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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.




11

(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



25

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



31

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.
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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.



50

Table III

COMPARISON OF REFERENCE FISSIUM ALLOYS

Element

Uranium
Plutonium
Zirconium

Molybdenum

Ruthenium
Rhodium
Palladium

Alloy A Alloy B
95.0 69.2
- 20.0
0.2 0.5
2.5 2.8
1.5 4.3
0.3 0.7
0.5 2.5

The properties of alloy A as determined by Saller1 are listed in Table IV.

Table IV

‘ PHYSICAL PROPERTIES OF URANIUM AND URANIUM ALLOYS

‘ Property Temp., C Alloy A U-2 wt-% Zr Uranium
Density, gm/cc 20 17.95 18.6 19.1
65 17.4 - -
| 640 - - 18.4
700 17.4 - -
720 - - 18.1
800 17.3 - 18.1
Melting Range, C 1002 - 1081 1150 1133
Thermal Expansion, 10"’/C Heat. Cool.
20 - 100 11.0 13.7 14.5
20 - 200 12.5 14.4 15
20 - 300 13.6 15.1 16
20 - 400 14.0 15.7
20 - 650 16.6 - 20.5
20 - 700 16.6  23.3
20 - 800 16.8 23.4
Thermal Conductivity,
cal/(cm?)(sec)(C) BMI Data ANL Data
20 0.026 - 0.066
100 0.034 - 0.068
200 0.044 0.040 0.062 0.069
300 0.053 0.048 0.067 0.074
400 0.062 0.056 0.073 0.081
500 0.071 0.063 0.080 0.088
600 0.080 0.071 0.096
700 0.088 - 0.105
800 0.097 0.115
900 0.125 0.127
1

H. A. Saller, "Properties of a Fissium-Type Alloy," Battelle
Memorial Institute, BMI-1123, August 23, 1956.



Thermal Cycling Stability

Four specimens hot rolled at 675C, cycled 250 times from
150C to 750C grew 3 to 6% in length; however, this growth may be due to
the rolling temperature being just above the alpha transformation.! Four
specimens as cast, and four specimens wrought and gamma treated?
cycled 200 times from 66 to 620C showed negligible growth and no surface
roughening. Four other specimens cycled 200 times from 66 to 716C also
showed negligible length change but showed some volume increase.

Properties of alloy B as determined at Argonne are given in
Table V.
Table V

PHYSICAL PROPERTIES OF REFERENCE FISSIUM ALLOY B

Property Temp., C Alloy B
Density, gm/cc Room Temp 16.5 - 16.6
Thermal Expansion, 107¢/C 20 - 100 12.1

20 - 500 15.2

Thermal Cycling Stability

After 200 cycles from 25 - 500C there was no warping, no
diameter distortion and only 0.07% growth.

Unlike the U-20% Pu binary, alloy B does not appear to be pyro-
phoric, and, in addition, has excellent radiation damage stability as indicated
in Table VI.

2Rea.ctor Engineering Division Quarterly Report - Section I,
ANL-5571, July, 1956, p. 156.
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Table VI

IRRADIATION STABILITY OF REFERENCE FISSIUM ALLOYS A AND B

Approx. Approx. % Change
Specimen Identity Burnup, % Temp., C Length Diameter
Alloy A
CG-2, as cast * A 0.34 1.23
CG-5, as cast 0.86 0.86
CG-10, as cast 0.42 0.11
CG-45C l cast; 0.83 2.70
CG-47A water quenched 0.4 500 1.86 2.70
CG-48B J from 850C 2.11 0.70
CG-46A cast; 0.86 0.75
CG-47B } furnace cooled 0.87 0.88
CG-48C from 850C ) v 1.11 0.93
‘ Alloy B
‘ 2 2
| CF-10, as cast 1.0 2.30 0.16
CF-12, as cast 1.0 T 0.88 0.40
CF-14, as cast 0.3 450 - 1.80
CF-15, as cast 0.3 l 0.57 0.89
CF-16, as cast 0.3 0.62 0.08




IV. EBR-II PLANT OPERATION AND PERFORMANCE

A. Control and Instrumentation of the Power System

1. General

Control of the power system is centralized in a control
room located in the Power Plant Building. Control, in general, is manual.
Only the simplest of control functions, or those which might adversely af-
fect facility safety if handled manually, are effected automatically. As
examples, control of primary and secondary system coolant flow rates is
manual; control of reactor power level is manual during raising or lower-
ing of power, but is automatic at steady state; control of feed-water flow
rate and steam pressure is automatic. A simplified block diagram of the
control system is shown in Fig. 39.

In essence, the basic control philosophy for the EBR-II
power system consists in providing: (1) control of reactor power level;
(2) maintenance of balance between the rates of heat removal effected by
each of the major thermal systems, from the cooling tower to the reactor;
and, (3) maintenance of essentially complete isolation of the reactor from
the effects of turbine-generator load variation. As with most thermal
systems, the additional control requirements exist of maintaining desired
system temperature and pressure levels and precluding excessively high
rates of temperature change; e.g., as described earlier, throttle steam
temperature and pressure are maintained constant at 850F and 1250 psi,
respectively, at all reactor or turbine-generator loads.

a. Control of Reactor Power

Operational control of reactor power is afforded by
vertical movement of the twelve control rods. The rods are of the fuel-
bearing type, and are positioned symmetrically about the periphery of the
core. The maximum speed of rod movement available for control pur-
poses is limited mechanically to 5 in./min. For the purpose of scramming
the reactor, however, a trip arrangement is incorporated in each rod which
enables rapid downward movement (out of the core).

Changes in reactor power level are effected by manual
adjustment of rod positions. Once stabilized operation at a given power
level has been established by the operator, the power level is maintained
at steady state by automatic control of regulating rod motion (the control
being based on sensing of neutron flux level). Upon occurrence of any of
the facility condition abnormalities (listed later) which initiate a reactor
scram signal, all twelve rods automatically are ejected from the core at
high speed to effect reactor scram.
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A total of ten fission counters and ionization chambers
are provided which enable sensing of reactor period, as well as of neutron
flux level, throughout the range from source power to several times full
power. From these detectors are derived the signals for measurementand
control of reactor power and for initiation of reactor scram in the event of
excessively short period or excessively high power. The detectors are lo-
cated in vertical thimbles at various positions outside the reactor tank.
Eight of the thimbles are immersed in the primary tank sodium and are
positioned immediately adjacent to the outer surface of the radial neutron
shield; two are located outside the primary tank, within the shield cooling
air annulus.

b. Maintenance of Balance between Major Thermal
Systems

The major thermal systems of the facility are the pri-
mary system, secondary system, and steam system (plus circulating water
system). Heat generated within the reactor is removed by the primary
system and delivered to the heat exchanger. From the exchanger, the heat
is transferred by the secondary system to the steam generator (superheater
and evaporator). From the steam generator, the heat is transported by the
steam system to the turbine and the condenser. That heat absorbed by the
turbine is converted to electrical power, and that released in the condenser
is absorbed by the circulating water system which effects final dissipation
to the atmosphere via the cooling tower. A simplified flow diagram for the
major systems is shown in Fig. 1.

The rate of heat removal by the cooling tower is
maintained equal to the rate of heat removal from the condenser by con-
ventional control means identical to those employed in coal- or gas-fired
plants. Similarly, conventional control is employed to maintain the rate of
heat removal from the condenser (plus that effected by the turbine) equal to
the rate of heat removal from the secondary system (by the steam gener-
ator). Balance between rate of heat removal from the secondary system
and that from the primary system is obtained by employment of an evapo-
rator of sufficiently large capacity to accommodate the maximum anticipated
heat transfer load in conjunction with maintenance of constant evaporator
water temperature (through automatic regulation of the main steam system
pressure). The balance between rate of heat removal from the primary
system andthe rate of heat removal from the reactor requiresa special control
technique. Any imbalance of these two rates produces a continuous change
in the primary tank bulk sodium temperature. In order to effect the proper
balance, the following method of control is utilized:

(1) The primary system flow rate is regulated at any
given power level so as to provide a predetermined reactor coolant outlet
temperature, this temperature varying from 900F at full power to 850F at
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very low power. This 50F variation in reactor coolant outlet temperature
is employed in order to maintain a constant steam temperature of 850F at
all power levels.

(2) Irrespective of reactor power level, the tempera-
ture of the cold leg of the secondary system automatically remains between
580 and 610F. This is because the temperature of the evaporator water is
kept constant and the design and capacity of the evaporator are such as to
effect a very small approach temperature at the sodium outlet end. Also
irrespective of reactor power level, the temperature of the hot leg of the
secondary system remains relatively constant, varying from about 880F at
full power to about 850F at verylow power (reflecting control of the reactor
outlet coolant temperature). Consequently, the rates of heat removal from
both the primary system and the secondary system become approximately
proportional to the secondary system flow rate.

(3) Since the rate of heat removal from the primary
system is a function of the secondary system flow rate, control of this flow
rate is employed to maintain balance between the rate of heat removal from
the primary system and that from the reactor.

c. Isolation of the Reactor From Effects of Load Variation

An important feature of the EBR-II in regard to re-
actor stability is the virtual isolation of the reactor from the effects of
changes in power system conditions external to the reactor. This is ac-
complished by employing: (1) a method of control of reactor power level
such that neither changes in electrical load demand nor in any operating
condition of the power system are reflected as changes in reactor power
demand; (2) a system design and method of control which eliminate any
effect of change in electrical load upon reactor inlet coolant temperature;
and, (3) a system design which minimizes the effect of change in any sys-
tem condition (or existence of any abnormal system condition) upon re-
actor coolant inlet temperature.

Reactor power level is established by operator control
only. No control link is provided to effect automatic adjustment of reactor
power (other than scram) upon occurrence of change in electrical load de-
mand or any power system operating condition. Consequently, with the
further provision of achieving essentially complete stability of reactor in-
let coolant temperature and reactor coolant flow rate as described below,
optimum conditions for promotion of reactor stability are realized.

The steam system is designed to by-pass a certain
amount of steam around the turbine-generator at all times. This by-pass
steam flows directly from the steam generator to the condenser; the amount
by-passed is automatically regulated to maintain the main steam line
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pressure constant under all conditions. Operating procedure requires that
the reactor power level exceed the maximum possible turbine~-generator
load under all circumstances. This is accomplished through operator ad-
justment of the turbine-admission-valve-stop to limit maximum steam
flow (and, therefore, turbine-generator load) to a proper value dependent
upon the desired reactor power operating level. With this method of op-
eration, the reactor power (and, therefore, the steam generation rate) is
continuously maintained at a level higher than that required by the turbine-
generator load, and excess steam always is being by-passed to the con-
denser. Change in turbine-generator load, whether increase or decrease,
automatically is accommodated by a corresponding change in the amount
of excess steam being by-passed, with no change being effectedinthe steam
generation rate or temperature in the steam generator. Since the only con-
nection between the turbine-generator and the primary system is through
the steam generation equipment (via the secondary system), this arrange-
ment also eliminates any effect of change in turbine-generator (electrical)
load upon reactor inlet coolant temperature.

With the submerged primary system design employed,
the reactor inlet coolant temperature is identical with the bulk sodium tem-
perature within the primary tank. The thermal capacity of the bulk sodium
plus that of the submerged components is large (the bulk sodium volume is
about 86,000 gal.). Accordingly, the rate of change of average bulk sodium
temperature even at high rates of heat addition (or loss) is extremely low.
The rate of heat addition is essentially a function of the degree of imbalance
between reactor power level and rate of heat removal from the primary
system. Accordingly, since heat removal from the primary system is ac-
complished almost entirely by the secondary system, mal-operation of the
secondary system flow rate control or adventitious temperature excursions
within the secondary system can have only negligible effect upon reactor
coolant inlet temperature unless the abnormality exists for a very long
time. Under any condition, the rate of change of reactor coolant inlet tem-
perature, or bulk sodium temperature, is very small and is readily cor-
rectable either through manual control or through operation of interlocks
on bulk sodium temperature or reactor coolant temperatures. For example
if the reactor were operating at full power (62.5 mw) with no heat being re-
moved from the primary tank, the rate of bulk sodium temperature rise
would be only about 14F/min. Thus the system design renders the reactor
coolant inlet temperature extremely insensitive to changes in any other
system condition (or existence of any abnormal system condition).

d. Alarm and Scram Provisions

In addition to enabling control of the power system and
providing indication and recording of sensings, the system instrumentation
is designed to: (1) effect an alarm (annunciation and indication) in the con-
trol room when a condition in the system is abnormal; (2) indicate in the



57

control room which condition is abnormal; and, (3) effect automatic scram
of the system when the abnormal condition is critical. Scram always in-
cludes the cutting off of main pump power in the secondary system as well
as fast shutdown of the reactor. For certain types of abnormality, the
magnitude of the abnormality may be the determining factor as to whether
or not an immediate scram is required. In these cases, a pre-scram
warning alarm (annunciation and indication) is provided at a magnitude of
abnormality sufficiently low as to permit its existence without jeopardizing
safety or equipment. This warning affords the operator opportunity to ef-
fect manual corrective action, and only if such action fails to prevent the
magnitude of the abnormality from becoming critical does automatic scram
result. Scram always is accompanied simultaneously by annunciation and
indication.

A list of abnormalities of importance and the contem-
plated alarm and/or scram provisions for each is given in Table VII. All
abnormalities intimately connected with reactor safety initiate reactor
scram. The other abnormalities listed are not directly pertinent to re-
actor safety, but are included to describe the type of plant control con-
templated. (The term "alarm" is used to mean both indication and
annunciation.)

2. Nuclear System

a. Control Rod Characteristics

Operational control of the reactor is accomplished
through vertical movement of the twelve control rods. Movement of each
rod is independently controlled from the control room, and the position of
each rod is continuously indicated in the control room. The control rod
locations within the reactor core are shown in Fig. 8. Construction of the
rods is described in Section III. A.l.f; design and operation of the rod drive
system are described in Section III.A.6. Drive speed (either up or down) is
mechanically limited to 5 in./min. The approximate relation between rod
insertion and fraction of total rod worth effective is indicated in Fig. 40.
Since the total worth of each rod will not be more than 0.006 Ak/k, the drive
speed available restricts the maximum possible reactivity addition rate to
less than 0.00011 Ak/k per second (based on 2 rods).

Although the twelve control rods and drives are iden-
tical, during steady-state reactor operation eleven are used for shimming
and one is used for regulating. The "regulating rod" is defined, for de-
scriptive purposes, as the rod being controlled by the automatic control
system; any of the twelve rods may be used as the regulating rod. During
manual operation, either during change in reactor power level or steady-
state operation, all twelve rods are defined as "shim rods." The power
supply is arranged to supply power to only one shim rod drive unit at a
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Table VII

SYSTEM ABNORMALITIES CAUSING SCRAM AND/OR ALARM

Alarm Pre-Scram Scram
Abnormality Oinily Warning and
Alarm Alarm
Nuclear:
1. Reactor period too short. (For number of instrument channels
employed and number of trips required as indication of
abnormality, see Section IV-A-2-c) X
2. Reactor power level, based on neutron flux level, too high.
(For number of instrument channels employed and number
of trips required as indication of abnormality, see
Section IV-A-2-c) X X
3. Ionization chamber temperature too high X
Primary System:
4. Loss of power to either main pump X
5. Core inlet coolant flow rate too low X
6. Blanket inlet coolant flow rate too low X
7. Total reactor coolant flow rate, measured at reactor outlet,
too low X
8. Reactor tank cover unlocked X
9. Coolant mean temperature in reactor upper plenum too high X X
10. Coolant temperature at selected reactor subassembly outlets
too high X X
11. Coolant pressure in reactor upper plenum too high or too low X X
12. Temperature differential between heat exchanger outlet sodium
and primary tank bulk sodium too high X X
13. Primary tank bulk sodium temperature too high or too low X X
14. Primary tank bulk sodium level too high or too low X X
15. Primary tank inert blanket gas pressure too high X X
16. Loss of power to auxiliary pump X
17. Core coolant pressure at reactor inlet too high or too low X
18. Blanket coolant pressure at reactor inlet high or low X
19. Primary tank inert blanket gas temperature (sensed inside
primary tank) too high X
20. Sodium leakage into space between inner and outer walls of
primary tank X
21. Sodium cleanup system flow rate too low X
22. Sodium temperature at outlet from cold trap too high or too low X
23. Leakage from sodium cleanup system X
24. Coolant air flow at outlet from biological shield too low X
25. Coolant air temperature at outlet from biological shield too high X
26. Selected temperatures of biological shield too high X
27. Coolant temperature in shutdown cooler too low. X
28. Differential in pressure between inside and outside of Reactor
Building too high X
29. Rotating plug seal temperature too high X
Secondary System:
30. Loss of power to sodium pump X
31. Sodium flow rate too low or changing too rapidly X
32. Sodium temperature at superheater inlet too high or too low X
33. Sodium temperature at evaporator outlet too high or too low X
34. Sodium pressure at evaporator inlet too high or too low X
35. Sodium level in surge tank too high or too low X
36. Sodium level in storage tank too high or too low X
37. Sodium flow rate too high X
38. Sodium cleanup system flow rate too low X
39. Sodium temperature at outlet from cold trap too high or too low X
40. Surge tank sodium overflow rate too low X
41. Radioactivity level of sodium too high X
42. Loss of power to auxiliary pump X
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Table VII (Cont'd.)

Pre-Scram Scram
. Alarm s
Abnormality Only Warning and
Alarm Alarm
Steam System:
43. Evaporator water level too high or too low X
44. Steam pressure at superheater inlet too high or too low X
45. Circulating water pressure drop across condenser too low X
46. loss of power to condensate pumps X
47. Condensate pump discharge pressure too low X
48. Water level in deaerator feed-water heater too low X
49. Loss of feed-water flow X
50. Steam temperature at outlet of desuperheater No. 1 too high X
51. Feed-water pressure at feed-water pump outlet too low X
52. Feed-water temperature too high or too low X
53. Steam system main relief valve open X
54. Condenser pressure too high X
55. Cooling tower water level too low X
56. Cooling tower water temperature too low X
57. Turbine oil pressure too low X
58. Turbine bearing temperature too high X
Electrical System:

59. Generator stator temperature too high X
60. Generator rotor temperature too high X
61. Generator hydrogen pressure too low X
62. Generator differential relay operation X
63. Generator bearing temperature too high X
64. Generator bearing oil pressure too low X
65. Turbine-generator vibration X
66. Generator breaker automatic trip X
67. Main power transformer No. ]l breaker automatic trip X
68. Main power transformer No. 2 breaker automatic trip X
69. Bus tie breaker automatic trip X
70. ARBOR feeder No. 1 breaker automatic trip X
71. ARBOR feeder No. 2 breaker automatic trip X
72. TREAT {and misc.) breaker automatic trip X
73. Main 2400-volt auxiliary power transformer 13.8-kv breaker

automatic trip X
74. Reserve 2400-volt auxiliary power transformer 13.8-kv

breaker automatic trip X
75. Main 2400-volt auxiliary power transformer 2.4-kv breaker

automatic trip X
76. Reserve 2400-volt auxiliary power transformer 2.4~kv breaker

automatic trip X
77. Main 480-volt auxiliary power transformer 13.8-kv breaker

automatic trip X
78. Reserve 480-volt auxiliary power transformer 13.8-kv breaker

automatic trip X
79. Main 480-volt auxiliary power transformer 480-volt breaker

automatic trip X
80. Reserve 480-volt auxiliary power transformer 480-volt breaker

automatic trip X
81. Main bus (13.8-kv) voltage high X
82. Main bus (13.8-kv) voltage low X
83. Main bus frequency low X
84. Reserve 2400-volt auxiliary power transformer temperature

high X
85. Reserve 2400-volt auxiliary power transformer oil level low X
86. Reserve 480-volt auxiliary power transformer temperature

high X
87. Reserve 480-volt auxiliary power transformer oil level low X
88. Main power transformer No. | temperature high X
89. Main power transformer No. | oil level low X

59



60

Table VII (Cont'd.)

Pre-Scram Scram
= Alarm A
Abnormality Only Warning and
Alarm Alarm
Electrical System (Cont'd.)
90. Main power transformer No. 2 temperature high X
91. Main power transformer No. 2 oil level low X
92. Main 2400-volt auxiliary power transformer temperature high X
93. Main 2400-volt auxiliary power transformer oil level low X
94. Main 480-volt auxiliary power transformer temperature high X
95. Main 480-volt auxiliary power transformer oil level low X
96. 125-volt d-c bus ground X
97. Battery charging M-G set breaker auto-trip X
98. Lighting automatic transfer switch operation X
99. Diesel-generator set water temperature high X
100. Diesel-generator set oil pressure low X
101. Diesel-generator set failure to start X
102. Primary coolant pump No. | rectifier: temperature high X
103. Primary coolant pump No. ] rectifier: liquid cooling system
pressure low X
104. Primary coolant pump No. 2 rectifier: temperature high X
105. Primary coolant pump No. 2 rectifier: liquid cooling system
pressure low X
106. Primary coolant auxiliary pump rectifier: temperature high X
107. Primary coolant auxiliary pump rectifier; cooling system
pressure low X
108. Control M-G set: rectifier input supply de-energized X
109. Primary coolant auxiliary pump: rectifier input supply
de-energized X
110. Secondary system pump 2400-volt feeder breaker automatic
trip X
111. Secondary system pump 480-volt feeder breaker automatic trip X
112. Secondary system auxiliary pump rectifier feeder breaker
automatic trip X
113. Boiler feed-water pump breaker automatic trip X
114. Circulating water pump No. | breaker automatic trip X
115. Circulating water pump No. 2 breaker automatic trip X
116. Circulating water pump No. 3 breaker automatic trip X
General
117. Smoke in Reactor Plant X
118. Smoke in Sodium Plant or Boiler Plant X
119. Radioactivity level in Reactor Plant too high X
120. Air stack radioactivity level too high X
121. Inert gas storage tank pressure too low X
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time, restricting rod movement to one rod at a time. At steady-state re-
actor operation, with the regulating rod on automatic control, one shim rod
can be moved to permit adjusting the position of the regulating rod in the
reactor.

During scram, the twelve control rods are ejected

(downward) from the core by air pressure plus gravity. Rod release time,
or time between receipt of scram signal at the rod drive and start of rod
movement, is 0.008 sec. Rod displacement versus time after start of rod
movement during scram is shown in Fig. 41. The relation between fraction
of total rod worth effective and time after start of rod movement is shown
in Fig. 42 for various values of initial rod insertion. Initial rod insertion
is expected to be greater than 80 per cent under normal operating conditions.

The total reactivity worth of a single control rod is
expected to be approximately 0.005 Ak/k, and of all twelve rods, approxi-
mately 0.06 Ak/k.

b. Safety Rod Characteristics

The safety rod locations within the reactor core
are shown in Fig. 8. Construction of the rods is described in Section
III.A.l.g; design and operation of the rod drive system are described in
Section III.A.6. The relation between rod insertion and fraction of total
rod worth effective is similar to the control rods (Fig. 40). Rod displace-
ment versus time after start of rod movement is shown in Fig. 43. The
fraction of total rod worth effective versus time after start of rod move-
ment is indicated in Fig. 44. It is anticipated that the rod release time
will not exceed 0.015 sec.

The total reactivity worth of the two safety rods is
expected to be in the range from 0.015 to 0.020 Ak/k.

c. Description of Instrumentation

Reactor neutron flux measurements are accomplished
through ten channels of instrumentation. These channels are operated from
ten neutron detectors disposed about the reactor and provided with gamma
shielding as described in Section III-A-5. Measurement of neutron flux is
employed for three general purposes, as follows:

(1) Monitoring of flux level and reactor period from
source level through the power range.

(2) Initiate automatic scram of control rods, or drop-
out of safety rods, whenever the power level exceeds a preset value or the
reactor period becomes excessively short.
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(3) Monitoring of flux level in the power range to
enable automatic control of reactor power level.

Figure 45 is a block diagram of the nuclear instru-
mentation. The reactor power range covered by each of the channels is
indicated on Fig. 46.

The Startup Range is covered by two identical fission
counter channels (1 and 2) which indicate neutron flux level and period
based on measurement of neutron pulse counting rate. Both linear and
logarithmic indication of this level is provided. Period measurement for
trip is also made. The trips are arranged so that either may cause scram,;
they are disconnected when the flux level exceeds the top of the channel
range.

The Log Power Range is covered by channels 3 and 4,
which are logarithmic level channels employing measurement of current
from ionization chambers. These are wide-range channels, the range of
which overlaps the top of the counter channel range and extends to a decade
beyond full power. Log level indication is provided for general monitoring
of reactor power level. Period measurement is derived for period indi-
cation and safety trip. The trips are arranged so that either may cause
scram; they remain operative over the entire reactor power range.

The Linear Power Range is covered by channels 5 and
6, which are linear wide-range d-c amplifier channels which measure cur-
rent from ionization chambers. The wide range is obtained by manual
range switching. These channels are used for accurate indication of re-
actor power level and for control of the regulating rod. Also, these chan-
nels provide high-flux level trip with automatic adjustment of the triplevel
integral with the range switching. The trips are arranged so that either
may cause scram; they are made inoperative (by shorting out) above about
50% power level. ;

Channels 7, 8, 9, and 10 are identical in range and
employ d-c amplifiers which measure current from ionization chambers.
These channels are used in the high-power range and for high-flux level
trip only. The trips are arranged so that two trips are required for scram.

The safety trip provisions may be summarized as
follows: a single period trip effects scram at any power level; a single
high-level trip effects scram at levels up to about 50% power; two high-
level trips (out of four) effect scram in the high power range.

To assure maximum reliability and regulation of the
electrical power source for the nuclear instrumentation, a special motor-
generator set with a floating battery power supply is provided as described
in Section IV. A.6.f.
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e. Neutron Source

The neutron source is contained in a specially de-
signed subassembly which is positioned within the inner row of the inner
blanket. This subassembly may be loaded into the reactor in the same
manner as an inner blanket subassembly and may be periodically replaced
by a similar one. The source is approximately equal in length to and is
located at the same elevation as the reactor core. The source material
consists of a solid right circular cylinder of activated antimony inserted
into a cylindrical sleeve of beryllium metal.

The antimony-beryllium neutron source is designed
so that the detector sees a flux of the least 100 n/(cmz)(sec). Calculations
indicate that, after irradiation in the MTR, the source produces the re-
quired flux at the detector for a period of 60 days of zero power EBR-II
operation. Any extended period of high-power operation would tend to
lengthen the cycle. Continuous operation of the reactor at full power
(62.5 mw) would keep the source strength essentially constant. Calcu-
lations further indicate that after 60 days of zero power operation the
source neutron emission rate is 1.6 x 10'° n/sec if the initial source
strength is 4.3 x 10’° n/sec.

3. Primary System

a. Primary Coolant Loop

The reactor coolant outlet temperature is controlled
by primary coolant flow rate regulation at the temperature required to
maintain a constant steam temperature of 850F. At a power level of
62.5 mw of heat, the reactor coolant outlet temperature is 900F. Figure 47
shows the relationship between primary coolant flow rate, coolant outlet
temperature, and reactor power level for constant steam temperature to
the turbine throttle. Control of total flow is achieved by regulation of
pumping power to each main pump.

The use of two main pumps operating in parallel in-
creases the reliability of the primary coolant loop. With each pump pro-
viding 50% of the required flow, complete failure of one pump reduces the
steady-state coolant flow rate through the reactor to about 46% of nominal.
Under these conditions, the operative pump capacity increases by approxi-
mately 149% (at a reduced head), and about 63% of the total flow short
circuits through the inoperative pump to the bulk sodium in the primary
tank. Steady-state operation of the reactor at full power (62.5 mw) with
only one pump operating results in an increase of about 210F in the maxi-
mum fuel alloy temperature.
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A pump failure, however, causes immediate scram,
and is indicated by an abrupt decrease in the following: current flow to the
pump (if caused by a power failure), as well as fluid flow from the pump,
and pump discharge pressure (irrespective of cause of failure). A pump
failure is also indicated by a change in the upper plenum sodium tempera-
ture; this change, however, occurs much less rapidly than the others.

The primary cooling system is designed to promote
good natural circulation of the primary coolant. The coolant forced and
thermal convection flow direction are the same throughout the primary
system. The sodium flow is up through the reactor and down through the
shell side of the heat exchanger, which are the hot and cold legs, respec~
tively, of the system. The main primary sodium pumps supply coolant to
both the core and blanket regions; consequently, no flow reversals occur
within the system during transition from forced to thermal convection
flow. Furthermore, the auxiliary pump assures a minimum flow rate of
about 500 gpm immediately following shutdown of the main pumps.

If an abnormality causing reactor scram occurs which
includes not only loss of main pump flow, but loss of rectifier power to the
auxiliary pump, then the auxiliary pump receives power from connected
batteries. These batteries, which float fully charged on the line in parallel
with the auxiliary pump rectifier, are always ready to deliver power to the
auxiliary pump. Under such circumstances, the auxiliary pump supplies a
coolant flow of about 500 gpm to the reactor immediately subsequent to the
power failure with a decreasing flow rate as battery power degenerates. A
plot of flow rate versus time for the auxiliary pump operating only on bat-
tery power is shown in Fig. 48. This system results in an adequate coolant
flow rate through the system. The maximum fuel alloy temperature never
exceeds the value obtaining at the time of scram.

Itis planned to monitor the loop system conditions at
the points indicated in Fig. 18. As control instrumentation is detailed, it
will be designed for fail-safe operation.

(1) Flow: Five electromagnetic flowmeters (perman-
ent magnet, induced current devices which generate output voltage propor-
tional to average flow rate with essentially an instantaneous time response)
are installed in the loop. The principal flow-measuring device for the
primary coolant loop, is located in the outlet pipe from the reactor. This
total reactor coolant flow measurement is continuously indicated and re-
corded in the control room. The indicating instrument is provided with an
adjustable low-limit switch for scram. The other four flowmeters are
located in the two inlets to the high-pressure coolant plenum and the two
inlets to the low-pressure coolant plenum. These flows also are indicated
and recorded in the control room, with adjustable low limit switches for
scram.



Five conventional orifice flowmeters are provided in
positions similar to the above. These are employed for calibration and
backup of the electromagnetic flowmeters. All are indicated and recorded
in the control room.

(2) Pressure: Pressure is measured at eight lo-
cations in the primary coolant loop: at the two main pump outlets; at points
in the main pump lines just downstream from the pump "disconnects;" in
each of the two inlet plenums; in the outlet plenum; and the heat exchanger
inlet. Pressures are measured by pneumatic null-balance transmitters.
All pressures are indicated in the control room. The three plenum pres-
sures are continuously recorded, the recorders being provided with high-
and low-pressure contacts for alarm indication in the case of the inlet
plenums and for scram in the case of the outlet plenum.

(3) Temperature: Temperatures are measured in
many locations in the primary coolant loop, three of which are critical:
reactor inlet coolant temperature, reactor outlet coolant temperature,
and heat exchanger outlet temperature. These temperatures are meas-
ured and continuously recorded in the control room. The recorders are
provided with high- and/or low-temperature contacts for alarm, and for
scram.

In addition to measuring the average reactor outlet
coolant temperature, numerous thermocouples are located in the upper
plenum to sense sodium temperature at the outlets of various subas-
semblies. Selected temperatures are indicated and recorded in the con-
trol room, the recorders being provided with adjustable high contacts for
alarm and for scram; the others are scanned, and temperatures of par-
ticular interest are indicated in the control room.

Additional thermocouples are located at various
positions in the primary coolant loop; these are selection-indicated in the

control room.

b. Primary Tank

The elements of the primary tank which involve in-
strumentation or control are the tank vessel and the shutdown coolers.

(1) Flow: An electromagnetic flowmeter is installed
in the cold leg of each of the two shutdown coolers. The flow rates are in-
dicated in the control room.

(2) Pressure: A pressure transmitter is installed
in the primary tank inert gas blanket. The indicating instrument is pro-
vided with high and low adjustable contacts for alarm indication and an
adjustable high contact for scram and alarm.
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(3) Temperature: A thermal-sensing element is in-
stalled inside the tank in the inert gas blanket. In the remote event of high
gas temperature resulting from fire inside the tank (caused by serious air
leakage), indication and alarm are effected.

NaK temperatures are measured in the inlet and out-
let legs of each shutdown cooler. The inlet leg temperatures are continu-
ously indicated in the control room on indicating instruments provided
with an adjustable low contact for alarm indication.

Numerous thermocouples are locatedthroughout the tank
vessel structure. About six of these temperatures are continuously in-
dicated in the control room; another dozen are selection-indicated; the
remainder are made available at a terminal block in the reactor building.

(4) Sodium Level: Two sodium level detectors are
installed in the bulk sodium of the primary tank. The bulk sodium level
measured by one of these detectors is continuously indicated and recorded
in the control room. Indication only is provided by the other. Both in-
struments are provided with high and low contacts for alarm indication.

c. Biological Shield

(1) Flow: An air flowmeter is installed in the shield
cooling system. The air flow rate is continuously indicated in the control
room. Adjustable low contacts are provided for alarm indication.

(2) Temperature: A thermocouple well is installed at
the outlet of the shield cooling duct. The outlet air temperature is con-
tinuously indicated in the control room. An adjustable high contact is pro-
vided for alarm indication.

Numerous thermocouples are located throughout the
upper tank structure and the radial shield. Three of these are continuously
indicated in the control room; adjustable high contacts are provided for
alarm indication. The remainder are made available for selection-
indication or at a terminal block in the reactor building.

d. Sodium Cleanup System

(1) Flow: An electromagnetic flowmeter is installed
in the sodium cleanup recirculation line. The flow rate is continuously in-
dicated in the control room. The indicator is provided with an adjustable
low contact for alarm indication.

(2) Temperature: Temperature is measured at the
outlet of the cold trap. This temperature is continuously indicated in the
control room. Theindicator is provided withadjustable highand low contacts
for alarm indication.




67

4. Secondary System

A description of the secondary system, is given in
Section III-B; system conditions are measured at the points indicated in
Fig. 18.

a. Flow

An electromagnetic flowmeter is installed in the pump
discharge line. The sodium flow rate is continuously indicated and re-
corded in the control room. The indicating instrument is provided with
high and low flow adjustable limit switches for alarm indication. An
orifice-type flowmeter, with indication in the Sodium Plant Building, pro-
vides calibration and backup for the electromagnetic flowmeter.

Flow in the sodium cleanup system is continuously
sensed and is indicated in the control room. Alarm is initiated by low
flow condition.

b. Pressure

Pressure is sensed at nine locations in the secondary
loop. Indication and alarm are provided locally and in the control room
for pump inlet, pump discharge, differential across the pump, and gas
blanket pressure. Recording, indication, and alarm are provided in the
control room only for inlet and outlet of heat exchanger, superheater inlet,
and inlet and outlet of evaporator.

Pressure of the sodium cleanup system is indicated
locally, with alarm provision in the control room.

c. Temperature

Seven thermocouple wells are installed in the loop.
The temperatures at the inlet and the outlet of the superheater, at outlet
of the evaporator, and at the inlet and outlet of the heat exchanger are
continuously recorded in the control room. The recorders for the super-
heater inlet and evaporator outlet temperatures are provided with ad-
justable high and low contacts for alarm indication.

The sodium cleanup system cold trap temperatures
are continuously indicated in the control room with high and low contacts
for alarm indication.

d. Sodium Level

Two sodium level detectors are installed, one in
the surge tank at pump inlet and one in the storage tank. Both levels
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are continuously indicated in the control room. The indicators are
provided with adjustable high and low contacts for alarm indication.

5. Steam System

The steam system is designed to:

(1) provide a reliable constant temperature heat sink for
the power produced by the reactor;

(2) provide certain special system features to enhance the
reliability of the sodium-to-water steam generation equipment; and,

(3) employ conventional steam system practice and to
achieve reasonable thermal efficiency for the steam conditions available.

The steam generator provides a constant temperature
heat sink by maintaining steam pressure constant under all conditionsg.
Steam pressure is regulated by an automatic controller in the steam by-
pass line as indicated on Fig. 1. The capacity of the steam by-pass system
is equal to the capacity of the steam generator; the full-power steam pro-
duction can be condensed independent of the turbine generator. The by-
pass steam passes through pressure-reducing stations prior to entering
the condenser.

To minimize thermal shock and thermal stresses in the
evaporator section of the steam generator, the feed water is heated to a
temperature of 550F (saturation temperature is 580F). Flexibility of
operation of the steam system is provided to accomplish feed-water heat-
ing under the various available methods of plant operation. Feed-water
heaters No. 1 and 3 are supplied with extraction steam from the turbine
when it is operating at, or near, full load. Heater No. 4 receives steam
direct from the main steam line to provide 550F feed water to the evapo-
rator. Heater No. 2 (deaerator) is supplied from the auxiliary turbine
drives boiler feed pump.

At low load or no load on the turbine, steam is supplied to
heaters No. 1 and No. 3 from PRV -desuperheating stations or flash tanks.
This system provides reasonable cycle efficiency under normal turbine
operation, and essentially constant feed-water temperature at all loads
irrespective of turbine operation.

To provide the degree of reliability desired in the steam
system, it is arranged to isolate the reactor from turbine-generator load
variations. The turbine generator normally will be electrically paralleled
with the NRTS 138-kv loop; consequently, electrical load variations will be
minimized. To provide available steam to absorb minor load variations,
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a small quantity of steam is by-passed around the turbine at all times.
The amount of by-pass steam required to absorb the maximum load
variations must be determined by actual operational experience, but the

by -pass system is capable of handling up to 100% of the steam generated.
(For purposes of establishing a heat balance, a by-pass flow of 5,000 lb/hr
was assumed at full load.)

Steam system conditions are monitored at the points in-
dicated in Fig. 18.

a. Pressure

Steam pressure is measured at the turbine throttle
and continuously indicated in the control room. The recorder is equipped
with adjustable high- and low-pressure contacts for alarm indication. A
signal from this pressure transmitter is also employed to regulate the
steam by-pass control valve which maintains constant pressure in the main
steam supply line. Pressure is also measured at the feed-water pump out-
let and the condensate pump outlet. These pressures are indicated in the
control room, with low-pressure contacts for alarm indication.

b. Flow

Feed-water flow is measured and indicated in the con-
trol room, with a low-flow contact for alarm indication. Water level in the
deaerator feed-water heater and in the evaporator are also measured and
indicated in the control room with high~ and/or low-level contacts for
alarm indication.

c. Temperature

Feed-water temperature is measured at the outlet of
the feed-water heater No. 4, and is continuously recorded in the control
room. The recorder is provided with high- and low-level contacts for
alarm indication.

Various additional temperatures and pressures are
measured in the steam system to permit satisfactory operation of this sys-
tem. The more important of these are indicated in Table VII, and follow
conventional steam system practice; they are provided with alarm indica-
tion, but are not critical to reactor operation.

6. Electrical System

a. General

The planned design features and the major electrical
equipment and feeder arrangement comprising the EBR-II power generating
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and distribution system are shown in Fig. 49. System details are in-
cluded to better describe the type of plant control contemplated.

All equipment, apparatus, components, devices and
materials incorporated in the design conform to the standards of the
American Standards Association, the American Institute of Electrical
Engineers and/or the National Electrical Manufacturers Association.

b. Main Operating Features of the Electrical System

The EBR-II Facility is arranged for parallel operation
with the Utility Power System, with two (2) full-capacity ties to the National
Reactor Testing Station (NRTS) 138-kv power loop. The 138-kv power loop
is a normally closed loop; it is served from two Utility System transmission
lines, one on each side of the 138-kv loop sectionalizing oil circuit breaker
#10 in the EBR-II main outdoor substation. The main power transformers
are of the load -ratio-control type, each with a 12,000/16,000 kva, OA/FA
rating. Thus, two sources of 138-kv power supply will be available for the
EBR-II, for two experimental reactor facilities (ARBOR and TREAT), and
for other experimental facilities. When the EBR-II generator is operating
in parallel with the Utility System, three sources of 13.8-kv power supply
exist. A fourth source of power (for EBR-II only) is provided by an auto-
matic starting 480-volt, 3-phase, 60-cycle emergency diesel-generator set
for the operation of essential or critical auxiliary loads, such as the shield
cooling exhaust blowers, inert gas circulating system, reactor fuel trans-
fer system drives, sodium cold trap pumps, emergency lighting, instrument
controls, etc. The emergency diesel generator set is arranged to operate
only after there is sustained outage of the three aforementioned 13.8-kv
sources of power supply. The rated total elapsed no-voltage time for the
diesel-generator set to be started, come up to speed and take the load, is
15 to 20 seconds. (The diesel-generator set is equipped with its own start-
ing battery.)

The EBR-II Facility has a generating capacity of ap-
proximately 20,000 kw. The estimated load distribution, based on esti-
mated load requirements for planned Site 16 facilities, is approximately
as follows:

EBR-II Auxiliaries 3500 kw EBR-II Auxiliaries 3500 kw
ARBOR 7500 ARBOR (reduced

TREAT 200 ° or operation) 1350
Future Area Loads 800 TREAT (reduced

Into 138-kv System 8000 operation) 100

Future Area Loads
(reduced operation) 500
Into 138-kv System 14,550

Total 20,000 kw

Total 20,000 kw
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To provide a maximum of continuity of power supply,
and to minimize the number of reactor scrams, particularly when EBR-II
is operating without benefit of its generator being used, normal operation
of the EBR-II Facility is to be with the bus tie breaker #105 closed. This
provides continuity of power supply, without momentary interruption, on
the various branch feeders of the 13.8-kv switchgear in the event one of
the 138/13.8-kv tie circuits to the 138-kv power loop becomes disconnected.

Furthermore, normal operation of the EBR-II Facility
is to be with the generator connected to the 138-kv loop. The design pro-
vides for this connection also to be maintained without momentary inter-
ruption through a disturbance on the 138-kv system, wherein the loop is
faulted on one side of the loop sectionalizing breaker #10, resulting in the
disconnection of one of the main power transformers from the 13.8-kv bus.

In the event both sides of the 138-kv loop are lost,
breakers #104 and #106 both trip automatically to disconnect the 13.8-kv
bus from the faulted loop. However, the generator breaker #100 remains
closed to maintain operation of the EBR-II auxiliaries and other loads on
the 13.8-kv bus. Assuming that power was being delivered from EBR-II
to the 138-kv system when this occurred, an amount of steam correspond-
ing to the power which was being delivered to the 138-kv system would be
automatically by-passed to the condenser. On the other hand, if the load
on the generator is increased appreciably as a result of separation of the
two systems, the generator breaker would be tripped by an under-frequency
relay on the 13.8-kv bus, unless the load were reduced in time to prevent

tripping.

Normal operating procedure will be to deliver some
power into the 138-kv system; therefore, in the majority of cases there
will be a sufficiency of steam to accommodate the loads on the 13.8-kv bus.

In anticipation of possible severe operating conditions,
wherein the nature of the experiments requires or results in erratic opera-
tion of the EBR-II generator and/or the ARBOR loads, advantage will be
taken of the flexibility of control inherent in the 13.8-kv system. Accord-
ingly, to minimize disturbances between EBR-II and ARBOR during such
operation, the bus tie breaker #105 would be kept open; EBR-II would then
be connected to the 138-kv loop through breaker #104 (breakers #101, #107
and #108 would be kept open). ARBOR and TREAT would be supplied from
the 138-kv loop through breaker #106 and through breakers #109 and #110,
respectively.

As indicated in Fig. 49, the 2400-volt and 480-volt
auxiliary power requirements for the EBR-II Facility are furnished re-
spectively through 13.8/2.4-kv and 13.8/0.48-kv full capacity auxiliary
power transformers on either side of the bus tie circuit breaker in the
13.8-kv switchgear.



The lighting load is supplied from the 480/120-208-volt,
60-cycle, 3-phase, distribution transformer via the 120-208-volt bus of the
a-c/doc distribution cubicle. Lighting for the Process Plant is supplied
locally from a separate 480/120-208-v01t, 3-phase, 60-cycle distribution
transformer.

Emergency lighting for the entire facility is supplied
from the energency 120-volt bus of the a-c/d-c distribution cubicle which
is automatically transferred to the station battery upon failure of the nor-
mal a-c supply.

All motors rated less than 1/2 hp are for 110-volt,
single-phase, 60-cycle operation or for 440-volt, 3-phase, 60-cycle
operation. Motors rated 1/2 hp to 125 hp are for 440-volt, 3-phase,
60-cycle operation. All larger motors are for 2400-volt, 3-phase,
60-cycle operation. In general, motors are normal torque motors of the
drip-proof type. Motors for outdoor service or for operation in moist
atmospheres are of the totally enclosed, fan-cooled type. Drainage plugs
are provided in the end shields of the totally enclosed motors.

In general, across-the-line starters are employed;
110-volt, single-phase, 60-cycle control is obtained from an individual un-

fused control transformer connectedtotheline side of each magnetic starter.

c. Generator and 13.8-kv Switchgear

The steam turbine driven generator is of conventional
hydrogen-cooled, non-salient pole design, rated 20,000 kw, 13,800 volts,
3-phase, 60-cycle, 0.85 power factor, with a direct connected exciter. The
generator is equipped with all standard auxiliaries and accessories, in-
cluding an oil-lubrication system, hydrogen cooling system, turning gear,
overspeed switch, tachometer, temperature detectors, etc.

A continuously acting automatic voltage regulator of
the rotating regulator type is incorporated in the design.

The 13.8-kv metal clad switchgear consists of 1200-
ampere,3-P.5.T. circuit breakers with an interrupting capacity of
500,000 kva. The circuit-breaker-closing solenoids and shunt-tripping
devices are for 125-volt d-c operation and are served from a station
battery.

d. Station Battery

A 125-volt station storage battery of sufficient ampere-
hour capacity is included to serve the various electrically-operated circuit
breakers, certain instrumentation and indicating lights, and the emergency
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lighting loads for the entire facility. A battery-charging motor-generator
set is included for trickle charging and for equalizing charging of the
battery and to relieve the battery of its load during sustained emergency
lighting service.

e. Relay Protection for the Electrical System

A coordinated protective relaying system prevents
excessive damage to the faulted or defective element and isolates it from
the system with minimum disturbance to power supply. Included in the
protective relaying system are the following features: (a) bus differential
protection, (b) generator differential protection, (c) main power trans-
former differential protection, and (d) numerous other relays for the pro-
tection of the generator, the various transformers, feeders, etc., all in
accordance with the best established practice for power plants and dis-
tribution systems.

f, Instrumentation and Control

The instrumentation and control for the electrical
system, except for the 138-kv system, are centralized on panel boards in
the Control Room (located in the Power Plant).

Power for control and instrumentation of the reactor
and heat transfer systems is provided by a continuous power supply system
consisting of a metallic rectifier, a standby (floating) battery and d-c
motor-a=~-c generator M-G set.

g. Continuous Power Supply for the Primary Coolant
System Auxiliary Pump

To assure maintained operation of the 500-gpm aux-
iliary d-c electromagnetic pump in the primary coolant system, a metallic
rectifier and floating storage battery arrangement (Fig. 49) is provided.
With loss of a-c power to the rectifier, the floating battery maintains unin-
terrupted operation of the pump (at a decreasing pump rate) for a period
of approximately 30 min. It is unlikely, however, that the duration of
battery-powered pump aperation will exceed 15 or 20 seconds, since
power supply to the rectifier should be restored with the automatic start-
ing of the emergency diesel-generator set.

The knife switch shown in Fig. 49 is provided for
disconnecting the battery from the auxiliary pump to protect the battery
after the emergency operation period is completed.

For normal startup of the pump (from the rectifier)
the knife switch is in its open position. After the pump is operating,
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the knife switch is closed to "float" the battery on the line. An auxiliary
contact is provided on the knife switch to prevent startup and operation of
the reactor when the battery is disconnected.

h. Electrical Safety Features

The electrical system is designed to achieve simplicity
of operation, ease of maintenance, and safety to equipment and personnel.
The control circuits for related operations of equipment are interlocked,
insofar as possible, to prevent improper sequence of operation due to
human error. The safety features of the electrical system include the
following listed items:

(1) All circuit breakers have adequate interrupting
capacity and are trip-free.

(2) Provisions are made for padlocking the circuit
breakers in the "test" position. The circuit breakers in the motor control
centers have provision for padlocking same in the open position.

(3) An individual unfused control transformer is pro-
vided with each magnetic starter for 110-volt control.

(4) The position of operating handles, levers, etc.,
clearly indicate to the operator whether the breaker is open or closed.

(5) Cables for the 13.8-kv circuits have a 15-kv un-
grounded neutral system voltage rating.

(6) Cables for 2400-volt circuits have a 5000-volt
rating.

(7) Instruction nameplates are installed where spe-
cific instruction or precaution is essential.

(8) Complete ground bus systems are provided in
each of the buildings for the convenient grounding of electrical equipment
enclosures, motor frames, conduit systems, etc.

(9) Lightning protection for all buildings is provided
in accordance with U.S. Department of Commerce "Code for Protection
Against Lightning," Handbook 46.



B. Normal Steady-State Operation

This section describes the full power (62.5 mw) operating con-
ditions of the power system.

1. Flux Distributions

a. Neutron Flux

The neutron flux distribution is obtained on the basis
of multigroup diffusion theory. Such a distribution determines the power
and gamma-ray distributions throughout the system.

The reactor is an essentially heterogeneous system
and contains many inherent asymmetries which are not easily adapted to
rigorous analysis. To obtain a description of the nuclear behavior of the
system, more than one model must be devised to represent realistically
the system of interest. In all models, a virgin reactor is assumed, with
no fission products or plutonium. The core loading employs enriched ura-
nium; the blanket loadings employ depleted uranium.

(1) Two-Dimensional, Two-Group Analysis

Figure 50 describes the model used to perform
a two-dimensional, two-energy group diffusion theory analysis of the sys-
tem. This model does not include the minor axial asymmetries inherent
in the design. Neither does it include the radial asymmetries due to the
presence of control rods. Many of these geometric deviations have been
approximately accounted for by a suitable averaging process. The analysis
of the system shown in Figure 50 does give an over-all neutron flux distri-
bution, especially throughout the blanket regions. The latter cannot be ac-
curately obtained by simpler, one-dimensional analytical techniques.

In the analysis, the two-energy groups assumed
are such that Group I represents neutrons above, and Group II represents
neutrons below, the U%® fission threshold. This indicates that neu-
trons having energies greater than 1.35 Mev fall into Group I while all
others fall into Group II.

Figures 51 and 52 give radial distributions for the
high energy(GroupI) flux for the indicated values of z, the axial distance
from the center of the core. (The identification of the region is that cor-
responding to the plane z = 0 or the line r = 0.) Figures 53 and 54 give
radial distributions for the low energy (Group II) flux for the indicated
values of z.

75
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Figures 55 and 56 give axial distributions for the
high-energy flux for the indicated values of r, the radial distance from the
center of the core in z = 0 plane. Figures57 and 58 give axial distributions
for the low-energy flux for the indicated values of r.

For this analysis, the following calculated param-
eters apply at the center of the core (z = 0, r = 0).

1.37 mw liter of core volume

Power Density PD

4.4 x 109 ﬁssions/(cc)(sec)

Total Number of Fissions fEZfd)dE

High Energy Neutron Flux
(above 1.35 Mev) N

0.8 x 10%° n/(cmz)(sec)

Low Energy Neutron Flux
(below 1.35 Mev) o,

2.9 x 101 n/(cmz)(sec)

3.7 x 10%° n/(cmz)(sec)

Total Neutron Flux 0}

(2) One-Dimensional, Ten-Group Analysis

In additionto the two-energy group analysis, a ten-
energy group analysis using one-dimensional techniques is available to show
the spatial behavior of the neutron flux, principally in the radial direction
near the z = 0 plane and axially near the line r = 0.

Figure 59 shows the reactor model which was ana-
lyzed with these techniques. One of the principal results found in this multi-
group analysis which is not readily obtained on the basis of the two-group
calculations is concerned with the spatial variation of the neutron spectrum.

For simplicity in graphical representation, the ten-
energy groups have been combined so that only five groups of neutrons are
shown in Figs. 60 and 61. These groups represent neutrons in the energy
intervals tabulated below.

*Group Energy Interval, Mev

Above 1.35
0.5 to 1.35
0.18 to 0.5
0.07 to 0.18
0 to 0.07

(6 Y ORI S ]

Figure 60 shows the radial distribution of the neu-
tron flux near the z = 0 plane. Figure 61 shows the axial distribution of the
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neutron flux near the line r = 0. It is to be noted that the spectrum is de-
graded appreciably along any traverse outward from the center of the
core.

For the multigroup analysis, the predicted param-
eters for the center of the core (z =0, r = 0) are:

Power Density PD = 1.37 mw/liter of core volume

Total No. of Fissions/(cc)(sec) fEZfd)dE 4.4 x 10'3 fissions/(cc)(sec)

Neutron Flux (above 1.35 Mev) ¢, = 8.0 x 104 n/(cmz)(sec)
Neutron Flux (0.5 to 1.35 Mev) ¢, = 10.5 x 10 n/(cmz)(sec)
Neutron Flux (0.18 to 0.5 Mev) ¢; = 11.1 x 10 n/(cmz)(sec)
Neutron Flux (0.07 to 0.18 Mev) By = 6.2 x 101 n/(cmz)(sec)
Neutron Flux (0 to 0.07 Mev) ¢s = 1.9 x 10 n/(cmz)(sec)
Total Neutron Flux ¢=3.77 x 105 n/(cmz)(seC)

b. Gamma Flux

Figure 62 shows the gamma-ray flux distribution from
the core edge radially outward through the concrete biological shield. This
analysis is based on a twenty energy-group neutron flux calculation in spher-
ical geometry. Similarly, Fig. 63 shows the gamma-ray flux distribution
from the edge of the core axially upward through the upper biological shield
in the rotating plug.

Heating due to gamma rays has been calculated at var-
ious points within the reactor. The points of interest are principally those
where the contribution of such heating could represent an appreciable frac-
tion of the total heat generation. The calculated parameters based on energy
absorption coefficients associated with five energy groups are listed below.
For comparison, the energy created at these points is also given.

kw/liter
Gamma Ray Local Fission
Heating Energy Release Rate
Inner edge of inner blanket (z = 0) 37.0 132.0

Outer edge of inner blanket (z = 0) 5.7 18.4
Lower edge of upper blanket (r = 0) 31.0 32.5
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The axial variation of the gamma-ray heat generation
in the inner blanket adjacent to the core has been estimated. In general,
this variation follows the axial power distribution in the core adjacent to
the inner blanket.

2. Reactor Heat Generation Distributions

An approximate breakdown of power generation in the var-
ious zones of the "clean" reactor is given below.

Zone Power, mw % of Total
Core 53.3 85.4
Upper plus lower blanket 1.2 1.9
Inner blanket 5.2 8.3
Outer blanket 2.6 4.1
Neutron shield o 0.3
62.5 100.0

The radial power density distribution at the center plane
of the reactor is shown in Fig. 64. This distribution is based on 82% in-
sertion of each of the twelve control rods and 100% insertion of the two
safety rods. In the control rod and safety rod regions of Fig. 64, two
power density distribution curves are presented. The dashed line shows
the anticipated power densities in control or safety subassemblies; the
solid line indicates the power densities expected in the core subassemblies
within these regions.

The radial maximum to average power density ratio of the
core at the reactor center plane is 1.33; the effective radial maximum to
average ratio over the entire height of the core is 1.32.

The axial power density distributions at the centerline of
the core, inner edge of the inner blanket, and inner edge of the outer blan-
ket are shown in Fig. 65.

The axial maximum to average power density ratio at the
inner edge of the inner blanket is 3.45; at the inner edge of the outer blan-
ket, 2.84.

The axial maximum to average ratio at the centerline of
the core for the core section only is 1.17. The effective axial maximum
to average ratio over the entire radius of the core for the core section
only is 1.16.

Maximum power density in the core is 1.37 mw/liter of
core volume. Average power density in the core is 0.893 mw/liter. The
ratio of maximum to average power density in the core is 1.53.



These power densities and distributions are based on the
clean reactor; however, analysis indicates that only small changes in heat
generation distribution are effected by core burnup and plutonium forma-
tion, and these changes have been allowed for in calculation of maximum
fuel and blanket temperatures. They also include the contributions of local
absorption of gamma rays noted in Section IV-B-1-b.

3. Reactor Temperature Distribution

The maximum mean reactor outlet coolant temperature
achievable in a given reactor for specific maximum permissible fuel and
blanket alloy temperatures is a function of various parameters; for example:
reactor inlet coolant temperature, reactor power level, and the coolant dis-
tribution. In general, to attain high mean coolant outlet temperature at a
practical coolant inlet temperature and high reactor power, it is necessary
to orifice the coolant flow to certain of the subassemblies; that is, it is nec-
essary to establish the proper coolant mass flow distribution. Achievement
of this distribution in the EBR-~IIrequires orificing of all subassembly rows
except rows 1, 2, and 3 (numbered radially outward from the center of the
core). In most cases,the various rows require orificing of different de-
grees, since different amounts of power per subassembly are generated in
the various rows. The degree of orificing employed in each row is based
on one or more of these limitations (depending upon the row): maximum
permissible fuel alloy or blanket uranium temperature; maximum permis-
sible coolant temperature at subassembly outlet; minimum acceptable ori-
fice size.

In addition to flow distribution, another consideration af-
fecting calculatedtemperature distributions within the reactoris the degree
of uncertainty associated with each of the quantities (such as thermal con-
ductivity value, heat transfer coefficient, power density level, etc.) entering
into the temperature calculations. If each quantity is analyzed separately,
a degree of uncertainty can be estimated and a factor assigned. The mag-
nitude of this "uncertainty factor" expresses the degree of uncertainty
associated with the magnitude of the quantity. The various calculated tem-
perature differences are increased by multiplication by the appropriate
uncertainty factors. For example, if the "uncertainty factor" associated
with the heat transfer coefficient is 1.20, which means that the heat trans-
fer coefficient cannot be predicted to better than +20%, the nominal film
temperature drop, &, is increased by 20% to 1.20 6. Thus, in many of the
figures referred to in this section, two temperature curves for the same
conditions are shown: one which includes the use of uncertainty factors
in the calculations, and one which does not. The uncertainty factors em-
ployed are listed in Table VIII. The temperature distributions which in-
volve the use of these factors are considered very conservative. The
temperature distributions based on nominal calculations (without uncer-
tainty factors) are those more representative of the average conditions
expected to exist within the reactor.
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Based on the above considerations, each type of fuel and
blanket element is designed to cool under the most severe conditions to
which that type of element is exposed. The most severe conditions within
each major reactor zone occur in the first, sixth, and eighth subassembly
rows (center line of core, inner edge of the inner blanket, and inner edge
of the outer blanket, respectively). The axial power density distributions
at these locations are shown in Fig. 65.

Radial temperature distributions through a fuel element
at the point of maximum fuel alloy temperature in the reactor are shown
in Fig. 66. The effect of uncertainty factors on temperature distribution
is apparent.

Axial distributions of the maximum fuel alloy and blanket
uranium temperatures and coolant temperatures are shown in Figs. 67,

68, and 69.

The power output per subassembly in each row is shown
in Fig. 70. The coolant flow rate per subassembly distribution is shown
in Fig. 71. The mixed mean coolant temperature rise through each sub-
assembly is shown in Fig. 72.

Table VIII

UNCERTAINTY FACTORS USED IN THERMAL ANALYSIS OF FUEL AND BLANKET ELEMENTS

Far Fog, Fo . Fay Fou
Nuclear and Mechanical Factors:
Precision in Neutron Flux Distribution 1.10 1.15 1.15 1.15 1.15
Precision of Total Coolant Flow Rate
Through a Subassembly 1.03 1.00 1.00 1.00 1.00
Precision of Coolant Velocity Profile
Within a Subassembly 1.05 1.00 1.00 1.00 1.00
Manufacturing Deviations from Nominal
(Dimensions) 1.00 1.02 1.06 1.00 1.02
Manufacturing Deviations from Nominal
(Fissionable Material Concentration) 1.00 1.02 1.02 1.02 1.02
Thermal Factors:
Thermal Conductivity Value 1.00 1.00 1.10 1.10 1.15
Heat Transfer Coefficient 1.00 1.20 1.00 1.00 1.00
Operational Factors:
Precision of Measurement of Power Level 1.02 1.02 1.02 1.02 1.02
Possible Transient Overload 1.056 1.05 1.05 1.05 1.05
Total 1:27 1.54 1.46 1.38 1.48

2/3 Factor 1.18 1.36 1.31 1.25 1.32



Table IX gives pertinent temperatures, heat fluxes, and
coolant flow rates in subassemblies of rows 1, 6, and 8. Uncertainty fac-
tors are not included. Table X gives the same information as Table IX,
but with uncertainty factors included.

Table IX

SUMMARY OF THERMAL ANALYSIS RESULTS FOR MAXIMUM TEMPERATURE
REGION OF CORE AND BLANKETS

(No Uncertainty Factors Included)

(Reactor Power = 62.5 mw)

Region
Upper Inner Outer
Core Blanket Blanket Blanket
Coolant Flow in Maximum Power Subassembly
Flow Velocity, fps 25.8 25.2 10.4 2.6
Flow Rate, gpm 152.1 152.1 19.6 4.9
Estimated Pressure Drop, psi 23.0 9.0 24.2 1.7
Maximum Heat Flux, Btu/'(hr)(ftz) . 1,034,000 78,800 285,900 30,200
Temperatures, F
Maximum Uranium 1189 974 1024 829
Coolant, at Outlet 923 925 884 829
Coolant, at Inlet 702 923 700 700
Coolant Temperature Rise, Inlet to Outlet 221 2 184 129
Coolant at Point of Maximum Uranium
Temperature 863 923 824 829
Mixed Mean Coolant Outlet Temperature
from Entire Region 918 921 845 790
Temperature Difference at Point of Maximum
Uranium Temperature, F
Through Uranium 183 31 142 0
Through Uranium-Sodium Interface 13 1 3 0
Through Sodium "Bond" Layer 14 1 7 0
Through Sodium-Clad Interface 11 1 3 0
Through Clad Layer 63 12 35 0
Through Coolant Film 42 5 10 0
Total Element Temperature Difference 326 51 200 0
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The information given in Tables VIII, IX, and X and the
power density distributions given in Figs. 64 and 65 are based on fuel and
blanket elements as described in Sections III-A-1-c, d, and e, and shown
in Figs. 10, 11, and 12. The following reactor conditions, thermal prop-
erty values, and heat transfer assumptions are employed:

Reactor Conditions:

1) Total reactor power - 62.5 mw

2) Mean coolant outlet temperature - 900F

3) Coolant inlet temperature - 700F

4) Maximum pressure drop across subassemblies - 41 psi

(
(
(
(

Table X

SUMMARY OF THERMAL ANALYSIS RESULTS FOR MAXIMUM TEMPERATURE
REGIONS OF CORE AND BLANKETS

(Including Uncertainty Factors)

(Power = 62.5 mw)

Region
Upper Inner Outer
Core Blanket Blanket Blanket
*Coolant Flow in Maximum Power Subassembly
Flow Velocity. fps 25.8 25.2 10.4 2.6
Flow Rate, gpm 152.1 152.1 19.6 4.9
Estimated Pressure Drop. psi 23.0 9.0 24.2 1.7
*Maximum Heat Flux, Btu/(hr)(t? 1.034,000 78.800 285.900 30,200
Temperatures, F
Maximum Uranium 1320 1030 1100 852
Coolant, at Outlet 963 965 917 852
Coolant. at Inlet 702 963 700 700
Coolant Temperature Rise, Inlet to Outlet 261 2 217 152
Coolant. at Point of Maximum Uranium
Temperature 892 963 842 852
*Mixed Mean Coolant Outlet Temperature
from Entire Region 918 921 845 790
Temperature Differences at Point of Maximum
Uranium Temperature. F
Through Uranium ) 243 40 186 0
Through Uranium-Sodium Interface 13 1 3 0
Through Sodium "Bond" Layer 18 2 9 0
Through Sodium-Clad Interface 11 1 3 0
Through Clad Layer 84 16 45 0
Through Coolant Film 59 7 12 0
Total Element Temperature Difference 428 67 258 0

*No uncertainty factors included.
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Thermal Properties:

(1) Thermal conductivities (at operating temperature of
hottest fuel element):

Material Btu/(hr)(ft)(F)

Fuel alloy (5 wt-% fissium)
or blanket uranium, after 1

atom-% burnup 18.8
Stainless Steel, AISI Type 304 11.5
Bond Sodium 40.3

(2) Coolant thermal properties: from the Liquid-Metals
Handbook, Sodium-NaK Supplement, 1 July 1955, AEC - Department of the
Navy (TID-5277).

To be conservative, the thermal conductivity of the blanket
uranium is assumed equal to that of the fissium fuel alloy. The fuel alloy
conductivity value is based on interpolation and extrapolation of data given
in BMI-986, BMI-984, and a private communication from H. Deem of BMI
to L. Basil of APDA. It appears that increasing the burnup to 2 atom per
cent would affect this value only slightly. The thermal conductivity of
stainless steel Type 304 is taken from the Metals Handbook, 1948 Edition,
American Society for Metals.

Heat Transfer Assumptions:

(1) Sodium heat transfer coefficients are based on the re-
lation suggested in "Comments on Liquid Metals as Coolants in High Power
Density Power Reactors,”" by H. O. Monson (TID-7506, Part I, July, 1956).
The relations is Nu = 2.3 + 0.23 Pel/z.

(2) All heat is generated within the fuel alloy or blanket
uranium.

(3) Uniform rate of heat generation per unit volume exists
throughout a given cross section of a fuel pin or blanket pin.

(4) Power densities within those subassemblies of the inner
and outer blankets which experience the highest temperatures in their res-
pective zones are assumed 7% higher than indicated in Section IV-B-2. This
is to allow for the effects of plutonium buildup.

(5) Interfacial conductance between sodium bond and clad
or fuel is 100,000 Btu/(hr){ft?)(F).
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() No axial heat conduction occurs.
(7) No radial heat conduction occurs between subassemblies.
(8) Uniform coolant flow velocity exists within a sub-

assembly.

4. Power Cycle Operating Conditions

The contemplated steady-state operating temperatures and
coolant flow rates in the principal heat transfer systems at full power are
shown in Fig. 1, and described below.

a. Primary System

The primary sodium coolant flow rate through each of

the main d=c electromagnetic pumps is approximately 4250 gpm; total flow
is about 8500 gpm. The flow separates into two streams before entering
the reactor lower plenum chambers; a high-pressure stream flows to the
plenum supplying the core and inner blanket, and a very low-pressure
stream (pressure reduction being effected by orificing of the inlet piping)
flows to the plenum supplying the outer blanket. Flow through the reactor
totals 8200 gpm, the remaining 300 gpm representing leakage back to the
primary tank bulk sodium through the ball-seat disconnects and the sub-
assembly hold-down devices. Of this total flow through the reactor,
6990 gpm flows from the high-pressure plenum through the core and inner
blanket subassemblies, 710 gpm flows from the low-pressure plenum through
the outer blanket subassemblies, and 500 gpm flows through the clearance
spaces between subassemblies.

The two coolant flows from the lower plenums, after
passing through their respective groups of subassemblies, merge within
a common upper plenum. The mixed mean primary coolant temperature
in this plenum is 900F. The coolant enters the shell side of the shell-and-
tube, counter-flow heat exchanger at approximately 900F, since the heat
loss between the reactor and heat exchanger is very small. After passing
through the heat exchanger, the coolant returns to the bulk sodium with a
temperature slightly different from that of the bulk sodium. This small
temperature difference is required to maintain the bulk sodium tempera-
ture constant at 700F, because of extraneous heat losses and heat gains
by the bulk sodium; viz, gains due to gamma heating of the bulk sodium
and coolant leakage past the control drives in the reactor tank cover, and
losses due to the sodium coolers and to the shield cooling air.

Primary system coolant pressure drop from pump out-
let to the high-pressure plenum is 4 psi; across the subassemblies in the
high pressure stream, from lower to upper plenum, 41 psi (across the sub-
assemblies in the low-pressure stream, only about 2 psi); from upper reac-
tor plenum to the heat exchanger,5 psi; through the heat exchanger, 7 psi;



and approximately 3 psi of static head. Total pressure drop of the primary
flow system is 60 psi. Since the primary tank blanket gas is at a pressure
only a few inches of water above atmospheric, the maximum pressure in
the primary cooling system is less than 65 psig.

b. Secondary System

A secondary system flow rate of 6050 gpm is provided
by the main a-c linear electromagnetic pump located in the Sodium Plant
Building. The coolant flows from the pump to the tube side of the heat ex-
changer, entering the exchanger at 610F and leaving at 880F. It then flows
to the superheater, and because the heat loss in the connecting piping is
small, enters at approximately 880F. The coolant leaves the superheater
at 807F and, after passing through the evaporator, returns to the main pump
at 610F.

Pressure drop through the heat exchanger is 7 psi, and
through the superheater plus evaporator, about 29 psi. Approximate pres-
sure drop through all connecting piping and fittings is 29 psi. Total pressure
drop in this system is approximately 65 psi. Since the inlet side of the pump
is maintained at a pressure of 10 psig by the argon blanket gas in the second-
ary system sodium expansion tank, maximum pressure in the secondary
system is 75 psig.

c. Steam System

Feed water at 550F is supplied to the evaporator at a
rate of 268,000 lb/hr. Saturated steam is generated within the evaporator
at 580F and 1300 psig. This steam flows through the separator and then
through the superheater from which it leaves at 850F. Turbine throttle
steam conditions are 850F and 1250 psig. About 198,000 lb/hr are used
by the turbine-generator; the remaining steam (50,000 lb/hr) is employed
for direct feed-water heating, for the feed-water pump turbine, and for
maintenance of the by-pass flow around the turbine to the condenser.

The turbine exhausts 146,000 lb/hr of steam (moisture
content, 14%) to the turbine deaerating condenser operating at 14 in. Hg
pressure.

The feed-water heating system consists of a blowdown
cooler, two feed-water heaters employing steam extracted from the tur-
bine, one deaerating heater which utilizes steam from the exhaust of the
feed-water pump turbine, and a high pressure heater using steam supplied
directly from the main steam line.

The blowdown cooler reduces the temperature of
13,700 lb/hr of evaporator blowdown from 338F to 102F and increases the
feed-water temperature from condenser hot well temperature 92F to 110F.
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Feed-water heater #1 uses 18,100 lb/hr of 5 psig steam
from the turbine #1 extraction point to raise the feed-water temperature to
210F. Feed-water heater #2, the deaerating heater, uses 20,500 lb/hr of ex-
haust steam from the feed-water pump turbine at a pressure of 100 psig,
and raises the feed-water temperature to 338F. Feed-water heater #3 uses
33,800 lb/hr of 635 psig steam extracted from the turbine #2 extraction
point to raise the feed-water temperature to 480F. Feed-water heater #4
uses 24,500 lb/hr of steam from the main steam line, and raises the feed-
water temperature to its final temperature of 550F.

The steam by-pass flow around the turbine to the con-
denser is 5,000 lb/hr.

The condenser employs a circulating water flow rate
of 23,600 gpm at 70F and 82F inlet and outlet temperatures, respectively.

C. Steady-State Operation at Three Fourths Power

The maximum power level at which the reactor may be safely
operated is primarily dependent upon the maximum permissible core fuel
alloy temperature. Blanket uranium temperatures in the EBR-II, as de-
scribed in Section IV-B-3 , are maintained lower than the core fuel tempera-
tures and, therefore, are not controlling.

Probably the most commonly applied criterion in establishment
of maximum permissible fuel temperature is the resistance of the fuel to
thermal cycling damage. In the case of suitably fabricated unalloyed ura-
nium, for example, damage due to thermal cycling within the alpha range
(up to about 1220F) has been found to be minor compared to the rather
severe damage sustained in thermal cycling through the alpha-beta trans-
ition temperature into the beta range. With such material, therefore, a
maximum operating temperature of about 1200F is indicated. Similarly,
the uranium-low zirconium alloys suffer increased damage from thermal
cycling above about the same temperature, and an approximate limit of
1200F is applicable.

Radiation, or burnup damage also is temperature dependent.
In addition to the usual irradiation damage observed with relatively low
burnup, at the high burnups contemplated for the EBR-II fuel (1to 2 atom-%),
a tendency exists for the fuel to swell or puff, as a result of internal pres-
sure exerted by the large amounts of accumulated fission product gases.
At relatively low temperatures, this tendency appears to be negligible.
There 1s evidence, however, that at high temperatures (where the fuel alloy
strength is appreciably reduced, say at 1500 or 1600F) prohibitively exten-
sive swelling occurs. In the extreme, such swelling could seriously stress
or even rupture the fuel element clad.



In fuel elements employing stainless steel clad, the uranium-
iron eutectic melting point represents an additional criterion. Since it is
probable that, at least in local regions, the fuel alloy of EBR-II fuel ele-
ments will come into intimate contact with the steel clad, melting of the
element could occur if the temperature at the point of contact were to
reach the eutectic melting point.

There also exist certain considerations which bear only indi-
rectly on determination of maximum permissible operating fuel tempera-
ture. For example, the higher mechanical strength of the fuel at lower
temperatures is considered an advantage (apart from the swelling aspect).
A special circumstance in which this may be of importance is that of a
reactor excursion on a very short period, in which reduction of fuel axial
expansion by inertial forces is minimized by the higher strength. Also,
the greater the difference between normal operating temperature and fuel
alloy melting temperature, the more severe may be the reactor excursion
which just effects incipient melting. Finally, the lower the operating tem-
perature (by reduction of power), the lower are the fuel alloy thermal
stresses.

Tests performed on EBR-II prototype fuel elements show that
the 5 wt-% fissium alloy is considerably superior to either unalloyed ura-
nium or uranium-low zirconium alloys under thermal cycling. It is expected
that negligible damage to the fissium alloy would result from thermal cycling
incurred during operation of the EBR-II at maximum fuel temperatures up
to about 1350F. Several irradiation tests on EBR-II type fuel elements have
been conducted employing both uranium-low zirconium alloys and fissium
alloys. The testing times were of several months each, with burnups up to
1 atom-%. Maximum fuel temperatures in most cases were relatively low,
but in one uranium-low zirconium case exceeded 1200F and in one 5 wt-%
fissium case exceeded 1300F. The maximum damage observed attributable
to irradiation was limited to a uniform swelling of the fuel in the amount of
several per cent change in cross-sectional area. Since the prototype fuel
elements incorporate a sodium bond annulus equivalent in area to more than
16% of the fuel area, it is estimated that EBR-II fuel elements (5 wt-% fis-
sium) can accommodate at least 2 atom-% burnup at a maximum operating
temperature of 1300F without significant increase in clad stress due to ex-
ertion of pressure by the fuel. The uranium-iron eutectic melting tempera-
ture is 1340F. The maximum fuel-to-clad interface temperature in the
EBR-II, if operated with maximum fuel temperature of 1320F is approxi-
mately 1050F (full power, all uncertainty factors included, as indicated in
Fig.66), a temperature well below the eutectic melting point.

To be conservative in respect to the above considerations, initial
operation of the EBR-II will be confined to power levels of 45 mw or less,
with consequently reduced fuel element operating temperatures. During this
operation, frequent removal of subassemblies for examination of fuel ele-
ments at various degrees of burnup is contemplated. In subsequent operation,
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the power level will be gradually increased to permit evaluation of the effect
of increased temperatures. It is expected that this testing procedure on
temperature and burnup effects (and, indirectly, on degree of manifestation
of uncertainty factors) will enable eventual operation at full power.

This section describes the contemplated operating conditions
of the power system at 45 mw, or approximately three-fourths full power.

1. Flux Distributions

Neutron flux distributions are the same as described in
Section IV-B-1 for the full-power case, except that all magnitudes are re-
duced in the ratio of 45 to 62.5 mw.

2. Reator Heat Generation Distributions

Heat generation distributions are the same as described
in Section IV-B-2 for the full-power case, except that all power and power
density magnitudes are reduced in the ratio of 45 to 62.5 mw.

3. Reactor Temperature Distributions

The primary coolant flow rate assumed in calculating re-
actor temperature distributions at 45 mw is 45/62.5 of that employed at
full power. The actual flow rate intended to be used, however, is some-
what higher than this (Fig. 47). Consequently, the maximum temperatures
actually anticipated are lower (by about 20 or 30F) than those presented
herein.

Radial temperature distributions through a fuel element
at the point of maximum fuel alloy temperature in the reactor is shown in
Fig. 73. The effect of uncertainty factors on temperature distribution is
apparent.

Axial distributions of the maximum fuel alloy and blanket
uranium temperatures and coolant temperatures are shown in Figs. 74,
75, and 76.

The power output and the coolant flow rate per subassembly
in each row are the same as indicated in Figs. 70 and 71, respectively, ex-
cept reduced in magnitude in the ratio of 45 to 62.5 mw. The mixed mean
coolant temperature rise through each subassembly is the same as shown
in Fig. 72.

Table XI gives pertinent temperatures, heat fluxes, and
coolant flow rates in subassemblies of rows 1, 6, and 8. Uncertainty fac-
tors are not included. Table XII gives the same information as Table XI,
but with uncertainty factors included.



Table X1

SUMMARY OF THERMAL ANALYSIS RESULTS FOR MAXIMUM TEMPERATURE
REGIONS OF CORE AND BLANKET

(No Uncertainty Factors Included)

(Power = 45 mw)

- Region
| Upper Inner Outer
| Core Blanket Blanket Blanket
i
*Coolant Flow in Maximum Power Subassembly
- Flow Velocity, fps 18.6 18.1 5 1.9
‘ Flow Rate, gpm 109.5 109.5 4.1 3.5
Estimated Pressure Drop, psi 12.0 4.6 2.6 0.9
|
*Maximum Heat Flux, Btu/(hr){t?) 744,500 56,700 205,800 21,700
Temperatures, F
Maximum Uranium 1098 961 968 829
= Coolant, at Outlet 923 925 884 829
Coolant, at Inlet 702 923 700 700
) Coolant Temperature Rise, Inlet to Outlet 221 2.0 184 129
| Coolant. at Point of Maximum Uranium
| Temperature 863 923 824 829
*Mixed Mean Coolant Outlet Temperature
from Entire Region 918 921 845 790
Temperature Differences at Point of Maximum
Uranium Temperature F
Through Uranium 132 22 103 0
Through Uranium-Sodium Interface 9 1 2 0
~ Through Sodium "Bond” Layer 10 1 5 0
| Through Sodium-Clad Interface 8 1 2 0
| Through Clad Layer 46 9 25 0
- Through Coolant Film 30 4 7 0
Total Element Temperature Difference 235 38 144 0
*No uncertainty factors included.
— Table XII
) SUMMARY OF THERMAL ANALYSIS RESULTS FOR MAXIMUM TEMPERATURE
[ REGIONS OF CORE AND BLANKET
] (Including Uncertainty Factors)
(Reactor Power = 45 mw)
I
Region
Upper Inner OQuter
Core Blanket Blanket Blanket
*Coolant Flow in Maximum Power Subassembly
Flow Velocity, fps 18.6 18.1 7.5 1.9
Flow Rate. gpm 109.5 109.5 14.1 3.5
Estimated Pressure Drop, psi 12.0 4.6 12.6 0.9
5 *Maximum Heat Flux, Btu/(hr)(ftz) 744,500 56,700 205,800 21,700
1 Temperatures, F
- Maximum Uranium 1200 1011 1027 852
Coolant, at Outlet 963 965 917 852
I Coolant, at Inlet 702 963 700 700
Coolant Temperature Rise, Inlet to Outlet 261 2 217 152
| Coolant, at Point of Maximum Uranium
' Temperature 892 963 842 852
*Mixed Mean Coolant Qutlet Temperature
from Entire Region 918 921 845 790
| Temperature Difference at Point of Maximum
= Uranium Temperature F
Through Uranium 175 29 134 o
Through Uranium-Sodium Interface 9 1 2 0
Through Sodium "Bond” Layer 13 1 6 ]
Through Sodium-Clad Interface 8 1 2 Q
Through Clad Layer 61 11 32 0
Through Coolant Film 42 5 9 0
Total Element Temperature Difference 308 48 185 0

*No uncertainty factors included.
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4. Power Cycle Operating Conditions

The steady-state operating temperatures and coolant flow
rates in the principal heat transfer systems are shown in Fig. 1.

D. Preoperational Testing and Experiments

Prior to operation of the reactor and power system, the equip-
ment and components will be inspected and tested. This will include leak
testing, pressure testing, and circuitry tests. It will also include "dry runs"
on the mechanical components - control and safety drives, fuel handling,
and disassembly equipment. Particular attention will be given to the com-
ponents which will be difficult to service after operation has begun.

A broad range of experiments is planned for the EBR-II as part
of the initial start-up program. These experiments are planned to explore
the critical and dynamic characteristics of the reactor, characteristics of
the nuclear instrumentation, and fluid flow performance of the heat transfer
systems.

Two series of experiments defined as "dry" experiments and
"wet" experiments are scheduled. The dry experiments will be conducted
without sodium in the primary system and at "zero power" level. The wet
experiments will be run with the primary system filled with sodium.

The primary purpose of the dry critical experiments is to check
the nuclear instrumentation system. Because of the physical arrangement
of thimbles inside the primary tank, modification of the design or location
of the thimbles after power operation of the reactor will be difficult. It will
also be relatively simple to provide special startup instrumentation within
the reactor during the dry criticals. Fission counters will be temporarily
installed in one or more of the control rod locations. These counters will
be located across the core from the neutron source in a zone of maximum
sensitivity to flux level change.

During the dry criticals, the leakage through the neutron shield
will be determined so that modification can be made if necessary.

Additional tests are planned to provide physics data of interest.
The "dry critical mass" will be available to compare with the "wet critical
mass," and thus determine the reactivity effect of the sodium. In addition,
it is planned to determine the "dry isothermal temperature coefficient" by
heating the reactor system. This information will permit the determination
of the reactivity effect of change in sodium density.

The "wet experiments'" will include zero power criticals in
static sodium, repeating the dry type critical experiments. Isothermal
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temperature coefficient measurements will be made at various temperatures.
The reactivity worth of the control and safety rods, as well as the fuel and
blanket subassemblies, will be measured. The effects (if any) of sodium
flow through the reactor will be determined.

The preoperational experimental program will also include
experiments at various power levels: evaluation of instrumentation and con-
trol; determination of the "power coefficient" (and correlation with the
isothermal temperature coefficient); and determination of the kinetic charac-
teristics of the reactor system, including mechanical oscillation tests. Full-
range performance calibration will be made of the instruments in all systems.
The reactor and power system will be calibrated at various power levels.

An investigation will be made of the kinetic effects on the reactor and heat
transfer loops of power level changes and reactor "scram."

Other kinetic experiments and reactivity measurements
may be required to provide additional comprehensive performance data.
Of primary importance is the determination of the validity of various kine-
tic experiments in predicting the kinetic characteristics of the reactor.
This phase of the experimental program will incorporate the experimental
techniques developed for EBR-I and may considered an adjunct to the Lab-
oratory's fast reactor safety program.

E. Normal Startup

Normal startup includes bringing the reactor and power systems
to "operating conditions" from the "shutdown condition." The process in-
volves the reactor, the primary system, the secondary system, the steam
system (including cooling water), and the turbine-generator and electrical
system.

1. System Conditions Prior to Startup

The system shutdown conditions prior to startup vary de-
pending upon the duration of shutdown and the purpose of the shutdown. The
reactor is subcritical, and the primary system is at a temperature between
580 and 700F. The secondary sodium "cold leg" is at a temperature of
approximately 580F, and the "hot leg" is between 580 and 700F. The steam
system is at 1250 psig pressure and essentially at saturation temperature
(574F). The temperature differences existing in the respective heat trans-
fer systems, and the amount of steam being generated are dependent upon
the amount of heat being generated in the reactor (fission product decay
heat).

During a routine shutdown for fuel unloading, etc., the sys-
tem temperatures will be maintained as closely as possible to the normal
operating temperatures. The primary system temperature will be main-
tained at a temperature approaching 700F. The rate of heat removal from
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the primary system will be maintained approximately equal to the fission
product decay heat generation rate to avoid degrading system temperatures.
Heat will be removed by the secondary system and dissipated in the steam
generator by evaporating water. Heat is also removed from the primary
system by the auxiliaries, including the shield air cooling system, the thim-
ble cooling system, the sodium cleanup system, and the two shutdown coolers.
The shutdown coolers are not employed during a short routine shutdown
when the normal heat transfer systems are operative. They are normally
used when the secondary system is unable to remove the fission product
decay heat from the primary system, or for long term shutdown. As de-
scribed in Section IV -H.,the shutdown coolers remove a small amount of
heat, even when in "shutdown condition." The heat removed from the pri-
mary system by these auxiliaries is approximately 350 kw.

2. Startup Procedure

The following startup procedure is contemplated. Prelim-
inary to the startup of the reactor and power system components, the system
interlocks are checked and annunciation points are reset. The flow rates of
the primary pumps are set at the required flow for the power level at which
the reactor will be operated. Since the power level, due to fission product
heating, is quite small (2% or less), there is little temperature rise in the
primary system, and the entire primary system is at essentially isothermal
conditions.

The reactor is made critical, and the power level is slowly
raised. The secondary flow rate is adjusted to correspond approximately
to the power level of the reactor. If the primary sodium temperature is
below 700F, the secondary system flow rate is established somewhat be-
low the corresponding reactor power level to create a small imbalance
between the rate of heat generation and the rate of heat removal from the
primary system. This imbalance is continued until the primary system
temperature reaches 700F. The rate at which the power level is increased
and the secondary system flow rate is varied is limited by the maximum
temperature change desired in the sodium systems (probably about lF/min.).

During this entire period, steam is being generated at con-
stant pressure and is being condensed. In the process, the steam system
is gradually heated to operating temperatures. The steam being generated
continues to be bypassed until the reactor and power system are at power
and stabilized. The steam is then slowly diverted through the turbine in
accordance with standard power plant operating procedures, and the tur-
bine is brought up to speed. The generator, which operates in parallel with
the NRTS 138-kv system, is then connected. The load applied to the genera-
tor is established at a level below the steam generation rate to permit by-
passing steam.



If the turbine-generator is not operated, the startup pro-
cedure does not include the operation of this unit and the steam flow through
the by-pass system.

F. Normal Shutdown

Normal shutdown is defined as a programmed shutdown of the
reactor and power cycle during which the reactor power is gradually re-
duced and the heat transfer systems are simultaneously adjusted to accom-
modate the change in power level. Under normal operating conditions, the
primary, secondary, and steam systems maintain a 700F primary bulk so-
dium temperature and steam at 1250 psig and 850F at the turbine throttle.
The required temperatures and flow rates of the primary and secondary
sodium systems to maintain these two system parameters at different re-
actor power levels are described in Section IV-A-3. The alternator may
or may not be delivering electrical energy to the NRTS 138-kv system.

The first step in the normal contemplated shutdown procedure
consists of dropping the load on the alternator, disconnecting it from the
NRTS 138-kv system, and closing the turbine stop valve. The excess
steam not required for turbine operation is delivered to the condenser via
the steam by-pass system. The turbine-generator is shut down in accord-
ance with normal power plant practice. The steam system continues to
operate in the normal manner employed for "by-pass operation."

The reactor power level is slowly decreased and the secondary
sodium flow rate is continually adjusted to maintain the primary bulk sodium
temperature at 700F and 1250 psig steam at the turbine throttle. The rate
at which the reactor power level and the secondary system flow rate are
reduced, is limited by the desired maximum temperature changes in the
sodium systems. The reactor power level is decreased until the reactor
is subcritical and in the shutdown condition. The primary coolant flow
rate is then gradually reduced until the pumping power is provided by the
auxiliary pump (approximately 500 gpm).

The secondary system flow rate is adjusted to maintain the
desired 700F bulk sodium temperature by controlling the evaporation rate

of water in the steam generator at the controlled 1250 psig pressure.

G. Fast Shutdown (Scram)

Reactor scram is effected by certain primary system abnor-
malities, as listed in Table VII. Scram consists of fast shutdown of the
reactor (by ejection of the control rods) and the cutting off of power to the
secondary system pump. The primary system main pumps remain in oper-
ation during the scram process and are later shut down manually by the
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operator. In this section, the calculated reactor temperature distributions
obtaining during this type of scram and also during a scram initiated by
primary system main pump failure are examined.

1. Primary Pumps Operative

This case represents the usual type of scram: both primary
main pumps remain in operation. An initial condition of full reactor power
is assumed, since at this level the temperature transients occurring are
the most severe. A total control rod worth of 0.05 Ak/k and an initial rod
insertion of 90% are assumed.

Figure 77 indicates temperature variations as a function
of time. The coolant temperature at outlet from the upper plenum is the
most critical, in that it is indicative of the thermal shock potential effected
at the upper plenum outlet nozzle and in the pipe leading to the heat ex-
changer. The temperature falls 150F in 10 sec at a maximum rate of about
38F/sec. This shock potential is exceeded only by certain cases of postu-
lated accidents treated in the appendices. Ample thermal barrier protection
is provided in the upper plenum nozzle and in the outlet piping to preclude
significant shock even under these conditions.

2. Only Auxiliary Pump Operative

This case represents a scram initiated by loss of primary
system pumping due to pump failure or to loss of electrical power. The
primary auxiliary pump continues in operation (even in the event of loss of
electrical power, since its power supply is backed up by a floating battery).

Figure 78 shows the same reactor temperatures as con-
sidered above as a function of time. Figure 79 shows the same tempera-
tures for the conservative values of rod worth of 0.030 Ak/k and initial
insertion of 60%. In neither case does a potential thermal shock problem
exist.

H. Shutdown Cooling

The method of removing fission product decay heat from the
reactor and effecting its dissipation to the atmosphere is described in de-
tail in Section III-A-3. Briefly, the heat is removed by the primary sodium
flowing through the reactor and either transferred to the secondary system
or dumped (by mixing) to the primary tank bulk sodium. If transferred to
the secondary system the heat is dissipated to the atmosphere via the steam
system and circulating water system. If transferred to the bulk sodium
the heat is rejected to the atmosphere by the two shutdown coolers provided
for the purpose and by various extraneous systems which effect parasitic
loss.



1. Removal of Heat from Reactor

After normal reactor shutdown, flow through the reactor
is maintained either by operation of the auxiliary pump alone or by low-
power operation of one or both of the main pumps, any of these flow sources
being sufficient to cool the reactor readily. In the case of reactor scram,
flow normally is maintained by operation of the auxiliary pump or by high-
power operation of both main pumps (until manually reduced or cut out),
with resulting reactor temperatures as discussed in Section IV-G. In the
remote event that a reactor scram occurs concurrently with failure of all
primary system pumps, the primary system is so designed that natural
convection maintains sufficient flow to cool the reactor properly. This case
is discussed in Sections 2-a and 2-b of Appendix A, and the various reactor
temperatures existing in the short-term period immediately after scram
are indicated. Approximate fission product decay power, flow rates, and
temperatures existing during long-term natural convection cooling (after
several hundred seconds following scram) are indicated in Fig. 80.

2. Removal of Heat from Bulk Sodium

The heat dumped to the primary tank bulk sodium is dis-
sipated, at least in part, as parasitic losses to the room, to the instrument
thimble cooling system, and to the biological shield cooling system. These
losses are essentially constant at a given primary tank temperature, and
are estimated to total about 130 kw for the normal tank temperature 700F.
All decay heat in excess of this amount is dissipated to the atmosphere by
the two shutdown coolers. Rate of heat removal by the coolers is varied
by regulation of dampers on the air stack housing the air-fin cooling coils.
Control of these dampers is automatic (with manual over-ride) and is based
on primary tank temperature. Each cooler has a total capacity of 250 kw.

Because of the very large total thermal capacity of the bulk
sodium and submerged components, any failure or maloperation of the shut-
down coolers produces only an extremely small rate of change of primary
tank (bulk sodium) temperature. Consequently, ample time is available for
corrective action, even under the worst conditions. In Fig. 81, bulk sodium
temperature is shown as a function of time after shutdown from full power
with two, one, and none of the shutdown coolers in operation.

I. Reactivity Coefficients

Two main reactivity coefficients are considered: the isothermal
temperature coefficient, and the power coefficient of reactivity. In addition,
some consideration is given to the reactivity coefficients applicable in a
startup accident.
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1. Isothermal Temperature Coefficient

The isothermal temperature coefficient is calculated by
assuming that the entire reactor, including the structure, heats up uniformly.
Expansions and changes of density are computed and translated into reactiv-
ity effects. The results are listed in Table XIII. There is no bowing effect,
since the temperature distribution is isothermal. The Doppler effect has
been assigned for a temperature of 700F, assuming a room temperature
effect of 1.5 x 10'6/C, as discussed in Appendix B. The resultant over-all
isothermal temperature coefficient is calculated to be - 3.6 x 107 (Ak/k)/C.

Table XIII

ISOTHERMAL TEMPERATURE COEFFICIENTS

Core
Axial growth of fuel -0.39 x 10-5(Ak/k)/C
Radial growth of fuel (displacement of Na) -0.09 x 1075
Axial growth of structure (density change) -0.039 x 10-5
Density change of coolant -0.87 x 1075
Radial growth of supporting structure -0.97 x 1073
Doppler effect +0.04 x 107> (average)
Bowing 0 ,
Gaps
Density change of coolant -0.38 x 1073
Density change of structure -0.036 x 1075

Upper and Lower Blanket

Density change of coolant -0.21 x 1073
Radial growth of uranium and jacket -0.016 x 1075
Axial growth of blanket uranium -0.024 x 1075
Axial growth of jacket -0.021 x 1075
Inner Blanket
Density change of coolant -0.2x 1075
Axial growth of blanket uranium -0.066 x 1073
Axial growth of jacket -0.022 x 10-5
Radial growth of uranium and jacket -0.04 x 1075
Radial growth of supporting structure -0.17 x 10-5
Bowing 0
OQuter Blanket
Density change of coolant -0.017 x 1075
Axial growth of blanket uranium -0.014 x 10-5
Axial growth of jacket -0.003 x 1073

Radial growth of supporting structure -0.034



97

2. Power Coefficient of Reactivity

This coefficient is a function of flow rate and other operat-
ing conditions. It is calculated herein for the case of full flow, an average
value being assigned for the coefficient between startup power (isothermal
conditions at 700F) and full reactor power of 62.5 mw. At full power and
full flow, and with an inlet sodium temperature of 700F, the following aver-
age temperatures are obtained at various points in the reactor.

Average Temperature
Temperature Increase
(at Full Power), F (from 700F), C
Core Coolant 810 61
Core Uranium 975 153
Core Cladding 862 90
Upper Gap 919 122
Lower Gap 702 1
Upper Blanket 924 124
Lower Blanket 705 3
Inner Blanket 780 44
Outer Blanket 745 25
Supporting Structure 700 0

Converting these temperature increases into reactivity
changes, a total reactivity change of -0.0020 Ak/k is obtained. This reac-
tivity change does not take into account bowing of the fuel assemblies which
will be considered later. The effective power coefficient at full flow, and
neglecting bowing, therefore, is:

-0.0020
62.5

= - 3.2 x 107% (Ak/k)/Megawatt .

Bowing of the fuel assemblies under various conditions is
estimated in Appendix A; it is also shown that the reactivity effects associated
with bowing are particularly difficult to determine analytically, and that the
results given in this report probably may be considered overestimates. It
is shown that bowing is expected to be small and that it reverses in direction,
with a resultant reversal in reactivity effect. Between zero power and 17 mw,
maximum effective core radii changes of only about +.001 in. and -0.004 in.
are expected; the reactivity changes associated with these dimensional changes
are relatively small, the -0.004 in. change amounting to about +0.0003 Ak/k.
Between 17 mw and 62.5 mw, the effective core radius is expected to increase
by about +0.010 in. due to bowing. The latter change is estimated to be equiv-
alent to a reactivity change of -0.0007 Ak/k. The expected average power
coefficients, therefore, are:
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From 0to 17 mw,

0.0003

=5
3.2x107° + 17

= -1.5 x 107% Ak/k(mw)

From 17 to 62.5 mw,

0.0007

-5 _ _ MUYV
~SE = 10 (62.5 - 17)

-4.8 x 107% Ak/k(mw)

If bowing were to take its most pessimistic course, how-
ever, the power coefficient would be affected appreciably. It is estimated
that under the worst conditions, viz., a highly abnormal initial disposition
of subassemblies, the core radius can be redyeed 0.019 in. due to bowing,
corresponding to a reactivity change of about(0.0014 Ak/k. It is further
calculated that for full flow conditions maximum bowing would take place
between 9 and 28 megawatts, after which the direction of bowing would re-
verse. During the 9 to 28 megawatt transition, the power coefficient due
to bowing alone would then be

0.0014 -5

(28 -9) +7.4 x 1075 Ak/k(mw)

Thus, if these bowing conditions were to prevail, the net power coefficient

would also be positive, namely +4.2 x 103 Ak/k per megawatt for this

power range. Between 28 mw and 62.5 mw, the motion is reversed, and the
-0.0006

bowing coefficient in this range would be about ((n—_2-5>—-OTiS)_ =-1.7x 1079,

and the over-all power coefficient would be -4.9 x 1075 Ak/k per megawatt.

Of course, this behavior is not expected. The positive
bowing coefficient described above is based upon the most pessimistic
conditions existing in the reactor. These conditions are developed in Ap-
pendix A as "possible," but no mechanism can be developed to produce
them.

It is interesting to note that even under these abnormal
conditions, the effective power coefficient above 28 mw is the same as the
expected power coefficient. The rate of power change in the higher power
range (28 to 62.5 mw) is, of course, more significant with respect to sys-
tem temperature changes and associated engineering problems.

Generally speaking, at lower flows the behavior of the re-
actor should be identical to that at full flow, except that similar tempera-
ture rises will occur for lower powers, hence the power coefficient in units
of Ak/k per megawatt will change proportionately.
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3. Reactivity Coefficients During a Zero Flow Accident

Several hypothetical accidents of this nature have been ex-
amined in detail in Appendix A. For each case the appropriate time constants
of the various reactivity effects are considered and an effective reactivity
feedback effect estimated. Generally speaking, it is found that for power
excursions on a period greater than a millisecond, the reactivity feedback
coefficient is fairly constant. For the very long periods, a local equilibri-
um between fuel and sodium is reached, and the over-all core coefficient
applies, roughly. As the periods get shorter and approach a millisecond,
less heat is transferred to the core sodium, and it produces a smaller re-
activity effect, but the greater axial expansion of the fuel elements balances
this loss, approximately. Of course, for very short periods inertial effects
come into play, reducing the shutdown mechanism.

J. Fuel Loading and Unloading

Preliminary to unloading operations, the control rods are driven
out of the reactor and disconnected from their drives. At the time these
rods are disconnected, the automatic scram interlocks are shifted from
operation of the control rods to operation of the safety rods. With the 12
control rods out of the reactor, it is sub-critical by approximately 0.05
Ak/k at operating temperature (approximately 0.04 Ak/k at the melting
temperature of sodium (208F)). The two safety rods represent an addi-
tional 0.015 to 0.020 Ak/k of negative reactivity available.

Normal operation of the unloading system consists of removing
a subassembly, transferring it to the storage rack, selecting its replace-
ment from the storage rack and transferring it to the reactor. The process
consists of an interchange of a new assembly for an irradiated assembly.
One subassembly is handled at a time and the maximum change in reactiv-
ity normally expected consists of the difference between an irradiated and
an unirradiated fuel subassembly. At 2% burnup of the fuel alloy, approxi-
mately 4% of the U%® is consumed. For a central fuel subassembly, this
should produce a Ak/k of less than 0.001; for the other locations the change
is smaller.

The above described "normal operation" is achieved partly by
the inherent arrangement of the unloading system and also by management
control. The unloading system is capable of handling only one subassembly
at a time. It is impossible to remove or insert more than one subassembly
in the reactor at a time. It is, however, possible to remove, in sequence,
several subassemblies and then to install, in sequence, several subassem-
blies. This mode of operation is prevented by management; however, an
inherent characteristic of the system tends to encourage the "normal proc-
ess." Loading and unloading are a reversible process and the operator
achieves maximum efficiency by following the normal mode of operation
described above. The possible alternate method is less efficient because
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it involves "returning empty-handed" which lengthens the cycle appreciably.
It is important to note that there is no incentive for performing this task in
the undesirable fashion.

There are two types of "mistakes" which must be considered:
the introduction of a fuel assembly of higher enrichment in the core, and
the introduction of a fuel assembly in the inner blanket. As discussed in
Section IV-K, an incredible combination of errors is required to produce a
fully enriched subassembly. It becomes even more incredible to produce a
sufficient quantity of these assemblies to make the reactor critical in the
"shutdown condition."

The substitution of a fuel subassembly for an inner blanket sub-
assembly at the edge of the core represents a reactivity increase of ap-
proximately 0.0027 Ak/k, which is more than an order of magnitude less
than the shut down Ak. An accidental insertion of 15 or more core sub-
assemblies for inner blanket subassemblies must occur for the reactor to
reach delayed critical during loading operations. Standard core subas-
semblies are not interchangeable with inner blanket subassemblies as de-
scribed in Section III-A-1-h. Special core subassemblies which fit the inner
blanket zone are to be available, however, to provide loading flexibility in
the system. These units will be under special management control and it
is proposed to limit the number of such assemblies available in the plant.
Also, these units will be stored in the vault, not in the storage rack. They
will be introduced into the reactor system through the disassembly cell in-
dividually as required, which will differ from the normal loading procedure.
If a special core subassembly is required for loading into the inner blanket,
it will be transferred to the system through the disassembly cell, inserted
in the storage rack, removed from the storage rack, and transferred to the
reactor. To insert a second such unit will require repeating the procedure,
which although not foolproof, is very adaptable to special management con=-
trol. Again, an incredible combination of errors is required to make the
reactor critical in its "shutdown condition."

For these reasons, the kinetic studies included in Appendix A
for postulated accidents during unloading are basically academic. It should
not be possible for these incidents to occur, for in addition to the incredible
operator lapse required to permit these cumulative errors, it is necessary
for these errors to go unobserved on the instruments which constantly
monitor multiplication.

The unloading of a control rod represents a special case of fuel
unloading. The control rod is unloaded in the same fashion as a core sub-
assembly; however, it is unloaded from its "down position" and the fuel
section of the control rod passes through the reactor core during the proc-
ess. This represents a reactivity addition to the system of approximately
0.005 Ak/k, and reduces the margin of shutdown during this period by about
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10%. Since the unloading mechanism speed is only 6 in./min during the bot-
tom 24 in. of travel, reactivity is added only slightly faster than the control
rod drive itself normally adds reactivity.

The average rates of reactivity addition which apply to the un-
loading operation are as follows:

Central fuel element 1.5 x 10-* Ak/k per second.
Control rod 0.4 x107* Ak/k per second.
Safety rod 0.7x10* Ak/k per second.

After the fuel subassembly (or control rod)has been lifted 24 in,,
rate of travel is increased to 72 in./min.to permit the unloading operations
to be performed in a reasonable time.

K. Fuel Recycle

For purposes of operational control and quality control, the
fuel cycle is divided into four phases: fuel processing, pin fabrication,
fuel element fabrication, and the assembly of the fuel subassembly. Each
operation is discussed briefly here with emphasis on those items that per-
tain to quality control rather than on the chemistry of the process or the
details of the machinery used for the various operations.

1. Fuel Processing

The spent fuel is removed from the reactor as subassem-
blies containing approximately six kilograms of fuel alloy. The disassem-
bly of such units is done in the disassembly cell mechanically on a unit
basis so that the identity of each batch of 91 fuel elements is retained. Only
the outer "hex" tube and the end blankets are removed at this point; the fuel
alloy remains enclosed in its stainless steel can together with its sodium
bond. The fuel elements are then transferred to the process plant, where
they are individually fed through a decanning machine which first scores
the stainless steel cans and then strips the can from the pin. If this opera-
tion does not break up the fuel pin it is broken up upon leaving the machine.
This is done to provide samples and to facilitate subsequent handling. The
pins are segregated into batches ranging from 1 kg to 10 kg and stored
until analysis of the samples confirms the calculated composition (burnup,
etc.) of the alloy. After sufficient operating experience has been obtained,
the batch size will probably be one subassembly (approximately six kilo-
grams) but initially it will be somewhat smaller so that distributions and
variations in composition along the length and across the diameter of a sub-
assembly may be determined. [There are available in the Laboratory Build-
ing being built in conjunction with EBR-II complete analytical facilities for
use in connection with this work. These facilities consist of six shielded
analytical junior caves, two regular wet radiochemistry laboratories, two
counting rooms, and an instrument laboratory. This equipment permits
element analysis, radiochemical analysis, and mass analysis.] When the
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results of the sample analyses are made available, the batch of pins
is transferred to the melt refining area.

The nominal batch size to be processed in the melt refin-
ing operation is ten kilograms. This is composed of spent pins, recycled
scrap and make~up material. The material required to re-enrich the fuel
alloy is added at the beginning of the melt refining operation for two rea-
sons, as follows. During melt refining, the alloy is held in the molten state
for a period in excess of two hours, while during the injection casting opera-
tion the metal is molten only for a period of minutes. Adding the enriching
material (U®® or Pu) before the long holding time ensures the formation of
a more homogenous alloy. Secondly, it allows a confirmatory analysis be-
fore the metal is sent on for fabricating. After the liquation period of the
melt refining operation is over, the fuel alloy is cast into a cold metal
mold. The resulting ingot is sampled and then stored until the results of
the analyses indicate its composition is correct; it is then sent on to the
fabricating area. At design conditions of 2% fuel burnup the maximum
amount of enriching material to be added to a batch (ten kilograms of spent
fuel, no recycle scrap) is 200 gm of U?%%. The maximum error probable
during this operation is the addition of the enriching material to a 10 kg
charge consisting entirely of recycle scrap. This would produce an ingot
having an enrichment of 51% instead of the nominal 49%. Since recycle
scrap will not be segregated and will not be allowed to collect into such
large batches, the probability of such an occurrence is unlikely. Should
it occur at this point it would be detected upon analysis of the ingot before
the metal had gone on to fabrication. The inadvertent casting of a fully en-~
riched ingot is of even smaller probability, since enriching material is to
be batched at the vaults into 100-gram to 200-gram batches. To charge a
furnace with 10 kilograms of enriched material would require the confusion
of kilogram-size batches of broken pins with 100-gram batches of make-up
alloy, not once, but 100 times. In addition, this represents make=-up mate-=-
rial requirements for three to four months, while only a three- to four-day
supply is available to the operating personnel at any one time.

2o Pin Fabrication

The pin-fabrication procedure consists of the vacuum re-
melting of an ingot received from the processing area and the injection
casting of the fuel pins directly to size. A weighed, analyzed ingot is melted
in the casting furnace and held under vacuum long enough to outgas the last
traces of the inert gases, and the magnesium metal (introduced by the mag-
nesium oxide crucible used in the melt refining step). At the end of the out-
gassing period, a batch of closed end Vycor molds are plunged into the melt
at the same time that the furnace is vented to a gas storage tank. The in-
rushing inert gas drives the molten metal up into the evacuated molds.
Batches of 100 pins have been cast in a single operation. However, because
of the fission product heating obtained in high-burnup, short-cooled fuel, and
the problems of dissipating this heat from a close-packed bundle of 100 tubes,

actual plant operation probably will be limited to about 50 pins,or 3 batches
per 10-kilogram ingot.



The finished pin diameter is a function of the mold diameter
so that all molds are inspected for size before being inserted into the proc-
ess cell. An air gage comparator will be used to insure that all the Vycor
tubing used is actually within the size tolerances established. The molds
are simply 16- to 18-inch lengths of precision bore Vycor tubing, closed at
one end, and coated internally with a graphite-ceramic wash. After the cast-
ing operation is complete, the Vycor, which is a high silica glass, is broken
up and discarded. A set of cobbled rolls and powered wire brushes are
used to remove the mold from the pin.

The finished castings are viewed with an inspection peri-
scope and any obviously defective ones are removed and recycled to the
melting operation. The approved castings, which are normally of the cor-
rect diameter but always too long, are cut to finished length. The pin is
grasped in the center by a collet device and both ends are cut simultane-
ously by a "double tool chuck." In this way no precision operation is re-
quired within the cell. The accurate determination of the pin length is
established by the tool spacing which is done exterior to the cell during
the assembly of the tool holder. The chips from this operation serve as a
sample for a final check on the composition of the finished fuel pin. Thus,
from the time that the fuel is reconstituted in the melt refining furnace,
eachbatchis checked twice to insure that the original charge was correct.

All finished fuel pins are inspected. Each pin is weighed on
an analytical balance mechanism, calipered for length, and gaged for diam-
eter. In addition, every pin passes under an inspection periscope through
which it is examined for defects in contour and for porosity and other sur-
face defects. The inspection procedure imposes no operating problems
since even at the full reactor power of 62.5 mw only of the order of 50 pins
per day need be produced. The finished, inspected pins are stored in racks
until their composition is confirmed by analysis of the cut-off chips and
are then transferred to the element assembly area.

3. Fuel Element Assembly

The fuel element tubes as delivered to the process cell
have been inspected and tested; the bottom fitting and the spiral spacer wire
have been welded on; the entire unit has been leak-tested, cleaned and dried;
and, the correct amount of sodium metal has been loaded into each can.
These operations are all normal direct ones (no radioactivity present) and
the usual methods of quality control are used except that, again, 100% in-
spection and testing is used rather than sample inspection. The first step
in assembly is the insertion of an inspected, finished fuel pin (received
from the fabrication area) into the element can. The cap is inserted and
the element is welded closed by inert gas arc welding. Providing the inert
gas atmosphere which is essential for good welds is greatly simplified since
the cell environment is inert gas. The elements are visually inspected for
large weld defects and helium leak checked for small ones.
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The mere filling of the annulus between the fuel pin and the
fuel can with molten sodium does not ensure a good thermal bond; therefore,
a "bonding" procedure is necessary. The most reliable procedure appears
to be a combination of heat treatment and centrifuging. The ability of so-
dium to "wet" stainless steels and uranium alloys increases with tempera-
ture so that heating the assembled pins enhances the bond. Centrifuging
the elements removes any small amounts of entrapped gas. Since the ability
of sodium to "wet" metals increases with the temperature, the bond pro-
duced is "self-healing." However, it is not assumed that the bonding pro-
cedure produces good bonds and every pin is tested.

The bond-testing procedure (cyclograph) monitors the
effectiveness of the bonding procedure and determines the sodium level
within the can. It is important that the fuel pin be completely submerged
in sodium for cooling purposes and that gas space remains for thermal ex-
pansion of the sodium. Those fuel elements meeting the specifications of
leak tightness, bond integrity and sodium level are transferred to the sub-
assembly fabrication area; those failing to pass are decanned and recycled
through the assembly procedure; if they break in decanning, they are re-
cycled to the casting furnace.

4. Subassembly Fabrication

The major part of the subassembly is prefabricated exter-
nal to the process cell; only the actual insertion of the fuel elements is done
remotely. The subassembly is prefabricated in two units. The lower unit
consists of the "lower adapter," the lower blanket section, and the fuel ele-
ment grid. This unit is brought into the cell and positioned in the assembly
fixture. The fuel elements are then individually threaded onto the grid. The
upper prefabricated unit consists of the hexagonal subassembly shroud, the
upper blanket and the "upper adapter" or handle. When the fuel elements
have all been threaded onto the grid, the upper prefabricated unit is lowered
over the fuel elements. The end of the hexagonal shroud tube is welded to
the "lower adapter" and the fuel subassembly is then complete. It is trans-
ferred through the roof of the cell into a shielded coffin which is used to
transfer the subassembly back to the reactor. The only probable error in
assembly is that too few fuel pins may be placed in a subassembly; it is not
possible to add more than the specified number. Administrative procedures
will be used to reduce the possibility of a fuel subassembly containing less
than the required number of fuel elements. There will be batched numbers
of elements and a final check of the threaded grid will be made by the su-
pervisor before the hexagonal shroud tube is lowered over the fuel elements.
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V. ENUMERATION AND EVALUATION OF POSSIBLE HAZARDS

A. Safety Features of Mechanical Design

The mechanical design is such as to rule out many accidents
which might ordinarily be considered as possibilities. The triple tank fea-
ture of the sodium system and the submerged design concept removes the
loss of coolant accident from the list. The submerged design and coolant
pump inlet features renders impossible the rapid addition of moderator to
the core via the reactor cooling system. Further, the immense volume
(and effective heat capacity) of bulk sodium from which the reactor inlet
coolant is drawn renders impossible any sudden change in coolant inlet
temperature with its attendant reactivity changes.

The shutdown cooling problem is resolved by the use of two
electromagnetic pumps for the primary cooling system, the availability
of an auxiliary pump backed by battery power, the upward flow through
the reactor, and the arrangement of components within the primary tank,
provided that any one of a number of scram circuits shuts down the reac-
tor in the event of power or pump failure.

The control drive mechanism design is such as to prevent a
rod from being raised above core level or from failing to unlatch without
knowledge of the operator. The design also makes it impossible inadvert-
ently to raise all rods as a unit. The unloading mechanism is limited to
one core subassembly or blanket subassembly. Furthermore, subassem-
blies of normal design will fit only in preassigned regions (core, inner
blanket, or outer blanket).

In addition to the twelve control rods, which are fail-safe, two
safety rods are provided so that 1.5 - Z%Ak/k is available for shutdown
during loading and unloading operations, should gross mismanagement and
operational errors combine to make the reactor critical at this time.
Actually, the number of special, experimental subassemblies will be care-
fully controlled so that such an incident should be impossible.

Perhaps the most vulnerable feature of the cooling system, the
sodium-to-water heat exchanger (evaporator plus superheater) has been
placed in a separate building, so that even a major accident from this source
cannot jeopardize the reactor. Also, a special emergency heat removal
system, employing natural convection alone, makes impossible an over-
heating of the core due to the loss of electric power.

Building construction is such as to prevent any anticipated
earthquake activity from providing a source of difficulty.
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B. Safety Features of Nuclear and Control Design

Each control rod will be worth less than 0.006 Ak/k for a full
stroke of 14 in. Hence, the single drive speed of 5 in./min will limit reac-
tivity addition rates from this source to less than 0.00006 Ak/k per sec.
The unloading mechanism introduces subassemblies into the core area at
the rate of six inches per minute. Even for a central core subassembly,
this results in a maximum reactivity addition rate of not more than 0.0002
Ak/k per sec. A third type of drive mechanism is used for the two safety
rods. This drive moves both rods as a unit at a speed of 2 in./min, and
should add reactivity at a rate less than 0.0001 Ak/k per sec.

Of the three types of drives mentioned above only a control rod
drive is expected to be operated when the reactor is in the vicinity of de-
layed critical. But even at the maximum rate of 0.0002 Ak/k per sec during
fuel loading, there would be 30 to 40 sec between delayed and prompt criti-
cal for the operator to notice the error, and 10 to 15 sec before prompt
critical within which the period scram instrumentation should note the ex-
cursion, stop the drive, and scram the safety rods. Thus, the reactivity
addition rates have been chosen conservatively. In addition, the core de-
sign has been chosen to assure negative feedback effects due to heating of
the core in an excursion. One-piece fuel pins insure that the enriched sec-
tion will grow longer upon heating, losing reactivity. The buttons on the
subassembly make bowing inconsequential at lower powers, and productive
of negative reactivity at high powers. While the Doppler effect is fixed for
a given enrichment, and may be positive for EBR-II, recent measurements
plus theoretical developments indicate that it should be an inconsequential
effect compared to other reactivity effects. (See Appendices A and B.)

In addition to a host of alarm signals, fail-safe, automatic scram
actuation is effected by abnormalities in critical reactor variables, i.e.,
coolant temperatures, reactor period, power level, etc. Hence, any poten-
tially dangerous abnormal operation results in immediate reactor shutdown.

The quality control provided in the Process Plant will prevent
improper enrichment of fuel elements; however, the chance introduction of
a fully enriched subassembly would not make the reactor critical during
loading operations, unless this error was preceded by several incredible
errors in loading.

C. Nuclear Accidents

To evaluate further the inherent safety characteristics of the
reactor, several hypothetical nuclear accidents have been assumed and
their consequences determined. (See Appendix A.) The accidents consid-
ered were as follows:



Case 1.

Assume the reactor is at delayed critical and at zero power
conditions (8 watts and 600F) with the safety rods out. These rods are then
driven into the reactor in an uncontrolled fashion at their normal speed of
two inches per min.

Case 2.

Assume the reactor is at delayed critical and zero power con-
ditions with the central fuel subassembly removed. This element is then
loaded at regular speed of 6 in. per min for the last 24 in. of motion.

Case 3.

Assume the reactor is at delayed critical and zero power con-
ditions and a single control rod is driven into the reactor in an uncontrolled
manner at 5 in. per min.

Case 4.

Same as Case 3., except that the excursion begins at operating
power and full flow.

Case 5.

Assume the reactor is at delayed critical and zero power con-
ditions with the central fuel subassembly being loaded. It is dropped and

falls into the reactor. This is an accident where reactivity is added rapidly.

Two subcases are considered: first, where the subassembly is dropped
from just above the core, and second, where the subassembly falls the full
length of the reactor.

Case 6.

Same as Case 2., except that the core subassembly is driven all
the way in at the high speed of 72 in./min. (The high speed is employed
normally after the subassembly has been raised 24 in.)

The first four cases involve low rates of reactivity addition; the
last two, relatively large rates. In each of the first three cases, all for ini-
tial power equal to source level and with no coolant flow, either the period
scram or a power level scram set for 1000 watts would easily terminate
the excursion with no appreciable powers being developed. If no scram
were operative, a sub-prompt-critical burst of power would develop in each
of these cases, resulting in melting of the fuel elements in each of the first
two cases. The melting point would be reached during the period in which
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Ak/k has swung negative, however. In the case of uncontrolled insertion of

a control rod, it is possible that the entire rod may be inserted without quite
melting the core. However, to assume the scrams nonoperative, in addition
to the many abnormalities required to initiate the incident, is believed to be
too unrealistic and pessimistic to be considered as productive of a "credible
accident."

In Case 4., where a control rod is inserted at full power and full
flow conditions, both the power level scram and the exit coolant temperature
scram would be effective in preventing melting of the fuel elements.

Of the two high-reactivity-addition rate incidents, Case 6. would
be terminated by the period scram practically before the accident got under-
way. In Case 5., however, where a central fuel subassembly is assumed to
have been dropped into a just critical reactor, with only the safety rods avail-
able to shut down the reactor, the outcome is somewhat in doubt. If the rod
is dropped from just above the core, and the period scrams are operative,
it is likely that the safety rods will move in time to prevent melting. How-
ever, if it were possible for the accident to occur wherein the central sub-
assembly was dropped from the top of the reactor, falling freely under
gravity into its most reactive position, and the reactor had been just sub-
critical at the beginning of the accident, the safety rods would not be ade-
quate to prevent melting. However, it is felt that too many coincidences
are required to warrant considering this accident as "credible." In par-
ticular, the reactor should always be so far subcritical during any loading
operation that the complete insertion of the assembly will still leave it 3
or 4% Ak/k subcritical.

Hence, it appears that even the hypothetical nuclear accidents
treated in Appendix A are unlikely to produce any serious damage to the
reactor.

D. Consequences of Pump Failure

One type of operational abnormality is represented by the sud-
den cessation of all primary system pumping power. This requires either
(1) simultaneous mechanical failure of all three pumps in the system, or
(2) loss of both building power supply and auxiliary pump battery supply.

In Appendix A, three assumed modes of losing all pumping
power are treated:

(1) Loss of all pumping power occurs, reactor scram follows
immediately.

(2) Reactor scram occurs, loss of pumping power occurs soon
afterward.



(3) Loss of all pumping power occurs, all control rods remain
fixed in their initial positions.

In Case 1, analysis shows that overheating does not occur. How-
ever, if in addition to complete pumping power loss, an appreciable fraction
(1/4 to 1/2) of the control rods were to fail to operate, overheating would
occur to the extent that maximum fuel temperature would rise to about 120F
above normal, full-power operating temperature.

Similarly, in Case 2, overheating does not occur due solely to a
reactor scram followed by loss of all pumping power. Only if this incident
were accompanied by failure of one-fourth to one-half of the control rods
and the loss of pumping power were to occur within approximately 30 sec
after scram, would maximum fuel temperature exceed the normal full pow-
er operating temperature (and in the worst circumstances, by not more than
about 150F).

Case 3 is considered as academic because of the combination
of assumptions made (see Appendix A). The reactor would necessarily ex-
hibit negative reactivity addition as a consequence of temperature increase,
and therefore would become more and more subcritical as overheating pro-
gresses, at least up until the time at which melting commenced. The time
required for melting to start under these circumstances is approximately
three sec.

E. Possible Consequences of Core Meltdown

An attempt has been made to evaluate the possible effects of a
reactor core meltdown. It is assumed that the integrity of the coolant
tanks is maintained in advance of the accident, so that sodium is present
everywhere at its inception. Then, in the event of a meltdown beginning at
full power following extended operation at full power, the molten uranium
will freeze inside the plenum below the lower blanket, should it drop that
far. It seems more likely that any molten uranium will freeze in travers-
ing the lower blanket, before reaching the lower plenum. The role that
boiling sodium in the core might play in preventing or augmenting displace-
ment of the fuel alloy from the core has not been considered, but it should
not affect the conclusions on the limit of downward travel.

Without implying any credence to same, an attempt has been
made to calculate the maximum possible nuclear explosion resulting
from a core collapse under gravity. The following pessimistic set of hy-
potheses were made:

(1) The sodium has boiled away from the center of the reactor.
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(2) The uranium from the middle of the core has trickled down
into the lower part of the core and is retained there, producing a region
abnormally dense in enriched uranium at the core bottom, with a large gap
at the core center.

(3) At the worst possible moment, the upper portion of the core
falls as a single unit, producing a prompt critical configuration at the high-
est possible insertion rate.

With these assumptions, one calculates a maximum reactivity
insertion rate in the vicinity of $600/sec. The rate can be increased to
800 or $1,000/sec if it is assumed also that the controls were initially
withdrawn, leaving the reactor further subcritical and allowing the upper
portion to gain more speed in falling.

The calculations in Appendix C show that for a $ 1,000/sec
accident in EBR-II, the total nuclear energy yield of 2.4 x 10° joules =
5.8 x 10® calories. Of this, approximately 80% is expected to be available
as explosive energy, or 4.8 x 108 calories, which is equivalent energywise
to about 1050 Ib TNT. (Pressures similar to those of TNT probably would
be developed.)

For an incident involving smaller reactivity rates, say $600/
sec, the yield would be proportionately smaller, the explosive energy now
being equivalent to about 660 1b of TNT, while an explosive energy of only
about 280 1b of TNT was calculated for the $200/sec case.

While no definitive statements can be made at this time, the
circumstances attending the 600 and $1,000/sec accidents require so many
coincidences of timing and coordinated motion of fuel, that a much smaller
rate must be assigned to the gravity-induced accident, if any semblance to
realism is to be maintained. Hence, at least for the gravity-induced acci-
dent, an explosive energy of about 300 1b of TNT appears like a reasonable
upper limit.

The EBR-II reactor has been provided with a double containment
system (Appendix E). The primary containment system surrounds the pri-
mary tank in which the reactor is submerged. Its function is to contain the
effects of the nuclear energy release without breaching. The secondary con-
tainment system surrounds the primary containment system and the Reactor
Plant. The function of this system is to localize within the reactor building
the effects of a possible sodium-air energy release, and to contain any fis-
sion gases which might escape the primary system.

Detailed analyses have been made of the primary containment
system assuming a nuclear energy release in the center of the core equiv-
alent to the detonation of 300 1b of TNT. Further, the time scale for this



energy release was chosen as that which made the explosion most difficult
to contain. The analysis shows that the system can withstand such a blast,
and perhaps a much stronger one without breaching. Furthermore, the
missile shielding provided as part of the secondary containment should
readily stop the worst missile which might be propelled upward through
the top closure in such an explosion.

F. Consequences of Sodium Chemical Reactions

Sodium exposure to the atmosphere could occur in three broad
categories: stagnant pool, pressurized spray, and as an explosive ejec-
tion. From the stagnant pool, combustion of the air in the building would
take several hours; the heat would be largely lost by convection and con-
duction to the building wall, and only small pressure increase would arise
for the secondary containment shell to withstand, as is discussed in
Appendix D.

The sodium spray exposure has been examined both experimen-
tally and theoretically, and peak pressures as high as 38 psig have been ob-
tained in test chambers. The third category, that of explosive ejection is
the most severe accident, however. In experiments at Argonne, momentary
peak pressures of about 80 psig have been obtained in test chambers. This
pressure represents the maximum resulting from a wide range of experi-
ments in a fairly large test chamber, in which hot sodium was explosively
ejected as a fine spray into an air volume. In all cases, the pressures ob-
tained were considerably lower than the ideal theoretical calculation would
predict. When thorough mixing of near stoichiometric quantities was not
obtained, considerably lower peak pressures were obtained.

Extrapolation of these experiments to EBR-II, assuming that
the volume of sodium spray required to achieve equal pressure increases
linear with volume, an explosive ejection of from 14,000 to 23,000 1b of
sodium, with ejection energies of from 9 x 10% to 14 x 10% kcal (equivalent
to 180 to 310 1b of TNT) would be required. A considerably more powerful
explosion would be required to breach the primary container and impart
these energies to the sodium. However, it is doubtful even then that the
fine degree of sodium dispersion achieved in the experiments would result
within the reactor shell.

The building shell itself is designed for 24 psig, with a safety
factor of four for maximum stress. Hence, there is a distinct possibility
it would contain the maximum pressure achieved experimentally; it should
definitely contain a more realistic pressure, two or three times smaller
than this maximum. Of course, with the external shell intact, the oxygen
would be consumed, and the reaction would cease.
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G. Radiation Hazard to the Surrounding Area from a Hypothetical
Reactor Disaster

To obtain some estimate of the potential hazard of EBR-II to
communities in the vicinity of NRTS, a hypothetical container-rupturing
disaster of 10?° fissions was assumed to occur after the reactor had been
operating at 60 mw for 135 days with no fuel element removal. To eval-
uate the hazard of plutonium, it was arbitrarily assumed the core contained
125 kg of Pu?%.

It is immediately found that the hazard (except for the immedi-
ate vicinity of the reactor plant) is due almost exclusively to the long-lived
fission products, which have been built up by long operation at high power.
It is further found that the plutonium represents little additional hazard,
assuming the existence of this high-level fission product activity.

The external radiation hazard from airborne activity does not
appear to be serious. Under the variety of good and bad diffusion condi-
tions considered in Appendix F, the estimated maximum external dose is
less than the 300-roentgen exclusion radius dose at distances greater than
11 miles. The maximum external dose is less than 100 r at distances
greater than 35 miles. During average daytime diffusion conditions, the
maximum external dose is less than 200 r at all distances greater than
0.6 mile. With the exception of Atomic City there are no public popula-
tion groups closer than 11 miles to the reactor. The other sites at NRTS
are more than 12 miles distant. With the exception of Arco, and a few
other communities with populations of the order of 100, the surrounding
communities are more than 35 miles distant. Moreover, the prevailing
winds under inversion conditions, when things are the worst, are such as
to direct a concentrated cloud away from the nearest centers of heavy
population.

During precipitation conditions the calculated maximum ex-
ternal radiation hazardis somewhat greater. There are mitigating factors,
however. First precipitation conditions are relatively uncommon at NRTS
and the probability of total instantaneous washout is particularly low.
Secondly, the porous top soil and underlying lava would permit much of
the activity to sink below ground level, sharply reducing the B dose, which
is the major effect. Furthermore, the radius of the affected area, when
high-dose rates are calculated, is a small one, and it would be relatively
simple for one to escape the contaminated area.

While the effects thereof are perhaps harder to ascertain, the
internal radiation hazard danger seems greater when compared with ac-
cepted tolerance levels. Particularly under nocturnal conditions, one could
suffer a severe dose at distances as great as 60 miles.
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Again there are mitigating factors. Cross wind movements
would reduce the dose. Prevailing winds under the worst conditions are
away from population centers. It is not likely that the stable conditions
conducive to high doses will exist long enough for a large concentration
of activity to travel more than 30 miles. And for this hazard, as well as
in those mentioned previously, the assumption that the reactor will con-
tain so many fission products, and that 50% would escape into the cloud
and remain therein is highly pessimistic.

H. Conclusions

The conclusions might best be summed up in a pro and con type
of presentation. In favor of the over-all safety we have the following:

(1) The unique reactor design supplies many inherent safety
features.

(2) To the best of current knowledge, the reactor will have
negative reactivity coefficients, prompt, slow, power and isothermal.

(3) Reactivity addition rates are carefully controlled and the
instrumentation is adequate to handle many times the maximum possible
drive rate.

(4) The mechanical design makes major loading errors rather
incredible; a safety rod system is available for such errors in any event.

(5) Even fairly unrealistic loading and operating accidents in-
volving the addition of reactivity should give no trouble, providing the in-
strumentation is operative.

(6) The cooling system is adequate to prevent serious over-
heating and fuel alloy melting in the unlikely advent of complete pump
failure, unless all of several scram indicators fail to operate.

(7) While there is no indication fuel alloy melting would defi-
nitely result in a prompt critical assembly, pessimistic assumptions on a
gravity-induced accident of this nature suggest 300 Ib of TNT as a reason-
able upper limit.

(8) The primary containment system is estimated to be able
to contain easily a nuclear accident equivalent to the detonation of 300 1b
of TNT in the center of the reactor without breaching, and probably could
contain an accident considerably larger.

(9) The secondary containment system would probably contain
the maximum possible sodium-air explosion. It should certainly contain
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a more realistic interaction, reduced in magnitude by a factor of two or
three. Further, it would take an extremely violent nuclear explosion to
produce the fine sodium dispersion necessary for such a violent chemical
interaction.

(10) The reactor will be located at NRTS, 35 miles from a large
community. The prevailing winds are away from populated centers. High-
radiation hazards at great distances from the reactor would exist over a
fairly localized area in the advent of a disaster.

The qualifications which need to be mentioned in connection
with the public safety are the following:

(1) This is an experimental reactor. Furthermore, complete
understanding of past performance difficulties in EBR-I remains to be
demonstrated, as well as a quantitative prediction of the EBR-II nuclear
performance. Current investigations at the ANL, ZPR-III, Fast Neutron
Critical Facility are yielding much information concerning the basic
nuclear parameters of such systems.

(2) While a fairly pessimistic set of assumptions were made
to calculate the maximum possible nuclear explosion induced by gravity
following meltdown, this analysis does not pretend to cover all presently
imagined circumstances of reactor assembly under core meltdown condi-
tions.
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APPENDIX A

EFFECTS OF OPERATIONAL ABNORMALITIES

The subject matter discussed in this Appendix has been grouped into
three major subdivisions. In the first section, a series of hypothetical acci-
dents are discussed in which reactivity is added to the reactor in an uncon-
trolled fashion. In the second section, the effect of pump failure upon the
integrity of the core is examined. In the third section, the expected bowing
characteristics of the core subassemblies are treated, and the reactivity
effect of bowing in the worst possible configuration is calculated.

1. Nuclear Accidents

a. Reactivity Coefficients

Multigroup diffusion theory has been used to calculate the basic
reactivity coefficients which determine the reactivity feedback resulting
from heating part or all of the reactor. In general, the one-dimensional
spherical model has been used for the calculation, and an extrapolation
added to allow for the deviations of the reactor geometry from spherical
symmetry. Considerable uncertainty must be ascribed to these coefficients
until detailed experiments and improved calculation methods are available.

The reactivity coefficients have been calculated in terms of
simple changes in material density or reactor geometry. For example,
in Table A-I the reactivity change corresponding to a density change of
sodium in the core is given as

Ak/k = 0.03 Ap/p

In this calculation only the sodium density in the core has been assumed to
change, with no change in core dimensions. Also listed is the reactivity
effect associated with a change in reactor dimension, where the composi-
tion of each region has been maintained. By converting power distributions
to temperature distributions, and these in turn to changes in density and
dimensions, the reactivity feedback coefficients for a particular transient
can be ascertained.

To evaluate the inherent safety characteristics of the reactor,
several cases of reactor mismanagement and malfunction have been as-
sumed, and the effects thereof on the reactor calculated. The accidents
may be divided into those involving a low rate of reactivity addition and
a high rate.
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Table A-I

REACTIVITY EFFECTS OF CHANGES IN MATERIAIL DENSITY

\
<in units oféklf- -69-‘

Y
Uranium Density Sodium Density Iron Density
Core 0.55 0.03 0.028
Inner Blanket 0.047 0.007 0.016
Outer Blanket 0.01 0.0006 0.0021
Structural Gap - 0.013 0.026
Upper plus Lower
Blanket 0.017 0.0074 0.015
" : . AL
For Axial Core Expansion into Structural Gaps: Ak/k ~ 0.27 I

Case 1: Assume the reactor is at delayed critical and at zero
power conditions (~8 watts and 600F) with the shutdown safety rods out.
These rods are then inserted into the core at their normal speed of 2 in./
min.

Case 2: Assume the reactor is at delayed critical and zero
power conditions with the central fuel element removed. This element is
then loaded at regular speed of 6 in./min for the last 24 in. of travel.

Case 3: Assume the reactor is at delayed critical and zero
power conditions and a single control rod is driven in at 5 in./min.

Case 4: Same as Case 3 except we begin excursion at operat-
ing power and full flow.

Case 5: Assume the reactor is at delayed critical and zero
power conditions with the central fuel element being loaded. It is dropped
and falls into the reactor. This is an accident where reactivity is added
rapidly. Two cases are considered, first where the element is dropped
from just above the core, and second, where the element falls the full
length of the reactor.

Case 6: Same as Case 2 but the fuel element is driven all the
way in at high speed (72 in./min).
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b. Kinetic Behavior Prompted by Slow Rates of Reactivity
Insertion

The kinetic behavior of the fast neutron system has been inves-
tigated by applying the one-group, space-independent model. The major
objective in this analysis is to obtain information concerning the time vari-
ation of neutron flux, should the various mechanisms malfunction.

In all of these analyses it is assumed that the reactivity is in-
serted at rates consistent with normal rod drive speeds. The drive speeds
are nonvarying and the rates of insertion of reactivity are quite small,
though actually not constant. However, for simplicity of calculation, it has
been assumed that the rates of insertion are constant.

The kinetics of the system, including the effect of the delayed
neutrons, depend on three basic parameters. The first of these is the
prompt neutron lifetime of the system. This is obtained on the basis of
multigroup diffusion theory. For the EBR-II-type reactor this is calcu-
lated to be about 0.8 x 10”7 sec. The method of calculation has given re-
sults in good agreement with experimental measurements on Rossi-Alpha
at ZPR-III.

The other two parameters are concerned with the rate of intro-
ducing reactivity and the mechanism for shutting the system down due to
thermal expansion of the materials in the system.

The analytical approach taken here has been to do a parametric
study, considering both insertion rate and reactivity feedback as param-
eters. The results of these studies will be presented first; then, they will
be applied to the specific accidents previously enumerated.

(1) The Parametric Study

Let us first consider kgy = kegr = 1 = £ (n,t).

A portion of f(n,t) can be represented by the form At where
A is a constant describing the rate of inserting reactivity. If the shutdown
mechanism is related to the expansion of the system and hence the tem-~
perature change, another part of f(n,t) must be related to the energy stored

t
in the system. This is directly proportional to j;, n(t)dt, the constant of
proportionality being given as B. The latter must be precisely defined.
The information in Table A-I is sufficient to give informa-
tion concerning the reactivity changes associated with perturbations of the

system. It is then possible to relate a given perturbation with a particular
temperature change by suitable application of thermal data. Knowing this
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relationship it is then necessary to obtain the representative temperature
change of a given time-dependent situation. In its simplest form, this is
simply the ratio of the energy produced per unit volume to the heat capac-
ity per unit volume. Appropriate factors must be introduced to account for
heat removal by coolant and for varying temperatures throughout the system.

The energy produced per unit volume is given by Zij;t ndt
where Zf is the average macroscopic fission cross section and V is the ap-
propriate average neutron velocity. It is possible to obtain the product
2 ¢V directly from the one-group relationship £ = l/vZfV where £ is the
prompt neutron lifetime and ¥ the number of neutrons per fission.

In summary, the excess reactivity as a function of time in
its simplest form may be given as:

t
Key(t) = At - B [* ndt + Bngt

B consists of a product of several terms which may be given as:

t
5V [ ndt
0
B/ ndt = <%> E) AT = iﬂi) (dﬂ) i
dq dt dq dt SV
a’-l = reactivity change corresponding to perturbation
dq . < ’
It = perturbation corresponding to given temperature change

AT = temperature change
Sv = heat capacity per unit volume

t
ZfV j(; ndt = heat produced per unit volume

The results of the parametric study are presented in
Figs. A-1 to A-6. The calculations have been done, assuming the flux
n=1att=0. The power can therefore be considered arbitrary until
application is made to a specific accident, employing a pre-assigned tem-
perature feedbaé:k. In Figs. A-1 to A-3, for several values of B and a fixed
A, n, k,_and j; ndt plotted against time. In Figs. A-4 to A-6, for several
values of A and a fixed B, again we have n, k., and j(; ndt plotted against
time.

e

From Fig. A-1 we see that reducing the feedback by a
factor of ten, for a fixed insertion rate, raises the maximum flux by the
same factor, ten. The effect on the integral of the flux, as shown in
Fig. A-3, is the same.



(2) The Application to Specific Accidents

(a) Low Initial Power

Case 1: Safety rods driven into critical reactor.

Consider the situation where the system is at source
power, barely subcritical with the fuel sections of the safety rods located
just below the core. Then, somehow the fuel sections of the safety rods
move into the core at a speed of 2 in,/min° No coolant is flowing. Essen-
tially all of the heat generated is retained by the core and coolant. Some
loss of heat occurs due to convection.

Each of the safety rods has been calculated to be worth
about 1% in reactivity. Hence a total Ak of 2% is moving into the system.
We will assume Ak to be a linear function of position. Hence, for a 14-in.
stroke, we will be adding .02/7 x 60 = 0,000048 Ak/sec =5 x 107> Ak/
sec = A,

We now need to assign a value to the temperature feed-
back coefficient, B. The assumption that initially the system is at source
power with no coolant flow simplifies the analysis. Since the rate of in-
sertion is slow, it may be assumed that the average coolant, fuel and clad
temperatures are equal in any region, though varying in time.! Thus the
heat capacity per unit volume can be expressed as S;,= 2 VE s . where Vf‘
represents the volume fraction of material i in the core and szlrepresents

the heat capacity per unit volume of the pure material i.

To calculate the reactivity change associated with a

: t eratiure ch it is n ss t lculat L 'Z ok Aqi
given temperature change ecesRary ko calduwiate £oT Ag; AT

where q; represents the perturbations. For core effects only this has been

calculated to give ZA—,};—z -1.28 x 10"5/C using the data of Table A-I.

In Fig. A-7, the pertinent results of this analysis are
summarized. The energy generated, divided by the fractional increase in
fuel element length is plotted versus period for the assumption of an ex-
ponential power rise. For periods greater than one second, we see the
curve is flat, indicating essentially an equilibrium distribution of tempera-
ture. For shorter periods the ratio decreases, indicating more and more
heat is staying in the uranium. However, for periods shorter than 10°3 sec-
onds, the curve starts bending up sharply, as inertial effects begin to take
over.

ly, m, Bump and R. W. Seidensticker "Reactor Temperatures and Fuel
Alloy Expansions Resulting from Exponential Power Excursions in
EBR-II." ANL report in preparation. See also paper by Bump and
Seidensticker, First Winter Meeting of American Nuclear Society.
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We can write for the core:

ax _ (&) . (&) o (a)
k  \k

density x dimension k other
changes changes

The category "other" includes Doppler effect, to which
we have assigned a coefficient (see Appendix B), and bowing, which is likely
to be very small (see Section III) and is neglected here. Assuming a linear
expansion coefficient of expansion equal to 14 x 1078 in./in./C for steel and
uranium, and a density coefficient of 2.9 x 10‘4/C for sodium, we have for
a one-degree change in temperature,

Ak

< = [(-0.55 - 0.028) (14 x 107%) - 0.03 (2.9 x 107

)] density

+ [(0.27) (14 x 107%) + (0.2 x 1079) ] Doppler

where the Doppler coefficient is an average coefficient between 300C and
1100C obtained (by using the -T2 relation). Thus we obtain for a one-
degree change in temperature,

Ak

- = -1.28 x 107%/C

This coefficient is subject to considerable uncertainty.
The sodium density effect, which contributes more than half the total co-
efficient, is particularly doubtful. The measurements made at ZPR-III to
date are not completely reproducible and agreement between experiment
and theory is only fair.

We have neglected one minor effect which may possi-
bly give a small positive contribution. The uranium also expands radially
within its jacket, forcing some sodium from the core into the upper gap
area above the core, where the worth of coolant conceivably may be slightly
greater. In addition, the effects of coolant convection during an incident
have also been neglected.

We have not permitted the core to expand radially,
over-all, since the bottom structure, which determines fuel element loca-
tion, will change dimensions only as the bulk sodium changes temperature.

Of course, some heat will be generated in the blanket
regions. For the conditions of no coolant flow, it appears reasonable to
take the temperature rise distribution through the reactor proportional to
the energy distribution during the accident. The reactivity contribution



from the blanket areas per degree temperature rise in the core will be the
blanket coefficient per degree multiplied by the relative temperature rise.

The following coefficients have been calculated for the
various regions:

[SA—I% = -0.30 x 107%/C
inner blanket
AA}; = -0.03 x 1073/C
outer blanket
f% = -0.26 x 1073/C
upper blanket plus
lower blanket
Ak -
5 = -0.42 x 1073/C
gaps

The temperature rise in each region per degree rise
in the core is a function of the power distribution and the heat capacities.
We calculate, per degree rise in the core

=0.0
ATinner blanket .
ATouter blanket = B4l
upper and lower = 0.02
blanket
ATgap = 0 (neglecting convection and conduction)

resulting in an over-all feedback effect of

(2——,11,‘) = -1.3x107%/C
total

for the slow excursion with no coolant flow.

Knowing AT , it is then necessary to calculate the
total
core temperature change as a function of time. This will simply be the
ratio of the heat absorbed per unit core volume to the specific heat per unit
core volume.
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The latter has been calculated to be such that
s, = 0.534 cal/(cm?)(C)
The heat absorbed per unit volume can be represented by

t t
’Yszo ¢dt =yZ_, v [ ndt

f
It is possible to obtain

va

directly for a particular system from the expression

where the brackets indicate proper weighting of fluxes and adjoints. The
prompt neutron lifetime, £, is known to be about 0.8 x 10~7 sec, and V is
known to be about 2.5. Hence

va ~5 x 10 sec™!

Since each fission liberates approximately 0.76 x 10~ calories, we have

'nyv = (.76) (107'1) (5) (10%) = 0.38 x 10~*
Thus ¢
i ’Yva_/;J ndt

-4
AT - = 0.38x10 ft

S N .534 0
v

ndt

0.71 x 107* j: ndt *
and the feedback is given by

B 0= (5x) (4= B[ nar

t
~(1.3x107%) (0.71 x 10™*) [ ndt

-g rt
0.92x 1077 [ ndt

*Since n is taken as unity att = 0, we have a source power of -1.9 cal/
sec or 8 watts.
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We are now ready to examine the consequences of this
accident. The temperature of the system while loading operations are under-
way should be about 600F or 315C. If the melting point of the fuel is 1130C,
a AT of 815C on the average will melt the fuel pins. Since there is a maxi-

mum to average power generation of about 1.5, an average AT of ?l: = 545C
will see melting begin at the hot point. Hence
¢ AT 545 "
Jymdt= T 0% = Fixios - TxI0

when melting begins. From Fig. A-6, for a B of 1.22 x 10"%and A =5 x 1075,
we find that a flux integral of 7.7 x 10%is just reached at the end of the first
pulse. However, this feedback coefficient is about 30% too large. From
Fig. A-3 we have seen the integral is inversely proportional to B for fixed A.
Hence, we can expect the flux integral for our case to reach roughly 10x 109,
and that melting would begin about 120 sec after the beginning of the excur-
sion, should no scrams be operative. The reactivity would be small or pos-
sibly negative at this time. The future course of the incident would depend
on what new reactivity mechanisms began to take part.

Should a period scram have been operative, with a
scram setting of 5 sec, (Ak/k = 0.0037), Fig. A-5 tells us the signal would
have been given at about t = 75 sec, while the power was still very low. The
incident would be terminated with no damage. If a power level trip were the
shut down mechanism, its time of action would depend on the scram setting.
A level of 1000 watts would be reached at approximately t = 70 sec, as indi-
cated in Fig. A-4. If the setting were 65 megawatts, however, the signal
would never have been given, before melting began.

While the net bowing effect is expected to be small, an
initial decrease in core radius is considered possible as the power rises if
the most pessimistic assumptions are made. The maximum inward dis-
placement (about 0.014 in.) would occur when the burst energy reached
8 megawatt-seconds, corresponding to a AT of roughly 75C. The reactivity
gain associated with this bowing would be about 0.001 Ak/k, the same as
would be lost from other temperature effects. Hence, under the worst con-
ditions there would be no feedback during the first 75C temperature rise.
However, during the next 75C the bowing effect would reverse itself and
thereafter continue negative so the net contribution of bowing over the en~
tire excursion would be to raise the feedback coefficient and diminish the
burst strength.

Case 2: Central fuel element driven in at 6 in./min.

If we take an approximate Ak of 2% for a central fuel
element, we will get a reactivity insertion rate three times as high as that
of Case 1,oran A=1.5x10"* Ak/sec. From Fig. A-6, we now have a
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maximum J ndt greater than 2 x 107, and we can expect to begin melting of
the core to begin before t = 55 sec, since B is really 0.92 x 107%. From
Fig. A-5, we see the reactivity should again be negative at melting time,
however.

Again a period scram would have been effective, giv-
ing a signal at t = 25 sec, when the energy release was still low. Even if
the loading mechanism continued driving in the fuel element, the safety
rods should leave the core within a second after the signal is given,shutting
off the incident.

A power level trip in the neighborhood of a kilowatt
would also have been effective, producing a scram at about t = 31 sec,

while a trip setat 1.2 times maximum rated power would never be affected.

Case 3: A single control rod is driven in at 5 in./min.

Since the rod is worth about 0.5% k, and the stroke is
14 in., we obtain an average insertion rate of A = 3 x 10-°. Again a shut-
down coefficient of B = 0.92 x 10-? is appropriate. A special calculation
has been run for this incident, wherein the reactivity insertion is termi-
nated when 0.005 Ak/k has been introduced linearly. The reactor, after
being shut down by the feedback term, was followed for some time after
so that the total energy developed could be readily ascertained. The re-
sults are presented in Figs. A-8 to A-10. The dashed line represents the
results of a second calculation in which the reactivity insertion rate is
maintained, instead of being dropped to zero at t = 166 sec. From Fig. A-9
we see the peak reactivity reached is only Ak = 0.0038, while from Fig. A-8
we find a peak power of about two megawatts. Four minutes after the be-
ginning of the incident, we find [ndt = 9.4 x 10® which corresponds to a
temperature rise of 670C on the average. This might not produce melting,
even though the peak temperature rise would be considerably larger. The
reasons are: (1) there would be considerable time for conduction and con-
vection of heat away from hot spots; and (2) as the uranium temperature
neared the melting point, that of the sodium should exceed its boiling point,
with a subsequent removal of both heat and reactivity.

The comparison of the two calculations in Figs. A-8
to A-10 shows the results are fairly insensitive to the exact reactivity in
the rod.

(b) High Initial Power

Case 4: Control rod driven in, starting at full power
and full flow.

The calculation of the reactivity feedback in such an
incident is complicated particularly by the change in the rate of heat re-
moval by the flowing coolant as the power changes. However, for such
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slow rates of reactivity insertion, and at such high powers, where a small
percentage change in power produces an immediate temperature effect,
some simple estimates are adequate.

If we make the rough assumption that the core and
blanket temperatures vary by the same amount on this excursion, we ob-
tain a reactivity feedback of 2 x lO'S/C. Then, if we add reactivity at the
rate of 3 x 10‘5/sec, we will get a temperature rise of 1.5C/sec. For full
rod insertion,(a total reactivity addition of 0.005 Ak/k), we should get a
temperature rise of nearly 750C by the time all the reactivity is inserted.
This is more than enough to melt the fuel pins, since they would start the
excursion with a temperature of about 600C. Hence, the incident would
change its course before the end of the insertion.

No period scram would result, even if these circuits
were operative. The reactivity feedback is so prompt, the reactor can go
only slightly above critical. However, a power level trip, set at 1.25 times
rated power would be effective. For the coolant exit temperatures to rise
several hundred degrees, a power considerably greater than this would be
required, and a scram would be triggered early in the excursion. A ther-
mocouple-triggered scram on exit coolant temperature would also be
effective.

c. Kinetic Behavior Prompted by Rapid Rates of Reactivity
Insertion

Case 5: Dropping a Fuel Element during Loading

Ordinarily, should a fuel element be dropped during loading,
and should it continue under the force of gravity into position in the core,
no nuclear incident would occur. The reactor will be shut down by ap-
proximately 4% Ak/k due to withdrawal of the control rods, plus an amount
equal to the worth of the fuel element being inserted. Only by some gross
mismanagement could the reactor be nearly critical at the time the fuel
element was accidentally dropped. Nevertheless, to study the consequences
of this highly improbable situation, some calculations have been made of
such an accident. Two cases are considered, first where the fuel element
is just above the core when dropped (the tube-shaped end having engaged
with its guide) and second, where the fuel element has just entered the
reactor.

(1) Fuel Element Just Above the Core

The excursion considered here is visualized as resulting
from an accidental drop of a fuel subassembly at a time when its fuel re-
gion is just above the core. The core is assumed to be critical at the be-
ginning of the drop and at source power; the fuel element is assumed to be
worth 2% or $2.65. To obtain reasonable values of reactivity addition
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rates it was assumed that

Ak
e
Ax

4
X _ a2 KJI;‘_)

where

2
R=g

w is total worth of rod,

L is core length

so that

The instantaneous rate of addition of kex as a function of position is

y 2w .2 X
Vng [, sin (L)

assuming free fall of the element. An average rate for kexs B was obtained
by determining the time required for k., to equal B and dividing B by this
time. This gave a reactivity addition rate (Ry) up to prompt critical of

.06 sec”!. For a rate above prompt critical the maximum value of the
expression

2w . X
'\/ng - sin (L)

was used and this gave a rate above prompt critical (R;) of 0.2 sec”!.

An estimate of the value of n/(dn/dt) where n is the neu-
tron density indicated that at the time sensible heating occurred, the power
level would be rising so fast that essentially all the heat would remain in
the fuel during the excursion. One can then estimate the change in reac-
tivity with metal temperature as follows:

Ap AL

Ak - 055 —% 4 0.27 b
k o
u u
AL AL
= -0.55 — = + 0.27 ——
Lu u
- -0.28 2L

L



Let us take a linear coefficient of expansion for the fuel
pin of AL/L =14 x 10~%in./(in.)(C). We must consider the influence of in-
ertial effects on the reactivity feedback before applying the expansion. In
this hypothetical accident, the reactivity insertion rate is sufficiently high
that the reactor will go through and past prompt critical before much heat-
ing occurs. Based on previous calculations, a maximum reactivity insertion
of approximately 0.0085 is expected, which will lead to a minimum reactor
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period of approximately 10~* sec, for a prompt neutron lifetime of 8 x10~8 sec.

In the first power burst we expect inertial effects will inhibit the longitudinal
expansion of the fuel pins, and diminish the effective reactivity feedback.
From the work of Bump and Seidensticker,l we can estimate that the ex-
pansion rate will be reduced roughly by a factor of three (see Fig. A-7);
hence we have

Ak 14 =5 -6 *
AT = -0.28x—5-x107% = -1.3x10 /C.

Since the kinetics calculations are made in terms of an
arbitrary flux normalization, beginning with a source power of n = 1, a de-
termination of the appropriate constant of multiplication must be made.
Let us assume the following:

Specific heat of uranium* 0.71 cal/(cm?) (C)

Volume fraction of uranium = 0.32 cm"’/cm3 of core

1 watt second = 0.24 calories

Source power = 8 watts/50 liters = 1.6 x 107* watts/cm3

3.8x10"3 cal/cm3

Then, if n= 1 corresponds to 3.8 x 1075 cal/(cm?)(sec):

3.8 x 10~ ca.l/cm3

t
V= 32 (1) eal/lem®) (C) 0
AT (t) = 1.68 x 10~* [F nat
and the feedback reactivity
k t
Ak (t) =§—T AT (t) = 1.3 x 1075 (1.68 x 10~%) [ ndt

=2.2x10"10 j: ndt

The space-independent kinetics equations were solved, tak-
ing a source power of 8 watts, with the feedback coefficient rounded off to
-2 x 107!, The feedback was assumed to maintain this form independent

*Doppler effect has been ignored herein
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of power level. Then, for the fuel element drop described above, the kinet=-
ics equations take the form

key (t) = 0.06 ¢ t <0.1254
t

k (t) =0.2t-2x10"1 [ ndt t > 0.1254

ex 0

The results of this calculation are presented as the solid
lines in Figs. A-11 to A-16. For purposes of orientation the calculations
were also done, assuming a feedback ten times greater, and these results
have been plotted as dashed lines.

In Fig. A-11 is plotted the f: ndt versus time, also the
average fuel element temperature rise, AT. In Figs. A-12 and A-13,
n (also the power) is plotted versus time. In Fig. A-14 Koy = Kagp — 1 I8
plotted, while in Figs. A-15 and A-16 n/ﬁ is plotted versus time.

From Fig. A-11, we see that if no scrams are operative,
AT reaches 840C when t = 0.12995 sec, while the maximum rise is about
1300C. Since the reactor temperature at loading should be about 600F,
the AT of 840C should be sufficient to melt most of the core fuel elements.
At the core center melting would begin a little earlier, at the edge it would
not be quite molten. From Fig. A-14 we see that by t = 0.12995, kg, is
down to 0.0073 and is falling further below prompt critical.

The future course of such an accident is difficult to pre-
dict. The melting would halt the loss of reactivity due to fuel rod expan-
sion, but sodium boiling and fuel element failure would introduce new
reactivity mechanisms.

Suppose the power level scram were operative. Let us
assume a 10-millisecond delay in the relay plus an additional 8-millisecond
delay in the collapse of the electromagnetic field. Then, if the scram were
set at 1 kilowatt, from Fig. A-12 we see the scram signal would be given at
t=0.1259 sec.

Eighteen milliseconds later, at t = 0.1439 sec the two safety
rods would start moving - if the reactor had not melted or blown itself up,
since at t = 0.12995 sec, melting temperatures were already reached.

From Fig. A-14, we see that att = 0.1259 sec, the reactor was already
super prompt critical, hence there really was no time for control rod mo-
tion to prevent the first burst. To be effective in this accident, the power
level trip would have to be set at a much lower power.

Suppose the period scram were operative. From Fig. A-15
we see that the apparent reactor period would be shorter than 5 sec im-
mediately. If there were a 25-millisecond delay before safety rod motion



began, this would leave 95 milliseconds before prompt critical was reached
on present study. From Fig. A-15 we see that the safety rods would move
about 14 in. in this time, reducing reactivity by perhaps 0.001 Ak/k. This
would provide additional time for the safeties to act. Their maximum re-
activity withdrawal rate is about 0.1 Ak/sec, about half the maximum in-
sertion calculated for the accident. This latter is a peak value, however,
which falls off sharply with time. Hence, while the detailed course of the
accident depends on specific circumstances, it is likely that this one would
not reach prompt critical and furthermore would do no damage, should the
period scrams work.

(2) Fuel Element Drops from Above Reactor

If one considers the excursion to result from a drop of a
fuel subassembly at a time when it is just entering the reactor, only minor
modifications are necessary. The instantaneous rate is now given by

f\/Zg'(x + h) —lev sin? (%)

where h - is the length of the fuel subassembly and the other quantities are
as before. This yields a rate

-1
Ry = .5 sec ~ for kex <B

and

R;=1sec”!fork > B.
ex

In evaluating Ak/ AT the only change is that the factor in-
troduced due to inertial effects is changed from 3 to 5 so for this case

k
eX = N _6 _1
i 784 x 10°¢ C
or t
= - =10
Kgye = - 1.33x 10 fo ndt

The kinetics equations were solved again, this time assum-

ing the following form for k
ex

k (t)=0.5¢ t < 0.015

- t
t-1.33x10 1°j; ndt t> 0.015

P
—
ot
—
1

The source power had to be chosen large, due to scaling limitations of the
computing machine program. An initial power of 120 watts was used in this
calculation. Thus:

t t
AT (t) =15 (1.68 x 10™*) [ ndt = 2.5 x 1072 [ ndt
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In Fig. A-17, the fot ndt, also the average fuel element tem-
perature are plotted versus time for this excursion. In Fig. A-18, ke is
plotted, while in Fig. A-19 n/a (also the power) is plotted against time.

Since this is a more violent accident, the conclusions of
the first case will hold, only more strongly. A A T of 840C should occur
at t = 0.16827, according to Fig. A-17. At this time, kg, = 0.00894, well
above prompt critical, so the future course of the excursion is in doubt.
New mechanisms of shutdown presumably must take over, unless the me-
chanical inertia of the expanding fuel rod continues the axial growth be-
yond melting temperatures for the next few milliseconds.

Once again, the effect of a possible period scram depends
on details of the incident. In any event, it is clear that an accident of this
nature must be avoided, less major damage very likely result to the reac-
tor. (See Appendix C)

Case 6: Central fuel element driven in at 72 in./min.

In Case 2 we saw that for 1/12 this speed, an average in-
sertion rate of 1.5 x 10~* Ak/sec was appropriate. Hence, for this acci-
dent, an insertion rate in the neighborhood of 1.8 x 10~3 Ak/sec would
apply. The feedback coefficient may not be the same as that of the slow
accident, since the reactor period during the major power response may
well be shorter than one second. Nevertheless, a kinetics calculation has
been done for an A = 1.7 x 10-3, and a B = 0.92 x 10-7, starting with unit
flux (corresponding to 8 watts). The results are given in Figs. A-20 to
A-22. We find that in the calculation, the power peaked at t = 4.5 sec,
and the reactivity peaked at 0.00753, just under prompt critical. The
major energy input occurred for excess reactivities above 0.007 Ak. The
minimum period reached was about 0.015 sec.

Now, from our previous calculation of a feedback coeffi-
cient for slow excursions, we found that about a third of the coefficient
came from fuel expansion. Here, there will be little time for heat flow,
and all the coefficient must come from this source. Hence, one might ex-
pect a smaller feedback. However, the uranium gets hotter for the same
power input. From Fig. A-7, we see that only about one third of the heat
input is required to get the same expansion at an @ of 10-3 sec as at the
long periods. Thus the feedback should be approximately the same for
both cases, and we may well expect about little change in coefficient be-
tween these two points. Hence, the assumption of B = 0.92 x 107% is fairly
reasonable and the results of the calculation should be applicable.

Since more of the heat remains in the uranium during the
bgc.rst, we need less power to produce melting. From Case 1, we found an
fo ndt = 7.7 x 10 was needed for melting to begin at the hot point. If we



rather arbitrarily assume half of this is needed to begin melting, we find
from Fig. A-22, that melting will begin at about t = 5.3 sec, shortly after
the peak power has been reached. Att = 6.6 sec the ft ndt reaches

7.7 x 10%, so the difference is not large. Again the course of the excursion
really becomes uncertain after this point.

If a period scram set at 5 sec had been operative, a scram
signal would have resulted almost immediately, halting the insertion and
terminating the accident without incident. A power level trip set at a kilo-
watt would have scrammed the reactor at t = 4.05 sec, with kg, = 0.00688.
Assuming that the rod insertion stopped at that instant and that there were
no feedbacks, the power would have risen exponentially on something like a
1/5 sec period. Feedback would, of course, lower this rise rate. In addi=
tion, the safety rods would start moving out of the reactor. Within 160 mil-
liseconds, the reactor should be subcritical, and the power could do little
more than double in this time. Hence, there would be no appreciable con-
sequences of the accident.

If the fuel element did not stop, but continued in at 72 in./
min, it would take 400 milliseconds to reach peak reactivity in the original
excursion. Well before this, the safety rods would be mostly out of the
core, bringing the reactor below subcritical and keeping it there.

If the power level trip were set at 1.2 times rated power,
however, it would not be affected by the first burst, since the peak power

reached is about 50 megawatts.

2. Failure of All Primary System Pumps

One type of operational abnormality is represented by the sudden
cessation of all primary system pumping power. The objective in this sec~-
tion is to indicate the time-dependent temperature distributions obtaining
within the reactor as a result of three assumed modes of losing all pump-
ing power.

The following cases are considered:

(1) Loss of all pumping power occurs; reactor scram follows
immediately.

(2) Reactor scram occurs; loss of all pumping power occurs soon
(seconds) afterward.

(3) Loss of all pumping power occurs; all control rods remain
fixed in their initial positions.

Three pumps are provided in the primary system: two large "main"
pumps, and one small "auxiliary" pump. Each main pump is supplied in-
dependently with electrical power from a rectifier operating on the building
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power supply (which may or may not be interconnected with the EBR-II
generator). The auxiliary pump is powered by a third rectifier operating

on building power, but is backed up by a floating battery power supply. Thus,
for all primary system pumping power to be lost, either: (1) simultaneous
mechanical failure of all three pumps must occur; or, (2) both building pow-
er supply and auxiliary pump battery supply must be lost simultaneously.

a. Case 1.

Reactor scram is assumed to follow immediately after cessa-
tion of pumping power. The scram signal is derived either from sensing
loss of electrical power to one or more pumps or from sensing the abnor-
mal reduction in primary system coolant flow rate. Under any condition,
the scram delay time, or time between initiation of reduction in coolant
flow rate and receipt of scram signal at the control rods, is equal to or
less than 0.2 sec.

The temperature distribution transients within the reactor after
scram derive from a varying mismatch between coolant flow rate and reac-
tor power, and from the effects of stored thermal energy. The coolant flow
rate initially decays in accordance with the momentum and flow resistance
characteristics of the system, decreasing at a progressively lower rate as
momentum is dissipated. However, since the system is designed to cool
the reactor (at very low power) by natural convection, momentum is grad-
ually replaced as the source of driving force by a thermal head effected in
the flow system downstream from the core. In Fig. A-23, the solid curve
indicates the approximate coolant flow rate versus time based on momen-
tum alone; the dotted curve indicates the approximate flow rate sustained
by natural convection alone; and, the two dashed curves illustrate typical
flow rate decay curves within the region of transition from momentum flow
to natural convection flow. The manner of decay of reactor power during
the transient varies widely with the particular circumstances of the scram
and is discussed later.

The major factors entering into determination of the tempera-
ture distributions within the reactor after scram are the initial reactor pow=
er level, initial internal temperature distributions, total worth of the control
rods, degree of initial insertion of the rods, rod release time, scram delay
time, and the time-displacement characteristic of the rods during scram.

The following assumptions have been made:

(1) Initial reactor power equals 62.5 mw (full power).

(2) Initial reactor temperature distributions are those actually
expected to obtain (without uncertainty factors).

(3) Control rod release time equals 0.030 sec.

(4) The time-displacement characteristic of the control rods
is as indicated in Fig. A-24.
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If effects of uncertainty factors should alter the assumed initial
temperature distributions, deviations in the general shapes of the transient
coolant temperature distributions from those presented will be small; how=-
ever, the initial maximum core fuel temperature and the maximum core
fuel temperature realized during the transient might be higher than those
presented by as much as approximately 140F and 100F (estimated), re-
spectively. The control rod release time assumed is considerably longer
than the actual release time, which has been experimentally determined
to be 0.008 second or less. The assumed time-~displacement characteris-
tic of the rods is based upon employment of sufficiently high air pressure
in the scram assist cylinder to effect rod acceleration of about 3 g. The
actual pressure to be employed is somewhat lower, but this discrepancy is
not expected to alter significantly the results discussed below. Assumed
values of the remaining variables are indicated in the following discussions
of each of the four sub-cases examined.

(1) Case 1.1

This case is the most pessimistic considered, the specific
assumptions being:

(1) Total rod worth, from full in to full out, equals
0.03 Ak/k.

(2) Degree of initial rod insertion equals 60%.

(3) Scram delay time equals 0.000 sec.

The low value of total rod worth assumed may be viewed
in two ways: (1) as an arbitrary value representing a considerably lower
total rod worth than expected (0.04 to 0.06 Ak/k); or, (2) as an effective
value based upon the assumption that a large fraction (1/4 to 1/2) of the
rods fail to function. The degree of initial rod insertion assumed is also
low, since insertion of at least 80% is contemplated.

Figure A-25 indicates the resulting total reactor power
(fission heat plus fission product decay heat) as a function of time after
start of rod movement. Also shown (although not used here), are four sim-
ilar curves for various values of total rod worth greater than 0.03 Ak/k.
In Fig. A-26 are shown four significant reactor temperature versus time
curves for the transient. Curve 1 indicates the maximum core fuel tem-
perature. This temperature is seen to start at approximately 1180F at
time zero, decrease to about 950F within the first one-~half second, and
then rise within about 10 sec to a maximum temperature approximately
120F higher than the maximum temperature obtaining during normal full
power operation. Following this, the fuel temperature decreases to about
900F, where power generation is due to fission product decay heat only
and cooling is by natural convection. Although the maximum fuel tempera-
ture attained during this excursion is somewhat higher than desired, it is
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not considered to constitute a safety problem. Curves 2 and 3 indicate the
average coolant temperature at outlet from the core subassemblies and
average coolant temperature at outlet of all subassemblies (or at inlet to
the upper plenum), respectively. The maximum temperatures or rates of
rise of temperature indicated by these curves do not represent serious
thermal shock problems, since the coolant merges and mixes with the
large volume of sodium within the upper plenum before coming into contact
with either the reactor tank walls or the reactor tank cover lower surface.
The temperature of the sodium coolant emerging from the reactor tank via
the upper plenum outlet nozzle is shown by Curve 4; obviously, thermal
shock of the nozzle or the pipe leading from reactor outlet to heat exchanger
inlet is not great. In addition, to minimize further any tendency toward
thermal shock, thermal barriers have been provided on the outlet nozzle
and the subject surfaces of the upper plenum.

(2) Case 1.2

This case is similar to Case 1.1, except that a scram delay
time of 0.200 sec is assumed.

This reactor power versus time after start of rod move-
ment curve is the same as for Case 1.1 (Fig. A-25). Temperature versus
time curves for the transient are shown in Fig. A-27. It is seen that the
longer scram delay time (0.200 sec as compared to 0.000 sec in Case 1.1)
mitigates very slightly the maximum temperatures attained during the
excursion.

(3) Case 1.3

This case, as well as Case 1.4, employs assumptions rep-
resentative of the conditions actually expected to obtain. The assumptions
for this case are:

(1) Total rod worth equals 0.05 Ak/k.
(2) Initial rod insertion equals 90%.
(3) Scram delay time equals 0.000 sec.

Fig. A-28 indicates the resulting total reactor power as a
function of time after start of rod movement. Again, although not neces-
sary to the present discussion, there also are shown four additional curves
for various values of total rod worth larger and smaller than 0.05 Ak/k.
The temperature versus time curves for Case 1.3 are shown in Fig. A-29.
The various temperature maxima and the maximum rates of temperature
rise are seen to be modest. The maximum core fuel temperature during
the excursion is approximately 100F lower than that existing during full
power operation.
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(4) Case 1.4

This case is similar to Case 1.3 except that a scram delay
time of 0.200 sec is assumed.

The reactor power versus time after start of rod move-
ment curve is the same as for Case 1.3 (Fig. A-28). Temperature versus
time curves for the transient are shown in Fig. A-30. The curves are, for
practical purposes, the same as those for Case 1.3.

b. Case 2

Case 2 employs a series of assumptions considered to lie barely
within the realm of possibility. It is assumed that an abnormality occurs
somewhere within the system which occasions reactor scram, but that the
pumps initially remain in operation (since reactor scram does not call for
reduction of pumping power); and, that after a time interval measured in
seconds, all three pumps fail simultaneously. Because the reactor power
decreases rapidly upon scram, the high pumping rate quickly fills the

primary flow system downstream from the reactor core with low tempera-
ture coolant and essentially eliminates the thermal driving head necessary

| to natural convection flow. When the pumping power suddenly ceases, the
combination of very rapid decrease in flow rate and low reactor power
generation tends to prevent sufficiently rapid establishment of thermal

head by a sweeping out of the low temperature coolant and replacement

with high temperature coolant within the "hot leg" portion of the flow sys~-
tem. Depending upon the time delay between reactor scram and loss of
pumping power, conceivably there could exist the possibility of the core
overheating. If the delay time is extremely short, the temperature excur-
sions are obviously similar to those of Case 1, above; only if the incident

is accompanied by failure of one-fourth to one-half of the control rods does
maximum fuel temperature exceed normal full power operating tempera-
ture (then, by about 120F). If the delay time is very long, the reactor power
level is sufficiently low that no overheating can occur. Possibility of reach-
ing extremely high temperature, therefore, is restricted to cases of inter-
mediate delay times.

Figure A-31 indicates the maximum fuel temperature attained
during the transient as a function of delay time for two different assumed
control rod conditions. One condition (total rod worth of 0.05 Ak/k and 90%
initial insertion) is representative of the expected normal condition; the
other (worth of 0.03 Ak/k and 60% insertion) is representative of failure
of one-fourth to one-half of the control rods combined with an abnormally
low initial degree of insertion. Initial reactor power of 62.5 mw and initial
reactor temperature distributions actually expected to obtain at full power
(without uncertainty factors) are assumed.
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For delay times of from about one to ten sec, maximum fuel
temperature attained with the expected rod condition is less than the nor-
mal full power operating temperature; with the pessimistic rod condition,
however, it exceeds this temperature by about 150F. For delay times
greater than about ten sec, maximum fuel temperature attained with either
rod condition is equal to or lower than the maxima attained under Case 1
conditions. For delay times greater than about 30 sec, maximum fuel
temperature reached during the transient, even for the pessimistic rod
condition, is less than the normal full power operating temperature.
Figures A~32 and A-33 show various transient reactor temperatures, in-
cluding maximum fuel temperatures, as a function of time after cessation
of all pumping power for delay time equal to 30 sec.

c. Case 3

Case 3 employs a combination of assumptions felt to be aca-
demic; it is assumed that pumping power of all three pumps is suddenly
lost, and that in some manner all 12 control rods are simultaneously ren-
dered completely inoperative, so that they remain fixed in their initial
positions. Resulting reactor temperatures as a function of time based on
these conditions are indicated in Fig. A-34. Fuel alloy temperature of the
hottest elements is seen to reach the melting point in about 3 sec.

3. Bowing

The bowing of fuel elements is examined in this section. Bowing is
of importance because of the resulting change in effective core radius, and,
therefore, in reactivity. Results of a study are described which indicate
the magnitude of changes in effective core radius to be expected under
various circumstances, and the approximate manner in which these changes
are incurred.

a. General

Because the fuel elements are tightly packed within core sub-
assemblies (with zero nominal clearance), fuel element bowing may be
considered essentially synonymous with core subassembly bowing. In this 7
study, therefore, treatment is based upon the subassembly as the bowing
unit.

Bowing of a subassembly is caused by existence of a tempera-
ture differential across its opposite sides (referred to as opposite "flats").
The temperature differential is effected primarily as a result of the non-
uniform radial distribution of heat generation within the subassembly, and
secondarily, by the unequal rates of heat transfer from the opposite flats
of the subassembly under consideration to the subassemblies of the ad-
jacent rows. Axial distribution of the temperature differential along



subassembly length is non-uniform; its shape is dependent upon the coolant
flow condition, and is significant (under all circumstances) only within the
core section and/or the lower portion of the upper blanket section. The
sign of the temperature differential normally is such as to tend to produce
convex curvature of the subassembly as viewed from the core center. The
comparative magnitudes of the temperature differentials effected in sub~
assemblies of various core rows are such that the amount of curvature
tends to become progressively greater with increase in row number, or
distance from the core center.

In order best to describe the quantitative bowing determinations,
a qualitative picture of the general mechanism of bowing first is presented.
It is necessary to precede this with a brief discussion of the subassembly
dimensions and the physical arrangement and method of support of the sub-
assemblies within the reactor.

b. Subassembly Physical Characteristics and Method of Support

A general description of the core subassemblies and their ar-
rangement in the reactor is given in Section III-A-~l1-a., b., and c.

All core subassemblies are identical in size and shape (hexag-
onal). The dimension across outside flats of each subassembly is 2.290 in.
The center-to-center spacing of the subassemblies is 2.320 in. The result-
ing nominal clearance between flats of adjacent subassemblies is 0.030 in.
Each core subassembly, as well as each inner blanket subassembly, is
provided with a "button" on each of its six flats; the buttons are positioned
so that they lie in a horizontal plane 1.00 in. above the core (fuel) center
line. These buttons protrude a nominal 0.014 in. from the subassembly
flat. The button flats are 0.375 in. in diameter. The dimension across
opposite button flats of each subassembly is held to 2.318 £ 0.002 in. The
resulting nominal clearance between button flats of adjacent subassemblies
is 0.002 in.

The subassemblies are positioned and supported in the reactor
by their lower adaptors, the ends of which pass through holes in the upper
plate of the support grid and engage in the axially aligned holes in the lower
plate. The portion of the adaptor which rests on the upper plate is of the
shape of a truncated sphere; the upper edge of the plate hole, on which the
adaptor rests, is chamfered conically. This arrangement provides a con-
tinuous line contact for subassembly support. It has been established ex-
perimentally that lateral movement of the upper part of the subassembly
(or of the lower end of the adaptor) is accommodated by pivoting of the
subassembly about this area of contact; that is, lateral movement of the
subassembly in the region of contact with the upper plate does not occur
unless a very large force is applied. The reason for this is that the latter
movement can take place only in accompaniment with an upward shifting of
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the entire subassembly, due tothe conical shape of the support seat. Conse=-
quently, application of lateral force in or above the region of the core sec-
tion produces only a pivoting of the subassembly until the lower end of the
adaptor closes the lower plate hole clearance (0.0042 in, radially), and,
thereafter, results in bending of the subassembly. Lateral movement of
the top end is unrestricted up to nominal displacement of 0.030 in., when
contact with the adjacent subassembly is made; if the adjacent subassembly
also undergoes displacement, restriction is not effected until after corre-
spondingly greater displacement.

c. Qualitative Description of Bowing

Consider a group of five core subassemblies, one in each sub-
assembly row from the first (center of the core) to the fifth (outermost row
of the core), and aligned radially. Upon inception of reactor conditions which
give rise to radial temperature differentials, a temperature difference ap-
pears across the flats of each of the five subassemblies, Magnitude of the
AT across each subassembly, however, increases with distance of the sub-
assembly from the core center (not necessarily proportionally). Conse-
quently, while all subassemblies bow in the same direction, they bow in
varying degree. The fifth row subassembly tends to bow the most. In
considering the effect upon core radius, therefore, it is reasonable to base
all bowing analysis on the action of the fifth row subassembly only.

Qualitatively, bowing of a fifth row subassembly takes place as
described below. Note should be taken of the typical axial AT profiles ef-
fected in EBR~II subassemblies as indicated in Figs. A-39 and A-42. For
convenience in discussion, the effective AT magnitude is indicated in terms
of maximum AT, or AT,,.

As a small AT, is effected across the subassembly, all of the
subassembly above the lower part of the core section starts to bow radially
outward, thus increasing the effective core radius. As the AT)s is increased,
the amount of outward displacement increases until the top end of the sub-
assembly contacts the top of the adjacent subassembly in the inner blanket
(displacement at the location of the button being insufficient to produce button
contact, as a result of the axial distribution of the AT). Further increase in
ATy results in additional bowing, but because the top end of the subassembly
is now prevented from moving outward, this bowing effects a radially inward
movement of the core section; at the same time, the subassembly proceeds
to pivot, causing the lower end of the adaptor to move outward until it closes
the lower plate hole clearance. As the increase in ATj)4 continues, the in-
ward movement of the core section continues until the subassembly button
contacts the button of the subassembly in the next (fourth) row. Bowing dur-
ing this period obviously tends to decrease the effective core radius. Addi-
tional increase in ATy beyond this point continues to increase the bowing,



but does not move the core section further inward because of the button re-
striction. In fact, since an increasing ATy is accompanied by increasing

subassembly temperature in the button region, radial thermal expansion of
the subassembly, or increase in distance across button flats, results in an
outward movement of the core section. To summarize the action, then: as

ATyg is continuously increased from zero, change in effective core radius

is initially positive (outward), then negative (inward), and finally, positive
again.

d. Quantitative Bowing Analysis

Change in effective core radius produced by bowing is dependent
upon the axial distribution of AT across opposite flats of the subassemblies
and upon the details of the initial disposition of the subassemblies.

(1) Axial Distribution of AT

The axial distribution of AT is a function of coolant flow
condition. With coolant flow, the distribution is approximately as indicated
in Fig. A-39. The exact amount of coolant flow is not of importance, as
long as it is sufficient to preclude appreciable axial heat conduction. The
AT increases approximately linearly from zero at the bottom of the core
to a maximum at the top of the core; it is assumed to decrease linearly
from the top of the core down to zero within a distance of 9 in. The de-
crease occurs as a result of coolant mixing during passage through the
upper gap and the lower portion of the upper blanket,

For convenience, the effective magnitude of AT is ex-
pressed in terms of maximum value, ATp. At full coolant flow and full re-
actor power, ATpq across the flats of a fifth row subassembly is about 100F.
For other flow and/or power conditions at steady state, ATM is inversely
proportional to flow and directly proportional to power. Figure A-35 shows
variation of ATy, with time during reactor power excursions at constant
periods of from 1072 to 102 sec for initial conditions of normal full power
operation. Also shown in this figure are the times at which a maximum fuel
temperature of 2000F (the approximate melting temperature) is reached.

With no coolant flow, the AT distribution is approximately
as indicated in Fig. A-42. In this case, the distribution is represented by a
chopped cosine curve which reflects the axial power density distribution.
Again, the effective magnitude of AT is expressed in terms of the maximum
value, AT)g. Figure A-36 shows variation of ATy4 with time during reactor
power excursion at constant periods of from 1072 to 10? sec for initial con-
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ditions of no flow, isothermal reactor temperature of 600F and "zero" (1 watt)
reactor power. Also shown in this figure are the times at which a maximum

fuel temperature of 2000F is reached.
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(2) Initial Disposition of Subassemblies

The initial disposition of the subassemblies within the re-
actor can only be estimated. Two general arrangements of initial positions
are assumed for analysis which are thought to bracket all cases of impor-
tance. One represents an extremely conservative case and is termed the
"most pessimistic initial position." The other is based on nominal, design
subassembly positions and represents the effective disposition thought most
likely to obtain. This is termed the "most probable initial position."

The assumed most pessimistic initial position of core sub-
assemblies is indicated in Fig. A~37. This disposition is based on the fol-
lowing major assumptions:

(a) All core subassemblies are splayed outward; that is,
each subassembly (except the center one) is pivoted
from its normal, upright position as far as the nom-
inal clearance of the lower plate holes will permit.

(b) The dimension across opposite button flats of each
subassembly is 0.002 in. less than the design nom-
inal, and the minimum within fabrication tolerance.

(c) The upper and lower plate holes of the fifth row are
located at a radius 0.002 in. greater than the design
radius, and the maximum radius within fabrication
tolerance.

(d) An isothermal condition exists.

(e) The subassemblies are straight.

As shown in Fig. A-37, these assumptions result in an ini-
tial total clearance between subassembly buttons of 0.026 in. Consequently,
there exists 0.026 in. of radial gap potentially available for reduction of
core radius (in the plane of the buttons); the actual maximum reduction in
radius achievable by bowing, however, necessarily is less than this.

The initial position of core subassemblies considered
"most probable" is indicated in Fig. A-38. For this disposition, the fol-
lowing major assumptions are made:

(a) The core subassemblies are vertical (in their design
positions).

(b) The dimension across opposite button flats of each
subassembly is the design nominal dimension.

(c) The upper and lower plate holes of the fifth row are
located at the design radius.
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(d) An isothermal condition exists.

(e) The subassemblies are straight.

These assumptions result in an initial total clearance be-~
tween subassembly buttons of 0.008 in. Again, although this much gap is
potentially available for reduction of core radius in the plane of the buttons,
the maximum reduction achievable by bowing is actually less than this.

(3) Bowing Results

Four general bowing cases are considered: (1) with cool-
ant flow, and most pessimistic initial disposition; (2) with no coolant flow,
and most pessimistic initial disposition; (3) with coolant flow, and most
probable initial disposition; and, (4) with no coolant flow, and most probable
initial disposition.

(a) Case'l

This case assumes the existence of flow and the most
pessimistic initial subassembly disposition. The manner of bowing, as dis~-
cussed earlier, is affected by the amount of outward displacement the top
end of the subassembly can undergo before becoming restricted by contact
with the top end of the adjacent subassembly in the next row. The nominal
clearance available (0.030 in) will be affected by manufacturing tolerances,
subassembly warping due to inadvertent stress relieving, initial position of
the adjacent subassembly, etc. Probably the largest effect under any cir-
cumstance, however, is that of outward movement of the top end of the ad-
jacent subassembly due to its own bowing. (The bowing of sixth row inner
blanket subassemblies is expected to be greater than that of core subas-~
semblies.) Because all of these factors cannot be accurately accounted for,
two subcases are investigated; in one, the maximum free displacement (av~
erage for all fifth row subassemblies) is conservatively taken as 0.022 in.;
in the other, 0.090 in. is assumed.

Figure A-39 depicts the progression of bowing with
increase in AT)\ for the 0.022 free displacement condition. Figure A-40
gives the same information for the 0.090 free displacement condition.

By weightingin accordance with the square of the local
neutron flux (power density) the local radial displacement from its initial
position of every point in the core section, an equivalent change in core
radius (in respect to reactivity effect) can be determined for every value
of ATM. This equivalent change in core radius represents that axially
uniform change in core radius which would produce (approximately) the
same change in reactivity as the non-uniform change effected by bowing.

Figure A-41 shows the equivalent change in core ra-
dius as a function of ATpg for both the 0.022 and the 0.090 in. free dis-
placement conditions.
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(b) Case 2

This case assumes no coolant flow and the most pessi-~
mistic initial subassembly disposition. Two subcases are investigated, rep-
resenting the same two free displacement conditions as assumed in Case 1,
above.

Figure A-42 shows the progression of bowing with in-
crease in AT) for the 0.022 in. free displacement condition, and Fig. A-43
gives the same information for the 0.090 in. free displacement condition.

Figure A-44 shows the equivalent change in core ra-
dius as a function of AT) for both subcases.

(c) Case 3

This case assumes the existence of coolant flow and
the most probable initial subassembly disposition. The maximum free dis-
placement of the top end of the subassemblies is conservatively taken as the
nominal clearance between subassemblies, 0.030 in.

Figure A-45 shows the progression of bowing with in-
crease in AT)s. Figure A-46 indicates the equivalent change in core radius
as a function of ATy4.

(d) Case 4

This case assumes no coolant flow and the most prob-
able initial subassembly disposition. The assumed maximum free displace-
ment of the top end of the subassemblies is the same as that for Case 3,
above.

Figure A-47 shows the progression of bowing with in-
crease in ATyps. Figure A-48 indicates the equivalent change in core radius

as a function of AT 4.

(4) Conclusions

There exist a number of factors not discussed earlier (and
not taken into account in the present analysis) which directly or indirectly
affect both the progression of bowing and the maximum magnitude of equiv-
alent core radius reduction effected by bowing. Thought to be the principal
factors among these are the following:

(a) Since an annular space filled only with static sodium
is incorporated between fuel pin and steel tube of each fuel element, the
fuel pin may bow (inside the tube) to a slightly greater extent than does the



subassembly as a whole. As an estimate, this internal bowing might in-
crease the magnitude of maximum effective core radius reduction, under
certain circumstances, by as much as 0.002 in.

(b) Because of the shape of the radial power density dis-
tribution through the core and the effects of coolant orificing, the effective
magnitude of bowing within radial core shells (or subassembly rows) is not
proportional to distance from center of the core. Consequently, change in
effective core radius produced by bowing is not distributed evenly radially,
and conversion of the amount of bowing of fifth row subassemblies only to
equivalent change in core radius (in respect to reactivity effect) is not
precise. Since the bowing of the fifth row subassemblies is considerably
greater than for the other core subassemblies, the indicated results should
be conservative in this respect.

(c) Analysis of bowing of fifth row subassemblies is based
on core-type subassemblies. Actually, one-half the subassemblies in this
row are control subassemblies, and their bowing characteristics are neces-
sarily somewhat different. Because of the clearance required between the
control rod and the control subassembly hex can, the rod is free to bow to
a greater extent than is a core subassembly. However, the corresponding
AT across flats which produces the bowing is less, because the rods are
not fully inserted and because some coolant flows in the clearance space
between rod and hex can, thus helping to reduce the AT. In addition, a
given amount of bowing of the control rods exhibits considerably less ef-
fect on reactivity than the same amount of bowing of the core subassem-
blies, since the mass of fissionable material involved in the former is only
about 55% of that associated with the latter.

(d) Although the button loads are small, the flats of the
subassemblies may deflect slightly in the region of the buttons when the
core is in the compacted condition, thus increasing (probably not signifi-
cantly) the maximum magnitude of equivalent core radius reduction.

(e) Calculation of the axial AT distribution along the sub-
assemblies, which directly influences the bowing, is obviously subject to a
certain amount of error. It is felt that the assumed distributions are con-
servative.

(f) Since the effects under consideration are minute in
magnitude, it is possible that anomalous effects, even though small in scale,
might exert some influence on the results.

Because of the above considerations and the relatively
wide variation in possible assumptions noted earlier, there exists doubt as
to the exact progression of bowing (or progression of the equivalent change
in core radius) under a given set of reactor conditions. The progressions
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presented herein (in Figs. A-39, A-40, A-42, A-43, A-45, and A-47), how-
ever, are considered to be qualitatively correct, and probably may be con-
sidered for.many purposes to be approximately quantitatively correct. The
nature of the progressions is such that, under all circumstances, increasing
from zero the effective AT across subassembly walls initially results in
slightly increasing, then decreasing, and finally, increasing again the effec-
tive core radius.

The important quantitative conclusions which may be drawn
are associated with the maximum magnitudes of equivalent core radius re-
duction which can be effected by bowing. These may be stated as follows:

(a) With or without coolant flow, the maximum possible
(or "credible") reduction in equivalent core radius during heating of the
reactor is approximately 0.019 in.

(b) With or without coolant flow, the maximum reduction
in equivalent core radius actually expected during heating of the reactor is
of the order of 0.004 in.
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