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PREFACE

This report is a description of the Enrico Fermi Atomic Power Plant, with particular
emphasis given to the fast breeder reactor and heat transport systems. It supersedes APDA-
115, which was published in November 1956. At that time the detail design of many of the re-
actor plant components was well along; numerous difficult problems remained to be overcome,
but their solutions seemed to be in sight. As expected, these design problems proved to be sus-
ceptible to relatively clean- cut solutions. The reactor is now in an advanced stage of assembly,
and within a few months it will be ready for filling with sodium.

A rigorous evaluation of the reactor and its various components will result from a two-
step testing program in which the hydraulic and mechanical characteristics will be determined
in the APDA Reactor Components Test and the nuclear characteristics studied in preplant oper-
ational tests. To carry out this program, the major reactor components have been purchased
by APDA and are being assembled at the reactor site into a full-size nonnuclear test of the re-
actor and one coolant loop. The reactor will be filled with sodium, loaded with dummy core and
blanket subassemblies, and operated by APDA for an extended period of time under simulated
plant operating conditions. On successful completion of these tests, the APDA equipment will
be turned over to the reactor plant operator, Power Reactor Development Company, which will
load the core and subject the reactor to a series of tests leading to continuous full-power oper-
ation.

Final technical evaluation of the reactor complex must await the completion of the non-
nuclear and nuclear testing, but at this time the outlook is encouraging. A comparison of the
design as it has been formulated with that presented in report APDA-115 indicates that the con-
ceptual design has undergone only minor changes. This has made an important contribution in
holding cost revisions to a minimum. While the design and development costs have been rela-
tively high, these expenses have been reasonable when considered with the state of development
of sodium-cooled fast breeder reactors. The increase in capital investment has been modest in
terms of overall plant cost. This is even more significant when it is realized that although the
nominal rating of the plant is 100 Mw, all components, including the turbine-generator facility
that is being built by The Detroit Edison Company, have been sized for a plant output of 150 Mw
of electricity. It seems reasonable to conclude, therefore, that the development, design, and
construction of this full- size, sodium-cooled, fast breeder reactor plant is a notable achieve-
ment and an important technological step forward.
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SUMMARY

This report contains a description of the Enrico Fermi Atomic Power Plant. In the
design of this plant, particular attention has been given to safety and to achieving reliable oper-
ation.

It is being built in accordance with ASME and other codes, wherever such codes apply.
The schedule for construction provides about 1 year for nonradioactive testing of all of the key
components of the plant. A 9-month preoperational program is planned for the period immedi-
ately following initial criticallity. During this program the expected nuclear operating charac-
teristics will be checked in a range of tests beginning at very low power and proceeding up-
wards in power as confirmation of expected behavior is gained.

The plant design is summarized below.

GENERAL DESCRIPTION OF THE PLANT

Core and Blanket - A perspective view of the reactor is shown in Fig. 1. The core and
blanket consists of an assembly of square core and blanket subassemblies arranged to approxi-
mate a right circular cylinder about 80 inches in diameter and 70 inches high over-all. The
core, containing the enriched fuel alloy, approximates a right circular cylinder 30.5 inches in
diameter and 30.5 inches high; it is completely surrounded by the breeder blanket.

The reactor core, shown diagrammatically in Fig. 2, is made up of the central portions
of 101 subassemblies, 91 of which contain fuel, the remaining 10 being control elements. Fuel
is subdivided into a large number of partially enriched uranium alloy pins. The end portions of
these 91 subassemblies (the axial blanket), and all the 572 radial blanket subassemblies, con-
sist of uranium alloy that has been depleted in U-235 and fabricated into cylindrical rods. Plu-
tonium is produced both in the core and in the blanket.

Insertion of boron-carbide poison rods in the core provides regulating and safety con-
trol. Regulating control is by two boron-carbide rods located near the center of the reactor.
Eight safety (shutdown) boron rods are situated at about the half-radius of the core. Both core
and blanket are cooled by sodium that is pumped into the bottom of the reactor vessel, goes up-
ward through these sections into a large sodium pool, and flows out near the top of the pool.

Fuel Handling Mechanisms - Core and blanket subassemblies are loaded and unloaded
by an offset handling mechanism mounted in a rotating shield plug, both shown in Fig. 1. A
hold-down plate below the plug holds the core subassemblies against the pressure drop forces
caused by coolant flow through the subassemblies. This plate and the hold-down drive shaft
also guide the control element drives. The offset handling mechanism transfers the spent sub-
assemblies to sodium-filled pots in the transfer rotor container, where they decay during the
next cycle of operation at power. During the next plant shutdown the spent subassemblies, with
their pots, are lifted through the exit pipe into a cask car. The car then carries the spent sub-
assemblies from the reactor building to a decay storage building. In the car, decay heat from
the subassemblies and pots is transferred to an inert gas atmosphere which will be circulated
through an external heat exchanger that is integral with the cask car. New subassemblies are
inserted by the reverse procedure.
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Heat Transport System - The heat transport system is shown schematically in Fig. 3.
Heat is removed from the reactor core and blanket by the primary sodium coolant, transferred
to the secondary sodium coolant in three parallel intermediate heat exchangers, and finally is
transferred to water and steam in three once-through type of steam generators. There are
three primary coolant loops and three secondary coolant loops.

In both primary and secondary systems, the sodium coolant flow rate is 13,200,000
lb/hr, resulting in an average coolant temperature rise across the reactor or intermediate
heat exchanger of 250 F at a thermal power level of 300 Mw. The primary sodium enters the
reactor at 550 F and leaves at 800 F.

Extensive steps have been taken to assure that sodium will not be lost from the sys-
tem. These include syphon breaks, secondary containment of the primary sodium system
where a single failure would cause loss of coolant, and enclosure of the reactor vessel in a
leak tight primary 'shield tank so sized and constructed that adequate cooling can be maintained
even if the reactor vessel fails.

Failure of the primary system due to thermal shock has been guarded against by ex-
tensive use of thermal baffles and by-pass flow.

Shielding and Containment - The primary shield consists of a 12-inch stainless steel
thermal shield inside the reactor vessel and a 30-inch partially borated graphite shield be -
tween the reactor vessel and the primary shield tank. The thermal shield, positioned against
the inner wall of the reactor vessel, protects the vessel from radiation damage due to fast
neutrons and also absorbs gamma rays, thus reducing heat generation within the vessel walls
and the borated graphite.

The partially borated graphite shield is designed to moderate and absorb enough neu-
trons to avoid serious heating within the steel-lined concrete shield wall (2.6 feet thick) that
completely surrounds the primary shield tank. This shield wall divides the lower part of the
reactor building into an inner reactor compartment and an outer equipment compartment. The
latter contains all primary coolant system pumps and heat exchangers as well as decay tanks
and other equipment. The shield is designed to reduce the neutron flux in the equipment com-
partment to less than 104 n/ sq cm-sec in order to prevent significant activation of the second-
ary coolant and the equipment in the outer compartment. The steel lining on both faces of the
concrete prevents heating within the concrete due to intense Na-24 gamma rays from the
primary coolant, whose activity level is about 0.05 curie/cc.

Neutrons are kept from steaming along the large sodium pipes and into the equipment
compartment by installing the greater part of the pipe length within the reactor compartment
(i.e., inside the secondary shield), and by enclosing the pipes in a neutron shield. A concrete
biological shield wall 7 feet thick is outside the reactor containment building, and a steel and
concrete operating floor shield 5 feet thick is above the reactor and equipment compartment
to reduce radiation levels to one-third AEC tolerance.

An airtight steel cylindrical reactor building, shown in Fig. 4, encloses the reactor,
the fuel-handling mechanism, the intermediate heat exchangers, and the sodium pumps, piping,
and storage tanks. It is 72 feet in diameter and has a wall thickness of 1.125 inches. The pur-
pose of this building is to contain radioactivity from any reactor accident that might release
fission products and radioactive sodium. Air in the reactor and equipment compartments below
the operating floor is depleted of oxygen and dehumidified to prevent fires in these compart-
ments in case of a sodium leak.

General Design Considerations - Flexibility has been designed into the system. All
mechanisms, including the rotating plug, the subassembly handling mechanism, and the hold-
down mechanism, can be removed, as can the control drive, rods, guide tubes, and core
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subassembly support plates. The core subassemblies and the first row of blanket subassem-
blies are the same size and, with minor modifications, are interchangeable. Consequently,
core size can be adjusted if necessary during initial startup to achieve criticality. Further-
more, after some years of successful operation at design power, the core size can be increased
to augment the power output.
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SAFETY CONSIDERATIONS IN THE DESIGN

In the design of the Enrico Fermi Atomic Power Plant the basic safety philosophy has
been that the radioactive contents of the reactor must be prevented from being released to the
environment under any but carefully controlled and monitored circumstances. To this end the
reactor and entire primary system has been enclosed in a leak-tight steel building designed to
safely contain the consequences of accidents involving releases of chemical or nuclear energy
which are orders of magnitude larger than can occur except as the result of sequential failure
of the inherent safety characteristics of the design. Because the reactor is unpressurized,
there is no source of thermal energy that can be released to do work by reason of a system
rupture.

The release of thermal energy due to burning of the sodium coolant is prevented by
the sealed, leak-tight design of the primary sodium system. In addition, even if a leak some-
how penetrated this double contained system, the atmosphere in the lower reactor compart-
ment is depleted in oxygen and water vapor so that no chemical reaction would occur. Even if
the seals failed between the lower reactor compartment and the operating area, where an air
atmosphere exists, the resulting building pressure and temperature would be safely within de-
sign limits.

The possibility and consequences of a nuclear accident have been exhaustively studied.
Two types of such accidents are identifiable: (1) those which are caused by sudden large in-
sections of reactivity into the reactor either during operation or loading, and (2) those which
are caused by rapid reassembly of a critical configuration of core material as a result of a
melt-down of the core.

The possible initiating causes of both types of nuclear accidents have been analyzed
and positive design steps taken to reduce the likelihood of their occurence to essentially zero.
Even so, the design of the reactor structure, shield structure, and reactor building is such that
calculations indicate that the complex would safely contain an energy release larger than that
produced by any accident which could occur as the result of a credible series of system fail-
ures.

Accidents caused by the sudden rapid insertion of reactivity have been guarded against
by the following design features.

1. The reactor will have no net positive temperature or power coefficients. The positive
effect of Doppler broadening in U-235 has been shown experimentally to be small
enough so that it is completely overshadowed by the negative effect in U-238 due to the
same phenomenon.

Core subassembly bowing leading to a positive power coefficient has been
eliminated by the design of the core subassemblies and their support structure.

2. The possible entrance of hydrogen into the core with a concomitant positive reactivity
effect has been precluded by the design of the primary and secondary cooling systems.
No water is allowed in the reactor building and hydrogen containing greases or oils
are not used where any possibility exists of entrance of this material into the system.
The intermediate heat exchangers separate the primary coolant from the secondary
system. The low pressure relief diaphrams on the steam generators operate to
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relieve secondary system sodium pressure in the event of a sodium-water reaction
(due to a tube leak in a steam generator) before any shock effects could cause damage
to the intermediate heat exchanger in the system.

3. The maximum possible sudden reduction in primary coolant inlet temperature does
not cause a nuclear accident because of the relatively small negative temperature co-
efficient of the reactor.

4. The reactor will be operated with an amount of available flexible reactivity in the con-
trol rods less than that capable of causing prompt criticallity, even with infinitely
rapid insertion. In addition, the maximum rates of control rod motion are restricted
mechanically to rates at which the temperature feed-back through the negative tem-
perature coefficient operates drastically to reduce the actual available reactivity.

5. Insertion of new fuel takes place with the reactor shut down at a minimum negative
reactivity of about $8. The rate of fuel subassembly insertion is very slow, the en-
richment of each fuel element is checked during manufacture, and the reactivity of
the reactor is observed during loading. Should it appear that the reactivity is rising
more than a permissible amount, the fast withdrawal feature of the mechanical han-
dling system allows withdrawal of the subassembly being inserted. Dropping of a core
subassembly is precluded by the design of the handling mechanism head.

6. The safety rods cannot inadvertently be withdrawn when the reactor is shut down with-
out first removing so many core cubassemblies that the reactor would be subcritical
even without the poison safety rods. This is true because the safety rod handling
heads are depressed below the level of the core subassembly handling heads. The
four adjacent core subassemblies must be removed before a safety rod can be re-
moved.

Accidents caused by rapid reassembly of a critical configuration of core material,
resulting from a melt-down, have been guarded against by the following design features.

1. The primary coolant system has been designed with special attention to its integrity
against leaks. No single failure in the primary system can lower the level of sodium
in the reactor below the elevation of the center of the sodium exit pipes. Thus, even
if a leak occurs in the primary system, emergency cooling can be maintained and the
core will not melt down. This integrity is achieved by double containment of all piping
below the elevation of the center of the sodium exit pipes and by enclosure of the re-
actor vessel in a primary shield tank. No drains are installed in the primary system
and siphon breaks are arranged so that a break outside the double containment region
will not siphon the reactor dry.

2. The low flexible reactivity which is a feature of the design, together with the ability to
use slow rates of reactivity insertion, and the negative temperature coefficient pre-
clude melt-down due to high power resulting from operating control rod withdrawal.

3. The inherent characteristics of the reactor indicate that no oscillating power instabili-
ties will occur. Such instabilities could, if of high amplitude and frequency, lead to
power to flow ratios high enough to cause melting. One of the purposes of the pre-
operational program is to investigate the dynamic properties of the reactor using a
reactivity oscillator.

4. The emergency cooling system is capable of removing fission product decay heat from

the reactor even if there is a complete loss of electric power for a one day.

5. A central void area in the lower axial blanket allows molten core material to fall free
of the core and lower axial blanket area in the unlikely event of a melt-down. Thus no
rapid critical reassembly is possible in this region.
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6. A zirconium melt-down pan and conical flow guide is located in the reactor vessel be-
low the core. This pan is intended to resist penetration of molten core material so
that this material will spread out into a noncritical shape. Conical flow dividers will
prevent formation of a pile of core material in the center of the reactor vessel into
which additional core material could fall, thus preventing a rapid critical assembly.

The health physics and waste disposal policies at the plant will equal and in most
cases be more conservative than the applicable Federal, State, and local regulations.
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TABLE I

REACTOR DESIGN AND PERFORMANCE DATA TABULATION

Total Reactor Power ....................

Core Design and Performance

Core Power (with no blanket burnup).......
Core Volume...................... .
Heat Transfer Surface...................
Average Heat Flux......................
Maximum to Average Heat Flux............
Power Density..................... .
Specific Power ........................
Diameter............................
Length ........................... .
Core Sodium Flow Rate .................
Coolant Flow Area......................
Sodium Velocity......................

Core Composition .....................
U-235...........................
U-238...........................
Zr, Mo, SS........................
Na. ............................

Number of Fuel Subassemblies...........
Number of Fuel Pins per Subassembly ......
Fuel Alloy... ... .. .. .. .. ......... ..
U-235 Enrichment ......................
Fuel Alloy - OD.....................
Clad - OD. ........................
Clad Thickness..................... .
Maximum Nominal Coolant Temperature ....
Maximum Nominal Outer Clad Temperature . .
Maximum Nominal Uranium Temperature. ...

Maximum Coolant Temperature.......... .
Maximum Clad Temperature............ .
Maximum Uranium Temperature..........

Uranium Alloy Thermal Conductivity (1100 F).
Average Core Burnup....................

Blanket Design and Performance

Blanket Power at Average Blanket Conditions .
Radial Section..................... .
Axial Section ........................

Blanket Volume..................... .
Radial Section..................... .
Axial Section ........................

. ......0 ..kw300,000

....... kw 268,500*

...... cu ft 11.65

..... .sq ft 1,378
Btu/hr-sq ft 652,000
. .. . .. " " " " . "". .. ... 1.79

. kw/cu ft 23,000
.kw/kg U-235 605
. in. 30.5
. in. 30.5
...... lb/hr 12,100,000**
..... .sq ft 1.99
.... .ft/sec 31.2

.ol %
..............

..............

..............

............ in.
............ in.
............ in.
. .. .. .. .. . . n.

. .. .. .. . ... F

. . .. .. . .... F

. . .. . ... ... F

. . . ... .. ... F

. . .. .. .. ... F

. . ... Btu/hr-ft- F

. . .. ... atomic %

. . .. .. .. ... kw

. .. .. . .. .. tcu ft

.. . . . . . . . . . . . .

. . . . . . . . . . . . . .

............ 7.1

............ 20.8

............ 24.9

............ 47.2

........... 91

............ 144
. . .U-10 w/o Mo

25.6
0.148
0.158
0.005

910
940

1134
983***

1017***
1235***

17.3
1.0

.......... 36,000
.4,500

.... . ..... 161
13

*Includes 5,500 kw for frictional losses and gamma heating of coolant.
**See Table II

***Temperature with hot-channel factor based on a probability of the temperature occurring
about one time in a thousand.
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blanket Design and Performance (Cont'd.)

Heat Transfer Surface ........... .
Radial Section . . . ... . . . . . . . . . .
Axial Section. ........... . . .. .

Average Heat Flux . . . . . . . . ...... .
Radial Section ..................
Axial Section . . ....... . ... . . . .

Maximum to Average Heat Flux (radial).
Radial Blanket Sodium Flow Rate . . .. .
Radial Blanket Dimensions...........

Inside Diameter.. . . ... . . . ... . . .
Outside Diameter.. . . . . . . ..... .
Length .. . . . .......... .. . . . .

Axial Blanket Dimensions (each section)
Diam eter . . .. ... .. .... . . . .. .
Length.....................

Number of Radial Blanket Subassemblies
Number of Rods per Subassembly .... .
Number of Axial Blanket Sections .. . . .
Number of Rods per Section.........
Blanket Alloy . . . .. .. . ... . . .. . . .
U-235 Concentration..............
Radial Blanket Element Dimensions ...

Clad Outside Diameter............
Clad Inside Diameter....... . . . .
Uranium Diameter..... . ... . . .
Sodium Bond Thickness..... .... .

Axial Blanket Element Dimensions ... .
Clad Outside Diameter . .
Clad Inside Diameter ...
Uranium Diameter . ... .
Sodium Bond Thickness. .

Radial Blanket Composition .
Uranium . . ..........
Sodium..............
SS, Mo.............

Axial Blanket Composition. .
Uranium . . . . . . . . . .. .
Sodium...............
SS, Mo.............

Maximum Plutonium Buildup in Radial Blanket .
First Row of Blanket Subassemblies......
Second Row of Blanket Subassemblies... . .
Outer Row of Blanket Subassemblies......

Reactor Control

ak/k Requirements . . .................
Temperature Override................
Burnup, Bi-weekly Unloading . . . . . . . . .. .
Growth, Bi-weekly Unloading... . . . . . .. .

. ...... ..sqft

. . 0.0. . 0. .

......... 8,620

.. . ..... 394

........ 14,300

........ 39,000

.. . ..... 37.4
1,600,000

... . .... 30.5

.. . ..... 79.9

. . . . . . . . 65

. . . . . . . . . . .

. . . . . . . . . . .

Btu/hr-sq ft

.. l...lb/hr
. in.

. . . . . . . . . . .

. . . . . . . . . . .

.. . . . . . . . . .

.... .in.
.. .......

. . . . . . . . . . .

. . . . . . . . . . .

. . . . . . . . . .

. . . . . . . . . .

. . . . . . . . . . .

. . . . . . . . . . .

. . . . . . . .i%.

.. . . . . . . .
. . . . . . . . . . .

. . . . . . . . . . .

. . . . . . . . . . .

.... vol%
.. . . . . . . . . .

... . . . . . .n

. . . . . . . . . . .

. . . . . . . . . . .

. . . . . . . . . . .

. . . . . . . . . . .

.. . . a.omic %
. . . . . . . . . . .

. . . . . . . . . . .

. . . . . . . 0. 0. . .

30.5
14

548
25

182
16

w/o Mo
0.35

0.443
0.423
0.415
0.004

0.443
0.423
0.415
0.004

44.6
34.7
20.7

28.3
53.5
18.2

0.58
0.82
0.04

Fission Product Poisoning, Bi-weekly Unloading........ . . . . . . . . . . . . . . . .

0.20
0.33
0.07
0.02

*See Table II
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Reactor Control (Cont'd.)

Control Margin ..............................
Total Reactivity in Control Rods..............

Ak Reactor Scram .............................

Safety Rods
Number................................
Reactivity Per Rod ..........................
Total Stroke ................................
Length of Poison Material......................
Reactivity per Rod-Inch, Average...............
Eight-Rod Rate for 1 Cent per Sec..............
Time to Remove Eight Rods..................
Area per Rod.............................
Weight per Rod...........................
Scram of Safety Rods .........................
Boron-10 Required, per Rod ...................

Operating Control Rods
Number................................
Total Reactivity in Both Rods..................
Total Stroke.............................
Reactivity per Rod-Inch ......................
Maximum Reactivity Insertion Rate.... . ..... .. .
Area of Rod ................................
Weight of Rod............................
Boron-10 Required, per Rod ...................

Reactor Physics

U-235 Enrichment in Fuel ........................
Critical Mass U-235. ...........................
Core Conversion Ratio........................
Blanket Conversion Ratio .......................
Total Conversion Ratio ..........................
Radial/Axial Blanket Pu Production...............
Median Energy of Core Flux .....................
Average Core Flux...........................

Maximum to Average Core Power..............
Maximum to Average Core Subassembly Power. . . . .
Maximum to Average Power in Hottest Subassembly
Average Neutron Generation Time..............

Effective Delayed Neutron Fraction................
Mean Delay Time of Delayed Neutrons . .. . . . .. . . .
Prompt Neutron Lifetime .....................
Blanket Fissions/Total Fissions...............

Isothermal Core Temperature Coefficients of Reactivity
Axial Fuel Pin Expansion .....................
Ejection of Compressed Sodium................
Reduced Sodium Density .......................
Radial Expansion of Core .....................
Doppler Effect............. ............. .

.... in.
... . in.
....... $

in./min
... min

sq in.
.... lb

$/sec
... . kg

.. $

in.
cents
$/sec
sq in.

lb
.. kg

.. . .. %

...... kg

. ... mev
n/cm2 -sec

..... .sec

. . .. sec

. . .. sec

Ak/k/C

Total Core . . .......................... . .... . .

0.30
0.92

-8.00

8
1.00

54
33

0.02
2

27
4

50
25

0.90

. . . . . . 2

0.92
15

6.1
0.01
4.0
10

0.47

25.6
444

......... 0.30

......... 0.90

......... 1.20

. . . . . . . . . 6
0.25

0.5 x 1016

. . . . . . . 1.73
. . . . . . . . . 1.38
. . . . . . . . . 1.25

0.09
. . . . . . . . . 0.0069

12
2.0 x 10-

. . . . . . . . . 0.07

. . . . . -2.8x10 6

......- 0.5 x 10-6

...... -6.1 x 10-6
......- 3.0 x 10-
...... -1.6 x 10-6

......- 14.0 x 106
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Reactor Physics (Cont'd.)

Blanket
Uranium Expansion.......
Reduced Sodium Density ... .

Total Blanket...........

TOTAL REACTOR......

................................ -0.8 x 10-6

............................... -3.3 x 10-6

................................ -4.1 x 10-6

................................- 18.1 x 10-6

Reactor and Containment Vessels:

Primary Shield Tank

Overall Height - Over Dome ....
Height of Primary Shield Tank ..
Maximum Diameter............
Wall Thickness...............
Design Pressure..............
Design Temperature..........
Weight, Empty..............
Material...................

Reactor Vessel

Height ......................
Maximum Diameter............
Maximum Wall Thickness......
High Pressure Plenum

Design Pressure............
Design Temperature........

Radial Blanket Plenum
Design Pressure............
Design Temperature........

Upper Reactor Vessel
Design Pressure............
Design Temperature...... . .

Weight, without Fuel, Blanket, and Sodium
Material..........................

Containment Building
Overall Height ..... ............... .
Inside Diameter ............... . . . .

Average Thickness. ..................
Design Pressure ....................
Design Temperature................ .
Material. ..........................

Liquid Metal and Electric Generation

Gross Electric Capacity*. . ...........
Net Electric Power Output............ 
Turbine Capability....................
Net Thermal Efficiency............. .

*Based on reactor output of 300,000 kw of heat.

. . . . . . . . . ft

... . .. .. .ft
. . . . . . . . ft

. . . . . in.
........ psi
. . . . . . . . . F
......... lb

carbon steel

56.3
40.2

24
5/8

7.38
250

178,000
ASTM A-285, GrC

. . . ft

... ft
in.

. . . . . . . . . . . . . . . . psi
. . .. ...................F

. .....0 .. 0.. 0.. .. 0 .. 0.. 0.psi
.. ...........F

. . . . . . . . psi

. . . . . . . . . F

. . . . . . . . . lb
Stainless Steel

. . . . . . . . . ft

. . . . . . . . . ft

......... in.

. . . . . . . psig

. . . . . . . . . F

. carbon steel

36.3
14.5

2

110
750

50
750

50
1000

760,000
Type 304

120
72

1.03
32

650
ASTM A-201, GrB

Firebox - meets
requirements A-300

kw
kw

.. kw

. .. %

104,000
94,000

156,000
31.3
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Liquid Metal and Electric Generation (Cont'd.)

Sodium Temperatures ...............
Leaving Reactor................ .
Entering Reactor ..................

Sodium Flow.................... .

System Pressure Drops

Design Flow 300 Mw Operation..........
Total Pump Head at Design Flow .......
Component Head Loss at Design Flow

Check Valve and Piping to Tee .......
14-inch Piping (90%). ........... .. .

Reactor Vessel Inlet Plenum to Core. ..
Core and Axial Blanket........... .
Hold-Down Mechanism............ .
30-inch Piping ...................
IHX (Including Nozzles). .o. ...... 0. ..

lb/hr

lb/hr
. . .. ft*

. . .. ft
. . .. ft

. . .. ft

.. . .ft

. . .. ft

.. . .ft

. .. .ft

Total.................................ft

6-inch Piping 10% Flow Throttle Valve
Fully Opened.................................... ft

Inlet Plenum to Blanket ................. .................. ft

Secondary Sodium Temperature
Entering Boiler.........
Leaving Boiler...........

Secondary Sodium Flow......
Steam Pressure.......... .
Steam Temperature........
Feedwater Temperature.....
Steam Flow...............

. . . . F

lb/hr
psia

. . . . F

. . . . F

. lb/hr

......... 800

......... 550

13.2 x 106

13.2 x 106
330

14.1
9.5

13.5
254

5.5
1.0
1.9

299.5

36.0
1.9

......... 750

......... 500
13.2 x 106

600
740
340

9.6 x 105

*psi = ft x 55/144
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CORE AND BLANKET

GENERAL CONSIDERATIONS

In the design of reactor fuel elements it is usually advantageous to dilute the fission-
Lble isotope with other materials that are more or less inert. Some dilution can be achieved
)y alloying the fissionable material with another material or materials in order to achieve
greater irradiation stability. Further dilution is often required since the more dilute the fis-
;ionable isotope is in a fuel element, the greater is the fraction of that isotope that can be
:onsumed before a given amount of irradiation damage is achieved.

In a fast breeder reactor this extra dilution is ideally accomplished using U-238.
)ilution in the core with this material tends to improve the breeding because the fission of
J-238 adds essentially free neutrons to the neutron population. The location of U-238 in the
:ore places it in a region where fast fission is most likely and also where there is a high flux
)f neutrons liable to be captured in U-238, thus causing transmutation to Pu-239. The build-
ip of Pu-239 in the core is advantageous because it reduces the reactivity loss due to depletion
)f the original fuel isotope and allows some of the plutonium to be fissioned in place.

In a fast reactor, such as the Enrico Fermi Reactor, the neutron energy spectrum)eaks at a few hundred kilovolts. At these energies the microscopic fission cross section of
J-235 is only a few times greater than the microscopic absorption cross section of U-238.
Therefore, a fast reactor, regardless of size, requires a relatively highly enriched fuel to-ompensate for large core leakage and to assure sufficiently high probability of fission rela-
ive to the probability of capture by non-fissionable materials. In the range of practical reac-
or sizes, critical mass is lowest for the lowest core volume. The attainment of high power
from relatively small core volumes is economically desirable, particularly in fast reactors,
and the excellent heat removal properties of the liquid metals that can be used as coolants in
cast reactors make this possible.

The approximate variation of critical mass and conversion ratio with core volume
ind with coolant volume fraction is illustrated by Fig. 5 for a spherical reactor model with a
constant fraction of alloying and structural materials and with a standard blanket. The data
ire truly representative of only one family of reactors but indicate generally the dependence
>f some design features on the parameters selected.

ARRANGEMENT OF CORE AND BLANKET

The reactor is an assembly of 871 removable and, to a certain extent, interchangeable
snits, all assembled on a square lattice spacing of 2.693 inches, as shown in Fig. 6. A pair of
properly pierced lower support plates, which are attached to the reactor vessel, provide the
>asic definition of this lattice and support the fuel and blanket regions.

In plan, the core and upper and lower axial blankets occupy a roughly circular region
in the center of the lattice. This region includes 10 lattice positions used for operating con-
:rol and safety rods, and for the 300-Mw reactor power level, a nominal 91 lattice positions
ised for core subassemblies, a model of which is illustrated in Fig. 7. Each core sub-
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assembly, as shown in Fig. 8, comprises three basic regions: a lower axial blanket, the
fuel-bearing core region, and an upper axial blanket.

When the 91 core subassemblies are placed in their lattice positions, an approxi-
mately cylindrical fuel-containing core region is formed together with an upper and lower
axial blanket region. The core region is about 30.5 inches high with about the same diameter,
while the axial blanket regions are 18 inches high and of the same equivalent diameter as the
core.

The 48 lattice positions immediately surrounding the core region comprise the inner
radial blanket region. When these positions are filled with inner radial blanket subassemblies,
a cylindrical annular region is formed, the bottom of which is at the same elevation as the bot-
tom of the lower axial blanket and the top of which is at the same elevation as the top of the
upper axial blanket.

The neutron source will be located in the inner radial blanket region.

The next 524 lattice positions surrounding the inner radial blanket comprise the outer
radial blanket region, and when filled with outer radial blanket subassemblies, an annular re-
gion is formed whose top and bottom are at the same elevation as the top and bottom of the
inner radial blanket. Twenty-four of these lattice positions are available for use as storage
positions for core or inner radial blanket subassemblies.

Surrounding the outer radial blanket are 198 lattice positions used for steel sub-
assemblies whose purpose is to provide thermal and neutron shielding. Three of these contain
surveillance specimens to allow a study of the effects of fast neutrons on the reactor vessel
material.

The 149 central lattice positions that are used for core, inner radial blanket, and
operating control and safety rods are supplied with sodium coolant flowing upwards from a
plenum which is fed directly from the -discharge of the primary sodium pumps. Owing to the
large pressure drop across this region, through which flows about 90% of the total sodium
flow, subassemblies located in it require downward mechanical restraint in addition to their
own weight in order to prevent ejection from the lower support plates. This restraint is sup-
plied by a hold-down plate that acts on the subassemblies through the handling heads located
at their upper end.

The remaining 722 lattice positions are supplied with sodium coolant from a low pres-
sure plenum that is fed from the primary sodium pump through a throttle valve. The pressure
drop force acting on these subassemblies is less than their weight; therefore, no hold-down is
required.

Since high pressure sodium and hold-down are available, the 48 inner radial blanket
positions are suitable for occupancy by core subassemblies if this is desired in order to in-
crease the reactor power output or to facilitate reactivity management.

A system of orifices in the inner radial blanket subassemblies, and in their support
plate lattice positions, assures that a core subassembly will not become overheated if inadver-
tently placed in an inner radial blanket position, or vice versa. A combination of support
structure design and design of the mechanical handling device prevents the inadvertent loca-
tion of a core subassembly in the outer radial blanket region or an outer radial blanket sub-
assembly in the core region.

DESCRIPTION OF CORE SUBASSEMBLIES

As mentioned above, there are three active regions of a core subassembly: the fuel-
containing core region and upper and lower axial blanket regions. In order to facilitate
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handling, the three regions are mechanically incorporated into a single structure, the core
subassembly. This structure consists of the outside wrapper or can which is a square stain-
less steel tube measuring 2.646 inches on an edge and having a 0.096-inch-thick wall. To the
bottom of this can is attached a lower support section consisting of two concentric round tubes,
the outer of which fits into the lower support plate. A preset spring between the outer and
inner tubes allows for thermal expansion of the subassembly structure. A combination handling
head and hold-down contact is attached to the top of the can.

Size of Subassemblies - The outside dimensions of core and radial blanket subassem-
blies were chosen to be equal because both go through the same handling processes and be-
cause this permits geometric simplicity in matching blanket layout to core layout.

The possible future use of fuel plates instead of fuel pins established the use of square
subassembly cans. The number of subassemblies in the core and, hence, the cross sectional
area of each subassembly resulted from the interplay of a number of factors.

In order to keep the subassemblies light in weight and easy to handle, a small size
subassembly is desirable. Small size also is desirable in reducing problems of reactivity
management and in reducing the ratio of subassembly reactivity worth to the negative reactivity
of the reactor with the safety rods inserted during fuel loading. Similarly, a small subassembly
reduces the difficulty in dissipating fission product decay heat during handling of spent sub-
assemblies.

Conversely, large size is desirable because it (1) allows a reduction in the number of
handling operations, (2) simplifies ease of locating each subassembly with the handling mech-
anism, and (3) slightly reduces the amount of structural material in the core and blanket.

Consideration of all these variables indicated that, for the 300-Mw reactor, about 100
core subassemblies was a reasonable number.

Restraint of Core Subassembly Bowing - Less heat is generated at the edge of the
core than at the center due to the decreasing neutron flux; therefore, in any subassembly, the
can wall farthest from the center of the core will be cooler than the wall nearest the center.
Because the subassembly is restrained at the top by the hold-down plate and at the bottom by
the lower support plates, the forces resulting from this temperature difference would, unless
counteracted, result in compaction of the core during a power increase, thus leading to a posi-
tive power coefficient of reactivity. This undesirable effect is prevented by welding pads to
the four corners of the square subassembly can at a fixed elevation slightly above the core
horizontal centerplane.

The location of the spacer pads is shown in Fig. 8. Although the spacers touch each
other during operation, the core is not tightly packed during assembly. As'stated above, the
core is supported at the bottom by support plates and at the top by the hold-down plate. The
hold-down plate thimbles radially locate the subassemblies by acting as a socket for the
handling head on top of each one. The pitch for the spacing between the cups in the hold-down
is less than that for the lower support plate and for the subassembly pads. Therefore, when
the hold-down plate is lowered, the subassemblies are gathered to form a tight core and the
subassemblies are slightly S-shaped. This produces, on power increase, a small net expansion
of the core and a negative power coefficient of reactivity.

Fuel and Axial Blanket Details - The fuel region of each core subassembly is made up
of 144 round uranium-10 w/o molybdenum alloy pins containing -uranium enriched to 25.6% in
U-235. Each pin is clad with 5 mils of reactor grade zirconium that is metallurgically bonded
to the periphery of the fuel alloy and closed at the top and bottom with zirconium end-caps.
The overall length of the pins is 32-1/16 inches, and the outside diameter is 0.158 inches.
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The pins are maintained on a square pitch of 0.200 inch in a cartridge made of stainless steel
wires and plates, as shown in Fig. 9. This cartridge restricts the fuel pins from bowing or
warping so as not to cause undesirable reactivity fluctuations. The lower end of each pin is
fastened to the cartridge by anchor bars that are threaded through the slotted bottom end-caps.
The upper ends are free to accommodate changes in length resulting from temperature changes
and growth due to irradiation effects.

The upper and lower axial blanket regions each contain sixteen 0.415-inch diameter
U-2.75 w/o Mo alloy pins containing uranium depleted to 0.35% in U-235. The pins are en-
closed in 10-mil stainless steel tubes having an outside diameter of 0.443 inch. The radial
clearance between the uranium alloy and the tube is filled with sodium to provide a bond with
low thermal resistance. Allowance for increase in length of the alloy due to thermal expansion
and irradiation effects is provided inside the seal tube by the sodium annulus and a gas space
above the rod.

The rods are held in the subassembly and spaced around its periphery by lugged grids
at the top and bottom of each axial blanket section. The center portion of the upper and lower
axial blanket regions contains no blanket rods. This step was taken in order to ensure that no
melt-down products would remain in the lower core or lower axial blanket in the unlikely event
of a core melt-down.

DESCRIPTION OF RADIAL BLANKET SUBASSEMBLIES

There are two types of radial blanket subassemblies, internally identical but differing
in details of the support structure. These are shown in Fig. 10.

In the case of inner radial blanket subassemblies, the support structure contains a
thermal expansion accommodation spring exactly like that of the core subassemblies. The
support structure is properly sized to fit the holes in the lower support plates that are intended
for core and inner radial blanket subassemblies. The support structure contains provision for
a removable orifice needed to obtain the proper coolant flow and temperature rise.

The outer radial blanket subassemblies have a simple support structure because in
the absence of a hold-down plate, no special accommodation of thermal expansion is necessary.
The support structure for the outer radial blanket subassemblies is sized for the holes in this
region of the lower support plates. These holes are smaller than those provided for core and
inner radial blanket subassemblies.

The radial blanket rods are the same as the axial blanket rods except that they are
71.5 inches long instead of 18 inches long and have a spiral spacer wire. Further, the sub-
assembly contains a complete lattice of 25 blanket rods spaced by lugged grids instead of the
hollow lattice used in the axial blankets.

A removable orifice will be inserted into the lower support plates for each inner and
outer radial blanket position to regulate the temperature rise across the radial blankets.

FABRICATION OF CORE AND RADIAL BLANKET SUBASSEMBLIES

The fuel pin is fabricated by coextrusion of a fuel alloy slug in zirconium tubing.
During the coextrusion process a metallurgical bond is formed between the clad and the fuel
alloy. Final dimensions are obtained by cold working with a rotary swager. These operations
result in 0.158-inch diameter pins that are 12 feet or more in length. These lengths are
sheared into 30.5-inch sections, and the ends of each section are pointed by cold swaging. Each
fuel pin is then subjected to a stress relief heat treatment. Preformed zirconium caps are then
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FIG. 9 ASSEMBLY DETAIL OF FUEL SECTION
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lipped over the pointed ends and locked onto the pins by cold swaging. The bottom cap is
lotted for anchoring purposes; the top cap is not.

In the fabrication of blanket elements, alloyed ingots are reduced to cylinders by ex-
rusion or hot rolling. They are then swaged to size, cut to proper lengths, and subjected to a
tress relief heat treatment. Sodium bonding is accomplished in an inert gas atmosphere by
nserting first a slug of solid sodium and then the uranium alloy into a stainless steel tube that
s capped at one end. The temperature of the assembled element is then raised and held above
he melting point of the sodium. Subsequently, the sodium bonded blanket rod is sealed by
velding on the upper end-cap. In the case of radial blanket rods a spiral-wound spacer wire
s attached to the rod by welding its ends to the end-caps.

Square bundles of 16 axial blanket rods, which are arranged around the periphery, are
)laced in cages as the first step in the assembly of a core subassembly. One such cage is at-
ached to the bottom of the handling head and forms the upper axial blanket section. A second
.age is attached to the top of the nozzle section and forms the lower axial blanket. A cartridge
nto which 144 fuel pins have been inserted is attached to the top of the lower axial blanket
:age. The upper axial blanket section is inserted in one end of the subassembly square wrap-
>er tube and the loaded core cartridge with the lower axial blanket section is inserted into the
)ther end. One end of the tube is welded to the handling head; the other end is welded to the
ower support structure.

The radial blanket subassembly is assembled by inserting a square bundle of 25 radial
)lanket rods into t square wrapper tube. The tube is then welded to its handling head and to
.ts lower support structure.

REACTOR PERFORMANCE

Performance Data - The reactor is designed for an initial heat output of 300 Mw. Of
his total, approximately 90% is produced in the core and axial blankets, the balance being
.roduced in the radial blankets. Actually, the division of power output between the core and
he radial blankets varies slightly depending on the plutonium build-up in the blankets. When
to plutonium is present in the radial blankets, about 27 Mw or 9% of the total heat is generated
:here. This value rises to 36 Mw or 12% at an average radial blanket burnup of 0.1 weight
percent. For an average temperature rise in the core of 250 F, the sodium flow rate through
:he core and axial blankets is 12,100,000 pounds.

The characteristics summarized in Table II are based on no orificing of the core sub-
issemblies. The nominal coolant temperature rise in the hottest central core subassembly is
368 F, while at the outer edge it is 155 F.

In order to limit the central metal temperature in the innermost radial blanket sub-
.ssemblies, the average coolant temperature rise has been limited to about 180 F for maxi-

mum burnup and plutonium build-up. The orifice for a given inner radial blanket subassembly
is permanently sized for the maximum power generated in its location. A greater temperature
rise will be allowed in the outer radial blanket subassemblies by orificing them to give an
.verage temperature rise of 250 F across the entire radial blanket.

Heat Generation - The nuclear power distribution in the core was obtained from a two-
iimensional multigroup computation of the neutron flux distribution in a cylindrical reactor.
For calculation purposes, the power distribution as determined by the physics calculations was
fitted to an accurate empirical expression:
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TABLE H

CHARACTERISTICS OF CORE AND BLANKET

Subassembly dimensions, inches

Shape
Outside dimension (1)
Wall thickness
Space between subassemblies
Number of subassemblies or sections (3)

Element dimensions, inches

Shape
Clad outside diameter
Clad thickness
Uranium diameter
Uranium length
Pitch (square)
Pins or rods per subassembly

Section Composition, vol %

Uranium
Molybdenum
Zirconium
Stainless steel
Sodium

General Characteristics

Volume, cu ft
Heat transfer surface, sq ft
Uranium alloy composition
U-235 enrichment, %
Maximum/average power density
Coolant inlet temperature, F
Average coolant temperature rise, F
Average coolant outlet temperature, F
Average burnup over the section, a/o

Axial Blanket Radial Blanket
Core Section Section Section

Square
2.646
0.096
0.047

91

Round Pin
0.158
0.005
0.148

30.5
0.200

144

27.9
5.8
4.9

14.2
47.2

11.65
1378

U-10 w/o Mo
25.6

1.79
552
246
798

1.0

Design Performance (4)

Power, Mw 268.
Coolant flow rate, lb/hr 12,100,(
Maximum heat flux, Btu/hr-sq ft 1,166,(
Coolant velocity, ft/sec 31.
Ap through subassembly, psi
Maximum nominal coolant temperature, F 910
Maximum nominal outer clad tempera-

ture, F 940
Maximum nominal uranium temperature,

F 1134
Maximum coolant temperature (10), F
Maximum outer clad temperature (10), F
Maximum uranium temperature (10), F

983
1017
1235

5 (5)
000
000
2

Square
2.646
0.096
0.047

182 (2)

Round Rod
0.443
0.010
0.415

14.

32

28.3
1.5

16.7
53.5

13 (2)
394 (2)

U-2.75 w/o Mo
0.35
4.4

4 (2)
800 (upper)

0.1

Square
2.646
0.096
0.047

548

Round Rod
0.443
0.010
0.415

65.
0.483

25

44.6
2.1

18.6
34.7

161
8620

U-2.75 w/o Mo
0.35

37.4
550
250
800

0.1

4.5 (2) 36 (6)
12,100,000 1,600,000

172,000 535,000
28.4 (8)

97 (7) (8)
918 (9) 730 (9)

941 800

1023 1041
991 (9) 775 (9)

1014 862
1098 1173

Notes
(1) Does not include the spacer pads.
(2) Total for both axial blanket sections.
(3) There are 91 core, 48 inner radial blanket, and 500 outer radial blanket subassemblies.

The overall length of all subassemblies is 96-9/16 inches.
(4) Core section conditions shown are valid for maximum core power and 0% blanket burnup.

Blanket conditions are given for average power in blanket sections and 0.1 a/o average
blanket burnup. Both cannot occur simultaneously.

(5) Includes 5.5 Mw for frictional losses and gamma heating of coolant.
(6) Divided into 20 Mw for inner blanket and 16 Mw for outer blanket.
(7) Divided into 17, 13, and 67 psi, respectively, for the nozzle section, both axial blankets, and

the core section.
(8) Inner blanket subassemblies orificed for 91 psi at nominal flow. Outer blanket orificed for

10 psi at nominal flow.
(9) These are mean temperatures based on mixed coolant at the exit of the subassembly which

contains the pins or rods that may reach the maximum clad or uranium temperatures.
(10) Temperatures include a 3a- hot-channel factor, giving a 99.87% confidence that the maxi-

mum will not be exceeded.

39



Local power density = 1. 7 9 (cos r h 1 - r_2
Average power density 2 54.5/ L

where h is the axial distance in centimeters from the central plane
and r is the radial distance in centimeters from the core centerline.

The heat distribution in the hottest core pin is shown in Fig. 11. The heat distribution in the
axial and radial blankets was also obtained from a two-dimensional multigroup computation of
the neutron flux in the blankets. The heat distribution for the hottest axial and radial blanket
rods is shown in Figs. 12 and 13, respectively.

Temperature calculations - The temperatures in the hottest core pin, the hottest upper
and lower axial blanket rods, and the hottest radial blanket rod are shown in Figs. 14, 15, 16,
and 17, respectively. The physical properties of materials used are given in Table III. The
variation of properties with temperature was taken into account in all calculations. In the de-
termination of the core coolant temperature rise, a total of 5.5 Mw was allowed for frictional
losses and gamma ray heating of the coolant. Thus, only 263 Mw are generated in the fuel
alloy. For all pins and rods, the calculated coolant temperature rise is based on the assump-
tion that inside each subassembly no mixing occurs between the coolant channels associated
with each pin or rod.

The film heat transfer coefficient was calculated from an empirical equation developed
by B. Lubarsky and S. J. Kaufman in NACA Report TN - 3336:

NNu = 0.625 (NRe NPr) '4

TABLE III

PROPERTIES OF REACTOR MATERIALS

Sodium

Zirconium

Stainless steel (Type

U-10 w/o Mo alloy

U-2.75 w/o Mo alloy

Zirconium oxide

Temperature
F

550
675
800

70
800

1000

347) 70
800

1000

70
1000
1200

70
1000
1200

800

Density
lb/cu ft

'55.2
54.1
53.1

406

493

1082

1139

Thermal Conductivity
Btu/hr-ft-F

44.2
42.3
40.4

11.3
10.0

11.5
12.4

16.1
18.6

19.6
22.1

0.7 - 1.2

Specific Heat
Btu/lb-F

0.313
0.308
0.304

0.082
0.084

0.135
0.140

0.046
0.051

0.044
0.049
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Hot-Channel Factors - In the calculation of maximum temperatures, the deviations
from nominal values of physical constants, empirical correlations, and physics calculations
have been taken into account by the introduction of hot-channel factors. These factors are a
function of this reactor design and are summarized in the columns designated "F" in Tables
IV, V, and VI. The F's are used to convert each nominal AT to maximum expected AT. They
are determined for the effect of each uncertainty on each AT involved and are based on speci-
fied tolerance limits, maximum experimental errors, or on engineering judgment.

Statistical variance analysis is applied for the determination of the maximum expected
temperature increase above the nominal uranium hot spot temperature. A value of three stand-
ard deviations (3v) is assigned to each maximum expected AT deviation, equal to AT (F - 1.00),
as recorded in the (30) columns. If the effect of a given uncertainty on the various temperature
differences is not linked by causal relationship, e.g. the effect of deviations from nominal di-
mensions on the temperature differences in Table IV, the 3 values are placed on different
horizontal lines. If the effects are linked by causal relationship, e.g., maldistribution of flux in
Table IV, the 3c values are placed on th same horizontal line.

By defining E [Z (3c) ]2 as the 3c variance, the combined effect of each uncertainty on
the central uranium temperature can be calculated by the variance principles, as shown in the
last two columns of the tables. The uranium temperature deviation corresponding to three
standard deviations is obtained from the square root of the 3 variance. This value is used to
obtain the maximum uranium temperature with the hot-channel factor correction. The appli-
cation of three standard deviations in calculating the uranium maximum temperature implies a
confidence limit of 99.87%. Under these circumstances, there is a probability of only 1.3 in
1000 that any fuel pin will exceed the specified maximum temperature. By comparison, with no
hot-channel factor correction, the probability of exceeding the specified maximum temperature
is 500 in 1000.

Core Temperature Profile - The maximum uranium alloy temperature in each of the
91 core subassemblies is shown in Fig. 18. The larger number for each subassembly repre-
sents the temperature occurring at the hottest position along the fuel pin with a 3c hot-channel
factor included. The lower number is the temperature at the hottest position without a hot-
channel factor. The coolant outlet temperature for each of the 91 core subassemblies is shown
in Fig. 19.

Irradiation Effects - Because prolonged neutron irradiation increases the diameter of
the fuel pins, the sodium flow area decreases and, in turn, reduces the flow rate. This causes
an increase in the sodium temperature and, hence, in the central metal temperature. This
latter temperature increase aggravates the swelling procedure. For each subassembly loca-
tion in the core, the limiting burnup has been conservatively estimated from temperature data
and from the irradiation results presently available for U-10 w/o Mo alloy. The maximum
burnup averaged over a central core subassembly is about 0.6 a/o; for a subassembly located
at the edge of the core, the corresponding value is 1.4 a/o. As a result, an average core burn-
up of one atom per cent can be attained. One atom per cent average core burnup means that
over a long period of time, one per cent of the total irradiated fuel atoms have been fissioned.
In this definition, the total fuel atoms consist of U-235, U-238 and molybdenum.

It has been estimated that the limiting maximum local burnup in the radial blanket,
where U-2.75 w/o Mo alloy is used, is 0.5 a/o. Hence, in the inner radial blanket, where the
maximum to average heat generation ratio is about 5/1, a subassembly will be removed after
0.1 a/o average burnup. In the outer radial blanket, where the maximum to average heat gen-
eration ratio is about 2/1 in a subassembly, the average burnup can reach 0.25 a/o. Since most
of the radial blanket subassemblies operate under the latter conditions, it is expected that over
a long period of operation an average burnup of 0.2 a/o can be attained in the radial blanket.
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TABLE IV

HOT-CHANNEL FACTORS FOR URANIUM HOT SPOT IN HOTTEST FUEL PIN

Uncertainty

Maldistribution of coolant
a) To subassemblies
b) Within subassemblies

Deviation from
nominal dimensions

Maldistribution of U-235

Maldistribution of flux

Burnup in core fuel pin

Power measurement and
control

Film heat transfer
coefficient

Thermal conductivity of
zirconium oxide

Thermal conductivity of
zirconium

Thermal conductivity of
fuel alloy

Factor For
Coolant

Temp Rise
ATc=285F

F 3a

1.15 42.8

1.03 8.6

Factor For
Temp Drop
Thru Film

ATf = 41.5 F

F 3ca

1.04 1.7

Factor For
Temp Drop
Thru Oxide

Layer
ATo=15.5F

F 3a

2.00 15.5

Factor For
Temp Drop
Thru Clad

ATZr= 39.8F

F 3a

1.02 0.8

Factor For
Temp Drop
Thru Fuel

ATU = 196F

F 3a

1.02 3.9

Summary
(3a) [ E (3a)]

42.8

8.6
1.7

15.5
0.8
3.9

1.02 5.7 1.02 0.8 1.02 0.3 1.02 0.8 1.02 3.9 11.5

1.05 14.3 1.05 2.1 1.05 0.8 1.05 2.0 1.05 9.8 29.0

1.10 28.5 1.10 4.2 1.10 1.6 1.10 4.0 1.10 19.6 57.9

1.08 22.8 1.08 3.3 1.08 1.2 1.08 3.2 1.08 15.7 46.2

1.30 12.5 12.5

1.20 3.1 3.1

4.01.10 4.0

1.20 39.2 39.2

Total [Z(3a)]2
Sq root of total = 3a =

1831.8

74.0
2.9

240.3
0.6

15.2

132.3

841.0

3352.4

2134.4

156.3

9.6

16.0

1536.6
10343.4

101F

Uranium hot spot located at fuel alloy length fraction, X/L = 0.70
Maximum uranium temperature without hot-channel factors = 1134 F (50% confidence)
Maximum uranium temperature with hot-channel factors:

TU = 1134 + 34 = 1168 F (1a7=84.1 % confidence)
TU = 1134 + 68 = 1202 F (2a = 97.7 % confidence)
TU = 1134 + 101 = 1235F (3v = 99.87% confidence)



TABLE V

HOT-CHANNEL FACTORS FOR URANIUM HOT SPOT IN HOTTEST UPPER AXIAL BLANKET ROD

Uncertainty

Sodium inlet temperature

Maldistribution of coolant
a) To subassemblies
b) Within subassemblies
c) Mixing

Deviation from dimensions
a) U tolerance
b) Clad tolerance

Lack of homogeneity in
fuel alloy0n a) Molybdenum
b) U-235

Factor
For Core
Coolant

Temp Rise
AT = 360 F

F 3cr

1.19 68.4

Factor For
Coolant

Temp Rise
AT = 0

F 3cr

1.00 0.0

Factor For
Temp Rise
Thru Film
AT = 13.7 F
F 3cr

Factor For
Temp Rise
Thru Clad
AT = 12.4 F

F 3ca

1.01 0.0 1.01 0.1 1.01 0.1
1.10 1.2

1.005 0.0 1.005 0.1
1.01 0.0 1.01 0.1

1.005 0.1
1.01 0.1

Factor For
Temp Rise
Thru Bond
AT = 5.3 F
F 3cr

Factor For
Temp Rise
Thru Fuel
AT = 81.8 F
F 3c

1.01 0.1 1.01 0.8

1.005 0.0 1.005 0.4
1.01 0.1 1.01 0.8

Maldistribution of flux
a) Neutron streaming
b) Calculations
c) Plutonium build-up

Power measurement and control

Film heat transfer coefficient

Thermal conductivity of
stainless steel

Thermal conductivity of bond

Thermal conductivity of U-Mo alloy

1.20 0.0 1.20 2.7 1.20 2.5 1.20 1.1 1.20 16.4

1.08 0.0 1.08 1.1 1.08 1.0 1.08 0.4 1.08 6.5

1.30 4.1

1.05 0.6

1.25 1.3

22.7 515.3

9.0 81.0

4.1 16.8

0.6 0.4

1.3 1.7

1.20 16.4 16.4 269.0
Total E[E (3a)] 5567.0
Sq root of total = 3a = 74.6 F

Uranium hot spot located at core boundary
Maximum uranium temperature without hot-channel factors = 1023 F (50% confidence)
Maximum uranium temperature with hot-channel factors:

TU = 1023 + 25 = 1048 F (l = 84.1 % confidence)
TU = 1023 + 50 = 1073 F (20 = 97.7 % confidence)
TTT = 1023 + 75 = 1098 F (3c = 99.87 % confidence)

68.4

0.0

4678.6

0.0

1.2
1.4

0.4
1.2

1.1
1.2

0.6
1.1



TABLE VI

HOT-CHANNEL FACTORS FOR URANIUM HOT SPOT IN HOTTEST RADIAL BLANKET ROD

Uncertainty

Maldistribution of coolant
a) To subassemblies
b) Within subassemblies
c) Mixing

Deviations from nominal
dimensions
a) Uranium tolerance
b) Clad tolerance

Lack of homogeneity in
fuel alloy
a) Molybdenum
b) U-235

Maldistribution of flux

Influence of Pu build-up

Power measurement and
control

Factor For Factor For
Coolant Temp Drop

Temp Rise Thru Film
Tc= 162.3F ATf = 32.3F

F 3a F 3a

Factor For
Temp Drop
Thru Clad

ATCl = 37.4 F

F 3a

Factor For
Temp Drop
Thru Bond

ATb = 14.7 F

F 3a7

Factor For
Temp Drop
Thru Fuel

ATf = 245F

F 3a

1.00 0.0

1.01 1.6 1.01 0.3

1.005 0.8 1.005 0.2
1.01 1.6 1.01 0.3

1.20 32.5 1.20 6.5

1.12 19.5 1.12 3.9

1.08 13.0 1.08 2.6

Film heat transfer coefficient

Thermal conductivity of
stainless steel

Film conductance at bond
interfaces

Thermal conductivity of
fuel alloy

1.01 0.4
1.10 3.7

1.01 0.1 1.01 2.5

1.005 0.2 1.005 0.1
1.01 0.4 1.01 0.1

1.005 1.2
1.01 2.5

1.20 7.5 1.20 2.9 1.20 49.0

1.12 4.5 1.12 1.8 1.12 29.4

1.08 3.0 1.08 1.2 1.08 19.6

1.30 9.7

1.05 1.9

1.25 3.7

1.20 49.0

Uranium hot spot located at X/L = 0.55
Maximum uranium temperature without hot-channel factors = 1041 F (50% confidence)
Maximum uranium temperature with hot-channel factors:

TU = 1041 + 44 = 1085 F (1 = 84.1% confidence)
TU = 1041 + 88 = 1129 F (2( = 97.7% confidence)
TU = 1041 + 132 = 1173 F (3v = 99.87% confidence)

Total E [E (3a)} 17307.9
Sq root of total = 3a = 131.6 F

Summary
E(37) [Z(3a)]Z

0.0

4.9
3.7

2.5
4.9

98.4

59.1

39.4

9.7

0.0

24.0
13.7

6.3
24.0

9682.3

3492.8

1552.4

94.1

3.6

13.7

2401.0

1.9

3.7

49.0



91-SUBASSEMBLY CORE
REACTOR POWER = 300 MW
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91-SUBASSEMBLY CORE
300 MW TOTAL POWER

UPPER NUMBERS: 3(THOT-CHANNEL FACTORS
LOWER NUMBERS: NO HOT-CHANNEL FACTORS
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Because of the large flow area, swelling and, in turn, maximum burnup are of minor
importance in the axial blanket sections. Therefore, the residence time of a core subassembly
is based on the limiting burnup of its core section only.

Pressure Drop in Core and Radial Blanket - Experiments have been run on a full scale
core subassembly in a water loop. The pressure drop data have been converted to 675 F
sodium flow, using the principles of hydraulic similarity. At the nominal sodium flow rate for
maximum core power, the total pressure drop is 97 psi from a point located 2 inches down-
stream from the nozzle entrance to a point located 2 inches upstream from the handling head.
The approximate breakdown is as follows: 17 psi for the subassembly entrance and nozzle sec-
tion, 4.5 psi for the lower axial blanket section, 67 psi for the core section, 4.5 psi for the up-
per axial blanket section, and 4 psi for the subassembly exit.

A full-size radial blanket subassembly was also tested in a water loop. The pressure
drop is about 30% larger than that calculated for a smooth round pipe of the same flow area and
equivalent diameter. The orifices to be inserted in the reactor bottom support plate and in the
radial blanket subassembly nozzles will be the object of a separate test.

Coolant Mixing Properties - Hydraulic tests in which the dispersion of dye in flowing
water is measured have been run on a full-size model of a radial blanket subassembly in order
to determine the mixing properties of the flow. The measurements indicated a gross eddy dif-
fusivity of about 0.002 sq ft/sec. These limited mixing properties have been taken into account
only for the calculation of the hot-channel factors. It has been estimated that the reduction in
coolant temperature due to mixing compensates for an increase due to coolant maldistribution
within the radial blanket subassembly, and the resulting hot-channel factor was assumed to be
1.00.

In the case of the core subassembly, a test indicated a gross eddy diffusivity of about
0.001 sq ft/sec. In view of the high coolant velocity, mixing will not occur appreciably in the
core section and was not considered in the hot-channel factor calculations.
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PHYSICS

REACTOR STATICS

The nuclear characteristics of the reactor have been estimated by means of multi-
group diffusion theory. For a reactor of this size, diffusion theory has been shown to give, for
most problems, essentially the same results as more refined methods, such as transport
theory. Because the nuclear reactions are caused by neutrons with an energy spread from
about 1 key to 10 Mev and because the cross sections vary strongly with energy in this range,
a large number of neutron energy groups are required.

In calculating the critical mass, breeding ratio, and neutron balances and in estimat-
ing how these characteristics are affected by geometry or composition changes, the neutron
energy range is broken down into 10 energy groups. A one-dimensional spherical model is
used. A correction factor is applied where necessary to take account of the actual geometry.
This factor is derived from theory and from critical experiments. Radial power distributions
can be estimated by a one-dimensional cylindrical model with an assumed value of the axial
buckling.

Two-dimensional cylindrical models are used for problems where it is necessary to
consider more than one dimension, such as for power distributions and the variation of con-
trol rod reactivity with position. Two-dimensional calculations use 2 energy groups because
they would be very complex if more groups were used. Furthermore, the average spectrum in
each region is fairly well known from the 10-group, 1-dimensional calculations, and the 2-
group microscopic cross sections can be chosen accordingly in each region.

Some of the general nuclear characteristics are summarized in Table I. The critical
mass, predicted on the basis of critical experiments, is 444 kilograms of U-235 in a core
loading of 91 subassemblies. The equivalent uranium enrichment is 25.6% by weight. This en-
richment has been purposely set lower by 0.5% than that predicted necessary to go critical
with 91 clean subassemblies. There is some uncertainty in the predicted critical mass and
also an uncertainty in the amount of fuel alloy that will be contained in a subassembly because
of fabrication tolerances. The specified enrichment has been stated on the low side of the un-
certainty to assure that the reactor will contain at least 91 subassemblies at equilibrium burn-
up in order to assure the capability of generating the 300 megawatts design power.

The total breeding ratio is 1.20. Of this, 25% takes place in the core. Approximately
17% of the blanket breeding is in the axial blanket sections of core subassemblies.

Table VII shows the neutron balance of the reactor. It can be seen that 16% of the
reactor fissions occur in either U-238 or in the U-235 of the depleted blanket uranium. Ap-
proximately 10% of the core fissions are in U-238.

Table VII illustrates that a breeding ratio larger than one is made possible in a fast
reactor by the favorable effect of the large fraction of fissions in U-238 and by the small
parasitic absorption in other materials. The latter characteristic is due mainly to the high
fuel concentration in the fast reactor and the lower cross sections of other materials at the
neutron energies encountered. The average value of alpha (the ratio of capture cross section
to fission cross section) of U-235 in the fast reactor spectrum is no smaller than in a thermal
reactor. However, if Pu-239 were the fuel, alpha would be much smaller than for Pu-239 in a
thermal reactor.
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TABLE VII

NEUTRON ABSORPTION BREAKDOWN

Neutron Production Neutron Absorption

Core Blanket Total Core Blanket Total

U-235 Fission 0.836 0.023 0.859 0.330 0.009 0.339
U-238 Fission 0.088 0.053 0.141 0.035 0.021 0.056
U-235 Capture 0.066 0.002 0.068
U-238 Capture 0.120 0.354 0.474
Mo 0.019 0.011 0.030
Zr 0.002 - 0.002
SS 0.007 0.015 0.022
Na 0.001 0.001 0.002
B4C 0.001 0.001 0.002
Total 0.9241 0.0759 1.000 0.581 0.414 0.995

Neutron leakage: Core to blanket 0.342
Blanket to shield 0.005

Even with 46% sodium coolant volume, the neutron absorption in the sodium in the
core is less than 0.1%. Although the reactor contains approximately 20% structural iron and
zirconium, the neutron absorption in them is only about 2%. The limits on the amounts of these
materials that can be tolerated are set more by their effect on the neutron energy level in the
reactor rather than by their effect on neutron absorption. It is desirable to keep the neutron
energy level high in order to take advantage of the fast fission effect in U-238 and to minimize
the nonfission absorption in U-235. The importance of the latter effect can be seen from Fig.
20, which shows the variation of alpha for U-235 and Pu-239 with energy.

The majority of the parasitic neutron losses in the reactor, aside from captures in
U-235, are absorptions in molybdenum, the uranium alloying material. Approximately 3% of all
neutrons are captured in this material. Its use in the reactor is justified because of its bene-
ficial properties as an alloying material to achieve the radiation stability needed for high burnup.

The average core and blanket spectra are shown in Fig. 21 in relative flux per unit
lethargy. It can be seen from Fig. 21 that in both core and blanket, the flux in the lowest
energy group is a small fraction of the total flux. This indicates that the energy range covered
by the 10 groups is adequate for estimating the integral properties of the core and blanket.
Figure 22 shows the distribution of fissions according to the energy of the neutrons by which
they are induced. The peaking in the second group is caused by the U-238 fissions.

The power distribution in the core is shown in Fig. 23 for two extreme positions of the
control rods. The eight safety rod channels are represented by an annulus containing no poison
because the reactor will operate with the safety rods completely withdrawn. The two control
rod channels are represented by a central cylinder. Similar two-dimensional calculations
were carried out with the control rods in intermediate positions. The variation of control rod
reactivity with position was thus determined; it is shown in Fig. 24, together with its derivative.
The power distribution was plotted for the two extreme control rod positions, i.e., with the
bottom edge of the poison section at the upper edge of the core and at the central plane. That
the power distribution over the major portion of the core is only slightly affected by a change
in control rod position is shown in Fig. 23.
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The power distribution in the blanket is very much affected by plutonium build-up. At
an average inner blanket boundary position, the central plane power density is 380 watts per
cubic centimeter in a clean blanket. At 0.5% burnup, the power density increases to more than
540 watts per cubic centimeter. This increase assumes that the flux remains unperturbed.
Actually, as plutonium builds up, the fission density increases and the flux level increases.
This flux perturbing produces an additional 10% increase in blanket power density near the
core boundary. Power density contours are shown in Figs. 25 and 26 for clean and burned-up
blanket subassemblies, respectively, with no flux perturbing corrections. This change in power
density from the clean to burned-up condition will depend on blanket position. The neutron
spectrum softens with penetration into the blanket from the core boundary. Thus, the U-238
fission rate falls off faster than the U-238 capture rate and the amount of plutonium formed
for a given burnup increases. In the first row of radial blanket subassemblies, the plutonium
concentration in the central plane is about 1.5 atom per cent. This increases to about 2.8%
twelve centimeters inside the blanket. Subassemblies beyond this position are cycled or moved
on a time limitation basis rather than burnup.

The effect of neutron energy spectrum on the Pu-240 content of the bred plutonium is
illustrated by Fig. 27, which shows the ratio of the microscopic capture cross sections of
Pu-239 and U-238 as a function of neutron energy.

Owing to the inverse energy dependence of the ratio of the capture cross section of
Pu-239 to the capture cross section of U-238, a softer spectrum will result in a higher Pu-240
content. The Pu-240 content of plutonium bred in a fast reactor is much lower than that of
plutonium produced in a thermal converter for the same reason.

Ten-group adjoint fluxes have also been calculated. The relative value of the adjoint
flux depends on position in the reactor and on energy. The value at a given position and energy
is a measure of the importance of a neutron of that energy and in that position for maintaining
the chain reaction. The spatial average of the adjoint flux over the core (the importance spec-
trum in the core) is shown in Fig. 28. The importance is a decreasing function of the energy
below U-238 fission threshold because a higher energy results in a greater leakage probability
which is not completely offset by the greater average neutron yield per absorption. Above the
fission threshold of U-238, importance increases with increasing energy.

When the multigroup fluxes, adjoint fluxes, and material cross sections are known, the
danger coefficients of various materials can readily be determined by perturbation theory.
The danger coefficient of a material, at a given position, is defined as the fractional change in
reactivity resulting from the addition of a small unit quantity of the material at that position.
Danger coefficients are used mainly to determine the effect of small material additions on
critical mass, and to calculate temperature coefficients of reactivity.

The danger coefficients of several materials of interest, calculated from a spherical
reactor model, are shown in Figs. 29 and 30. The interpretation of the curves in Fig. 29 is as
follows: When the material is essentially a neutron absorber or producer, the danger coeffi-
cient is roughly proportional to the product of flux and adjoint flux because the flux determines
the number of events and the adjoint flux is a measure of their importance. This relationship
is illustrated by the behavior of the danger coefficients of U-235, Pu-239, and B-10. The
model used for calculations did not have shim rods in the center of the core. If this were the
case, the danger coefficient curves would be depressed in this vicinity.

When the material is essentially a neutron scatterer, the danger coefficient is roughly
proportional to the product of the gradients of flux and adjoint flux because the gradient of the
flux determines the net change in neutron current and the gradient of the adjoint flux is a
measure of the importance of such a change. This behavior is illustrated by the danger co-
efficient of sodium. The mixed behavior of the danger coefficient of U-238 can also be seen.
In the core U-238 acts mostly as a neutron absorber, capturing more neutrons than it produces
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by fast fission, and in the blanket it acts more as a scatterer. On a volume basis, the danger
coefficient of U-238 in the blanket is larger than that of sodium; hence, the displacement of a
certain quantity of sodium by the addition of a blanket subassembly increases the reactivity.

In addition to the reduction in leakage, elastic scattering also tends to increase the
reactivity by slowing the neutrons down toward energies of higher importance, as illustrated in
Fig. 28. On the other hand, inelastic scattering, because it involves mostly very fast neutrons,
usually decreases the reactivity by slowing neutrons down across the U-238 fission threshold.

In Table VIII, the measured and calculated danger coefficients are compared. The
comparisons are made of central and average core values.

TABLE VIII

COMPARISON OF MEASURED AND CALCULATED DANGER COEFFICIENTS

Units - cents/kg

Central Core Average

Material Exp't Calc Exp't Calc

U-235 44 43 17 16
Pu-239 73 67 26 25
U-238 -1.8 -2.1 - -0.15
Mo -3.5 -5.4 -0.41 -0.57
SS -1.3 -0.85 0.30 0.61
Na - 2.8 2.4 3.4
B-10 -590 -630 - -220

REACTOR KINETIC RELATIONSHIPS

The relationships involved in the kinetic behavior of the reactor can be illustrated by
the block diagram shown in Fig. 31. The three inputs considered are the control rod reactivity,
the coolant flow, and the inlet coolant temperature. The effects of burnup and associated fuel
growth on the reactivity are not represented in the block diagram because these processes are
too slow to have a bearing on the kinetic behavior of the reactor. Other processes, such as
sodium boiling, complete loss of coolant, and radical change in composition or geometry of the
reactor, are not covered here.

The various relations represented on the block diagram, as they pertain to the Enrico
Fermi reactor, are discussed below. Both the analytical solutions and the representation by a
simulator are discussed.

Reactivity-Power Relationship - This relationship is expressed by the well-known in-
hour equation. The important parameters in this equation are the mean neutron lifetime and
the delayed neutron fractions. The calculated value of the lifetime is about 1.5 x 10~7 seconds,
which is much smaller than the values that characterize thermal reactors.

The delayed neutron fractions from the fast fission of U-235 and U-238 are, respect-
ively, 0.0064 and 0.0157. Because of the relatively large fraction of U-238 fissions in the
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Enrico Fermi reactor for an average fission, the delayed fraction is about 0.0077. However,
the average importance of a delayed neutron is 10% less than that of a prompt neutron, as can
be seen from Fig. 32, which shows their respective spectra, and Fig. 28, which shows the im-
portance of a neutron as a function of energy. Thus, the effective delayed neutron fraction is
0.0069.

When the excess reactivity is smaller than about 92 cents or 0.0064 keff, the delayed
neutrons essentially control the kinetic behavior and the effective generation time is about 0.09
second, which is comparable to that for a thermal reactor loaded with U-235 fuel. For higher
excess reactivities, the generation time approaches the prompt neutron lifetime. The impor-
tance of neutron lifetime in determining the kinetic behavior for large volumes of excess re-
activity is illustrated by Fig. 33, which shows the asymptotic period as a function of excess re-
activity for widely different values of the lifetime, assuming a delay fraction of 0.0075.

Numerical integration of the inhour equation can be carried out for any time variation
of the excess reactivity and simple cases can be solved analytically. This equation also can be
simulated by relatively simple electric circuits.

For small amplitude sinusoidal reactivity oscillations, a transfer function can be de-
termined that gives the amplitude and phase lag of the resulting power oscillation. The trans-
fer function is plotted in Fig. 34. At low frequencies the amplitude of the power oscillation,
expressed as the fractional oscillation of power level for a given fractional oscillation of re-
activity, is very large, and the phase lag is close to 90 degrees. At higher frequencies the
amplitude decreases. The phase lag decreases also as long as the period of the oscillation is
large compared to the prompt neutron lifetime.

Power-Temperature Relationship - This relationship is described by coupled partial
linear differential equations with constant coefficients; the equations are linear only if it is as-
sumed that material properties and heat transfer coefficients are independent of temperatures.
Such equations lend themselves to analytic solution by Laplace transform techniques, and
transfer functions can be determined.

For slow power variations, the temperature distribution will not depart much from
the equilibrium distribution. For faster power variations, time lags of mixed conductive and
convective types appear which also attenuate the temperature variations. Here conductive lags
refer to those caused by the thermal resistance of materials through which heat is passing,
whereas convective lags are caused by the time required by coolant flow to transport the heat
between points of interest. The time lag is usually larger for coolant temperature than for
fuel temperature, but in parts of the blanket where heat generation is low, the heat transport
from the core by the coolant may reverse the situation. The temperature of any structure
always lags behind the temperature of the coolant with which it is in contact.

For complicated power transients, the analytical solution is difficult to carry out, and
one must resort to simulation, usually by an electrical analog. Simulators, of course, also have
practical limitations. An important feature of fast reactors that are designed for power pro-
duction is that the time lags between power and core temperatures are very small because of
high heat transfer coefficients, small fuel element size, and small heat capacity of the coolant.

Inlet Coolant Temperature - Temperature Distribution Relationship - This relation-
ship is described by the same system of equations as has just been discussed, and the solution
can be carried out in much the same way. Complicated variations can be analyzed by simula-
tion. The time lag of the coolant temperature change, which in this case is essentially of the
convective-type throughout the reactor, increases with distance from the inlet, while the mag-
nitude of the change is attenuated. Fuel temperature always lags behind that of the local cool-
ant when inlet coolant temperature is changed.

71



0.6

10-' 100
ENERGY,MEV

FIG. 32 COMPARISON OF PROMPT AND DELAYED NEUTRON SPECTRA

0.5

0.4

VZ
0.3

0.2

0.1

Np(u)= PERCENT OF PROMPT FISSION NEUTRON SPECTRUM PER UNIT LETHARGY

Nd = FRACTION OF TOTAL FISSION NEUTRONS WITH DELAYED EMISSION AT u

Np(u)

Nd

Nd

Nd

Nd

0

10-2 10



ONE DOLLAR

LARGE THERMAL REACTOR
( =1.0 X10-3 SEC)

TYPICAL FAST REACTOR
(1=1.8 x 10-7 SEC

1O-3
EXCESS REACTIVITY

FIG. 33 ASYMPTOTIC PERIOD AS A FUNCTION OF EXCESS REACTIVITY

10o

10

Nl
02
0
0

0

0
W,

10'

10-2

10-

10-'



100,000

10,000

1,000

100

al

10

0-
2  10 - 00 101 102

w, RADIANS/SEC

0

-10

-20

-30

-40

$ -50

-60

-70

-80

-90

-- 2 -- 0 -- -- - 2-- - -

PHASE

-- -- - -- - - -- -- -

10 3 10- 10 10 10 102

w, RADIANS / SEC

103 104 105 106

103 104 105 106

FIG. 34 REACTIVITY - POWER TRANSFER FUNCTION WITHOUT FEEDBACK

74

AMPLITUDE

10-3
o I



Rate of Flow-Temperature Distribution Relationship - This is described by the same
equations as before, but the coefficients are no longer constant when the rate of flow is a func-
tion of time. An analytic solution can therefore only be obtained in very special cases; how-
ever, a simulator can be adapted to handle variable flow.

Temperature Distribution- Feedback Reactivity Relationship - Fuel, coolant, and
structure temperature changes cause small variations in reactivity. The time or phase lags
between temperature and reactivity are related to the velocity of pressure wave propagation
through the different media and are usually negligible compared to the lags between power and
temperatures. Indeed, for other than extremely fast transients, which are not in the scope of
this discussion on normal kinetics, inertial and damping forces can be neglected because they
are too small to effectively separate in time the various reactivity contributions and to alter
their magnitude. Hence, only the steady state temperature-reactivity relationship is consid-
ered here.

Temperatures affect reactivity in the following ways:

1. Axial core fuel expansion reduces the fuel density, but this effect is partially com-
pensated by an increase of the core length. The negative temperature coefficient of
reactivity thus introduced depends on position and is proportional to the difference of
the fuel danger coefficient at the position under consideration and at the core edge.

2. Radial expansion of fuel pins causes a displacement of sodium. This temperature
coefficient is proportional to the local danger coefficient of sodium but of opposite
sign. It is also negative because the presence of sodium reduces neutron leakage from
the reactor.

3. Heating the sodium coolant causes it to expand and thus also introduces a negative
temperature coefficient that is proportional to the danger coefficient of sodium.

4. Radial expansion of the core will result from the design features incorporated to
eliminate subassembly bowing. The core subassemblies are in contact with each
other near the central plane. The core will expand radially on a temperature increase
according to the thermal expansion properties of stainless steel, the effect being
analogous to that of axial fuel expansion. With the present design, top structure ex-
pansion will have a negligible reactivity effect; if anything, this effect would be nega-
tive.

5. Doppler broadening of the resonances with increased temperature results in more
captures in U-238 (negative effect) and more fissions in U-235 (positive effect). Re-
cent experimental and theoretical work indicates that the net reactivity effect is ap-
proximately zero for an atomic U-238/U-235 ratio of 1. In the Enrico Fermi reactor
the ratio is about 2.9; consequently, the net Doppler effect is negative. The latest
estimate for the Doppler coefficient in this reactor is -1.6 x 10o A k/k/C at operating
temperatures.

6. Geometric changes,.such as core subassembly bowing, due to temperature gradients
can cause reactivity changes which are quite complicated in nature. As discussed in
the section on core design, the effect of bowing has been eliminated by inclusion of
spacer pads on the core subassembly cans.

None of the reactivity coefficients of the Enrico Fermi reactor is positive. All tem-
perature coefficients of reactivity have been calculated as functions of position. Isothermal
coefficients are listed in Table I. They correspond to the case in which all parts of the reactor
are at the same temperature. Combination of the power-temperature, and temperature-re-
activity relationship yields the power-reactivity relationship (constant inlet coolant tempera-
ture and full flow are assumed) or power coefficient of reactivity. This relationship is, of
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course, dependent on the nature of the transient, but in the Enrico Fermi reactor the equilib-
brium power coefficient of reactivity is 0.076 cents per magawatt, resulting in a 23-cent re-
activity change as power is changed from zero to 300 Mw. This change in reactivity (tempera-
ture override) is reduced to 15 cents if the shutdown temperature is chosen to be 600 F instead
of 550 F.

An important feature of fast. reactors is the extremely rapid reactivity response to
power changes. This rapid response is due to the circumstances that a large portion of the
negative power coefficient is the result of thermal expansion of fuel and coolant and that in
fast power reactors the temperatures of both fuel and coolant follow power changes very close-
ly since the fuel is finely divided.

REACTOR STABILITY

Two possible modes of instability will be discussed: the autocatalytic or excursion
instability and the oscillating instability.

Autocatalytic Instability - If the overall temperature coefficient of reactivity is posi-
tive, the operation of the reactor is unstable. Any departure from steady state is amplified at
an increasing rate because the period becomes shorter the more the power and tempera-
tures depart from their steady state values. Such an instability is even possible when the over-
all temperature coefficient of reactivity is negative if this coefficient contains a positive com-
ponent which has less delay than the others. Indeed, if the reactor is put on a sufficiently short
period by external action, the prompt positive coefficient becomes decisive while the relative
amplitudes of the other components are considerably reduced by their time lags.

The Enrico Fermi reactor has no positive component of the temperature coefficient
of reactivity. In particular, the subassemblies are so designed that bowing will produce a zero
rather than a positive reactivity effect. Even if the bowing coefficient were slightly positive,
its time delay would be relatively long and it would not produce instability. Any bowing which
could occur would be caused by differential heating of the square subassembly wrapper tube
and, therefore, would lag behind fuel and coolant expansions.

Oscillating Instability - Small amplitude oscillations of the total reactivity, p, will
cause oscillations of power, temperatures, and feedback reactivity, P2. The amplitude and
phase lag of p2 can be estimated for any frequency and average power level. This situation
may be visualized if one assumes that the control rod reactivity, pi, is made to oscillate. The
reactivity balance is then pi=p-p2. If at some frequency and power level, the phases of p and
p2 become identical and the amplitude of P2 is equal to or larger than that of p, the reactor
power will oscillate without any external action.

This situation was realized in the earlier version of EBR-1. It has been shown that
such an instability can be caused by a negative temperature coefficient with a large delay ad
small amplitude attenuation and that its occurrence is favored by a prompt positive tempera-
ture coefficient. Calculations indicate that such an instability will not occur in the Enrico
Fermi reactor.

Prior to full power operation, the stability of the reactor will be verified by oscillator
tests. The external reactivity, pi, will be oscillated purposely at progressively increasing
power levels. Observation of the reactor response at a given power permits the prediction of
the response at somewhat greater power.

Oscillation of the reactivity will be accomplished by two steel rods containing ec-
centrically located boron poison, which will be rotated in two of the safety rod channels.
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FUEL RELOADING CONSIDERATIONS

The control and fuel handling cycle for the Enrico Fermi reactor are based on a recog-
nition of the possibility and desirability of having a small available excess reactivity. Because
of characteristics inherent in fast reactors, the excess reactivity that must be provided in the
clean cold condition for use in attaining full power and overriding poison and burnout effects
can be rather small. Four of these inherent characteristics are:

1. Reactivity requirements for temperature override are smaller because the tempera-
ture coefficients in a fast reactor are less by a factor of 10 than those in most thermal
reactors.

2. Poisoning by fission products, including xenon and samarium, is negligible.

3. The relatively high enrichment characteristic of fast reactors results in a small re-
activity loss due to fuel burnout.

4. Because of the large conversion ratio, plutonium build-up compensates partially for
the uranium burnout. A gram of plutonium in a given position adds about 1.5 times as
much reactivity as a gram of U-235.

With the calculated temperature coefficients, 20 cents is adequate to override tem-
perature effects in attaining full power from a uniform start-up temperature of 600 F.

It is estimated that 0.01 cent per megawatt-day will be required to compensate for
reactivity losses due to fuel element burnup and growth. This corresponds to 3 cents per day
for 300 Mw power at 100% load factor. Experimental data show that the U-10 w/o Mo fuel
alloy suffers a density reduction of approximately 3% for each per cent burnup in the low burn-
up range before serious damage occurs. A change in fuel pin length and radius of 1% for each
per cent burnup was assumed in calculating the reactivity requirement of 0.01 cent per mega-
watt-day.

It was decided early in the design history of the Enrico Fermi reactor to limit the
available excess reactivity to less than 1 dollar, and about 92 cents has been chosen as the
design figure. Of the 92 cents, 20 cents are set aside for temperature override, and an allow-
ance of 30 cents is considered as the necessary control margin. Thus, during initial full power
operation, only 42 cents are available to compensate for net fuel burnup and growth. This
burnup allowance is a full order of magnitude less than that provided in most thermal power
reactors. Even with a reactivity loss as low as 3 cents per day, the reactivity lifetime of the
core is only 2 weeks at 300 Mw and 100% load factor.

The allowable residence time of the individual subassemblies is determined by the
fission damage that the fuel alloy can withstand. One per cent has been chosen as the reference
average burnup that should be attained during early operation of the plant. The allowable resi-
dence time of the subassemblies is then 12 weeks on the average and 8 weeks for subassemblies
in the highest flux region. This allowable residence time is much larger than the reactivity
lifetime corresponding to 92 cents allowable excess reactivity. Therefore, a partial reloading
of the core will be made at each shutdown.

The partial fuel replacements during a reloading period must be carefully programmed
from three standpoints:

1. To obtain a maximum useful life from each subassembly, only those subassemblies
that will have reached their maximum allowable burnup prior to the next scheduled
reloading should be removed.

2. To minimize control margin requirements, reactivity added by substitution of fresh
fuel for spent fuel must correspond closely to that lost since the last reloading.
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3. It is desirable to remove a uniform number of subassemblies during each shutdown,
particularly if the number involved is close to the maximum capacity (11 subassem-
blies) of the transfer rotor. It should be noted that with the assumptions of (1) linear-
ity of growth with burnup, (2) linearity over short times of reactivity loss with fuel
burnup, and (3) 92 cents excess reactivity, reloading must be accomplished every 2
weeks at 300 Mw whether 1% or a much higher burnup can be attained in individual
fuel subassemblies.

The number of subassemblies to be exchanged at each reloading is a function of the
burnup. With 6% burnup, only 1/6 as many subassemblies must be replaced every two weeks
as need be replaced if burnup is limited to 1%.

When an equilibrium operating schedule has been reached, some of the subassemblies
in the core will be fresh and some will be almost spent. The average core subassembly will be
one which is one-half spent or which has reached one-half of permissible burnup. For 1%
average burnup, based on present conversion ratios and critical mass data, fresh subassem-
blies must therefore be loaded so that the core contains 1.6% more fuel than would be required
for criticality if all subassemblies were clean. For 2% and 4% burnup, 3.3 and 6.6% more
U-235, respectively, are needed. The initial reactor loading will therefore consist of fewer
subassemblies than the loading during equilibrium operation. During the first 50 megawatt-
years of operation, until the first group of subassemblies has reached 1% allowable burnup,
required reactivity additions are made to compensate for burnup and growth by adding sub-
assemblies at the core edge, replacing suitably designed depleted uranium subassemblies.

Three tables and one chart have been prepared to illustrate a reloading scheme which
may be utilized. In Table IX are shown the residence times to one per cent burnup of nine
groups of subassemblies and their accompanying changes in reactivity. The nine groups of
subassemblies are identified in Fig. 35. Two of the groups are first row radial blanket sub-
assemblies; the effects of other blanket subassemblies are small and have been neglected. The

TABLE IX

SUBASSEMBLY LIFETIMES AND REACTIVITY CHANGES
FROM ZERO TO ONE PER CENT BURNUP

Subassembly Number Reactivity change,
group in group r, Mw*-yr cents

1 10 50 -3.00
2 22 54 -3.00
3 19 58 -2.85
4 8 66 -2.65
5 8 77 -2.30
6 12 80 -1.75
7 12 88 -1.20
8 20 60 +0.5 (to 0.2%

burnup)
9 28 100 +0.5 (to 0.2%

burnup)

Multiply T and reactivity change by 2, 3, and 4 for 2, 3, and 4% burnup
respectively for core subassemblies.

*Megawatts of heat.
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number of groups and the assignment of individual subassemblies to a given group has been
somewhat arbitrary and will be optimized as further calculations are made and operating ex-
perience is obtained. In particular, data shown for subassembly groups 1, 2, and 3 are un-
certain because of the influence of control rod position which varies throughout the cycle.

One proposed operating condition for the Enrico Fermi reactor at 300 Mw is full
power operation for 13 days with a shutdown for reloading on the fourteenth day. Table X
shows .pertinent data for this condition with an assumed attainable burnup of 1.5%. Subassem-
blies which are capable of residence times corresponding to between 14 and 16 weeks, will be
unloaded at 14 weeks because shutdown is not scheduled during odd weeks. A reloading sched-
ule compatible with these conditions and fulfilling the three requirements outlined above is
shown in Table XI. Thirteen shutdowns are accomplished in 26 weeks. For group 1, a new
subassembly placed in operation at the first shutdown will be removed and replaced at the
eighth shutdown, 14 weeks later; and the entire group will be replaced in 7 shutdowns. Similar-
ly for the other groups, subassemblies loaded at a given shutdown will be removed 14 to 24
weeks later, as bracketed in Table XI; and the entire group will be replaced in the several in-
tervening shutdowns. At the bottom of the table is shown the reactivity change accomplished
by each bi-weekly subassembly substitution. Very little, if any, control margin above the
available 42 cents allowed for burnup will be needed with such a uniform schedule. Unsched-
uled shutdowns will, of course, complicate such a planned procedure. Note also in Table XI
that the total number of core subassemblies removed per cycle is quite uniform, remaining
within the capacity of the transfer rotor. At the initially expected burnup of 1%, bi-weekly re-
loading requires the change of approximately 16 subassemblies per shutdown. If bi-weekly
unloading is used, the transfer rotor capacity of 11 subassemblies is inadequate, and some of
the available 24 possible fuel storage positions shown in Fig. 6 will have to be used in a man-
ner similar to the transfer rotor. A weekly cycle does not require the use of these positions.
As increased burnups are attained, revised schedules will need only to show fewer subassem-
bly removals per shutdown and the same frequency of shutdowns.
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TABLE X

SUBASSEMBLY LIFETIMES AND REACTIVITY CHANGES FOR
1.5 % BURNUP AND A 13/14 LOAD FACTOR

r, Mw-yr

75
81
87
99

116

120
132
60

100

Reactivity change Maximum Actual Reactivity
cents subassembly subassembly change

at 1.5% burnup lifetime, weeks lifetime, weeks at burnup

-4.50 14.0 14 -4.50
-4.50 15.1 14 -4.20
-4.35 16.25 16 -4.30
-4.00 18.5 18 -3.95
-3.45 21.7 20 -3.20

-2.65 22.4
-1.80 24.7
+.5 1 (to 11.2
+ .5 i( 0.2% 18.7

22
24
10
18

-2.60
-1.75
+ .5
+ .5

TABLE XI

BI-WEEKLY UNLOADING SCHEDULE FOR 300 Mw, 13/14 LOAD FACTOR,
AND 1.5 % BURNUP

Subassemblies removed per cycle

Shutdown
number

Group
1
2
3
4
5

6
7
8
9

Total core
subassemblies
per cycle

1 2 3 4 5 6 7 8 9 10 11 12 13

(2)* 1 1
(3) 3 3
(3) 2 3
(1) 1 1
0 (1) 1

2 1
3 4
2 2
1 0
1 1

(1) 1 1 1 2
(1) 1 1 1 1
0 (20) 0 0 0
0 0 (28) 0 0

1
3
2
1
1

2 (2) 1 1
3 (3) 3 3
3 2 (3) 2
1 1 1 (1)
0 1 1 1

1 1 1
1 1 1
0 (20) 0
0 0 0

1.
1
0
0

1 1
1 1
0 0
0 (28)

11 11 11

Reactivity
change per
cycle,cents 42.8 27.2 27.5 41.7 40.5 37.2 32.8 41.7 41.5 37.2 28.8 31.4 41.5

*Brackets are shown to indicate that an entire group has been cycled since the reloading pre-
viously shown in brackets
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Group

1
2
3
4
5

6
7
8
9

Number
in group

10
22
19

8
8

12
12
20
28

2
3
3
1
0

1
4
2
1

(1)

(1)
1

20
0

1
3
2
1
1

1
(1)
0
0

11 10 11 11 11 10 11 11 11 10



OPERATING CONTROL RODS AND SAFETY RODS

GENERAL DESCRIPTION

There are 10 poison control elements located in the core section of the reactor; eirht
are safety rods and two are operating control rods. The neutron absorbing material used is
boron carbide containing boron enriched in boron-10, which has a significant absorption cross
section for fast neutrons due to the B' 0 (na) 1i7 reaction. The 8 safety rods are spaced
nearly uniformly in a ring approximately 7 inches from the core vertical centerline; the two
operating control rods are 2.5 inches on either side of the core vertical centerline. During
reactor operation the safety rods are held by a latch above the top of the upper axial blanket.
The operating and shutdown positions of the safety and operating control rods are shown in
Fig. 36.

With maximum sodium coolant flow, the pressure breakdown orifices limit the flow
through the control rods to such an extent that the pressure drop across the control rods is
one psi or less. Thus, when the safety rods are in the scram position, delatched from their
drives, the lifting force on the rods caused by the drag of sodium coolant flowing past them is
not sufficient to raise them out of the core and cause an increase in reactivity. This is true
for any possible sodium coolant flow through the core.

Each of the 10 poison control elements is housed in a cylindrical guide tube, which in
turn is inserted in a square can having the same dimensions as a core subassembly. This
arrangement is shown in Fig. 37. Heat generated by a poison control element is removed by
sodium flowing from the core inlet plenum through pressure breakdown orifices attached to
the lower support plate in the bottom of the guide tube and then through the element and the
annulus formed by the element and the guide tube.

SAFETY RODS

The safety rods, each worth $1.00 of reactivity, are used to scram the reactor in the
event of unusual operating conditions. They are also inserted after normal shutdown. When a
safety rod is put into use, the sodium in the lower guide tube is forced through slots into the
area between the round guide tube and the square can and then into the pool above. Tests in
water indicate that 0.6 second is required for full insertion of a rod. Of this time, 0.2
second is required for the rod to pass through the upper blanket region and into the core.

A safety rod is composed of four sections: the dash ram, the poison section, the ex-
tension rod, and the pickup head, as shown in Fig. 38. The poison section, nearly the length of
the core, is composed of hermetically sealed stainless steel tubes containing hollow cylinders
of boron carbide in which the boron is enriched with the boron- 10 isotope and hot pressed to
approximate theoretical density. The stainless steel tubes are designed as pressure vessels
to contain a total of 2 liters of helium gas, which will be generated in each safety rod in ap-
proximately 10 years of full power generation with a 75% plant factor. In the center of the
hollow boron carbide cylinder, a thin-walled stainless steel tube is inserted as a well for the
helium. Heat generated in the boron carbide is removed by sodium flowing around the outer
stainless steel tubes.
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The dash ram, a doubly tapered piston with a 6-inch effective length, is that part of
the hydraulic shock absorber which absorbs the kinetic energy of the safety rod after its free
fall. Its entry into the dash pot slows the control rod at a constant 3g deceleration.

The extension rod is a transition piece connecting the poison section to the pickup
head. It is long enough to place the pickup head in position for handling by the offset handling
mechanism when the poison section of the control rod is fully inserted into the core. Four ad-
jacent core subassemblies must first be removed before safety rod removal from the reactor
can be accomplished. The extension rod section also contains a spring that is compressed by
the action of the drive mechanism and held in a cocked position by the drive mechanism latch.
When the latch is released, the spring gives the control rod an average 2g acceleration through
its initial 10 inches of travel. The safety rod attains a maximum velocity of 9 feet per second.

The pickup head, located at the top of the safety rod, has a small diameter at the
upper section to enable the rod drive mechanism to lift the rod during reactor operation.
The larger diameter at the lower section of the pickup head enables removal of the safety rod
by the offset handling mechanism for replacement.

OPERATING CONTROL RODS

An operating control rod consists of three sections: the poison section, the exten-
sion rod, and the pickup head, as shown in Fig. 39. The poison section, approximately 10
inches in length, consists of solid boron carbide cylinders that are hot pressed to approximate
theoretical density. The boron carbide is contained in sealed stainless steel tubes, which, as
with the safety rods, will contain the generated helium gas. However, due to a continued high
flux exposure, design pressure for the operating control rod containment tubes is based on a
helium generation of 6 liters over 10 months of service, as compared with 2 liters over 10
years for the safety rods. Void space lies above the poison section in a 14-inch length of the
containment tubes. The position of the B4 C in the tubes is maintained through the use of a
sintered micrometallic stainless steel plug installed above the B4C and held in place by a
welded collar.

The pickup head and the extension rod have functions similar to the comparable parts
of the safety rods, except that a small spring is provided at the top of the extension rod for
the positive latching of the control drive pickup mechanism. The operating control rods are
not dropped during a reactor scram; however, during reactor operation, they are moved by
a motor drive through a rack-and-pinion at a maximum linear rate of 6 inches per minute.
This speed corresponds to a change in reactivity of less than 1 cent per second for both rods
moving simultaneously.

SAFETY ROD ACTUATORS

Of electromechanical design, the safety rod drives are located on top of the shielding
plug of the reactor, as shown in Fig. 1. A photograph of a safety rod drive is shown in Fig.
40, and the details of the safety rod actuator are shown in Fig. 41. The rods are grasped by a
mechanical latch at the end of a long extension drive shaft and are raised or lowered by means
of a rack-and-pinion. The penetration of the extension drive shaft through the rotating shield
plug requires a bellows seal with a packing and seal backup to prevent radioactive sodium
vapor from entering the machinery space, as shown in Section "B" of Fig. 41. The pickup
fingers of the latch are cammed shut by action of the drive element and safety rod pickup head,
shown in Section "D''. The fingers are held in the latched position by the armature of an
electromagnet, which is located above the rotating shield plug. This is shown in Section "A".

86



STAINLESS STEEL SECTION

84C CONTAINMENT
TUBES

GUIDES

NA PASSAGES

10-
4 .

A

I"S

Ft-

PICKUP
HEAD

0

EXTENSION
ROD

fl-r

434

OVERALL LENGTH

SINTERED
STEEL

PLUG

r 4 C POISON

-4. OF POISON
AT 4. OF CORE
IN SHUT DOWN
POSITION

A

FIG. 39 OPERATING CONTROL ROD

87



r t

AA

(I

FIG. 40 SAFETY ROD DRIVE

a ri. a r

now,

a

Ad"

~ji

U
TI

Jr
r

flu 6

w

t

I

4

i

AV* a -

II

am

qM47



SECTION
THRU "C

SECTION
THRU "D

INERT GAS SEAL

BACK- UP SEAL

BELLOWS

LATCH

SHIELDING BELLOWS
SLEEVE

UPPER GUIDE

LOWERSCRAM MECHANISM
GUIDE TUBE

ACCELERATING
SPRING COCKING

TUBE

CONTROL ROD
EXTENSION

CONTROL ROD
EXTENSION TUBE

BELLOWS (PRIMARY SEAL)

AIAELERATING SECTION
SPRING THRU" B"

" i

L

SECTION
THRU "A"

)i

ELEV. II'-I" -- -

BOTTOM OF
ROTATING PLUG

ELEVATION 3-5"

(UP POSITION)

FIG. 41 SAFETY ROD ACTUATOR MECHANISM

89

]100F
Ij l

l

ELEV. 36-0"

DRIVE
SHAFT RACK

ACTUATOR

A- I MOUNTING/x BRACKET

SCRAM
MECHANISM

TOP OF
ROTATING PLUG

ELEV. 23 '-4 I 1

IB



A long extension tube passing through the drive shaft extension tube connects the camming
parts of the latch to the armature of the holding electromagnet. When the electromagnet is
deenergized, the combined weight of the armature, extension tube, and camming parts together
with the stored energy of a compression spring positively cam-open the latch fingers and re-
lease the rod. Loss of power to the holding electromagnet will scram the reactor.

The accelerating spring of the safety rod is compressed by a tube connected to and
extending down from the latch body. Thus, the rod accelerating spring is compressed by the
downward motion of the drive shaft, and in the same motion the latch fingers are cammed in-
to their pickup position over the safety rod pickup head. By energizing the holding electro-
magnet, the safety rod can be picked up and elevated with the accelerating spring in its cock-
ed position; the safety rod can be released and accelerated from any position throughout its
stroke by deenergizing the electromagnet.

The time specified for the complete release of the safety rods is 0.1 second after
initiation of a scram signal. For fully-withdrawn safety rods, the travel time through the
upper blanket region is roughly 0.2 second, making a total of approximately 0.3 second before
actual shutdown is begun.

The total time necessary to insert the 8 dollars of negative reactivity in the 8 safety
rods is about 0.6 second from the time of initiation of a scram signal.

The safety rods can be moved vertically in two ways:

1. Motor drive into or out of the core-The rods are driven from a rack-and-pinion
by a reversible 3-phase induction motor at a rate of 2 inches per minute. This rate is equiva-
lent to 1 cent of reactivity per second for 8 rods moving simultaneously.

2. Fast scram into core only-On receiving a scram signal, the holding electro-
magnet is deenergized, thereby releasing the mechanical latch. The spring-loaded rod is
then accelerated into the core at an average velocity of about 100 inches per second, which is
equivalent to a negative reactivity insertion of 25 dollars a second for 8 rods dropping simul-
taneously.

CONTROL ROD PHYSICS

The operating control rods are worth a total of $0.92 of reactivity. These rods are
used to control the reactor operating power level, to override the negative temperature re-
activity coefficient, and to compensate for net fuel burnup and fuel element growth. The re-
actor will not become critical until full withdrawal of the safety rods and partial withdrawal
of the operating control rods has been accomplished.

Though the use of poison control rods has an adverse effect on neutron economy,
the loss of neutrons is of minor importance because of the small amount of reactivity needed
to operate the reactor. After data are received from the critical experiment, the boron- 10
enrichment of the poison material will be specified to provide $1.00 per safety rod and $0.92
in the stroke of both operating control rods working together.

OSCILLATOR ROD

The oscillator rods make possible a small-amplitude sinusodal variation of reacti-
vity (of adjustable frequency) for experimental studies of the dynamics of the reactor during
the preoperational test period. It is not used during normal operation. Each oscillator rod
is a rotating control rod having an eccentric boron carbide poison cartridge, as shown in
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Fig. 42. Such a rod can be placed in any safety channel. In order to achieve the necessary
changes in reactivity, a pair of oscillator rods will be used; each rod will contribute about 3
cents peak-to-peak reactivity change. The oscillator rods are rotated by drive shafts, termi-
nating at the top of the hold-down actuator.

The drive shaft can be disconnected manually from the poison section to permit fuel
handling. The poison section and its bearing carrier can be removed from the reactor and re-
placed by means of the fuel handling system. Hydrodynamic radial and thrust bearings are
made from specially hardened materials and are designed to operate dry and/or in sodium.
They are mounted in a bearing carrier that is a part of the driving mechanism and can be re-
moved from the reactor. It is expected that about 100 kw of heat will be generated in the
boron carbide when the reactor output is 300 Mw. This heat and the heat generated in the
structural steel will be removed by sodium flowing through the guide tube, through and around
the rod, and around the shaft.

The speed of the oscillator rods is adjustable between 0.06 and 600 rpm. The rods
are rotated by a mechanical variable-speed drive having an integrally mounted 1.5-horsepower
motor. Phase relationship between the two rods will be optimized experimentally by changing
a mechanical adjustment on the drive pulleys while rotating the assembly.

Positional information will be transmitted by a pair of sine potentiometers. One of
these is connected directly to the oscillator rod drive shafts; the other is coupled to the drive
shaft through a set of differential gears so that the phase relationship of the two potentiometers
can be changed by energizing a servo-motor. The reactor flux signal is fed to the latter.
When outputs of the two potentiometers are nulled by operating the servo-motor, the phase
displacement of the differential is equal to the phase angle between input Ak and reactor power.
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REACTOR VESSEL AND ROTATING PLUG

GENERAL DESCRIPTION

The reactor vessel and rotating plug are shown in Figs. 1, 43, 44, and 45. Exterior
and interior photographs of the reactor vessel are shown in Figs. 46 and 47, respectively. Core
and blanket subassemblies are housed within the lower reactor vessel and are cooled by sodi-
um that flows from the bottom of the lower reactor, through the subassemblies, and up into the
upper reactor vessel, which serves as a mixing pool. The upper reactor vessel will be oper-
ated at approximately atmospheric pressure with an inert gas atmosphere above the sodium.

The upper reactor vessel houses the core hold-down device and the offset fuel handl-
ing mechamism. The hold-down device, consisting of the hold-down plate, alignment spider,
hold-down column and drive mechanism, will maintain radial alignment of the upper ends of the
core subassemblies, hold the subassemblies down against uplift resulting from sodium flowing
up through the subassemblies, and provide guidance for the control rod drives.

The offset handling mechanism, in conjunction with the rotating plug, will be used to
remove spent fuel and blanket subassemblies from the reactor vessel and deposit them in
finned pots in the transfer rotor container. Each subassembly in its finned pot will then be
placed by the transfer rotor under the exit port through which the elements are raised verti-
cally into a self-propelled transfer cask car that is equipped with a vertically actuated gripper
mechanism located in and included as a part of the car. Fresh subassemblies are installed in
the reactor by reversing this process.

This method of fuel handling requires the upper reactor vessel to be larger than the
lower one and to be offset from it. The transfer rotor container provides for additional lateral
displacement of the subassemblies to that they can be removed through an exit port which is
separate from the rotating plug.

The rotating plug is located at the top of the reactor vessel, with both the hold-down
device and the offset handling mechanism mounted eccentrically on it. When the plug is rotated
the hold-down device is swung away from the core as the handling mechanism is swung over
the core.

The vessel was fabricated with the centerlines of the plug container and lower reactor
vessel concentric within 40 mils in order to assure (1) alignment of the rotating plug with the
core, (2) hold-down alignment during operation, and (3) offset handling mechanism alignment
during refueling. Final alignment of the plug with the core will be achieved by making use of
the lateral installation adjustment provided for the support plates and the rotating plug adapter
ring.

PRIMARY SHIELD TANK

The entire reactor vessel is enclosed in the primary shield tank shown in Fig. 43.
This is an all-welded carbon steel vessel which is basically a flat bottomed, right circular cyl-
inder that is capped by the hemispherical machinery dome. The main function of the primary
shield tank is to act as a standpipe for secondary containment of molten sodium in the event of
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a leak in the reactor vessel or associated piping. The primary shield tank is filled with a neu-
tron shield consisting of borated graphite and plain graphite blocks stacked in a dense lattice
around the upper and lower reactor vessels. The void space in the primary shield tank is kept
sufficiently small so that in the event of a leak in the reactor vessel, the sodium coolant level
will not drop below the center line of the 30-inch outlet pipe. This provision insures continua-
tion of sodium circulation, either under pump operation or by natural convection, and would
provide cooling for the reactor core during such an emergency. The void spaces in the tank
are normally filled with a low pressure inert gas to preclude the entry of oxygen into the re-
actor vessel, thereby avoiding a sodium-oxygen reaction in case of a leak. The bottom section
of the tank, shown in Fig. 48, is a flat, reinforced heat that serves as a base for the reactor
vessel supports.

LOWER REACTOR VESSEL

The lower reactor vessel is 9.5 feet in diameter. A cross-sectional view of the ar-
rangement of core and blanket subassemblies, control rod guide tubes, thermal shield bars,
and thermal shielding in this vessel is shown in Fig. 6. Each subassembly has an 18-inch-long
nozzle attached to the bottom end for insertion into the two support plates. These support
plates are each 2 inches thick and are spaced 14 inches apart by ribs welded to the plates, as
shown in Figs. 44, 49, 50, and 51. The center section, supporting the core subassemblies, is
removable. Clearances between the nozzles and the plates, including tolerances, will be on the
order of 5 mils. This will limit the misalignment to approximately 50 mils at the handling lug
at the top of the subassemblies before engagement of the hold-down. The support plates rest
on the ledger ring and seal rail, as shown in Figs. 49 and 52.

The transition section, connecting the lower reactor vessel, the upper reactor vessel
and the transfer rotor container, consists of a flat head with vertical ribs and a deck-plate, as
shown in Figs. 43 and 53. Brackets for the reactor vessel supports are welded under the tran-
sition section in line with the ribs. Flexplate support columns, which are 2-inch-thick plates
that are 7 feet high, shown in Fig. 43, are used in order to allow for thermal expansion of the
reactor vessel and are oriented so as to hold the center line of the upper reactor vessel fixed.

MELT-DOWN SECTION

Special design features have been incorporated into the lower reactor vessel to pro-
vide for safe containment of molten fuel in the highly unlikely event of a melt-down of the core.
Details of the melt-down section are shown in Fig. 54.

The primary melt-down section is located in the core section inlet plenum. The di-
mensions are such that a melt-down section in the shape of a flat circular slab 7 feet in diam-
eter can be accommodated. With complete melt-down of the core, the thickness of the molten
material in this region would be about 1.25 inches. This large surface area would satisfy the
requirements of subcriticality and best possible heat removal conditions. The section consists
of a pot made of a 1/8-inch-thick zirconium liner bolted to the top of the 0.5-inch-thick plate of
the assembly of stainless steel baffle and shield plates in the lower head.

Another feature shown in Fig. 54 is the conical flow guide. This will serve to direct
coolant flow during normal operation; and in case of a melt-down, will disperse the molten fuel
as it enters the plenum, tending to prevent a pile-up of fuel in the center of the melt-down sec-
tion.

The secondary melt-down section is located immediately below the bottom head of the
lower reactor vessel and follows the contour of the head. This section consists of a layer of
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6-inch cubes of 5% borated graphite bonded together with boron-containing cement to form a
crucible capable of containing molten uranium. The graphite crucible is supported by a 0.25-
inch-thick steel head hung from the reactor vessel support brackets.

COOLANT FLOW

Coolant is supplied to the high pressure plenum through three 14-inch nozzles at a
pressure of 110 psi. It flows upward through the square opening in the support structure to the
subassemblies in the core and first row of the radial blanket. This can be seen in Figs. 43 and
54.

Coolant is also supplied at low pressure through three 6-inch nozzles to the manifold
in the support structure and flows back and forth upward through the shielding plates in this
structure to the radial blanket subassemblies, as shown in Fig. 43. Pressure in the manifold
will be maintained below 20 psi to prevent the blanket subassemblies from being lifted out of the
support plates.

HOLD-DOWN DEVICE

Each subassembly that is supplied coolant from the high pressure plenum must be
prevented from being lifted by the coolant flow. Hold-down is accomplished by holding the
handling lug of each subassembly with a finger attached to the hold-down plate, as shown in
Figs. 55 and 56. This compresses a spring in each subassembly nozzle, which holds the sub-
assembly firmly against the finger and provides for the expansion of the subassembly.

Alignment of the hold-down device is maintained by the 3-arm alignment spider shown
in Figs. 55 and 57. When the hold-down device is lowered into place, sockets attached at the
lower end of the arms in radial keyways in the arms are positioned on the spherical tops of the
hold-down support columns. These columns are supported and aligned at the bottom by the
subassembly support plates and at the top by brackets attached to the lower reactor vessel
inner shielding assembly.

Each guide tube for the control rods has an upper matching section in the lower hold-
down column which, when in place, forms the complete channel for the control rod and control
rod actuator.

HOLD-DOWN ACTUATOR

The hold-down actuator is shown in Fig. 58. Its primary function is to deliver a force
to the hold-down plate sufficient to resist the force resulting from the coolant pressure drop in
the core subassemblies and the force of the springs in the lower nozzles of these subassem-
blies.

The power train runs from the motor through a double worm gear reducer, idler and
main drive pinion to the ring gear. The ring gear synchronizes the remaining two ball screws
with the main drive ball screw. The force is then transmitted through the spring plate assem-
bly to three actuator shafts and through these shafts to the triangular drum which is fastened to
the actuator column. The hold-down plate is mounted on the lower end of the column (elevation
58.00"). The hold-down plate must be raised 9 inches after reactor shutdown before the shield
plug can be rotated for fuel handling. The actuator column contains two shielding areas; 42
inches of stainless steel and 83 inches of a powdered mixture of iron, carbon and boron car.-
bide. The control rod drive mechanisms are mounted on a flange at the top of the structural
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housing, and the drive rods pass through penetrations in the actuator column. Thermocouple
leads from the core outlet area also pass through the actuator column.

ROTATING SHIELD PLUG

The rotating shield plug, shown in Figs. 59 and 60, serves as an integral part of the
biological shield and as a part of the subassembly handling equipment. It consists of a 1-1/32-
inch-thick stainless steel shell containing layers of shielding materials and insulation. The
shielding materials consist of 18 inches of stainless steel, approximately 6 feet of graphite of
which about 20% is borated to 1.5 a/o, and 2 feet of carbon steel. The plug has a 12-inch-thick
carbon steel cover plate, shown in Figs. 61 and 62, that carries the hold-down assembly and the
offset handling equipment. The deflection of the cover plate is limited to 15 mils in order to
insure that the offset handling mechanism is vertical to within 0.5 minute. The 120-ton dead-
weight load of the plug is transmitted to the reactor vessel plug container flange through the
load carrying ring and the ball bearing assembly shown in Fig. 63. The plug gear is integral
with the load carrying ring. The intermediate race of the double-row ball bearing provides for
differential thermal expansion between the carbon steel load carrying ring and the stainless
steel plug container flange. The ball bearings and races are designed to use molybdenum disul-
phide as a lubricant. The seal between the rotating plug and the plug container is achieved with
a liquid NaK dip seal, backed up with a mechanical seal. Provisions are made for cold trapping
and determining liquid level to minimize maintenance of the dip seal. All bolted covers and
flanges are sealed with rubber "0" rings and gaskets.

The 18 inches of stainless steel shielding consist of thin plates located at the bottom
of the plug, above which are 7 layers of graphite blocks, 2 inches square by 10.5 inches high,
canned in carbon steel. The upper layer of cans as well as those adjacent to the hold-down
column penetration contain borated graphite. Each layer is supported by a 2-inch-thick carbon
steel plate. Spaces between the cans and the penetrations of the plug are filled with cast boron
(1 to 11 %) steel; other voids are filled with plain carbon steel. The remaining plug shielding
consists of six 2-inch-thick carbon steel plates located above the cans. A 12-inch-thick layer
of canned stainless steel wool insulation packed to a density of 20 lb/cu ft is placed between the
top carbon steel plate and the plug cover plate. Two steps are used in the plug skirt and in all
plug penetrations to prevent neutron streaming.

A 3-inch hole is provided through the center of the plug for alignment purposes, and
three 5-inch holes are provided for removing the lower guide tubes. The area below these
holes that can be reached by rotating the plug is shown in Fig. 64. All 4 holes will be plugged
with shielding material during plant operation.

REACTOR VESSEL SHIELDING

The interior of the lower reactor vessel contains a 12-inch stainless steel thermal
shield whose purpose is to attenuate high energy neutrons in order to minimize radiation dam-
age to the vessel. The shielding was designed to limit the irradiation of the vessel wall to an
nvt of 2.5 x 1021 equivalent of 0.1 Mev neutrons. Recent information indicates no serious ef-
fects on stainless steel at an nvt of 2.5 x 1022, thus providing a safety factor of about ten. The
shielding also attenuates the gamma flux emerging from the blanket, thereby reducing heat
generation within the vessel walls and in the external borated graphite layer. As shown in Fig.
6, part of this shield will be in the form of stainless steel shield bars that fit into the same
grid structure as the blanket subassemblies. Two rows of these bars will completely surround
the blanket, forming a layer about 5 inches thick. The remaining part of the thermal shield
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consists of several layers of cylindrical plate sections mounted concentrically with the vessel
wall. Including the vessel wall, the thickness of this part of the shield is 7.5 inches. Sodium
coolant flowing between the inner layers will remove the heat generated due to radiation attenu-
ation.

Outside the vessel, a graphite shield will reduce the neutron intensities escaping from
the primary shield tank to a level such that there will be no significant heating of the secondary
concrete shield wall and other concrete areas due to neutron capture within the concrete. This
graphite shield is designed to cause the greater part of the heat generated within it to flow back
into the reactor vessel and be carried away by the sodium. This is accomplished by placing
next to the vessel 6 inches of borated graphite followed by an insulating layer. The fraction of
the heat generated in the remaining graphite shielding is removed from the primary shield tank
by the reactor compartment cooling system.

The stainless steel thermal shield and the graphite, together with the blanket, form the
primary shield system and attenuate the core leakage neutrons by a factor of approximately
107. It is totally contained within the primary shield tank. The primary shield system for the
upper reactor vessel consists of a similar arrangement of stainless steel thermal shielding 6
inches thick within the vessel and layers of graphite outside the vessel.

MECHANICAL INTEGRITY

Integrity of the reactor vessel is assured by conservative design, high quality fabrica-
tion, rigid inspection, and strength and performance tests. The vessel is built in accordance
with Section VIII of the ASME Boiler and Pressure Vessel Code as modified by all applicable
Code Cases, such as Code Case 1234. Radiation damage of the material is prevented by the in-
ternal shielding; nevertheless, a continual check on the material properties will be maintained
by specimens inserted into the vessel through surveillance tubes. All plates have been ultra-
sonically tested to eliminate internal material defects; liquid penetrant tests and radiographs
were made of the welds. A code stamp was affixed to the vessel on completing satisfactory
hydrostatic pressure tests, and gastightness was verified by a vacuum test. The mechanical
and hydraulic operation of the reactor will be evaluated during tests with hot gas and sodium
prior to start-up.

THERMAL STRESSES

Steady state thermal stresses are minimized by using thin sections and by shielding
the structural material to reduce the internal heat generated by radiation. Coolant flowing be-
tween the layers of shielding removes this heat.

The internal shielding also acts as a thermal baffle to attenuate the shock of thermal
transients on the reactor vessel wall. In the lower reactor vessel, this baffle consists of thin
plates adjacent to the vessel wall, as shown in Fig. 6. In the upper reactor vessel, the thermal
baffle is the inner part of the shielding and contains stagnant sodium. The mixing obtained in
the inlet plenums and in the upper reactor vessel pool and the heat capacity of the large amount
of steel shielding further reduces the thermal shock.

The operating conditions likely to produce the greatest thermal shock in the reactor
vessel are (1) reactor scram from full power with all pumps running, which can cause a tran-
sient of 530 F/sec for a AT of 260 F on the hot side of the primary system and (2) reactor
scram following the loss of feedwater flow, which can cause an increase of 20F/sec for a AT of
180 F in the inlet sodium temperature.
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The first transient primarily affects the region of the upper reactor vessel pool. The
hold-down plate assembly, which is directly in the core outlet stream, is baffled, as shown in
Fig. 55, in order to attentate this transient. The transient at the outlet nozzles and beyond is
no greater than 16F/sec when the mixing coefficient is about 80%. These nozzles are also
baffled.

The second transient affects the reactor vessel inlets and is not as severe as that at
the outlet. Furthermore, mixing is provided in the inlet plenum so that the transient is mark-
edly reduced beyond the nozzle. Thermal baffling is provided for the entire inlet plenum as
well as for the nozzles, as shown in Fig. 54.

MISCELLANEOUS

The temperature at various points in the reactor vessel and its contiguous structures
will be monitored by thermocouples that will be located as follows:

Reactor vessel wall, inlet and outlet nozzles, inlet and outlet piping, high temperature
shielding, fuel support plates, about one-third of the core subassembly outlets, about
one- sixth of the first row blanket subassembly outlets, 15 radial blanket subassembly
outlets, 2 of the possible fuel storage positions, hold-down plate and structure, each
control rod guide tube, thermalizing and absorbing material in the primary shield
tank, flexplate supports, neutron counter chambers, transfer rotor container, and pri-
mary shield tank walls and bottom support base. Thermocouples will also be used to
measure the temperature of the sodium pool in the upper reactor vessel and the tem-
perature of the gas above this pool.

Tubular, resistance-type electric heaters with a total capacity of about 1200 kw are
provided. They can heat the reactor vessel to 400 F in 72 hours prior to filling with sodium.
They are more than adequate to keep the vessel containing sodium above 208 F.

A removable orifice will be inserted into the lower support plate for each radial
blanket subassembly. Orifices will be used to obtain proper flow in the control rod guide tubes
and in the thermal shielding. Provisions have been made so that orificing can be added to the
fuel subassembly inlets. Orifice retaining rings can be seen in the lower support plate shown
in Fig. 49.
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MECHANICAL HANDLING

GENERAL DESCRIPTION

The subassembly handling equipment is used to remove radioactive core and blanket
subassemblies from the reactor and to replace them with fresh subassemblies. After removal
from the reactor, spent subassemblies are transferred by cask car to a decay area to permit
U-237 and the general level of fission product radioactivity to decay to a suitable level for sub-
sequent reprocessing. They are then transferred to the disassembly and shipping facility for
shipment to a fuel or a blanket reprocessing plant. Fresh subassemblies are also transferred
by the cask car from plant storage to the reactor. The over-all arrangement of the handling
equipment is shown in Fig. 1.

Components of the primary handling system are located above and immediately adja-
cent to the reactor. The equipment consists of the offset handling mechanism, the rotating
shield plug and drive, and the transfer rotor. Motions of the plug and offset handling mecha-
nism enable withdrawal of subassemblies from any position in the reactor lattice and placement
into the transfer rotor. The transfer rotor provides storage space under sodium during the
period immediately after removal from the reactor when heat release is at its highest. Subas-
semblies will remain in the rotor between fuel transfer periods and will be transferred from
the sodium to the cask car while charging the reactor with fresh fuel. This arrangement mini-
mizes the reactor shutdown time required to transfer fuel. Provision is also being made for
storage of 24 core or inner row radial blanket subassemblies in the outer edge of the radial
blanket, as shown in Fig. 6, should it be desirable to unload more than 11 core subassemblies
at any one time.

A decay period of at least 6 months is required before the internal heat generation of
irradiated fuel subassemblies will have reduced sufficiently to allow handling them without re-
moval from liquid or forced gas cooling. All subassemblies are, therefore, transferred to and
from the reactor in sodium-filled pots that are essentially finned tube heat exchangers. The
pots, which have a greater heat transfer efficiency than the bare subassembly, enable the decay
heat to be dissipated to the inert gas atmosphere of the transfer chamber. Even with this great-
er heat transfer efficiency, a waiting period of several hours after reactor shutdown is still re-
quired before the subassembly in the pot can be removed from the reactor sodium pool. The
storage capacity provided in the transfer rotor permits the necessary decay of radioactivity to
take place while the reactor is running. Therefore, immediately after the reactor is shut down,
subassemblies can be removed because they were removed from the reactor core during the
prior shutdown and stored in the transfer rotor. The finned pots and the transfer rotor, by pro-
viding adequate heat transfer and storage space requirements, greatly simplify heat transfer
problems in connection with unloading.

Between 10 and 20 hours of plant shutdown time per outage is chargeable to fuel load-
ing operations. Of this, approximately 5 to 10 hours will be required to shut down from and
return to full power. The eventual time required will depend on the method of programming
subassembly removals and fuel burnup, as well as relative frequency of recharging and, hence,
the number of subassemblies to be handled after shutdown. The reactor will be charged with
fuel at intervals depending on the amount of control available and required. Some blanket
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subassemblies will be discharged along with core subassemblies, while others will be dis-
charged at less frequent intervals, possibly every 2 to 6 months.

OFFSET HANDLING MECHANISM

A drawing of the offset handling mechanism is shown in Fig. 65, and a photograph of
this mechanism on a test stand is shown in Fig. 66. This mechanism is so designed that no
hazard will result due to equipment malfunction. The design requirements are outlined below.

Control and Position Indication - The offset handling mechanism is controlled by a
semiautomatic system that provides positional accuracy of 0.1 degree azimuth and constant
position indication of angular orientation and elevation. The latch lock and unlock motions are
positively known through actuation of limit switches. All motions are interlocked so that no
motion can be started until the preceding motion has been successfully completed. The inter-
lock feature is incorporated into the design in order to avoid damage to the equipment.

Mechanical Design - A locking worm is provided in the vertical drive so that the
crane will stop and remain in position in the event of power failure. The gripper mechanism is
a positive action device with the latch and delatch actions accomplished by direct action of a
probe-actuated cam member in contact with the subassembly handling lug. As the handling
mechanism moves downward over the subassembly to be gripped, the latch-cam probe contacts
the top of the subassembly handling lug, and its downward movement is stopped. The handling
mechanism continues downward until the relative position of the handling mechanism and grip-
per cams is such that the fingers have been cammed to the closed position. Knowledge of this
action is carried through the probe extension, which trips a switch to stop the downward travel
of the handling mechanism. A spring-loaded plate locks the prode rod in the up position, fixing
the relationship of the gripper fingers and cam member in the locked position. Actuation of the
various members is indicated at the control panel. Each motion must be completed before the
handling mechanism can proceed with the withdrawal motion.

The gripper fingers cannot be released in the carry position; it is necessary to seat
the subassembly at the proper elevation to actuate the solenoid-operated lock release tab. The
action of lifting the handling mechanism then causes the gripper fingers to be cammed to the
open position; and as the handling mechanism raises, the subassembly is released and remains
in its proper position in the reactor.

Because core and blanket subassemblies are square, they must be oriented in angular
position in order to insert them into the reactor. To keep the offset handling mechanism grip-
per design as simple as possible, provision for orienting subassemblies is designed into the
subassembly rather than providing for rotation of the gripper head. The self-orientation fea-
ture of the subassembly consists of specially designed cams located at the top and bottom of
the subassembly. These cams, shown in Fig. 8, serve to rotate a misoriented subassembly
into proper angular alingment for insertion into the reactor.

The offset handling mechanism is designed for dual speed operation when lowering
subassemblies into position in the reactor. Normally the reactor is at least 8 dollars subcrit-
ical during loading operations, but, as a safety measure, the offset handling mechanism is
automatically slowed down from 20 feet per minute to 1 foot per minute as the fuel portion of
the subassembly enters the reactor core. This lower rate is equivalent to the addition of less
than 1 cent of reactivity per second for a central core subassembly. If the reactor should ap-
proach criticality as the core subassembly is lowered, the offset handling mechanism will auto-
matically and smoothly reverse, withdrawing the fuel subassembly from the reactor at the
higher rate of 20 feet per minute.
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TRANSFER ROTOR ASSEMBLY

The transfer rotor assembly is shown in Fig. 67. This component consists of a rotary
drive unit with proper indexing equipment, a vertical drive shaft to provide the rotary motions,
and a large rotating disc at the bottom of a long actuator shaft in which the finned pots contain-
ing the subassemblies will be stored. The device will serve a twofold purpose. First the rotor
disc will provide temporary storage for 11 irradiated core subassemblies between unloadings.
Second, the rotor will divert subassemblies horizontally out from under the rotating plug and
offset handling mechanism so that they can be raised vertically upward into a cask car.

CASK CAR

The general arrangement of the transfer cask car showing some of the design details
is shown in Figs. 68 and 69.

The cask car is equipped with a cable-actuated gripper mechanism and rotor plate to
remove and transport several subassemblies at a time. As shown in Fig. 1, the car will be po-
sitioned over the transfer rotor exit port and sealed to the exit port. Finned pots containing
spent subassemblies will be withdrawn from the transfer rotor in the reactor and fresh fuel in-
troduced through the exit tube. Spent subassemblies will be stored in the cask car rotor plate,
and heat from the subassemblies and finned pots will be transferred to an inert gas atmosphere,
which will be circulated through an external heat exchanger integral with the cask car. The
heat is rejected to the surrounding atmosphere.

The equipment door will be interlocked with the reactor control system so that the
door cannot be opened until the reactor is completely shut down and the safety control rods
have been delatched from the drive extensions, thus preventing inadvertent start-up of the re-
actor. The fuel handling mechanisms will also be inoperative when the equipment door is open.

LOADING AND UNLOADING PROCEDURE

The various steps required during one complete cycle of core or blanket loading and
unloading are as follows:

1. Reduce reactor power to zero by appropriate action of control system and scram
when power level is very low.

2. Reduce sodium flow through reactor to a point where hydralic forces on fuel sub-
assemblies and control rod guide tubes will be well below that required to unseat them.

3. Unlatch safety and operating control rods from actuator rods.

4. Raise hold-down plate to a point where all structures under the hold-down plate are
clear of the top of subassemblies.

5. Raise all control and safety rod actuators until they are clear of the tops of all
subassemblies.

6. Rotate the transfer rotor to position subassemblies in their pots, one at a time,
under the cable actuated gripper mechanism of the cask car. Withdraw all subassemblies from
the rotor up into the cask car.

7. Return a pot with a fresh subassembly each ime a subassembly is removed from
the rotor. Lower each pot containing new subassemblies into all but one of the positions in the
rotor with the cable actuated gripper.
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8. Rotate the plug and offset handling mechanism to position the gripper over the
core or radial blanket subassembly to be removed.

9. Lower the gripper, grasp subassembly, and withdraw from the reactor lattice.

10. Rotate the plug and offset handling mechanism to position subassembly over the
empty receptacle in the transfer rotor.

11. Lower the subassembly into the empty pot in the transfer rotor.

12. Raise the gripper of the offset handling mechanism and rotate the transfer rotor

to put the next pot with a fresh subassembly under the gripper.

13. Lower the gripper of the offset handling mechanism into the pot and pick up the
fresh subassembly.

14. Lift the subassembly to the carry position and rotate the plug and handling mech-
anism to place the subassembly over the empty hole in the reactor lattice.

15. Lower the subassembly into the reactor. The offset handling mechanism will
automatically reduce the rate of core subassembly insertion to 1 foot per minute as the sub-
assembly moves into its final position. Delatch the gripper fingers and leave the subassembly
in place as the offset handling mechanism is raised.

16. Repeat the above procedure until all fresh subassemblies have been moved into
the reactor and all spent subassemblies being replaced are in the transfer rotor for decay.
During the following shutdown, they will be removed and transported to the decay storage area.

After all the subassemblies have been transferred, the procedure for returning the
reactor to operation is as follows:

1. Retract the offset handling mechanism and rotate to storage position.

2. Lower the hold-down device (about 5 inches) until the straight section of each of the
3 lower alingment pins is just beginning to engage.

3. Lower all control rod actuators until they engage the control rods and align the
lower control rod guide tubes.

4. Lower the hold-down device down to the reactor operating position.

5. Actuate latches of the control rod actuators to couple all control rods.

6. Carry out nuclear start-up procedure.

DECAY STORAGE FACILITY

Spent fuel subassemblies will be transported by the cask car to the decay storage fa-
cility, shown in Figs. 70 and 71, where they are discharged into a storage and transfer ma-
chine. They are then transferred to a steam cleaning chamber where residual sodium will be
removed. The subassembly is then discharged into a water transfer tunnel through which it is
transported to the cut-up pool.

From the cut-up pool, the majority of the subassemblies will be transported through a
connecting water tunnel to the decay storage pool where they will decay for a period of at least
6 months. A selected few subassemblies may be disassembled immediately in the cut-up pool
as they come from the cleaning chamber to verify predicted burnup and to obtain other perti-
nent information. Examinations in the pool will be of a preliminary nature designed to get
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information as quickly as possible. The fuel parts and any other pieces requiring detailed ex-
aminations will be sent to laboratories off site.

After the required decay period, subassemblies will be sent off site to a chemical re-
processing facility. Prior to shipping, all subassemblies will be returned to the cut-up pool
from the decay pool and will be cut into the smallest lengths possible without cutting uranium
in order to reduce the size of the shipping casks.

The decay storage facility has been designed to prevent any hazard due to criticality.
Fuel subassemblies will be stored on positively maintained 14-inch centers. Calculations show
an 8-inch spacing to be subcritical for reference design subassemblies stored in water; there-
fore, 14-inch spacing provides a large factor of safety. At this spacing there is essentially no
interaction between adjacent subassemblies; and the reactivity of an infinite array is essen-
tially the same as that of a single subassembly stored in water.

Dry storage of fresh fuel is also on 14-inch centers in order to be safe in the event of
water flooding. All fuel handling outside the cask car will be done one subassembly at a time
so that the introduction of this subassembly into any part of a storage area will not present a
criticality hazard.

MAINTENANCE OF RADIOACTIVE EQUIPMENT

The fuel handling machine, the hold-down, the rotating plug, the control rod actuators
and lower guide tubes, the primary sodium pumps, and the intermediate heat exchangers have
been designed in such a manner that each component can be remotely removed for inspection,
disassembly, and replacement of certain parts. Personnel control measures become very im-
portant when access to radioactive areas is required. Three classifications of maintenance
are, therefore, distinguished, based primarily on the degree of potential hazard to personnel.
The three categories, which also reflect the degree to which the primary system is interrupted
during maintenance operations, are routine maintenance, special maintenance, and major
equipment removal.

Routine maintenance occurs as a regularly scheduled program of inspection, adjust-
ment and replacement of electrical and mechanical equipment located above the shield and
sealed from the primary system. Drive units, limit switches, gearing, and electrical leads to
moving machine components are examples of equipment that fall into this category. Routine
maintenance operations will take place with the reactor shut down.

Special maintenance operations involve interrupting the shield and/or seals of the
primary system. Scheduled equipment removals that fall into this category, but whose physi-
cal size is such as not to constitute a major removal, are those for inspection of the operating
control drives, the safety control drives, and the control rod lower guide tubes. A shielded
coffin is used to transport the radioactive equipment.

Examples of nonscheduled special maintenance operations that would utilize the same
protective equipment are the long reciprocating bellows and the tail bearing tubes on the off-
set handling mechanism, the transfer rotor drive shaft, and the transfer rotor shield-seal
sleeves. A perspective view of one such special operation, the removal of a safety rod drive
unit, is shown in Fig. 72.

Under routine contact maintenance conditions, the upper drive structures are removed,
bolt flanges are loosened, and lifting devices are attached to the machine. A valve is mounted
on the floor above the component, and the valve sealing faces are clamped together. Both
valves are opened; a grapple is lowered and attached to the machine. The machine is raised
into the coffin, and both valves are closed. The area between the valves is purged with clean
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argon gas, the valve sealing faces are unclamped, and the coffin is lifted away to a previosly
prepared opening into an equipment storage pit beneath the reactor operating floor or is trans-
ported out of the reactor building into a shielded inspection area in the repair facility shown in
Fig. 70. The equipment utilized for special operations gives complete personnel protection.
Therefore, remotely-operated equipment is not required.

Equipment removal operations involve the handling of major system components, such
as the offset handling mechanism, the primary sodium pumps, and the tube bundle of the inter-
mediate heat exchangers. These components are very large and their removal requires inter-
rupting the seals and shield of the primary system. It is expected that such removals will
occur only once or twice during the life of the plant. For this reason, large expenditures of
capital for special equipment to implement removal operations are not now justified. The ap-
proach is to use equipment that will prevent cross- contamination of reactor and external
building environments. No shielding is placed around the radioactive component.

Because of the large amount of induced radioactivity in some of the major components
that will be exposed during the removal operations, it is necessary to shield the control room
for these operations. The design criteria on which the control room shielding is based are:
(1) a waiting period of 8 days will be allowed in which the short-lived activity in the compo-
nents die away, and (2) the operator will be allowed to receive a total dose of 300 mr during the
operation. In cases where the total dose may exceed 300 mr, more than 1 operator will be nec-
essary.

Removal operations are remotely controlled from the shielded central control room.
Radioactive equipment is withdrawn into a flexible container that is positively sealed to prevent
contaminating areas which will be subsequently accessible to personnel. The container and
seal arrangement also prevents oxidation of sodium in the primary system.

The method used to remove and transport the offset handling mechanism in the re-
actor building is shown in Fig. 73. The machinery dome and drive unit superstructure have
been removed; a grappling adapter has been attached and a seal unit has been put in place.
Using the procedure previously outlined, the machine has been withdrawn into the container,
the seals have been closed and unclamped, and the offset handling mechanism is being trans-
ported to its storage tank.

One method of making fine alignments is shown in Fig. 73. A cross bar is fixed to the
rigid lifting plate at the top of the container. Targets on the under side at either end of this
bar are located above points on the floor. Alignment of the targets with the locating points
through a system of television cameras and mirrors will permit the crane operator remotely
to bring the component into alignment for insertion or withdrawal from close clearance open-
ings.

The offset handling mechanism is inserted into a storage pit that contains a bag and
structural members in which the machine will subsequently be transported to the repair facil-
ity located adjacent to the reactor building. The operation of tipping the offset handling mech-
anism down onto a flat car for removal from the building is shown in Fig. 74. All of these
operations are remotely controlled. Again, positive containment is provided but no shielding.
Once the component has reached the repair facility shown in Fig. 70, it will be placed in a pit,
and operating personnel can work on it from a shielded operating gallery. This procedure
gives an idea of the problems involved in the remote handling of radioactive equipment.
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LIQUID METAL AND STEAM SYSTEMS

GENERAL DESCRIPTION

Heat is removed from the reactor core and blanket by the primary sodium coolant,
transferred to the secondary sodium coolant in the intermediate heat exchangers, and is then
transferred to water and steam in once-through steam generators. The overall system, shown
diagrammatically in Fig. 75, is composed of the reactor with three primary coolant loops hav-
ing a common point in the reactor vessel and three independent secondary coolant loops which
have no common hydraulic point. Elevation and plan views of the equipment in the reactor
building are shown in Figs. 76, 77, and 78.

The choice of coolant fluids for a fast reactor is limited to those not containing hydro-
gen or other moderating elements. Sodium was chosen as both the primary and secondary
coolant for this reactor plant because it has a low vapor pressure at operating temperatures,
a high thermal conductivity, and an acceptable specific heat. Further, it is inexpensive, and if
the oxygen concentration is kept below 50 ppm, it is noncorrosive to stainless steel and other
heat transport system materials. Along with these desirable properties, sodium has some un-
desirable properties; it will burn spontaneously in moist air, it will react rapidly when in con-
tact with water, it becomes radioactive under neutron exposure, and it freezes at 208 F.
Because of the latter property, an external heating system is required to maintain the tempera-
tures of piping and other equipment above 208 F during filling, start-up, and prolonged shut-
down periods.

The reasons for using two liquid metal systems, which include an intermediate heat
exchanger, are (1) to avoid the hazard of a release of radioactive sodium in the event of an in-
ternal boiler leak by the containment of all radioactivity in the reactor building, (2) to eliminate
the production of free oxygen in the steam generator water by gamma rays from the primary
sodium, (3) to prevent hydrogeneous material from entering the reactor. A sodium-water re-
action in the secondary system will not rupture the primary coolant system or violate the
integrity of the building.

The activation level of the Na-24 in the primary coolant is expected to be about 0.05
curies/cc at full power, and the level of the Na-24 in the secondary coolant is estimated to be
less than 2 x 10~4 microcuries/cc. It has a half-life of 15 hours and predominant gamma of 2.8
Mev. There will be on the order of 2 microcuries/cc of Na-22 produced from high energy (11.7
Mev) neutrons in the reactor by the reaction Na-23 (n,2n) Na-22. Sodium-22 has a half-life of
2.6 years and emits a 1.28-Mev gamma which presents no problems during reactor operation.
After about 8 days, Na-24 dies down to a point where the Na-22 becomes the predominant
activity.

The operating conditions of the sodium and steam system are tabulated in Table I. All
piping and equipment is being designed and fabricated in accordance with Section VIII of the
ASME Boiler and Pressure Vessel Code and Sections I and VI of the Code for Pressure Piping.

Emergency Cooling System - A means of dissipating heat energy from the reactor fol-
lowing a scram due to failure of the primary electric power source has been provided. After
the scram, the quantity and duration of heat energy release is a function of the prior operating
history, i.e., length of operating time and power level. The heat production of the reactor will
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decay rapidly immediately after scram has occurred, but the inertia of the sodium in the
system and the pumps themselves is sufficient to maintain enough flow through the reactor to
remove this heat without melting the fuel elements. The removal of residual decay heat is
provided for by natural thermal circulation of the primary and secondary coolant fluids.
Water is supplied to the steam generators by gravity from the deaerating heater hot well and
the elevated make-up storage tank. The steam produced will be vented to the atmosphere.

PRIMARY COOLANT SYSTEM

The primary system sodium flows by gravity from the free surface pool of the upper
reactor vessel to the shell side of the intermediate heat exchanger and then to the pump tank.
The space above the sodium in each piece of equipment is filled with argon gas, and these gas
spaces are interconnected by means of gas equalizing lines. Sodium is pumped from the pump
tank back to the reactor, delivering approximately 90% of the flow to the plenum serving the
reactor core and approximately 10% to the plenum serving the radial blanket. The flow of
coolant to the blanket plenum is adjusted by means of a partially-closing throttle valve; flow-
meters are located on both the core and blanket return lines. The primary coolant system
has been designed to insure that the reactor is adequately cooled during all conceivable emer-
gency conditions. The performance of the primary coolant system is tabulated in Table XII.

System Pressure Drop - The curves shown in Figs. 79, 80, and 81 plot the head loss
in the primary system. The head loss from the reactor outlet nozzle through the pump tank,
and up to and including the loss through the tee is indicated in Fig. 79. The loss from the tee
through the 14-inch pipe, through reactor inlet, through the high pressure plenum, and up
through the hold-down mechanism is shown in Fig. 80. The loss through the 6-inch pipe,
throttle valve, blanket inlet, and blanket plenum up through blanket subassemblies is shown in
Fig. 81. Note that all curves are plotted for Loop 3, and head loss for each part of the loop
was corrected to a temperature of 600 F by multiplying the head loss by a ratio of the square
of the densities. Static head was not considered in plotting these curves.

Safety Design Provisions - In the event of loss of power to the primary coolant pumps,
natural circulation will remove the decay heat of the reactor. This degree of natural convec-
tion is made possible through the elevation and arrangement of the heat exchangers. The
sodium level in the reactor must not drop below the 30-inch reactor nozzles in order to main-
tain this natural circulation during a leak in the piping or tanks of the primary system. Three
measures were taken to protect against this situation: secondary containment, siphon break-
ers, and the elimination of a drain system.

The secondary containment system is a welded leak-tight system that encloses all of
the primary piping and tanks up to the reactor level datum. The siphon breakers prevent a
siphoning action that would drain the sodium out of the reactor in the event of a leak in the
pump discharge piping. These lines are tied into the gas space in the pump tanks, and a small
flow of sodium is continually orificed through them to make sure they will be open when
needed. Because there are no drains in the primary system, an accidental draining of the
sodium from the reactor or the piping cannot occur.

Primary Piping - The 30-inch, 16-inch, and 14-inch fusion-welded Type 304 stainless
steel piping is designed, fabricated, and tested in accordance with ASTM Code A 348 and the
6-inch pipe (schedule 40 seamless) in accordance with Code A 376. All piping preceding the
intermediate heat exchanger will be cold sprung 100% for 900 F; the piping on the pump dis-
charge will be sprung 100% for 600 F. A thermal shock study and a vibrational analysis have
been made on the system. A standpipe, downstream of the throttle valve, houses pressure
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TABLE XII

PRIMARY COOLANT SYSTEM PERFORMANCE TABULATION
(300-Mw Operation)

Coolant Data

Primary coolant
Flow rate per loop ................
Flow rate per loop ................
Total flow rate ...................
Total flow rate ...................
Temperature

Heat exchanger inlet............
Heat exchanger outlet...........

Total sodium volume..............
Total sodium weight at 350 F........

Piping Layout

Piping material
Design pressure..................
Design temperature ................
Pipe size and velocity.............

Reactor to pump: 30-inch, 3/8-in. wall
Pump discharge: 16-inch, 3/8-in. wall
90% Flow to core: 14-inch, 3/8-in. wall
10% Flow to blanket: 6-inch, Sch 40..

Pressure drop, external to reactor . .
Cold-spring....................

Intermediate Heat Exchangers

Number of units..................
Tube side pressure loss.............
Shell side pressure loss.............
Heat transfer surface...............
Overall heat transfer coefficient..... .
Heat transferred per unit............

Pumping Equipment

Number of pumps................
Design data (each pump)

Capacity .....................
Temperature ..................
Total dynamic head.............
Efficiency ....................
Brake Horsepower...............

lb/hr
gpm at pump temp

lb/hr
gpm at pump temp

F

F.
cu ft

lb

Stainless Steel
psig

F .
ft/sec

psi

ft of Na
ft of Na

sq ft
Btu/sq ft-hr-F

Btu/hr

gpm
F
ft
%

hp

and temperature instruments, and a resistance thermometer is welded into the 30-inch elbow
at the reactor discharge.

Pumps - The sodium pumps, shown in Figs. 82 and 83 are electric motor driven,
vertical shaft, centrifugal, sump-type pumps having an oil lubricated mechanical shaft seal.
Each pump is designed to deliver 11,800 gpm at 310 feet; its characteristics are shown in
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Sodium
4.4 x 106

10,000
13.2 x 106

30,000

800
550

5,300
302,000

Type 304
125

1000

4.9
17.5
21.0
11.0
10.5
100

3
8.8
2.0

6,200
1,059

341.3 x 106

3

11,800
1000

310
77
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Fig. 84. The pump shield plug, shaft, impeller, and casing are designed as a removable
assembly that can be disconnected from the pump tank without draining the primary system.
The shaft seal prevents the inert gas above the sodium level from escaping into the building
atmosphere. The lubricant for the seal is a fluorocarbon oil that contains no hydrogen. The
1000-horsepower, 900-rpm motor is a wound rotor type with liquid rheostat control.

Check Valves - Check valves are provided in each of the primary loops to prevent
back flow of sodium in case of a pump failure. Each valve is of the balanced disc type shown
in Fig. 82 and in the photograph in Fig. 85. The valve body is welded to the pump case dis-
charge nozzle and is removed from the pump tank with the pump.

Intermediate Heat Exchangers - The intermediate heat exchangers are counter-flow,
shell-and-tube type of units with primary sodium on the shell side and secondary sodium in
the tubes, as shown in Figs. 86 and 87. The units are designed so that the tube bundles may
be removed without removing any sodium or piping and without draining the primary sodium.
Secondary sodium enters the unit through the upper 12-inch nozzles, flows through the down-
comer to the floating head, flows upward through the tubes and out through the lower 12-inch
nozzles. The secondary sodium inlet and outlet nozzles are separated by a divider plate using
piston rings as seals. A slight leakage between the entering and leaving fluid is permitted.
The downcomer is shielded, inside and outside, by stainless steel plates to reduce the thermal
stresses in the downcomer. The tube-sheet-to-shell joint has a corrugated gasket, shown in
Fig. 86, to prevent secondary sodium leakage into the primary sodium. The gasket is com-
pressed by Inconel X springs transmitting their load through the shield plug and load bars to
the tube sheet. The shell extends through the operating floor to permit access to the top cover
for removing the bundle. The shell and shield plug of the unit is stepped to prevent radiation
streaming through the floor. The plug is filled with serpentine, which is chemically the same
as asbestos rock, to form the shield for the hole in the floor.

DESIGN DATA

Heat transferred per unit ..............
Heat transfer surface..................
Overall heat transfer coefficient....... .
Shellside fluid................... .

Flow rate, shell side...............
Temperature in....................
Temperature out ..................
Pressure loss... . .............. .

Fluid in tubes.................... .
Flow in tubes.................. .
Temperature in....................
Temperature out ..................
Pressure loss ....................
Material, tubes and shell.......... .
Number of tubes ..................
Tube size.................... .

Btu/hr...............
sq ft...............

Btu/hr-sq ft-F...............

F...............
F...r..............

. . . . . . . . . . . . . ..

F . . . . . . . . . . . . . .

ft of Na ................
. . . . . . . . . . . . .

lb/hr......... . .... .
F . . . . . . . . . . . . . .

F .0.0.0.0.0.0.0.0.0.0.0.0.0.0
ft of Na.............

489 x 106

5840
1048
Na

5.3x 106
900
600
2.9
Na

5.3x 106
520
820
12.8

type 304 SS
1860

7/8 in. OD x .049-in. wall

Blanket Throttle Valve - This valve is an angle-type, double-bellows seal valve, the
details of which are shown in Figs. 88 and 89. The entire valve assembly is contained within
a pipe riser that is sealed above the reactor level datum. When the system is shut down, the
entire valve inner section can be withdrawn through a plug in the operating floor without
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draining the primary system. The valve is used as a variable orifice to control coolant flow
to the radial blanket over a range of 5 to 20% of the total flow; however, the flow can never be
inadvertently shut off, since the valve cannot be completely closed.

Secondary Containment - A 36-inch-diameter secondary pipe having a 5/16-inch wall
thickness, fabricated of chrome-molybdenum steel, encloses the 30-inch sodium piping. On
the intermediate heat exchanger and pump tanks, carbon steel containment having 3/8-inch
wall thickness is carried up to the reactor sodium level datum with clearance annuli of ap-
proximately 2.5 inches. The system is open above the reactor sodium level datum. On the
pump discharge piping, carbon steel containment having 3/8-inch wall thickness is used with
stainless steel bellows at the flowmeters. The containment will be applied in halves by weld-
ing two longitudinal seam welds after the piping is erected.

The 30-inch pipe inside the secondary shield wall is enclosed in a self-supporting
column of neutron shielding material varying in thickness from 9 to 20 inches. In addition to
the column, there are shielding collars of the same material that fit tightly around the 30-inch
sodium pipe and around the 36-inch containment. The purpose of the collars is to block the
neutron streaming path in the air gaps between the piping, containment, and shielding. The
air gaps are necessary to allow free movement without interference with the shielding column.
This is shown in Fig. 90.

In areas where shielding covers the containment shell, insulation and induction heat-
ing coils will be applied over the shield material; where there is no shielding, the insulation
and heating coils will be applied directly to the containment shell. In close quarters such as
wall sleeves, molded aerogel will be used for insulation; at all other locations, diatomaceous
silica insulation will be used. The induction heating system uses the ferritic steel of the con-
tainment shell as a heating medium for the sodium pipe and tanks.

SECONDARY COOLANT SYSTEM

The secondary coolant system is the intermediate link that transfers heat from the
primary coolant system to the steam generator. It consists of the tube side of the intermediate
heat exchanger, the shell side of the steam generator, and the secondary coolant pump. Sec-
ondary system coolant data are given in Table XIII. Expansion space for the sodium is pro-
vided in the inert gas space above the sodium level in the pump and in the steam generator
shell. The secondary coolant system pressure will be maintained at a higher level than the
primary system pressure to prevent leakage of radioactive primary coolant into unshielded
areas. Because each secondary sodium loop is independent, a pump failure will not result in
a flow reversal; therefore, check valves are not required. The piping layout of the three sec-
ondary sodium loops is shown in Fig. 91.

Pumps - The secondary sodium pumps are vertically-mounted circulating pumps, as
shown in Fig. 92. The single suction and single discharge connections are directly welded to
the piping. The lower bearing is above the impeller and is sodium lubricated; the upper pump
bearing is a combination radial and thrust bearing. An oil system lubricates and cools the
mechanical shaft seals and the upper bearing. All pump parts in contact with sodium are of
2-1/4% Cr-1% Mo alloy, the same material as is used in the sodium piping at the pump.

The pumps are driven by 350-hp, 900-rpm induction motors. Speed control is
obtained with eddy-current couplings.

Steam Generators - The steam generators are vertical, single-wall tubes, combina-
tion cross and counterflow, shell-and-tube, once-through-type of units with water and steam
in the tubes and sodium on the shell side. The basic arrangement and design data of this unit
are shown in Fig. 93.
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TABLE XIII

SECONDARY COOLANT SYSTEM PERFORMANCE TABULATION
(300-Mw Operation)

Secondary sodium coolant Sodium

Flow rate per loop ........................ lb/hr............... 4.4 x 106
Flow rate per loop................ gpm at pump temp... ............. 10,000
Total flow rate................... lb/hr............... 13.2 x 106
Total flow rate..................... gpm at pump temp ............ .... 30,000
Temperature

Heat exchanger inlet ............ F ............ 500
Heat exchanger outlet ............ F .. ......... . 750

Total sodium volume............... cu ft............. 3,600
Total sodium weight............... lb............... 195,000
Approximate sodium cycle time ....... sec ................. 45
Piping system

Pipe size..................... 18" and 12" - 3/8-in, wall
Average fluid velocity in pipe ...... ft/sec................. 18
Pipe material ................. ...... 2-1/4% Cr-1% Mo
Design pressure............... .psig............. 300
Design temperature ............. F ............ 1,000

Pressure drop, total..............psi............. 30
Pumping equipment

Number of pumps .............. ............. 3
Type ....................... .......... Double-volute

centrifugal, vertical
with oil-lubricated

mechanical seal
Pump Design

Capacity (each).. ........ .................. gpm............. 12,000
Temperature.................... F .... ............ 675
Total dynamic head ......... ............... psi ..... ............ 35
Efficiency....................... %.............. ... . 80
Pumping power. ................. Ikw ............. . 255
Total pumping power............... kw............. 765

The water enters into a ring water header at the top of the unit, flows down through
the tubes clustered in a shrouded area in the center of the shell, passes upward through the
horizontal U-tube sections to a ring steam collection header near the top of the unit. Sodium
enters the shell near the top, flows down through the shell, leaving through the nozzle in the
bottom head. The shell-to-tube bundle closure is a bolted and seal welded flanged connection
to provide access to the tube bundle for inspection and maintenance. Steam power generating
system data are given in Table XIV.

INERT GAS SYSTEM

Based on the results of a detailed study of various gases, argon was selected for the
inert gas system. The supply system for inert gas is shown schematically on the flowsheet in
Fig. 94. Gas supply is maintained by either a gas trailer tank or one of two banks of gas cyl-
inders. All supply sources have pressure-indicator alarms to alert the operator to the gas
supply conditions. The gas cylinders may be filled from a full gas trailer. The gas from the
supply source is purified by bubbling it through NaK at room temperature; this procedure re-
moves oxygen and water from the gas. Parallel bubblers are shown on the flowsheet. An
entrainment trap is provided to prevent carry-over of NaK into the pure-gas stream. As a
safety measure to protect the operators of the supply system from the backflow of NaK and the
possibility of NaK burns, a backflow trap is provided that is large enough to contain all the
NaK in the system.
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DESIGN CONDITIONS
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TABLE XIV

STEAM GENERATING SYSTEM PERFORMANCE TABULATION
(300-Mw Operation)

Steam generating equipment
Number of units.................
Type...........................

Material
Tubes and headers.............
Shell .........................

Fluid in tubes...................
Pressure loss .................

Shellside fluid..................
Pressure loss................

Operating data - each unit
Steam generating capacity..........
Steam conditions

Pressure....................
Temperature..................

Feedwater temperature
Entering.....................

Secondary sodium data (shell side)
Flow............................
Temperature

Entering.....................
Leaving .......................

Heat transferred
Feed heating section............
Evaporating section.............

First section, 0-50% quality . ...

Second section, 50-75% quality .
Third section, 75-100% quality .

Superheating section............
Total heat transfer...........

Heat transfer area (based on tube OD)
Feedwater section................
Evaporating section...............

First section, 0-50% quality......
Second section, 50-75% quality . ...

Third section, 75-100% quality . ...

Superheating section..............
Total area...................

Overall heat transfer coefficient
Feed heating section..............
Evaporating section

First section, 0-50% quality......
Second section, 50-75% quality . ...

Third section, 75-100% quality . ...

Superheating section..............

Logarithmic mean temperature difference
Feed heating section...............
Evaporating section................

First section, 0-50% quality......
Second section, 50-75% quality . ...

Third section, 75-100% quality . ...

Superheating section..............

.. ...... 3

........ Once-through cross
and counterflow

........ 2-1/4% Cr-1%Mo
. . 2-1/4% Cr-1%Mo

Water and steam
psi ........ 10

" . . ". . ."..Sodium
ft ........ 010

lb/hr........ .

psia.........
F ........

F..........

lb/hr........ .

F..........
F..........

Btu/hr........ .
Btu/hr........ .

sqft.........
sqft.........

sqft........
sqft..........

Btu/hr-sq ft-F ........ .

F..........

. . . . . . . ..

F . . . . . . . .

F . . . . . . . .F........F .. .. . ....
F .. . .. ... '

320,000

600

742

340

4.4 x 10

750
500

51.5 x 108

117.0 x 106
58.6 x 106
58.6 x 108
55.6 x 106

341.3 x 108

1330

845
460
645

6520
10,800

407

730
810
450
132

95.3

86.9
157
202

64.7
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The purpose of the gas system described here is to maintain a positive inert atmos-
phere over the liquid sodium and thus prevent sodium oxidation. The flow diagram for the
inert gas system for primary sodium is shown in Fig. 95. The gas is circulated from the
holdup and surge tank to the various seals and to the overflow tank. All tanks containing
sodium are equalized to the overflow tank pressure; therefore, the system pressure is con-
trolled by gas flow into and out of the overflow tank. From the overflow tank, the gas passes
to a vacuum tank through the sodium vapor trap to remove radioactive sodium vapor and is
then recompressed to 25 psi for reuse. The vacuum tank, the vapor trap, the compressor
tank, the holdup and surge tank are located in the gas building.

The pressure control valves on the inlet and outlet from the overflow tank maintain
the system pressure within a few inches of water of atmospheric pressure. Gas enters or
leaves the overflow tank as necessary to maintain the pressure. The compressor is required
to recompress the effluent gas from the overflow tank, thereby conserving the high purity inert
gas and reducing gas costs.

If the inert gas over the primary sodium becomes contaminated with fission products,
it will be necessary to purge the gas system prior to maintenance or removal of equipment.
Therefore, a gas disposal system is included to handle contaminated gaseous wastes.

The inert gas system over the secondary sodium, shown schematically in Fig. 96, is
designed using a different philosophy from that for the primary system. Argon is also the
inert gas used in the secondary system. However, there will be no recirculation of the argon
since the seals in this system can withstand pressure; the pressure will be permitted to vary
with changes in temperature.

Design data pertaining to the inert gas system is given in Table XV.

SERVICE SYSTEM FOR PRIMARY SODIUM

The sodium service system for the primary coolant loops is shown in Fig. 97; perti-
nent data are given in Table XVI. The purpose of the primary sodium service system is to
receive, store, and repurify the sodium which is received from the manufacturer in railroad
tank cars. Sodium is melted by heater coils on the cars and is transferred to storage; it is
filtered while filling. Sodium in the storage tanks is cold trapped to remove sodium oxides.
The purity of the sodium is checked by a plugging indicator, and an overall chemical analysis
is made before the reactor coolant loops are filled. The system is capable of purifying and
monitoring the purity of the sodium from the primary system, which can be recirculated to
the service system when desired. The system is designed to maintain an oxide content of
0.003% or less because sodium of this high purity has a very low rate of corrosion on the
materials used in the system. The system will be free of moisture and hydrocarbons before
filling with sodium to insure that no hydrogen can enter the reactor with the sodium. The sys-
tem will monitor for and remove hydrides as well as oxides. The system is provided with a
means for the removal of radioactive sodium for chemical analysis. To obtain a sample for
analysis, sodium will first be allowed to decay within the cold trap cellin the sample decay
tank. Then it will then be transferred through piping to a sampler outside the cell, and this
container will be removed for chemical analysis.

As indicated in Fig. 98, two separate shielded cells are provided in the sodium servic
building; one for the storage tanks and one for the purification equipment. The cell containing
the purification equipment has 6 feet thick concrete walls because it will handle radioactive
Na-24. The cell containing the storage tanks has walls that are 2.5 feet thick; this shielding is
required because of the radioactivity of Na-22 and anticipated dissolved fission products.
Should it become necessary to dump radioactive sodium into the storage tanks, sodium will be
allowed to decay first in the reactor for a period of 10 days to 2 weeks, after which the only
significant sodium activity present will be Na-22. A third and unshielded cell contains the
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TABLE XV

DESIGN DATA FOR INERT GAS SYSTEM

Pressures

Supply system ............... 2000-3000 psig
Purification system ........... 210 psig
Clean gas header ............. 200 psig
Inert gas over primary sodium .... 418 Inches H20 Abs
Vacuum tank ................ 10 psia
Vapor trap ................. 10 psia
Holdup and surge tank .......... 40 psia
Inert gas over secondary sodium 12 psig Max

Temperatures

Supply system ............... Ambient
Purification system ........... Ambient
Clean gas header ............. Ambient
Inert gas over primary sodium . .. 900 F Max
Vapor trap ................. 300 F Max
Holdup and surge tank ......... 450 F Max
Inert gas over secondary sodium . . 850 F Max

Flow rates

Supply system .............. 400 scfm
Purification system ........... 200 scfm
Clean gas header ............. 200 scfm
Inert gas over primary sodium ... As needed to control pressure
Vacuum tank................75 scfm for 2 min
Vapor trap................ .75 scfm for 2 min
Holdup and surge tank ......... 700 scfm for 2 min
Inert gas over secondary sodium . . Sealed system, no flow normally

sodium building ventilation equipment and the heater-cooler system for the cold trap and
plugging indicator.

System valves will be operated from a floor above the service cell, which is shielded

to provide ample protection for the operator against radiation.

Overflow Tank - An overflow tank is located in the reactor building. As the tempera-
ture of the sodium in the primary system rises, the sodium will expand and flow through an
overflow line from the reactor to the overflow tank. This sodium can be returned to the sys-
tem by pumping it to the intermediate heat exchanger. When cold trapping, sodium will be
pumped from the overflow tank through the sodium service system, as previously described,
and then back into the primary system.

Two sump-type pumps are located in the overflow tank. Each pump has sufficient
capacity to handle the required flow. The pump shield plug, shaft, impeller, and casing are
designed for removal as a unit; this assembly can be disconnected from the overflow tank and
removed by a direct vertical pull.

Cold Trap - The cold trap is the device that will remove the oxides and hydride from
the sodium. A schematic drawing of the cold trap, as furnished by the Mine Safety Research
Corporation, is shown in Fig. 99. The cold trap is kept cool by an external NaK cooling sys-
tem. The oxide-laden sodium first passes through the shell side of an economizer where it is
reduced in temperature. After leaving the economizer, it passes into the cold trap where the
temperature is further reduced. On rising through the center portion of the cold trap, which
is packed with a stainless steel woven wire mesh, the velocity is decreased, and the oxides
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TABLE XVI

PRIMARY SODIUM SERVICE SYSTEM PERFORMANCE TABULATION
(300-Mw Operation)

Cold trap collection vessel

Rate of flow........ .
Capacity.............
Pressure drop........
Discharge temperature
Design temperature drop
Cooling load........ .

Cold trap economizer

Type........................

Cold trap coolant

Type........................
Flow rate.......................
Temperature drop...............

Plugging indicator

Maximum flow rate..............
Pressure drop.................

Storage tanks (3)

Capacity of each .................
Type of heaters................
Warm-up time to 600 F (sodium) . .
Warm-up time to 300 F (gas).......
Maximum temperature.............

Sodium service piping

Type of heating...................
Warm-up time ..................

Overflow pumps

Type........................
Design flow ....................
Discharge head ...................

gpm......................
gal......................
psi......................
F.....................
F.....................

Btu/hr......................

. .... . . . U Shell-and-Tube

g m . . . . . . . . . . . . . . . . . . . . .gpm......................

lb/hr...............

psi..............

gal.............

hr.............
hr..............
F.............

. . . . . . . . . . . . . . . . . . . . .
hr. ........................

ft......................gpm .. .. .. .. .. .. .. . . .. ...

NaK
58

100

444
0.1

..... 15,000

. .. .Resistance

..... 300

..... 10
700

Induction
72

Sump
100
75

and hydrides that have precipitated out because of the decrease in temperature will collect in
this area. On leaving the cold trap, the sodium will pass through the tube side of the econo-
mizer to be warmed by the entering oxide-laden sodium.

Plugging Indicator - The oxide or hydride content of the sodium will be checked by a
plugging indicator. A schematic drawing of the plugging indicator, as furnished by Mine
Safety Research Corporation, is shown in Fig. 100. Sodium flows through a heat exchanger
where it is cooled by an external NaK cooling system. As the sodium is cooled, the tempera-
ture is recorded to determine the point at which the oxides or other materials begin to pre-
cipitate out and plug an orifice plate.

SERVICE SYSTEM FOR SECONDARY SODIUM

The service system for the secondary coolant loops is not shown. It will be similar
to the primary sodium service system; however, no shielding will be required because it will
not handle radioactive sodium.

168

100
500

11
300
50

707,000

. . . . ... .

. . . . ... .

. . .. .

. . . . ... .

. . . . ... .

. . . . ... .



648-6" 38=-"

REMOVABLE WALL SECTIONS -7T

I--6-0

SODIUM SODIUM
TANK TANK

I II
15,000 15,000
GAL GAL

IO 0D

STORAGE TANK CELL

SODIUM
TANK

15,000
GAL

PIPING
PENETRATIONS

E M PUMP
I PLUGGING

INDICATOR

-_ __-_ _ i

COLD

ECONOMIZER

COLD TRAP
CELL FILLFLL

H LINE

S DECAY
TANK .N

SYPHC
DRAIN

VENT PIPE

VENTILATION E0I

31'-6"

. TUNNEL TOf i REACTOR

RECIRCULATING
J.INES

hoo

F1"

AIR TO NAK
HEAT EXCH

12'-5" T VALVE CONTROL ROOM

___________ +

LII

v

1

I

1 I

1

I

i I "

- T . .. _

9-" 16'-O" 16'O" 23'-0" 26'-o" 6'-0"

ELEVATION AA

FIG. 98 SODIUM SERVICE BUILDING

169

-0"

PLAN

2'- '

18'-6"

2-6"
-F:

OF
*3IJNNEL CONC

I I , 1 1

L 1 1 1 i 4--

e 
w. w

. -'
-L. 4. 1 11 - limll III I L--- I ---- Li

i

1

i

460

2'- 6"-

4

lid 
.7_

f

,

S

i

;f

i;(1)



MATERIALS OF CONSTRUCTION: TYPE 304 STAINLESS STEEL
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TURBINE -GENERATOR FACILITIES

The turbine-generator is a tandem compound, single-flow, 1800-rpm machine having
an expected gross output of 156 Mw of electricity. Steam conditions for the turbine-generator
are 565 psig and 740 F at 100 Mw generator output, corresponding to a 300-Mw reactor out-
put. At 156 Mw gross generator output, corresponding to a 430-Mw reactor output, the steam
conditions are 850 psig and 780 F. The turbine cycle heat rate is 9500 Btu/kwhr; and with
6.5% auxiliary power, the net plant heat rate is 10,120 Btu/kwhr for the 430-Mw reactor out-
put.

To keep the moisture content of the exhaust steam within conventional limits, a twin
shell reheater has been provided between the high pressure and low pressure elements of the
turbine. Primary steam is used to raise the temperature of the high pressure turbine ex-
haust from 340 F to 530 F. Initial operation of the turbine-generator will be at 100 Mw out-
put, corresponding to a reactor output of 300 Mw. The turbine cycle heat balance for this
condition is shown in Fig. 101.

The basic cycle is shown in the schematic flow diagram, Fig. 102. Water is pumped
from the divided condenser hotwell and discharged through three stages of extraction feed-
water heating to the deaerating heater No. 4. The boiler feed pumps take the 380 F water
from the storage tank under No. 4 heater and feed it to the steam generators at a rate of ap-
proximately 1,430,000 lb/hr when operating at the full load conditions described above. The
general arrangement of equipment in the steam generation building, auxiliary bay, the turbine
house is shown in Fig. 103.

A steam dump, shown by the dashed lines in Fig. 102, is used to dissipate heat when
the turbine is not available. During start-ups, shutdowns, or emergency trip of the turbine-
generator, steam from the steam generators passes through the first dump valve directly into
the deareating heater. The second dump valve between the deareating heater and the condenser
opens when the pressure in the deareator builds up to a predetermined point. The dump sys-
tem to the condenser is designed for a maximum flow of 750,000 lb/hr. The difference between
this flow and the primary steam flow is relieved through the safety valves on the top of the
deaerating heat

The second stage dump valve is followed by a desuperheater and a series of orifices
to reduce the pressure of dump steam as it blows into the condenser. The steam temperature
entering the condenser is 180 F.

In addition to its role in the dump system, the deaerating heater was selected because
of the necessity to limit the oxygen in the feed water to 0.005 cc per liter. This was not ob-
tainable at low loads in a cycle where deaeration occurs exclusively in the condenser. In addi-
tion, the condensate in the storage tank under this heater, together with the condensate in the
elevated storage tank in the yard, provides for heat removal from the reactor by gravity flow
in the event of loss of auxiliary power. Because of the requirement of maintaining a constant
feedwater temperature to the steam generator to minimize thermal shock under all loads, the
deaerating heater is supplied with primary steam for partial load feedwater heating. An
auxiliary heating boiler supplies steam for feedwater heating during start-up.

The condenser is a single pass unit with a divided water box and hotwell. This allows
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for operation of half of the condenser in the case of a tube leak. Leaks are detected by
monitoring the conductivity of the condensate at each condenser pump.

High purity feedwater required for this cycle cannot be obtained by continuous blow-
down as in the drum-type steam generator. Therefore, a water treatment plant designed to
handle 25,000 lb/hr make-up has been provided that can recycle up to 20% of the condensate
flow in order to keep the amount of dissolved solids below 1 ppm and silica under 0.02 ppm.
In this water treatment plant, city water passes through a carbon filter, a cation exchanger,
a vacuum deaerator, an anion exchanger, and a mixed bed demineralizer to the condenser.
Condensate is recycled from the discharge of the condenser pump through a cellulose filter to
remove iron oxide and copper and then passes through the mixed bed demineralizer back to the
condenser.

The basic point of control for this cycle, where in effect the turbine-generator follows
the reactor, is the sodium temperature leaving the steam generator. Boiler feed pump flow is
controlled by this temperature which in turn affects primary steam pressure at the turbine.
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REACTOR BUILDING

GENERAL DESCRIPTION

The reactor building, shown in Figs. 76, 104, and 105 is an uninsulated steel pressure
vessel designed to contain all the radioactive fission products or radioactive sodium released
by a mechanical or primary system failure or by a reactor incident. The containment vessel
consists of a vertical cylinder with hemispherical top head and elipsodial bottom head, sized
to house the reactor and associated equipment of the primary system. The inside diameter is
72 feet, and the overall height is 120 feet, a 51-foot portion of which is below grade. The
weight of the containment vessel and its enclosed equipment, shielding, and other structures
is transmitted uniformly through the bottom head of the containment vessel to the underlaying
rock stratum by reinforced concrete foundations placed in contact with the top and bottom sur-
faces of the steel.

The vessel was constructed in accordance with Section VIII of the ASME Boiler and
Pressure Vessel Code, and it carries an ASME Code stamp for the specified design pressures
and temperatures. It is constructed of ASTM A-201 Firebox Quality, Grade B steel ordered to
the requirements of ASTM A-300. The vessel walls are 1.03 inches thick, and the double-butt
welded joints were 100% radiographed.

The completed vessel has been pneumatically pressure tested at 1.25 times the de-
sign pressure of 32 psig in accordance with the ASME code. Leakage rate tests have been
made to demonstrate that the leakage is less than 500 cubic feet in 24 hours.

BUILDING DESIGN

The containment vessel is designed for normal structural loads and for containment
of a sodium-air reaction, which consumes the oxygen in the building. Experimental and
theoretical studies of postulated accidents were conducted to determine the design conditions
of 32 psig, the positive internal pressure of 2 psig, the negative internal pressure, and a de-
sign temperature of 650 F for the steel.

It is assumed that a sodium leak takes place in such a manner that the oxygen in the
building is consumed by the sodium fire.. This primarily established the design pressure of
the building. Unlike other reactor plants, it is desirable to minimize the size of the building in
order to minimize the amount of oxygen available to react. The buidling is cylindrical to pro-
vide a minimum envelope around the equipment and, at the same time, to provide head room
for removal of major pieces of equipment, such as the heat exchangers and pumps.

Because the gas temperature in the building is assumed to reach a maximum tempera-
ture of 1240 F and the building wall a maximum of 460 F for a postulated sodium-air reaction
accident, the penetrations are designed to be gastight for such an event. The electrical leads
are taken through the steel containment shell through some 500 penetrations. Each penetration
has a gastight seal located 18 inches beyond the building wall, as shown in Fig. 106, so that the
seals are cooled by ambient air. Each seal, which has a provision for leak testing, has been
satisfactorily tested under simulated pressure and temperature conditions by the General
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Electric Company. A vacuum relief valve is provided to maintain the internal pressure above
the design basis.

ARRANGEMENT OF EQUIPMENT

A rotary crane, supported from the containment vessel wall, carries two separate
trolleys and hooks: a 30-ton hook and a 150-ton sister hook. This crane will be used to re-
move equipment assemblies of the primary system, such as an intermediate heat exchanger
tube bundle or a primary pump assembly, from their tanks to a decay tank or from a decay
tank to lay-down space on the operating floor. Equipment is removed from the building by
unbolting the gasketed equipment door on the north side of the building. This door,measuring
11.25 feet in width and 13.5 feet in height, rides on a trolly beam inside the building.

The 5-foot-thick operating floor is supported on structural steel columns and is pro-
tected from gamma heating by a 3.5-inch steel plate on the bottom. Steel plate will also be
placed on top of the floor to protect the concrete in the event of a sodium spill. A stepped
radiation seal is placed around the periphery to allow differential expansion between the floor
and the steel containment vessel. This seal is bridged with a rubber strip to prevent mixing
of the atmospheres below and above the floor. The secondary shield wall consists of 30 inches
of concrete that is clad with 0.5-inch steel on both sides. In locations of high gamma sources,
a 2-inch steel plate is located in front of the wall, forming a 5-inch gap for convection cooling.
Penetrations of this wall by primary piping create an annulus consisting of air gaps for free
movement of the pipe and containment and also layers of insulation. To block this neutron
streaming path, a shielding collar is applied to the pipe as it exits from the wall.

VENTILATION, HEATING, AND COOLING SYSTEMS

Two areas are considered for providing ventilation, heating, and cooling of the re-
actor building. The area above the operating floor is accessib': to i .rsonnel. The area be-
low the operating floor is not normally accessible, and a deif ; i hied nitrogen atmosphere
will be maintained to prevent sodium burning in this area in case of a leak; the oxygen content
will be kept below 5%. Seals will separate the upper and lower areas. The reactor building
ventilation systems are shown diagrammatically in Fig. 107.

The entire ventilation system is designed to provide containment ability equal to or
greater than the reactor building itself.

Above Floor System-The heating and cooling will be accomplished by two fan-coil
units located above the building crane that recirculate the building air. In the winter the air
will be heated by electric resistance heaters built into the fan-coil units. The cooling coils
are direct-expansion freon evaporators. The freon compressors and condensers are located
outside the reactor building. Lake water will be used to condense the freon. Care has been
taken to insure that no possibility exists of water carry-over into the building.

The freon evaporators will be used to remove the sensible heat gain in the building,
which are due to the motors; lighting; thermal gains through the machinery dome, floor, and
equipment plugs; sun load on outside; and the cask car during refueling.

A small amount of fresh and dehumidified air will be supplied to the space from a
blower and dehumidifier located outside the building. Because the fresh air system will sup-
ply air to the building, a slight positive pressure can be maintained in the space above the
floor. Operating pressures are shown on Fig. 108.
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The ventilation system design figures for the space above the floor are:

Maximum cooling 828,500 Btu/hr
Maximum heating 1,087,000 Btu/hr
Outside design temperature -10 to 100 F
Inside minimum and maximum

allowable temperature 40 to 100 F
Design relative humidity No moisture condensation

Below Floor System-Because no heating requirements are to be met, this system
provides only cooling. The system consists of two supply and two return ducts from the build-
ing to the fan and heat exchangers outside the building; the ducts run through the outer wall
into the building. The two supply ducts connect to a single supply duct around the circumference
of the building at the floor. The two return ducts connect to a single return duct just above
the annular supply duct.

Outside the building, two fans and two nitrogen-to-water heat exchanger s will be pro-
vided. The cooling medium will be lake water that has been strained and chlorinated. The
fans, ducts, and heat exchangers outside the building are designed for a pressure of 32 psig.

The space below the floor is divided into two areas by the secondary shield wall.
The nuclear heat generated in the 2-inch steel shield will be removed by directing cool nitro-
gen beneath the steel plate. The thermal and nuclear heat in the wall sleeve surrounding the
30-inch wall pipe will be removed by directing cool nitrogen into the annular gap.

Thermal heat gain and nuclear heat gain in the areas inside and outside of the second-
ary shield wall require that these are to be cooled. Specially designed supply ducts are lo-
cated under the secondary wall; specially designed return ducts are located over the second-
ary wall.

In this system a slightly positive pressure, as shown on Fig. 108, will be maintained
in the space below the floor. Fresh nitrogen will provide the pressure and the initial atmo-
sphere.

The ventilation system design figures for the space below the floor are:

Nitrogen temperature, out 130 F
Nitrogen temperature, in 90 F
Maximum water temperature 80 F
Cooling load due to

Nuclear heat gain 454,000 Btu/hr
Thermal heat gain 806,000 Btu/hr

Total heat gain 1,260,000 Btu/hr
Nitrogen flow 30,000 cfm
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SHIELD SYSTEMS

DESIGN CRITERIA

Biological Doses-All biological shields for the reactor building and auxiliary build-
ings are being designed on the basis that plant personnel will receive no more than one-third
of the total radiation dose currently allowed in Atomic Energy Commission installations dur-
ing a 40-hour week. The resulting dose limit is 30 milliroentgens a week. This corresponds
to an hourly exposure rate of 0.75 mr/hr, which is taken in combined neutrons and gamma
rays.

Activation of Secondary Coolant and Equipment-Those areas not occupied by people
but containing the secondary coolant or equipment that must be maintained will not be allowed
to become radioact: In th se areas, the neutron fluxes will be no greater than 104n/sq cm/
sec, a value low ent that induced activity in steel or sodium by neutron capture is insignifi-
cant.

Heating in the Concrete-Concrete may be damaged and lose its effectiveness as a
shield if it becomes overheated or is subjected to intense radiation. Overheating can be
caused by internal heat generation due to absorption of nuclear radiations or by too high an
ambient temperature. If the temperature within the concrete rises above the boiling point of
water and remains there for any length of time, the hydrated water is gradually lost and the
value of the concrete as a neutron shield is reduced. High internal heat generation within
concrete due to radiation absorption causes not only loss of water but also large temperature
gradients and, therefore, internal stresses that lead to cracking, void formation, and a general
loss of strength.

In order to prevent water loss from the concrete shields, the maximum internal tem-
perature of the concrete will be kept below 200 F. To avoid cracking and void formation, the
nuclear radiation energy fluxes reaching the concrete will be kept below a value of 4 x 1010
Mev/sq cm/second and the maximum temperature differences within the concrete will not be
allowed to exceed about 10 F.

Radioactivity in Primary Coolant-The primary sodium coolant becomes radioactive
as it passes through the reactor vessel. In addition, the sodium may become contaminated
with fission products that leak from fuel pins into the coolant.

The main sodium activity is due to the production of 15-hour Na-24 by simple neu-
tron capture, Na-23 (n, Y) Na-24, at full power operation. The specific activity of Na-24 is ex-
pected to be slightly less than 0.05 curries/cc. In addition a small amount of 2.6-year Na-22
is expected to be produced by the reaction, Na-23 (n,2n) Na-22. The equilibrium activity of
this reaction is calculated to be about 1.7 c/cc at full power. The natural impurities in the
sodium will have an estimated aggregate activity on the order of 0.1 ic/cc at full power.

The actual fission product contamination in the primary coolant system will not be
known, of course, until the plant is operating. One estimate of this contamination has been
made based on some experimental data of fission product leakage from fuel pins under irradia-
tion. A value of the fission product specific activity of approximately 20 c/cc at full power
is obtained from this estimate.
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Radioactivity in Secondary Coolant-The secondary sodium system, which extends
outside of the containment vessel, is protected against neutron activation by the concrete
shield wall. The neutron level in the equipment compartment will be low enough (~10 4n/sq
cm/sec) so that the activity produced in this system will be considerable below the tolerable
limits. The activity of the secondary coolant has been estimated to be less than 2 x 10~4

sc/cc.

SHIELD DESIGN

The general features of the shield system are shown in Fig. 109. Essentially, the
shield is divided into three parts: a primary shield that is located within the primary shield
tank, a secondary concrete shield that surrounds the primary shield tank, and a biological
shield that forms the operating floor and surrounds the containment vessel. This system
divides the building into areas within each of which one or more of the design criteria are
met.

Primary Shield-The primary shield system shown in Fig. 110 consists of (1) the
radial blanket that serves, in addition to its primary purpose of breeding plutonium, to at-
tenuate the very high neutron fluxes from the core and to attenuate to a very low level the
gamma radiation from the core, (2) a 12-inch thermal shield that protects the reactor vessel
against radiation damage from excessive neutron fluxes and attenuates to a very low level
the secondary gamma radiation produced within the blanket, and (3) a graphite shield located
just outside the reactor vessel whose purpose is to moderate and capture neutrons escaping
from the vessel. The graphite shield is divided into essentially three layers: a 6-inch inner
layer of 5% borated graphite, a 6-inch outer layer of 1% borated graphite, and a central por-
tion of plain graphite or carbon. The nuclear heat generation in the shield is shown in Fig.
111. The inner layer of borated graphite is isolated from the remainder of the shield by 3
inches of insulation. More than 90% of the 60 kw of heat generated within the shield is gene-
rated within this layer. This arrangement allows the heat generated to return to the vessel
so that no internal cooling of the shield is necessary. The average temperature within the
insulation is about 730 F and outside the insulation about 350 F. The temperature distribu-
tion through the shield in the hottest region is shown in Fig. 112, based on equivalent con-
ductivity through the graphite of 10 Btu/ft-F-hr and through the carbon region of 1 Btu/ft-F-
hr. These values reflect a consideration of air gaps between the blocks.

The question of Wigner energy release in the graphite and carbon regions of the
shield has been investigated and found to present no hazard.

The neutron leakage flux at the outside of this shield is limited to 2x 108 n/sq cm/sec.
This level is low enough that concrete is not damaged by heating due to neutron absorption.
The radial neutron flux attenuation through the primary shield at reactor centerline at full
power is given in Fig. 113. The leakage gamma radiation from the shield will not be greater
than 3000 r/hr at full power.

Secondary Shield-The secondary shield is a 30-inch-thick concrete wall, shown in
Fig. 109, that completely surrounds the primary shield tank. Its purpose is to prevent the
secondary sodium loops, the intermediate heat exchangers, and primary sodium pumps from
becoming radioactive by neutron activation. This shield reduces the neutron flux to about
104 n/sq cm/sec. Both faces of the shield are clad with a 0.5-inch steel liner. In areas on
the outer face close to the primary sodium loops, an extra 2 inches of steel is necessary to
protect against excessive heat generation within the concrete due to absorption of gamma
rays from Na-24 in the primary coolant. The steel is added as a thermal shield in such a
way as to form a 5-inch cooling gap between the wall and the added steel; this arrangement
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permits cooling by natural convection. The nuclear heat load due to heat generation in this
wall and its protective steel is about 52 kw at full power. No extra steel shield is required on
the inner face of the concrete because of the arrangement of primary loops and because the
shielding around the 30-inch piping provides enough protection. The general gamma radiation
level in the heat exchanger compartment at full power is on the order of 105 r/hr.

Biological Shield-The biological shield consists of the 5-foot concrete and steel
operating floor shield, shown in Fig. 76, plus a 7-foot concrete shield outside the containment
building, shown in Fig. 109. The rotating shield plug on the reactor vessel is also an integral
part of this shield. The concrete used will be ordinary concrete having a density of 150 lb/cu
ft. The average amount of steel required on the bottom of the operating floor is 5 inches,
varying from a minimum of 1.5 inches to a maximum of over 12 inches in small areas where
the thickness of the concrete is reduced below 5 feet.

The use of ordinary concrete was chosen over the equivalent thicknesses of heavy
concrete because of the proven reliability of ordinary concrete and because it is less costly
and more easily installed.

Sodium Pipe Shields-The leakage currents of neutrons from the reactor vessel out
through the 30-inch primary sodium pipes and their associated annuli are so large at full
power that special shielding, shown in Fig. 90, is required around these lines for a consider-
able distance from the vessel. These shields must be able to withstand high temperatures and
high thermal gradients and are designed to prevent neutrons from reaching the heat exchanger
compartment, either by leakage through the secondary concrete wall or through the pipe an-
nuli. Rings of shield material placed in the annuli prevent annular streaming.

Calcium borate has been chosen as the pipe shield material. This material has
successfully undergone rigid mechanical and irradiation stability tests. The material will
have the following minimum properties: boron content of 11%, density of 70 lb/cu ft, and
compressive strength after irradiation of 800 psi.

Shielding for Streaming Paths-The many penetrations through the shielding neces-
sary to accommodate the various control and handling mechanisms, access plugs for the heat
exchangers, sodium pumps, and other equipment, present potential voids and paths through
which radiation can stream. Radiation streaming in these areas is reduced to a minimum by
the use of one or more good shielding practices. Some of these methods are (1) the filling of
all holes and voids with shield material where possible, (2) liberal use of offsets or steps in
the streaming paths, (3) keeping clearances between. moving parts to a minimum, and (4)
using patch shielding above or within the streaming paths if other methods cannot be used.
One method primarily used to stop radiation streaming in gaps around a pipe is shown in Fig.
90.

HEALTH PHYSICS CONSIDERATIONS

APDA has followed the philosophy that the Enrico Fermi plant should be designed and
operated in such a way that exposure of its employees and the public to radiations and radio-
active material emanating from the plant is maintained at the lowest practicable values.
Specifically, the exposure levels will be maintained at or below the maximum levels set by
Federal, State and municipal authorities. The reactor plant has been designed based on the
following limits.

Workers in the Plant The Public

3 rem per year 0.1 rem per year

192



The shielding for the Enrico Fermi plant has been designed on the basis of 0.03 rem/week or
.00075 rem per hour. There are three reasons for this conservative design:

1. By limiting the normal day-to-day exposure to a very conservative limit, a reserve
is provided to accommodate higher rates of exposure that may prevail during inspection and
maintenance periods.

2. It is cheaper to make a shield thicker in the first place than to thicken it at a
later date.

3. It is possible that recommended exposure limits may be reduced some time after
the plant is operating.

Exposure to contamination by waterborne and airborne activity is being controlled in
the design so that the limits stated above are not exceeded. Every effort is being made to
evolve designs and operating procedures that will result in exposure levels much lower than
these maxima. Radioactive waste will be so controlled that the maximum public exposure
will be below 0.1 rem/yr.
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WASTE DISPOSAL

Control and disposal of waste at Enrico Fermi Atomic Power Plant is based on the
philosophy that the plant site is not to be used as a permanent burial area. This decision was
made because of the presence of a relatively high water table and the local use of ground
water as potable water. Therefore, intermediate and high level active wastes, which cannot
be treated on site and released to the environment, will be shipped to a controlled area for
ultimate disposal. There will be shielded storage facilities that can be used to hold waste
pending decay and/or accumulation of an amount sufficient to make up a shipment. Three
types of low level wastes will be processed on site.

LOW LEVEL LIQUID WASTE

These wastes result from such operations as the washing of spent subassemblies,
laundering of contaminated clothing, and decontamination of plant equipment. They will be
held to allow the short-lived contaminants, such as sodium-24, to decay and will then be di-
luted by mixing with the 90,000-gpm turbine condenser circulating water discharge. Should
the concentration of radioisotopes require it, these wastes will be decontaminated using ion
exchange techniques before discharge to the turbine condenser effluent. The spent ion-ex-
change resins are expected to be immobilized and treated as solid waste.

LOW LEVEL GASEOUS WASTE

These wastes will result from bleeding off primary gas in order to maintain proper
pressures, release of fission gases from subassemblies, etc., and will consist of argon con-
taining A-41 and, in some instances, the fission gases, Xe and Kr. Treatment will consist of
holdup for decay of short-lived fractions followed by dilution with large volumes of air and
discharge to the environment through a properly monitored stack.

LOW LEVEL SOLID WASTE

This category of wastes includes materials, such as contaminated tools, paper,
rubber gloves, etc. In the case of material activated by exposure to the reactor neutron
flux, the only treatment possible before shipping off site is holdup to permit decay. In some
instances where equipment is not activated but is radioactively contaminated, it may be pos-
sible and economical to decontaminate the equipment sufficiently to permit discharge through
normal scrap channels.

Should the volume of compressible wastes, such as paper, gloves, etc., become
large, baling techniques may be utilized to obtain a volume reduction of approximately 6 tol
before shipping off site.
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CONTROL AND INSTRUMENTATION

GENERAL DESCRIPTION

The control and instrumentation systems are designed for centralized control of the
reactor plant and auxiliary systems. The design of the control systems and the layout of the
central control room permit operation of the plant by the plant operator and one assistant, both
stationed in the central control room, and a roving operator.

Centralized control of the reactor and plant auxiliaries provides control of the plant
with a small operating shift and, in addition, allows remote control of certain systems even
though the local areas become contaminated.

The general functions of the reactor control system and the major auxiliary systems
are described below:

1. Reactor Plant Operating Control - Automatic-manual control of primary and secon-
dary coolant temperatures; manual control of primary and secondary sodium coolant flows; the
provision of a signal for control of feedwater flow to the steam generators; automatic-manual
control of reactor power level, and automatic power level setback action by a partial insertion
of the operating control rods.

2. Reactor Plant Safety - Initiation of scram operation by various abnormal reactor
plant conditions.

3. Steam Generator Isolation - Isolating a steam generator from feedwater and steam
headers in case of an internal reaction caused by a water-to-sodium leak.

4. Inert Gas Systems Control - Regulation of sodium gas blanket pressures and flow in
the primary system and monitoring of pressures in the secondary system.

Control channel measurements are recorded on panel-mounted recorders. Data re-
quired for manual control is shown on indicators mounted on the control console. Safety system
measurements are isolated from normal metering-indicating functions and normal control
functions to minimize the number of reactor shutdowns due to instrument failure.

Except for the safety system, instrument failure does not result in shutdown of the
plant. The output of a defective control device or system causes the control system to fail "as
is" and initiates an alarm, permitting the operator to switch to manual operation.

CENTRAL CONTROL ROOM

The central control room, as shown in Figs. 114 and 115, is located on the third floor
of the control building at the same elevation as the turbine operating floor. Primary fuel han-
dling control equipment is located in the central control room with all necessary monitoring
equipment. A control tie-in with the transfer rotor is supplied as part of the cask car so that
locking to the exit port and operation of the transfer rotor can be accomplished from the cask
car controls in the reactor building. An interlock is provided to assure that the transfer rotor
is never operated from both control points at the same time. An equipment handling section of
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the control center provides means for remote handling of plant components within the reactor
building. Closed circuit television is provided for remote handling to provide the operator
with visual information.

OPERATING CONTROL SYSTEM

The operating control system, described in Figs. 116 and 117, controls the reactor
plant under normal conditions from shutdown to the maximum rated power output. It includes
equipment for manual start-up, manual and automatic control throughout the power range, auto-
matic power level setback and operational monitoring. The following criteria apply to the op-
erating control system shown in Figs. 116 and 117:

1. Centralized Control

2. Manual Control Availability - Manual control of any essential control component
is available at any time.

3. Multiple Measurements - Multiple measuring channels will be provided in order
that the transfer to manual control, or to an alternate automatic control channel if
available, can be made on the failure of an instrument or measuring channel.

4. Constant Sodium Flow - The temperature schedule of the system for a core output
of 300 Mw is shown in Fig. 118.

5. Base Load Operation - The reactor power level will determine load, and turbine
power will be matched to reactor power by automatic control of the turbine throttle
valve and feedwater flow rate.

6. Constant Steam Pressure - Excess steam will be dumped automatically when the
steam pressure exceeds predetermined limits.

7. The velocity of the operating control rod is limited to maximum reactivity insertion
rates of approximately 1 cent per second during start-up and approximately 0.25
cent per second in the power range.

8. The normal average rate of change of reactor power level will not exceed 3 Mw per
minute.

9. Infrequent reactor vessel outlet temperature transients of up to 30 F are allowable.

10. The thermal neutron flux at the detectors nearest the reactor core will be at least
three n/sq cm/sec prior to initial startup, before withdrawal of any of the safety
rods. Thermal neutron flux distribution at full power (300 Mw), as shown in Fig.
119, will provide a maximum of approximately 1 x 1011 n/sq cm/sec. On shutdown
after extended reactor operation at full power, the neutron flux at the detectors
nearest the reactor core will decay from approximately 1000 n/sq cm/sec imme-
diately after shutdown to 30 n/sq cm/sec at the end of 1 day and will then diminish
at a slow but reasonably constant rate.

11. Safety system protection will be available at all times during start-up and operation
of the reactor. Safety system disabling will not be permitted except in the low level
neutron count rate channels when not in use.

12. Reactor outlet and inlet temperatures will be maintained within 10 F of the temp-
eratures corresponding to a particular power level.

13. Primary and secondary coolant loop flows will be balanced manually to maintain
corresponding loop temperatures within 10 F.
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14. The following conditions will be required during plant shutdown: Safety rods and
operating control rods must be fully inserted; reactor temperature will be main-
tained at a set value by means of manual adjustment of feedwater flow. A low capa-
city feedwater supply must be maintained to remove reactor decay heat; at least one
channel of low level neutron measuring circuitry will be kept operating at all times
for monitoring purposes.

15. Where possible, repair of components of the automatic control system may be made
in place, utilizing manual control to maintain plant operation.

Start-up Range - For start-up of the reactor, the low level channels shown in Fig. 116
will provide an indication and recording of neutron flux level and reactor period. The central
manual control station controls withdrawal or insertion of all eight safety rods simultaneously
or independently. The maximum reactivity insertion rate if 1 cent per second for all eight safe-
ty rods moving simultaneously and 0.125 cent per second for a single rod. Individual remote
manual ON-OFF control stations will allow withdrawal or insertion of either of the two operat-
ing control rods. Individual position and latch indicator lights will be included at these stations.
Manual control stations will be provided for purposes of starting the six sodium pumps and
adjusting the sodium pump speeds. The sodium-pump speed controls will provide for adjust-
ment of flow in any one of the six loops independently, in any corresponding primary and second-
ary loops simultaneously, or in all six loops simultaneously. A suitable signal will be supplied
to the feedwater control system for controlling the feedwater pumps.

Automatic-manual control stations will be included for operation of each of the three
flow balancing valves located on the feedwater lines entering the steam generators.

Power Range - The power range operating control system concept is shown schematic-
ally in Fig. 117. Analog simulation has demonstrated that this system is stable over the full
operating range. The automatic control regulates the reactor power in accordance with a de-
mand set by the operator, but reactor power level changes are accomplished at a safe prede-
termined rate regardless of the operator's manipulation of the power (temperature) set adjust-
ment. All scheduled changes of power output are initiated at the reactor, and the steam system
follows the heat output of the reactor so that the plant is operated as a base load unit. For each
plant power level, there is a corresponding temperature of the sodium leaving the reactor, as
shown in Fig. 118. A given power level setting is essentially a temperature demand correspond-
ing to the required reactor outlet temperature for that power level. The temperature error or
difference between temperature demand and actual reactor outlet temperature is converted to a
rate of change of power demand with a positive upper limit of ~ 3 Mw per minute. This de-
manded rate of change of power is compared with the actual rate of change of power as obtained
from a neutron flux derivative unit. The error between these two is used as a command which
drives the control servo system to operate a selected operating control rod. The rod worth per
unit motion is constant over only a limited range of rod position, as shown in Fig. 24. Servo
motor velocity correction is initiated by comparison of the control rod drive motor tachometer
feedback signal with the velocity demand signal. As the temperature of the reactor outlet is
satisfied, the demanded rate of power change reduces to zero, thus stopping rod motion at the
desired power level.

Reference to Fig. 118 shows that for each power level there is a corresponding reactor
outlet temperature and a corresponding desired reactor inlet temperature. In order to sense
temperature changes quickly, the temperature measurement corresponding to reactor inlet
temperature is made at the sodium outlet of the steam generator. The steam generator sodium
outlet temperature demand is scheduled in accordance with the temperature curve shown in
Fig. 118, thus effectively scheduling the reactor inlet temperature according to load. By utiliz-
ing the reactor outlet temperature signal, it is possible to establish a new set point for steam
generator sodium outlet temperature at each load automatically. The actual temperature is

203



:ompared with this graded set point, and the resulting error signal adjusts the flow by changing
the speed of the feed pumps through variable speed hydraulic couplins and controllers. Balance
between loops will be maintained by individual temperature-controlled feedwater flow balancing
valves taking their control signal from the sodium leaving the steam generator.

Operation below 30% of full power normal operation of the steam generators is difficult
:o predict accurately because of problems of flow distribution among tubes, possibility of steam-
ing dry, etc. Consequently, for heat removal at very low power during start-up, shutdown, and
lecay heat removal periods, it is preferred that the steam generator be operated as a liquid-to-
liquid heat exchanger with temperature, pressure, and water flow regulated to give proper heat
removal.

Low capacity manual-automatic feedwater regulating valves on each steam generator
ind low capacity pressure controlled steam and/or water dump valves will be utilized to pro-
vide necessary control of the steam generator at very low power. Feedwater pump cooling at
low flow is provided by recirculation.

The turbine throttle valve is controlled by a pressure regulator to maintain a constant
steam pressure at the turbine.

The turbine by-pass steam dump system accepts steam flow during plant start-up and
whenever steam pressure exceeds a preset value. In normal operation there is no flow to the
steam dump.

Setback - If the neutron flux and/or reactor outlet temperature should rise to an ab-
normal level, the automatic power level setback system will override all automatic or manual
functions of the operating control system to reduce reactor power to a predetermined level.
This is accomplished by driving both control rods into the core until a predetermined power
level (neutron flux) is reached.

Setback can be initiated only when two or more measuring channels indicate abnormal
conditions simultaneously. The use of the coincidence technique to increase operational relia-
bility is discussed more fully in the paragraph concerning the reactor safety system; three
channels each of neutron flux (power level) and reactor outlet temperature provide for this co-
incidence technique, as shown on Fig. 116.

Repair of the setback system components will be accomplished by component replace-
ment where possible.

REACTOR SAFETY SYSTEM

The reactor safety system initiates rapid plant shutdown when predetermined operat-
ing limits have been exceeded. It provides plant protection from shutdown level to maximum
power obtainable. A scram is initiated by de-energizing the solenoids that latch each safety
rod to its actuator. When delatched, the safety rods are injected into the reactor core with a
spring assist. A scram on loss of flow is accompanied by a transfer to an emergency heat re-
moval system.

A scram is initiated for unacceptable conditions of power level, reactor period, core
)utlet temperature, power failure, feedwater flow, and safety system maloperation.

The following operational criteria apply to the reactor safety system:

1. The safety system is completely automatic except for the provision for manual
scramming at the central control console.

2. Continuous automatic operational monitoring of the safety system is provided.
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3. Reactivity insertion time (rod release plus drop time) will be less than 1 second.

4. Loss of AC power to the safety system will initiate a scram.

5. Period protection is available throughout the entire range of operation from initial
start-up through full power. Period trip points will be initially set at a value suit-
able for initial start-up operations and will be adjusted to the final values later.
The trip point is adjustable (by component replacement only) from 100 seconds to
5 seconds.

6. The neutron level trip point will be fixed at a predetermined value between 300 and
475 Mw.

7. The temperature trip point will be fixed at a predetermined value between 900 and
1500 F.

8. The safety system is designed to accommodate eight safety rods or six safety rods
plus two oscillator rods.

9. Repair of safety system will be accomplished by unit replacement insofar as pos-
sible.

The present concept of the reactor plant safety system is shown in block diagram,
Fig. 120. In the start-up range, period signals from the two low-level log count rate and period
measuring channels are introduced into trip units set for the shortest safe period. Periods be-
low the setting will cause the trip units to transmit trip signals into the final scram controller
in the safety system and thereby produce a scram. Either of the two low level period trip chan-
nels can cause a scram, a technique which is known as auctioneering. Auctioneering involves a
greater possibility of scram due to component failure, which is permissible on the low level
trip circuit to simplify equipment because no undesirable thermal transients result from
scrams in this range. The low level system remains in operation until the intermediate (log n)
neutron counting channels are producing signals of sufficient strength, at which point a signal
is given to the operator so that he may manually disconnect the low level trip circuitry.

In the power range, a two-channel trip coincidence technique is used for each variable
measured rather than auctioneering. At least two of three measuring and trip channels for a
particular variable must generate trip signals concurrently to initiate a scram. Thispermits
the failure of a component or entire channel without causing a reactor shutdown. Statistical
studies indicate that if a channel fails, there should be adequate time to permit replacement of
defective equipment before a second channel could be expected to fail. The ability of the safety
system to shut down the reactor plant due to unsafe conditions is not impaired by the failure of
one channel. All channel trips, whether due to faults or to true signals, are indicated on the
safety system annunciator. Component or system faults that might impair operation but which
fail to generate a channel trip signal will be detected by the safety system monitoring circuits.

STEAM GENERATOR ISOLATION SYSTEM

The purpose of this system, which is shown in Fig. 121, is to isolate a steam generator
from the feedwater and steam headers in the event of an internal water-to-sodium leak. The
resulting Na-H 20 reaction would be detected by sensing the rise in pressure in the sodium sys-
tem and by detecting the failure of the rupture disc.

Two pressure measuring channels and two rupture disc failure detection channels are
provided, utilizing trip coincidence to protect against component faults; these double channel
trip signals are used to initiate concurrent operation of the appropriate feedwater and steam
isolation valves and feedwater dump valve.
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INERT GAS CONTROL SYSTEMS

Argon gas is used in the reactor systems to blanket the liquid metal surfaces. The
primary inert gas control system is designed to maintain specified pressures in the vessel,
intermediate heat exchanger, and pump tank gas plenums and to minimize pressure changes
during transients. Detector installations in components and piping are designed to detect the
escape of radioactive materials. The only controls provided for the secondary inert gas sys-
tem are manual valves and overpressure protection. Instrumentation is provided to control
radioactive gas recirculation, vapor trap operation, compressor operation, and gas disposal.

NEUTRON SOURCE

A neutron source is required to provide a measurable neutron flux at the neutron de-
tectors for initial start-up and to maintain a measurable neutron flux when the reactor is shut
down. This is a safety feature during start-up and loading in that it assures that the multiplica-
tion of the reactor can be determined by the instrumentation at all flux levels.

The photo-neutron source will be made of antimony and beryllium. Physically, the
neutron source is arranged as follows: The antimony is in the form of a rod approximately
0.7 inch in diameter by 25 inches long and is hermetically sealed in a tantalum can with a heli-
um bond. Sodium coolant flows up through an annulus around the tantalum can. The beryllium
is in the form of a hollow cylinder; and it loosely surrounds the tantalum can containing the
antimony to form the outer wall of the annulus for coolant flow. Its dimensions are approxi-
mately 1 inch ID by 2.5 inches OD by 25 inches long, and it is sealed in a stainless steel can
and bonded to it by helium. Surrounding both members is a standard core subassembly stain-
less steel tube that is 2.646 inches square on the outside, with a standard fuel subassembly
nozzle on the bottom.

Because the cask car is designed primarily as a gamma shield and not as a neutron
shield, the neutron source will be handled in two separate pieces. The beryllium portion of the
source, which is permanently attached to the square can, will be put into position in the reactor
through a special access port in the reactor vessel shield plug. The antimony portion of the
source has an upper extension rod plus a standard core subassembly handling head. After the
beryllium is in place in the core, the antimony rod will be placed inside it by means of the
transfer rotor and offset handling niechanism. Thus, for easy replacement when it becomes
deactivated during initial low power plant operation, the antimony is not permanently attached
to the beryllium or to the square can.

The antimony rod will have an activity of 900 curies of Sb-124 when installed in the
reactor. Because Sb-124 activity decays with a 60-day half-life, the shipping time from the ir-
radiating facility to the Enrico Fermi reactor must be considered. Sixty days have been al-
lowed for this time; therefore, activity of the Sb-124 must be 1800 curies at the time the source
leaves the irradiating facility.

With an activity of 900 curies in the Sb-124, the photoneutron yield from the beryllium
cylinder will be 5 x 109 neutrons/sec. When this source is located in a subassembly position at
the edge of the core, the thermal neutron flux at the neutron detector location will be 10 n/sq
cm/sec at the initial start-up of the reactor.

NEUTRON DETECTORS

The detectors measuring neutron flux consist of proportional counters, fission count-
ers, and gamma compensated ion chambers that cover a range of about 11 decades from initial
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source level to full power, decreasing to about 10 decades for start-up following full power op-
eration. The detectors are designed for continuous operation for the life of the plant at 550 F
in the flux range at the tube location. The location of the neutron detector tubes is shown in
Fig. 122, and the operational range of each type of detector, with respect to the reactor source
level and full power flux levels, is shown in Fig. 123.

Proportional counters will be used during the first start-up to measure the lowest
several decades of neutron flux above initial source level because of their sensitivity. It is not
planned to use the proportional counters after high power operation because of their limited op-
erational life and interference due to high gamma flux.

Fission counters will be used during subsequent start-ups to measure the lowest sev-
eral decades of neutron flux above operational start-up source level. Their sensitivity is com-
patible with this higher source level.

Gamma compensated ion chambers will be used to measure neutron flux at all levels
above the range of the counters.

The neutron detectors are installed in 6 tubes located in a semi-circle around one side
of the reactor, as showin in Fig. 122. The tubes penetrate the primary shield tank near the op-
erating floor level and extend to below the level of the reactor core. Detectors are mounted on
a cartridge assembly that is suspended within a tube from a shielding plug fitted into the oper-
ating floor. The plug and cartridge assembly are removable for initial positioning of the de-
tectors or for replacement. Because induced radio-activity may prevent access to the detect-
ors after prolonged reactor operation, frequent repositioning is not anticipated. The floor plug,
through which all cables to the detectors must pass, is designed to provide a gastight seal and
to minimize the radiation at the top of the plug, which is the operating floor level.

For removal of the plug and cartridge assembly, a portable frame and lifting device
will be utilized, giving a safe and convenient means for handling this assembly.

Gamma compensation is provided on all ion chambers although compensation will be
utilized only for measurement of intermediate range neutron flux. Measurement of neutron
flux in the power range does not require gamma compensation.

Tabulated below are the neutron and gamma plug data for neutron detectors.

Operating Range Must Withstand

Neutron Flux, Gamma Flux Neutron Flux, Gamma Flux
n/sq cm/sec r/hr n/sq cm/sec r/hr

Proportional counters 3 to 105 500 -

Fission counters 10 to 3 X 106 104 1011 106

Compensated ion
chambers 104 to 1010 109 to 106 1010 106

NONNUCLEAR DETECTORS

Temperature - Temperature measurements are required for control and monitoring
of the reactor vessel, heat cycle loops, and auxiliary systems. Also required are temperature
data for stress analysis, heating checks, and component behavior information. Temperature
measurements inside the primary shield tank, including those inside the reactor vessel, will
be made with iron-constantan thermocouples encased in 0.125-inch OD stainless steel sheaths
and insulated by magnesium oxide. Thermocouples installed on the hold-down plate in the cool-
ant flow path from individual core subassemblies are used for temperature measurements in
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:he safety system. Outside the primary shield tank and where restrictions on space and re-
sponse time are not as severe, resistance elements with integral wells are used where high
sustained accuracy is required. Resistance elements used in control are installed in the sodium
piping at the outlets of the reactor plenum and the outlets of the steam generators. Tempera-
ture measurements for pipe and component heating and other information will be made by
2opper-nickel sheathed iron-constantan thermocouples and other standard types of iron-
2onstantan thermocouples.

Pressure - Where the process medium is sodium or NaK (or contains their vapors),
either a NaK-filled pressure system or a force-balance pneumatic system will be used to
measure pressures. The force-balance, high temperature, pneumatic pressure detector to be
used for low range pressure measurements is shown in Fig. 124. The NaK-filled high temper-
ature pressure detector shown in Fig. 125 will be used for ranges greater than 0-5 psi. For
Father services, conventional pressure transmitters will be utilized.

Flow - Sodium flow instruments will be used to measure and compare flow rates in the
three primary coolant loops and the three secondary coolant loops, to measure coolant flow to
the blanket inlet piping, and to indicate (by reverse flow) maloperation of a sodium pump check
valve. Flow signals will also be used in the safety system to shut do-wn or prevent reactor op-
eration with insufficient coolant flow. Flow measurements in the liquid metal loops and sodium
service systems will be accomplished by permanent magnet flowmeters, which require no pen-
etrations of the sodium piping. A cross-sectional assembly of primary loop permanent magnet
flowmeters is shown in Fig. 126. Steam, water and inert gas flow measurements will be made
by conventional means.

Level - Measurements are made to check liquid levels in the primary and secondary
sodium coolant loops and the service systems. In the reactor vessel and primary sodium sys-
tem, submerged pressure detectors will be used to measure the head of sodium, with similar
detectors being installed in the gas spaces above the sodium to compensate for the gas head.
These detectors are high temperature, force-balance type of penumatic pressure detectors
shown in Fig. 124. Resistance-type level detectors will be used in some applications, and con-
ventional float-type level devices will be used for those applications where replacement will be
possible.

Prior to radioactive operation, a small inductance probe will be used to calibrate the
level detectors.

Leak - Leakage of liquid sodium from the components or piping of the primary loop
is detected a double probe type of leadk detectors that utilizes the electrLcal conductivity of
sodium to complete a circuit. This type of leak detector allows a remote continuity check to
determine operability of the device. A cross-sectional view of the leak detector and a typical
schematic wiring diagram of the test and annunciator circuit is shown in Fig. 127.
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ELECTRICAL

POWER SYSTEM FOR STATION AUXILIARIES

The basic power system supplying the reactor portion of the plant is shown in Fig.
128. Three sources of power are provided for the reactor plant 3-phase 4800-V/AC bus:
two system ties and the station generator. The six sodium pumps are energized from this
4800-V/AC bus, utilizing one breaker for the corresponding primary and secondary pumps.
Four single phase 480-V/AC main buses are provided for power distribution to the various
areas of the reactor portion of the plant. Each operating area of the plant is supplied with
two 480-V/AC distribution lines to insure continuity of service during all periods of main-
tenance or repair of equipment. In addition, two of these buses may be energized even
though the reactor plant 4800-V/AC bus is de-energized.

EMERGENCY POWER SUPPLY

Two categories of emergency power requirements are included in the design of the
emergency power system:

1. Certain components of the reactor plant must be operable without interruption
even in the event of failure of the normal plant power system.

2. Certain other components must be operable under this condition but a short
interruption in power can be tolerated.

Components in the first category will be supplied power from the station battery for
DC loads and from a rotary converter-inverter for AC loads. Components in the second
category will be supplied from the same DC and AC emergency buses as the other component,
but these buses will not be re-energized after loss of station power until the diesel-driven
AC generator is running. By providing this two-stage emergency system, the battery can be
kept reasonably small without sacrifice of plant reliability.

In emergency power supply applications, the diesel-driven generator, once in opera-
tion, is comparable in reliability to the battery. The station battery will supply the initial
emergency load until the diesel-driven generator can be started. Then the generator will
supply all emergency loads and also recharge the battery through the converter-inverter.

In addition to the emergency loads in categories (1) and (2) above, provisions have
been made for the cask car emergency requirements. When in operation, the cask car cool-
ing system is in category (1) because the loss of cooling for even a short time could result in
melting of a radioactive fuel element in its cask. Because fuel element handling is scheduled
in advance, the diesel-driven generator can be started prior to use of the cask car, thereby
eliminating this load from the battery requirement.

FUEL HANDLING KEY INTERLOCK SYSTEM

A combination electrical-mechanical key interlock system is used to be sure that
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the fuel handling operation is performed in the proper sequence. The sequence is planned to
assure positive protection for personnel and equipment. As each step of the operation is per-
formed, all prerequisite conditions must be satisfied before a key can be obtained that will
permit the next operation. The key interlock operation sequence is illustrated in Fig. 129 in
a simplified form; the sequence of operations, with numbered arrows, indicates the direction
in which the keys are moved.

ELECTRICAL PENETRATIONS

Where electric cables must pass through a gastight or containment wall, special
provisions have been made to preserve the integrity of the containment. Several types of
penetrations are used as follows:

1. For a gas tight penetration of a metal wall not subjected to high temperatures or
high radiation levels, a stuffing box type of penetration is used. The containment building
leakage specifications are very stringent, requiring the use of gastight cable and a special
wall penetration, as shown in Fig. 106. Cables to the machinery dome passing through the
primary shield tank above the floor also require gastight cables and stuffing box type of
penetrations.

2. Cables passing through the primary shield tank below the operating floor are
metal-sheathed and pass through compression type of metal fittings. The compression fit-
tings are mounted in the capped end of a 10-inch pipe extension from the primary shield tank
wall to minimize distortion of the wall during stress-relieving.

3. Penetrations of the operating floor must provide as much radiation shielding as
the floor itself in addition to restricting gas leakage.

Metal-sheathed cables are used where electric cables must penetrate the operating
floor. The design of the penetrations is shown in Fig. 130.

TANK AND PIPE HEATING

Preheating of all sodium tanks and pipes is required before sodium can be introduced
into the various systems. In addition to pre-heating, some components will require continual
or intermittent heating to maintain the sodium in a liquid condition or to melt it.

Most heating is accomplished using 60-cycle induction coils. Because most sodium-
containing components are made of nonmagnetic stainless steel and cannot be heated directly
by induction, sufficient magnetic steel is provided either as secondary containment or as
special cladding to allow heat generation for transfer to the stainless steel components.

Sodium storage tanks will be heated by resistance heaters because they will seldom
be used and can be heated more rapidly than would be economical with induction heating.

CONDUIT TO ROTATING PLUG

Rotation of the rotating shield plug during the fuel loading necessitates a special
design for the electrical connections to the plug. The design incorporates a single vertical
conduit located near the center of the rotating plug and a bridge from this center conduit to
a termination on the stationary portion of the floor. This center conduit is formed into an
S-shaped bend that accommodates the required rotary motion of the plug.
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MATERIALS

The basic factors governing the selection of structural and fuel materials for the En-
rico Fermi plant are: (1) resistance to corrosion by liquid sodium, (2) physical and mechani-
cal properties, (3) radiation stability, (4) nuclear properties, (5) fabricability, and (6) cost. The
importance of each of these factors varies in degree with the location of the components in the
plant; the most demanding requirements exist in the fuel, in the reactor vessel, and in compon-
ents within the vessel.

The primary system was designed for 1000 F and the intermediate system for 900 F.
From the standpoint of strength and resistance to sodium corrosion, stainless steel is pre-
ferred for the primary system. Foi temperatures up to 900 F, low alloy ferritic steels have
good strength and corrosion resistance. The intermediate system is, therefore, made of low
alloy ferritic steel beyond the intermediate heat exchangers. The transition weld is made in
the piping outside of the reactor building.

COOLANT AND STRUCTURAL MATERIALS

Corrosion Resistance - Sodium used in primary and secondary system will have an
average oxygen content of 10-30 ppm and a maximum of 50 ppm. At temperatures expected in
the Enrico Fermi plant, ferrous alloys and nonferrous materials, such as zirconium, cobalt-
base and nickel-base alloys, have been shown to have excellent resistance to liquid sodium cor-
rosion.

The corrosion resistance of Type 304 stainless steel and Type 2-1/4% Cr-1% Mo car-
bon steel in sodium containing small amounts of NaOH was investigated to determine the possi-
ble effect of a water or steam leak from the steam generator into the intermediate system.
Specimens of the stainless and low alloy steels were exposed to molten sodium containing up to
6% NaOH and showed no significant attack due to the hydroxide addition. During the experiment,
the temperature differential between specimens was held at 200 F in the thermally circulated
loop with the high temperature at 950 F. An additional test with 8% NaOH concentration and a
temperature differential of 300 F (maximum temperature 850 F) confirmed the results ob-
tained with 6% NaOH.

Stainless Steels - Stainless steel is used almost exclusively in the primary system.
Type 304 stainless steel is used for the reactor vessel and its internal shielding, the handling
mechanism and its auxiliary equipment, the intermediate heat exchangers, the pumps, and the
primary piping system and its auxiliary equipment. Because of its greater strength, Type 347
stainless steel is used in limited areas, such as the reactor support plates, hold-down plates,
and subassembly core. Welding and post-weld heat treating of core components made of Type
347 stainless steel were carefully controlled to prevent cracking. As alternates, Type 316 and
Type 321 stainless steels have been substituted in some cases for reasons of availability and/or
higher allowable design stress values.

Low Alloy Steels - Low carbon ferritic 2-1/4% Cr-1% Mo steel is used for the inter-
mediate system, the steam generator, and the auxiliary sodium systems where service is be-
low 850 F. This steel, in addition to having good heat transfer properties, is an economically
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attractive substitute for the more expensive high alloy materials heretofore used almost ex-
clusively in sodium systems for any temperature. While the Cr-Mo ferritic steels can be sub-
stituted for the stainless steels in sodium service with satisfactory results, the temperature
limitations are lower because of decarburization of the ferritic steels at temperatures of 900 F
and above. Decarburization is not the direct result of sodium metal attack, but is thought to be
a carbon oxidation phenomenon occurring at elevated temperatures with the contained oxygen.
The loss of carbon has been shown to produce some loss of tensile strength, and the long-term
effects on fatigue strength must be assumed to be appreciable, particularly for cyclic temper-
ature service. Nominally the 2-1/4% Cr- 1% Mo ferritic steel is considered applicable for long-
time sodium service at temperatures up to 850 F; and the allowable stresses, as established
in the ASME Pressure Vessel and Pressure Piping Codes, are considered adequate. However,
if the material is used for higher temperature service, a reduction of 20% in the stresses, al-
lowed by the Code, is recommended.

The primary shield tank is constructed of ASTM-A-285 Grade C, carbon steel. The
containment building is constructed of ASTM-A-201 Grade B, fire-box quality carbon steel.

Two-inch-thick boron steel castings of irregular geometry are used in the rotating
plug. The cast boron steel is a plain carbon steel conforming to ASTM-A-216 Grade WCB
with the addition of 1 to 1.5% boron. A major producer of alloy steel castings has prepared ex-
perimental heats that are readily machined by adaptations of standard techniques. Although
this material has negligible structural ductility, its intended use as shielding material does not
have ductility as a prime requisite. Additional fabricability tests are being conducted, and heat
treating is being investigated as a possible means of improving ductility.

Hard Surface Materials - Stainless steels have a susceptibility to galling and self-
welding, which can readily occur even at moderate unit loads to cause seizure of mating moving
parts. Since these phenomena are accelerated by higher temperature and by the degree of rel-
ative motion between the rubbing surfaces, those reactor surfaces subjected to intermittent or
continuing rubbing forces are protected by surface hardening. Surface nitriding and sprayed or
welded overlays of hard facing materials, such as Colmonoy No. 4, Colmonoy No. 6, and Stellite
No. 6, are used extensively. Results of tests are detailed in APDA-126.

Specifications, Surface Finish, Cleaning - With few exceptions, the material specifica-
tions used have been those of the American Society for Testing Materials. The surface finish
requirements for material in the reactor vessel and its structures, at other than points of dis-
continuity, are on the order of 500 rms; at points of discontinuity, the surface finish is on the
order of 125 rms. Before start-up, the reactor vessel will be cleaned by degreasing with a de-
tergent and rinsing with water whose solids content is under 120 ppm. This degree of cleanli-
ness is adequate for sodium systems. The impurities, dissolved or suspended in the sodium,
are cold trapped and filtered from the system.

Radiation Effects - The reactor vessel has been designed to withstand an integrated
neutron exposure that is within the range for which experimental information exists. The ex-
pected flux exposure of the reactor vessel in a 20-year lifetime and the available experimental
data are given in Table XVII. Although these data indicate no serious effects for exposures at
ambient temperatures and energies, a continual check on the mechanical and physical proper-
ties will be kept by means of surveillance tubes containing control specimens located in areas
exposed to high radiation. The specimens were cut and machined from the same sheet, plate,
or bar as the section under scrutiny and will be removed at periodic intervals so that a com-
plete and comparative service history will be available.

SHIELDING MATERIALS

Serpentine Rock - Serpentine rock is the hydrous magnesium silicate, 3MgO 2SiO2
2H2 0, a mineral associated with asbestos. It contains 13.48% of water of crystallization and
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good long-time water retention up to 800 F. As such, it is a good material for use as a neutron
shield at an intermediate temperature. Its packed density ranges between 100 to 150 lb/cu ft,
depending on crushed particle size and packing pressures. As an aggregate, it can be mixed
with cement, and pressed blocks can be made with as low as 10 w/o cement. Serpentine rock,
unmixed and packed to an average density of 135 lb/cu ft, is used as shielding in the plug of the
intermediate heat exchanger.

TABLE XVII

RADIATION OF STABILITY CONSIDERATIONS
USED IN THE REACTOR VESSEL DESIGN

Parameter Integrated Flux, nvt
Fast, after

10 Year

Exposure and Spectrum Operation

Maximum exposure data available

No serious deleterious effects noted:

~ 5.5 years in MTR1  3.8 x 1022 (>100 ev)* -

EBR-I core container and flow separator2  2.0 x 1021 (370 kev) -

Calculated exposure of vessel wall 9 - 6 x 1021

Calculated exposure of spot in blanket 12 inches
from core (2.6 X 1014 nv) - 7 x 10 2 2

*The nvt >100 kv is estimated to be ~ 1022

1. M. R. Bartz, "Effects of Irradiation on MTR Materials," Proceedings of the Conference on
Radiation Effects, TID-7515 (Pt.1), U. S. Atomic Energy Commission, 1956.

2. R. E. Bailey and M. A. Silliman, "Effect of Fast Neutron Irradiation on the Properties of
Stainless Steel," Symposium on Radiation Effects to Materials, Vol. III, American Society
for Testing Materials, June, 1958. (To be Published.)

3. Based on half time at 300 mw and half time at 430 mw with 75% plant factor.

Calcium Borate - A commercial insulation product, sold as calcium borate, a mixture
of ulexite, solemanite, calcium borate and asbestos, can be used at temperatures up to 1000 F.
Its low thermal conductivity, (1.9 Btu/hr-sq ft-F-in. at 600 F), boron content (10 w/o), and
physical properties (density 65-70 lb/cu ft) make it suitable for thermal insulation where neu-
tron shielding is of primary importance. Irradiation tests made on calcium borate shielding
materials have indicated no adverse effects on the mechanical and physical properties due to
irradiation up to a total dosage of 2.4 x 1020 nvt. Post-irradiation heating to 1000 F did not
cause any breakdown of the material.

On the basis of the above data and tests, calcium borate will be installed as preformed
slabs as neutron and thermal shielding material for the primary sodium piping. The slabs will
be cut into the required sizes and shapes and fastened around the piping during field construc-
tion.
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Graphite - Borated graphite (1% B) is used as a neutron shield in the form of blocks
that are cut to shape during installation at the reactor site. Analyses of irradiation and thermal
tests show that induced stored energy and property changes are essentially annealed out at am-
bient temperatures. The small dimensional changes that may be produced have been factored
into the design.

FUEL AND BLANKET MATERIALS

Transformation Kinetics and Properties - The fuel for the reactor is U-10 w/o Mo
alloy, gamma stabilized by heat treatment; the blanket material is U-2.75 w/o Mo, homogenized
and furnace cooled. The U-Mo phase diagram, which is reproduced in Fig. 131, shows that the
gamma transformation temperature is depressed by molybdenum additions and that an eutectoid
point exists at about 12 w/o Mo. Transformation kinetics of the U-10 w/o Mo alloy, studied by
Armour Research Foundation, indicate that gamma phase transformation is initiated after about
10 hours at 500 C, as shown in Fig. 132. The earliest time for start of the U-10 w/o Mo alloy
gamma metastable transformation to alpha plus epsilon occurs after approximately 7 hours at
450 C. Should the molybdenum composition vary from 9 w/o to 12 w/o, then the minimum
time-temperature relationship for the transformation to occur would range from 2.5 hours at
500 C to 22 hours at 500 C. However, transformation is retarded by irradiation, as described
in Report APDA-122. Because stability is also dependent on flux, this effect is being studied.

Additional work has shown a high dependency of the transformation kinetics on the
homogeneity of the base alloy. The as-cast structure of the U-10 w/o Mo alloy shows essen-
tially 100% gamma phase and a high degree of segregation. This segregation, or inhomogeneity,
has been found to persist through the fabrication procedure, which involves hot extrusion at
1562 to 1796 F (850 to 980 C) followed by cold swaging. Spectroscopic examination has estab-
lished that the molybdenum variation in extruded and swaged fuel pins is 3 to 12 w/o on a mi-
croinch basis, and heat treatments are currently being investigated as a means of providing a
homogeneous structure in the core pin.

Test results show that the strength properties and modulus of elasticity of the U-10
w/o Mo alloy decrease with increasing temperature from room temperature to 1250 F (675 C).
Whereas, the ductility of the alloy as indicated by the total elongation is quite low at 750 F (400
C), it increases to higher values at both higher and lower temperatures.

In addition, the dimensional stability of this alloy, as fabricated into the reference fuel
pins, has been evaluated under thermal cycling conditions. In cycling between 120 and 750 C,
it was found that the U-10 w/o Mo alloy possesses high thermal stability, demonstrated by in-
significant dimensional changes. Physical properties at various temperatures of the U-10
w/o Mo fuel alloy are given in Tables XVIII and XIX and in Fig. 133. Mechanical properties at
various temperatures are given in Table XX.

Radiation Stability - A study of the radiation stability of the U-10 Mo alloy is de-
scribed in detail in Reports APDA-122 and APDA-BMI-638 and in 1958 Geneva Conference Pa-
per OIC-1294 (UN/622). Post-irradiation physical property measurements of density, dimen-
sions, electrical resistivity, metallographic structure, fission gas, thermal conductivity, and
thermal expansion have been conducted on specimens irradiated to beyond two total atom per
cent burnup. The average decrease in density of test specimens with retained gamma, partial-
ly transformed, and transformed alpha-plus-epsilon structures was determined to be 2.4, 3.3.
and 3.9% per atom per cent burnup, respectively.

Test data reported include those from specimens irradiated in the Materials Testing
Reactor and in the CP-5 Reactor at Argonne National Laboratory. Specimens were bare, zir-
conium clad with open ends, and zirconium clad with ends capped. The end-caps used were
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TABLE XVIII

THERMAL EXPANSION OF GAMMA RETAINED U-10 w/o Mo ALLOY

(Heat treated at 400 C and water quenched.)

Temperature,
C F

25
100
200
300
400

500
550
600
700
800

77
212
392
572
752

932
1022
1112*
1292
1472

Longitudinal direction,
/C x 10-6 /Fx 10-6

11.5
12.2
13.2
14.2
15.2

16.2
16.6
16.6
17.9
19.2

6.4
6.8
7.3
7.9
8.4

9.0
9.2
9.2
9.9

10.6

Transverse direction
/Cx 10-e /FX 10-6

11.9
13.0
14.6
16.0
17.6

19.0
19.8
19.8
20.8
21.8

6.6
7.2
8.1
8.9
9.8

10.5
11.0
11.0
11.5
12.1

*Transition temperature between 550 C and 600 C.

TABLE XIX

Additional Pertinent Physical Properties of U-10 w/o Mo Alloy

Electrical resistivity (measured at liquid nitrogen temperature)

Metallurgical state

Retained gamma
Partially transformed
Transformed

Resistivity
' ohm/C

73.1
38.0

3.4

Density (in retained gamma state)

Temperature
C F

25 77
100 212
200 392
300 572
400 752
500 932
600 1112

Density,
gm/cc

17.13
17.06
16.97
16.88
16.79
16.70
16.62

Specific heat [between 300 - 400 C (572 - 752 F)]

6.5 ( 0.5) Cal/mole-C

Melting point

1130 C (2070 F)
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made from zirconium and stainless steel. In general, it can be stated that (1) the radiation
stability of the gamma-treated U-10 w/o Mo alloy is good to 2 atom per cent burnup below 1100
F and is good to 0.5 atom per cent burnup below 1350 F, (2) large physical changes, such as
swelling or ruptures, have occurred at burnup less than 1.5 atom per cent in material irradiat-
ed above 1100 F, (3) ruptures have occurred in material that was fabricated improperly, and
(4) the threshhold fission rate necessary to maintain 10 w/o Mo alloy in the yphase for temp-
eratures of 800 F to 900 F has not been definitely established.

TABLE XX

TRUE STRESS - STRAIN DATA OF U-10 w/o Mo
ALLOY VERSUS TEMPERATURE

Heat treated 1 hour at 800 C, water quenched, followed by 1-hour heat treat at 350 C
and water quenched.

Temperature,
C F

24
121
260
399
538
676

75
250
500
750*

1000
1250

Ultimate
tensile

strength,
psi

140,000
105,000

92,000
82,000
52,000
13,000

Yield
strength,

psi

140,000
101,000
85,000
79,000
44,000

9,000

Total
elongation,

8.5
11.75
10.75

4.0
38.0

161.0

Modulus of
elasticity,

106 psi

13.10
11.80
10.96

7.62
5.06
3.36

Poisson' s
ratio

0.358
0.311
0.508
1.089
1.166
1.098

*Material probably transformed during test.
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PLANT LAYOUT

The overall reactor power plant encompases a number of facilities in addition to the
300-Mw reactor and its associated heat removal and utilization equipment, fuel handling equip-
ment, storage and shipping facilities. Service facilities are provided for decontamination,
waste disposal, repair and maintenance, and instrument repair and calibration. A plot plan
showing the arrangement of the various buildings is shown in Fig. 134. An artist's concept of
the site is shown in Fig. 135, and two photographs of the site taken in mid-January 1959 are
shown in Fig. 136.

The plant site is located approximately 30 miles southwest of Detroit on Lake Erie
at Lagoona Beach in Frenchtown Township, Michigan. One map in Fig. 137 shows this loca-
tion; the other map shows the boundaries of the plant site.
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LIST OF SUPPLIERS OF MAJOR COMPONENTS OR SERVICES

Listed below are some of the contractors furnishing major items of equipment or
services to APDA for the Reactor Components Test:

Primary Shield Tank
Reactor Vessel
Rotating Shield Plug
Offset Handling Mechanism
Control Rod Drives
Hold-Down Mechanism
Rotating Plug Drive w/o Pedestal
Transfer Rotor Assembly
Primary Sodium Pump
Check Valve
Throttle Valve
Piping for Loop No. 1
Dummy Core and Blanket Sub-

assemblies
Instrumentation
Architect-Engineer
General Construction Contractor

- Chicago Bridge and Iron Co.
- Combustion Engineering, Inc.
- Combustion Engineering, Inc.
- General Electric Co.
- General Electric Co.
- General Electric Co.
- General Electric Co.
- Snyder Corporation
- Byron Jackson Div. of Borg-Warner Corp.
- Edwards Valve Company
- Copes-Vulcan Div. of Blaw-Knox Co.
- M. W. Kellogg Co.

- Purolator Products, Inc.
- Leeds and Northrup Co.
- Commonwealth Associates, Inc.
- United Engineers and Constructors Inc.

Some of the contractors furnishing major items of equipment or services to Power
Reactor Development Company for the Enrico Fermi Atomic Power Plant are:

Reactor Containment Building
Intermediate Heat Exchangers
Steam Generators
Sodium Pumps - Primary and

Secondary
Check Valves
Transfer Cask Car (Design)
Piping for Loops 2 and 3
Instrumentation and Control

Nonnuclear Instrumentation
Fuel Handling Machinery

Core and Blanket Subassemblies

Architect-Engineer
General Construction Contractor

- Chicago Bridge and Iron Co.
- Alco Products, Inc.
- Griscom-Russell

- Byron Jackson Div. of Borg-Warner Corp.
- Edwards Valve Company
- General Nuclear Engineering Corp.
- The Grinnell Co.
- Bailey Meter Co.

Stromberg Carlson Div. of General Dynamics
- Leeds and Northrup Co.
- American Machine and Foundry Co.

Vitro Corporation of America
- Nuclear Metals, Inc.

Sylvania-Corning Nuclear Corp.
- Commonwealth Associates, Inc.
- United Engineers and Constructors Inc.

Some of the contractors furnishing major items of equipment or services to The
Detroit Edison Company for the Enrico Fermi Atomic Power Plant are:

Turbine -Generator
Main and Dump Condenser
Boiler Feed Pumps
General Construction Contractor

- Allis-Chalmers Manufacturing Co.
- Worthington Corp.
- Byron Jackson Div. of Borg-Warner Corp.
- United Engineers and Constructors Inc.
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