, depending upon: the ratios of the fissionable
materials (U2, U8, Pu®®), on process operating conditions, on reactor
cycle, etc. Some of the variables are adjustable so that some control
can be exercised over the composition of the recycled alloy.

The major fission products generated per cycle in U2 irra-
diated to 2% burnup are as follows:
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Element wt =% Element wt =%
Rubidium 0.021 Indium 0.001
Strontium 0.072 Tin 0.004
Yttrium 0.037 Tellurium 0.024
Zirconium 0.23 Iodine 0.012
Niobium 0.013 Xenon 0.25
Molybdenum 0.18 Krypton 0.027
Technetium 0.052 Cesium 0.22
Ruthenium 0.14 Barium 0.076
Rhodium 0.025 Total Rare Earths 0.60
Palladium 0.016 Silver + Antimony + Cadmium 0.006

If an appreciable per cent of the total fissions are due to U8 or
Pu?®, the fission yield curve changes slightly to account for the extra three
or four mass units and some of the concentrations change accordingly. In
general, the metal atoms (Mo, Ru, Rh, Pd) re-cycle with the fuel, and the
non-metallic atoms are removed in processing, with zirconium, niobium,
and tellurium being partly removed. It is apparent that between pure ura-
nium and the equilibrium fuel of infinite re-cycle there exists an infinite
number of alloys.

The problems introduced by starting a reactor cycle on "pure"
uranium and then processing and fabricating a slightly different alloy at
every pass are tremendous. As a result, it is planned to load the reactor
with an alloy approaching one of the equilibrium alloys. The change in com~-
position per pass in this case is slight and changes in properties are expected
to be negligible. This plan alleviates the effects of the ingrowth of all fission
products except technetium but still leaves those problems arising from
heavy element buildup. It is anticipated that the equilibrium alloy resulting
from the operation of EBR-II with a uranium fuel loading may be as follows:

Element wt-T%
Zirconium 0.1 -0.2
Niobium 0.01
Molybdenum 1.6 -3.4
Technetium 05-1.0
Ruthenium 1.2 - 2.6
Rhodium 0.2 -0.5
Palladium 0.1 -0.3
Silver + Cadmium + Antimony 0.1

Since an infinite number of alloys are obviously possible in
such a system a few reference alloys have been standardized on for test-
ing. The first two reference alloys on which data are available are listed
in Table III.
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Table III

COMPARISON OF REFERENCE FISSIUM ALLOYS

Element

Uranium
Plutonium
Zirconium

Molybden<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>