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INTRODUCTION

GENERAL CHARACTERISTICS OF SODIUM COXIED FAST REACTORS

The chain reaction in fast power-reactors is sustained by fission
events initiated by neutrons whose energies range from several million elec-
tron volts all the way down to about 50 key. In general, the neutron energy
spectrum peaks in the vicinity of 0.2-0.3 mev, and the median energy of fis-
sion inducing neutrons is usually only slightly lower. Because the fission
cross section of U-235 is only a few times greater than the absorption cross
section of U-238 in this energy region, enriched fuel must be used.

No moderator is used in this type of reactor, the neutron energy
being reduced primarily by inelastic scattering in diluent materials and in
the coolant. Since the volume of the core is almost entirely made up of
uranium and coolant, fast reactor cores are characterized by small size.

Since neutron losses in a fast reactor are rather insensitive, over
wide limits, to the quantity of structural material and coolant used, large
latitude can be taken in the amount of these materials used. Table I shows
the neutron balance for the APDA reactor. Even with 50 per cent sodium cool-
ant volume, the neutron absorption in the sodium is only 0.1 per cent.
Although there is approximately 20 per cent structural iron and zirconium,
the absorption in them is about 1 per cent. The amounts of these materials
is more limited by their effect on neutron energy level in the reactor, on
critical mass, and on safety as affected by Doppler effect considerations if
these materials are assumed to replace U-238, than by neutron economy.

TABLE I

NEUTRON BALANCE IN CLEAN REACTOR

(Basis: One Fission in Core U-235)

U-235 Fission
U-235 Capture
U-238 Fission
U-238 Capture
SS Capture
Zr Capture
Na Capture
B Capture

TOTAL

NEUTRON LEAKAGE:

NEUTRON PRODUCTION
Core Blanket Total

2.4800 0.0739 2.5539

0.21h8 0.1524 0.3672

2.69h8 0.2263 2.9211

Core to Blanket 1.0016
Blanket to Shield - 0,0142

NEUTRON ABSORPTION
Core Blanket Total

1.0000
0.2106
0.0866
0.3hh3
0.0209
0.0037
0.0021
0.0250

0.0298
0.0073
0.0615
1.1023
0.0112

0.0016

1.0298
0.2179
0.1h81
1. 4466
0.0321
0.0037
0.0037
0.0250

1.6932 1.2137 2.9069
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Reactivity changes are caused principally by changes in neutron
leakage accompanying core expansion and changes in density of the coolant.
Since fission product cross sections are small in the neutron energy range of
fast reactors, reactivity losses due to poisoning are considered negligible.
Large burn-up does not, therefore, result in large reactivity changes.

The magnitude of the total temperature coefficient of reactivity in
fast power reactors is usually of the order of -10-5L k/k/C. In sodium
cooled reactors, the largest component of reactivity is usually due to expan-
sion of sodium following a temperature increase. This component is several
times larger than that obtained from linear expansion of fuel.

The prompt neutron lifetime is extremely short; it is of the order
of 10-7 seconds. Presently available information indicates that no appreci-
able increase occurs in the delayed neutron fraction with an increase in
neutron energy. Hence, the average existence time of all neutrons in fast
reactors is not significantly different from that of thermal reactors. If an
appreciable part of the fissions in a fast reactor are due to U-238, then the
average existence time is probably larger for the fast reactor because of the
longer mean lifetime of the delayed neutrons from U-238. It is apparent,
therefore, that operation of a fast reactor within the reactivity region con-
trolled by delayed neutrons is essentially no different from that of a thermal
reactor,

In fast reactors designed for power production, heat transfer lim-
itations require appreciable dilution of the fuel with relatively inert mate-
rial. The material commonly used is U-238, and, owing to the high average
neutron energy in the core, a considerable fraction of core fissions are fis-
sions of U-238. This fraction may be as high as 0.15 in large power reactors.
The breakdown of fissions in the APDA fast reactor are shown in Table II.

The breeding ratio in fast reactors is larger than in thermal reac-
tors, not only because of the larger fast fission effect, but also because of
the higher number of neutrons produced per neutron absorbed in the fissionable
material as shown in Table III.

The importance of maintaining high neutron energy in the core of
the reactor is illustrated in Fig. 1, which shows the variation of alpha with
neutron energy. In the interest of producing high quality plutonium, it is
not as important to maintain a high neutron energy in the blanket since the
relative absorption cross section of Pu-239 to U-238 does not drop except at
low energy as shown in Fig. 2.

The delayed neutron fraction for Pu-239 is 0.36 per cent as compared
to 0.75 per cent for U-235, so that a fast reactor fueled with U-235 can more
easily be designed to operate well below prompt critical.
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TABLE II

BREAKDOWN OF FISSIONS

Core

0.8h9

o.071

0.923

Blanket

0.025

0.052

0.077

Reactor

0.87h

0.126

1.000

TABLE III

COMPARISON OF
FOR FAST AND

NUCLEAR PARAMETERS
THERMAL REACTORS

Fast Thermal
0.2 mev 0.025 ev

2.16

2. 51
2.166

2.5h4

Fast Thermal
0.2 mev 0.025 ev

2.20

2.19

2.08

2.31

Fast Thermal
0.2 mev 0.025 ev

0.11

0.02

O.184

0.1

2.88 2.61 2.03

Material

28

Total

U-235

U-233

Pu-239 2.88 0.09 0. 42
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Owing to the small size and high power density of a fast reactor,
the fuel must be finely subdivided to limit the temperature gradient across
it. As a result, coolant passages are-quite small, around 1/8 inch in diam-
eter. Growth and deposition may tend to plug these passages. Plugging in
the core due to mass transport does not seem to be a problem since dissolved
metal seems to preferentially deposit on cold surfaces rather than on hot
surfaces. Care must be exercised to prevent particle accumulation in the
small passages.

In some ways, the small reactor size appears to be a help instead
of a problem. With a reasonable coolant velocity of 30 feet per second and a
temperature rise of 300 F, 500 megawatts of heat, a desirable power output,
is obtained from a reactor whose diameter and length are both 3 feet. A
greater length would not help the heat transport problem, and this small size
greatly simplifies the structural design and unloading problem.

The use of sodium coolant permits operation at high temperature
without high pressure and provides an opportunity for a relatively high steam
cycle efficiency.

Many structural materials are corrosion resistant in sodium. Low-
carbon iron, chromium iron, stainless steel, nickel, and Inconel are all cor-
rosion resistant at the temperature of interest, provided the oxygen content
is kept low. As a result, it is expected that the sodium system equipment
will not be very expensive.

In many ways, the most serious problem in a fast reactor is the cost
of fuel reprocessing. In a thermal reactor, perhaps only 1 to 2 per cent of
the fuel element is fissionable material, and the conversion ratio is above
0.7. If 1 per cent burn-up can be achieved, a large fraction of the initial
fuel is burned before reprocessing. In the case of a fast reactor, about
25 per cent of the fuel element is fissionable material, and the internal con-
version ratio is under 0.5. If 2 per cent burn-up is achieved, only 8 per
cent of the fuel is burned before reprocessing. Thus, a fuel atom may be
reprocessed twelve times before it is burned, and there may be high inventory
and loss charges associated with reprocessing. There are, however, some
alleviating circumstances. Fission products can be allowed to build up to
high levels without seriously affecting neutron econon y, so that high burn-up
and crude reprocessing can be tolerated. The requirements here, too, are
less stringent since the corrosion resistance of uranium in sodium is such
that a somewhat less perfect clad than is necessary in water-cooled reactors
may be used.

These factors contribute to the possibility of using simple methods
of reprocessing and refabrication. It is thought likely that pyrometallur-
gical reprocessing consisting of a simple melting operation with oxide slag-
ging by the crucible will eventually be used. It is expected that this
process will remove 80 per cent of the fission products. The recovered fuel
will be sent .to a "hot" fabrication facility for the manufacture of new fuel
elements. In the distant future, it is expected these reactors will be oper-
ated with mobile fuel, thereby eliminating the hot fabrication facility.



As stated in the foregoing, the reactor has a low internal conver-

sion ratio. To avoid handling large reactivity changes, portions of the core
should be changed at frequent intervals, i.e., about once every two to four
weeks, even though the average core life is about three to six months.

PROPOSED DEVELOPMENTAL FAST REACTOR

The APDA fast breeder reactor is briefly described in this section
in order to illustrate some of the design features and problems of fast reac-
tors. This reactor is designed to operate on uranium-235 fuel, not plutonium,
because of safety, availability of materials, and lack of plutonium technology.
It will produce about 300 megawatts of heat with a corresponding gross elec-
trical output of 100 megawatts. The core, which is about 31 inches in dia-
meter by 30.5 inches high, is surrounded by a blanket of depleted uranium
2 feet thick in the radial direction and 1-1/2 feet thick in axial direction.
A perspective view of the reactor is shown in Fig. 3.

Core Design

The reactor core, shown diagrammatically in Fig. L, is an assembly
of partially enriched uranium alloy plates. Plutonium is produced in the
reactor core and in a surrounding breeder blanket of depleted uranium rods.
Insertion of boron-containing poison rods provides shim and safety control.
The core consists of square fuel element subassemblies arranged to approximate
a right cylinder. These subassemblies contain the fuel elements and axial
blanket elements. There are two types of fuel elements being considered:
pin-type and flat-plate type. The pin-type is shown in Fig. 9 and the flat-
plate type in Fig. 10. The radial blanket subassemblies, shown in Fig. 11,
are the same size as the core subassemblies; however, they contain cylindrical
rods of depleted uranium. Both the core and the blanket are cooled by sodium
that is pumped into the bottom of the reactor vessel, flows upward through
these sections, and flows out near the top of the reactor vessel. By using
up-flow through the core, decay heat can be removed by natural circulation.

Control

Shim control is provided by a boron control rod located at the cen-
ter of the reactor. Very little reactivity must be accommodated by this
control rod, so the loss in neutrons is very small. The decision to move
poison instead of fuel was made because the heat dissipation requirements are
much less and because much more reactivity can be controlled per unit of vol-
ume. The poison control rod is lighter, permitting use of a relatively cheap
drive. The safety or shut-down rods are also made of boron. Although these
rods contain approximately 6 per cent Ak, they do not absorb neutrons in nor-
mal operation because, under operating conditions, they are located outside
the core at the upper edge of the top blanket. They are scrammed by gravity
with an initial spring assist.
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Mechanical Handling

Unloading the core and blanket is accomplished by an element
handling mechanism, shown in Fig. 26, that consists of a rotating shield plug
and an offset handling crane mounted in the plug. A hold-down plate is sus-
pended below the plug to maintain radial alignment of the core subassemblies
and to hold them against the pressure drop forces caused by the flow of cool-
ant through the elements. This plate also acts as a guide for the control
element drives.

The sodium level is maintained nearly 11 feet above the core, as
indicated in Fig. 26. This is done to provide natural circulation cooling of
the core during unloading or during a pump failure and to keep the fuel sub-
assemblies under sodium during unloading in order to dissipate decay heat.

Liquid Metal and Steam-Power Systems

Heat is removed from the reactor core and blanket by circulating
molten sodium. The heat is transferred to an intermediate sodium-potassium
alloy system and is then transferred to water and steam in a once-through-
type steam generator, a schematic arrangement of which is shown in Fig. 5.
Steam is utilized in a conventional steam turbine that is directly connected
to an electric generator. The intermediate circuit is used to prevent a Na-
water accident from releasing radioactivity. An elevation of the plant is
shown in Fig. 35. The only items of equipment in the primary system that may
require removal for inspection and repair are the pumps and the tube bundles
of the heat exchangers. These are made as sump-type units with a free surface
above the active portions and can be removed from the system without cutting
the piping and without draining the system. No isolating valves are used in
the primary or secondary systems since they are considered more vulnerable
than the piping, heat exchanger housing, and pump housing that they would be
called on to isolate. The valves also would unnecessarily increase the pres-
sure drop, which should be kept to a minimum since the coolant flows by
gravity from the reactor tank to the heat exchanger and pump. A syphon break
is provided on the piping at the reactor so that a rupture in the piping will
not drain the reactor tank. Surrounding the reactor vessel is a so-called
primary shield tank which provides containment for sodium in the event of a
reactor vessel leak.

The large sodium pool above the reactor, containing approximately
15,000 gallons of sodium, contributes the largest part of the 67-second cycle
time for the sodium flow through the primary system. The pool minimizes ther-
mal shocks to the piping system that tend to accrue during reactor scram.

Thermal shock to system parts has also been minimized by providing
inlet cooling to the high-pressure (100 psi) part of the reactor vessel; lim-
iting the rise through the reactor to 250 F; designing the top pool and piping
of thin walls, with the piping being 3/8 inch thick and the pool tank wall
1 inch thick; and practically eliminate the need and, hence, the call for scram.
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Shielding

The thermal shield, composed of metal plates, is positioned against
the inner wall of the reactor vessel as shown in Fig. 18. Its purpose is to
reduce the fast neutron flux reaching the reactor vessel in order to minimize
the damage that results from neutron embrittlement and neutron-induced ther-
mal stress. It also acts as a reflector, slightly decreasing the blanket
neutron leakage and decreasing the neutron and gamma heating in the borated
graphite. Compartment shielding is used to provide flexibility in the design
and location of the system components. The radial shielding, which is located
close to the reactor, is primarily neutron shielding to reduce induced activ-
ation of the secondary coolant system and to eliminate the need for cooling
the concrete components of the shield. This primary neutron shield is made
of borated graphite and is located in the primary neutron shield tank so that
it can be confined and cooled by forced gas circulation. The secondary neu-
tron shield is the structural concrete of the building and does not require
cooling.

The space between the concrete shield and the building is used as
the heat exchanger and pump machinery compartment. The building concrete
around this compartment will provide the required biological shielding. The
level of sodium activity is about 0.1 curie per cubic centimeter and is mainly
generated in the sodium pool above the core. Activation of the secondary
coolant system is reduced by concrete shielding around the heat exchangers
and any secondary coolant piping located in the heat exchanger compartment.

Reactor Safety

Emphasis has been placed on reactor safety. There seems to be no net
positive temperature coefficient of reactivity. Uranium expansion alone
seems to be fast enough to handle any conceivable fast reactivity transient.
The operating temperature has been chosen low enough so that, even if all of
the control rods are removed, the reactor would shut off short of melting. A
serious cold sodium slug accident is avoided by the low operating temperature
and by the fact that the system cannot be isolated. The reactor is unloaded
at operating temperature so that little reactivity is required in the shim
control. The number of fuel subassemblies has been chosen so that the maxi-
mum reactivity of one subassembly is less than that equal to the delayed neu-
tron fraction; therefore, if a fuel subassembly were accidentally dropped
into the core when the reactor is critical, it would not get into a prompt
period. The maximum speed of the control rods give 0.007 per cent ,k per
second; therefore, during start-up it cannot get into a prompt period. The
fuel subassemblies are also inserted at this rate so that, even if the core
were accidentally critical during loading, the prompt period accident would
be avoided.

Containment

An airtight, steel, cylindrical reactor building, shown in Fig. 6,
encloses the reactor, the fuel handling mechanisms, the intermediate heat
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exchangers, and the sodium pumps, piping, and storage tanks. It is approxi-
mately 84 feet in diameter and has a wall thickness of about 1-1/2 inches.
The purpose of this building is to contain the products of any reactor acci-
dent that results in release of fission products and radioactive sodium. All
air is dehumidified and enriched in nitrogen to minimize the likelihood of a
sodium-oxygen reaction should a leak occur in the liquid metal system.

General Design Considerations

Flexibility has been designed into the system. All mechanisms are
removable. The rotating plug is removable in layers. The control drive, rods,
and thimbles are removable. The core subassembly support plates can be re-
moved. The fuel and blanket subassemblies are the same size so that with
minor modifications they are interchangeable; therefore, the core size can be
adjusted if necessary during initial start-up to achieve criticality. Fur-
thermore, after a number of years of successful operation at design power,
the core size can be increased to increase the power output.

The design of the reactor has been established, and a full-scale
mechanical test facility of the reactor and one primary loop is being con-
structed to prove the mechanical and hydraulic operation of the reactor. This
facility, which will not contain fissionable material, will be completed by
the fall of 1956. The reactor plant is expected to go into operation in 1959.

There are many design features of the reactor which remain to be
demonstrated, but there appears to be no problem for which a solution is not
foreseeable.
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DESCRIPTION OF REACTOR

TECHNICAL DATA TABULATION

Core design and Performance

Core power
Core volume
Heat transfer surface
Average heat flux
Max to avg heat flux ratio
Power density
Specific power
Diameter
Length
Core sodium flow rate
Coolant flow area
Sodium velocity
Core composition

U-235
U-2 38
Zirconium
Sodium
Stainless steel

Number of core elements
Number of fuel pins per element
Fuel pin diameter
Cladding diameter - OD
Cladding thickness
Maximum cladding temperature
Maximum fuel temperature
Maximum AT cladding
Maximum AT film
Maximum AT uranium
Assumed uranium conductivity
Total fuel alloy burn-up

Blanket Design and Performance

- kw . . . . .

-cuft. . . "
- sq ft . . . .

- Btu/hr-sq ft

-kw/cu ft
- kw/kg U-235
- in.
-in.
- lb/hr . .

- . . . .

- ft/sec . .

- % vol

. .

- in.

- in.

- in.

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

275,000
11.7
1,225

765,000
1.13

23,500
612

30.5
30.5

11.88 x 106
53.0
24.9

7.3
15.8
7.6
55.3

Th.1
92

144
0.125
0.139
0.007
1,000
1,220

75
6o

25d
15.6

1.0

Blanket power
Radial
Axial

Blanket volume
Radial
Axial

Heat transfer surface
Radial
Axial

Average heat flux
Radial
Axial

- kw

- cu ft

- sq ft
. . . . . . . . .

- . . . . . . . .

. . . 23,000

. . . 2,000

169
]1}

9,700
485

. . . 8,100

... 14,000
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Max to avg heat flux ratio
Radial

Blanket diameter - ID (Nominal)
Blanket thickness

Radial (Nominal)
Axial (Nominal)

Radial blanket length
Radial blanket composition

Uranium
Sodium
Stainless steel

Axial blanket composition
Uranium
Sodium
Stainless steel

Blanket rod diameter - OD
Radial
Axial

Cladding diameter - OD
Radial
Axial

Cladding thickness
Sodium bond annulus
Maximum plutonium build-up
No. of blanket elements

Radial
Axial

Maximum uranium temperature
Radial

Maximum cladding temperature
Radial

-ft .
- ft

". . t,

- ft
- % vol

. 0 .

. . .

. , ."
- % vol

. . .

. . .

- in.

. . .

- in,

- in.
in.
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Control Rods
Number
Reactivity per rod
Total stroke
Reactivity per rod-in.
Rate for 1 cent per sec
Area of rod
Weight of rod

Reactor Physics

Critical mass U-235
Core conversion ratio
Blanket conversion ratio
Total conversion ratio
Radial/axial blanket Pu' production
Average core neutron energy
Average effective core flux
Neutron energy distribution
Fission distribution

Maximum/average core power
Diffusion length in core
Delayed neutron fraction
Mean delay time of delayed neutrons
Avg macroscopic fission cross-

section (U-235)
Avg macroscopic fission cross-

section (U-238)
Prompt neutron lifetime
Blanket power/total power

Reactor Vessel

Maximum height over-all
Maximum outside diameter
Shell thickness
Weight, empty

Liquid Metals and Steam System

Gross electric capacity
Net electric power output
Net thermal efficiency
Turbine-generator rating
Sodium temperatures

Leaving reactor
Entering reactor

Sodium flow
NaK temperatures

Entering boiler
Leaving boiler

NaK flow
Steam pressure
Steam temperature
Feedwater temperature
Steam flow

. . . . .

- dollars .
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CORE AND BLANKET SUBASSEMBLIES

The reactor is an assembly of square-shaped core and blanket sub-
assemblies arranged to approximate a right cylinder about 80 inches in diam-
eter and 70 inches high over-all. The reactor core, which contains the fuel
alloy, is approximately cylindrical, 31 inches in diameter and 31 inches high,
and is located in the center of the reactor. There are four types of sub-
assemblies, each having the same external dimensions of 2.663 inches by
2.663 inches by 98.625 inches but containing different materials. A nominal
clearance of 0.030 inch is left between subassemblies. There are 92 core sub-
assemblies that contain U-235 and U-238, 572 blanket subassemblies containing
U-238 only, 212 thermal shield subassemblies containing steel, and 9 control
subassemblies that house the boron-containing control rods. The arrangement
of these subassemblies in the reactor is shown in Fig. 21. The central con-
trol rod, which is about 8 inches long, is used as a shim rod and will be in
the reactor during operation. The other 8 control rods are safety rods and
will be positioned above the reactor blanket during normal operation, leaving
these positions in the reactor filled with sodium.

The material in the subassemblies is divided into elements small
enough so that the heat produced in the material may be transferred to the
coolant without exceeding a limiting temperature of about 1200 F during full
power, steady state operation. The fuel alloy and the unalloyed uranium ele-
ments are completely encased to prevent contamination of the coolant with
radioactive particles. The sodium coolant flows upward in all subassemblies,
with 90 per cent of the total coolant flow being directed through the core
subassemblies, 7 per cent through the blanket, and 2 per cent past the control
rods. The remaining ore per cent is, allowed for cooling the thermal shield and
for by-pass leakage.

Description of Core Subassemblies

The core subassembly consists of an upper and lower axial blanket
section, each of which is 18 inches long and is separated by a 30.5-inch fuel
section. As specified in the reference design, the fuel section contains
lhh pins arranged on a square pitch of 0.200 inch. A detailed drawing of the
reference design core subassembly is given in Fig. 9, which shows the ha-
dling mechanism, self-orientation device, and method of support. The 0.139-
inch OD pins are clad with 0.007-inch-thick zirconium, which is metallurgically
bonded to the two per cent weight Zr-.U fuel alloy. The pins are spaced with
spiral zirconium ribs attached to the clad. The pitch of the spiral is six
inches. The pins are fixed at the bottom and are free at the top to allow
for an increase in length due to temperature increase and irradiation. This
is shown in Detail A of Fig. 9.

The axial blanket elements are 0.392-inch diameter, unalloyed
uranium pins in stainless steel tubes, 0.420 inch OD with a 0.010-inch wall.
The radial clearance of 0.00h inch between the uranium and the tube is filled
with sodium to provide a low thermal resistance bond. The pins are spaced
properly with spiral ribs attached to the clad on a nine-inch pitch. Allow-
ance for growth in length of the uranium is provided inside the closed
cladding tube. The pins are held in the subassembly by support grids at the
top and bottom of the pins.



TAA al A
L, 1

MATCH LINE

B

, ,

.

I I-

io
717,7

CWj<11
FUEL PIN

SECTION B-B

/44 FUEL PINS

SECTION0C-C

?NG

"T"SLOTS

SUPPORT
GRID

DETAIL A

. D D SEE DETAIL A

MATCH LINE

SECTION A-A

Fig. 9 -PIN-TYPE CORE SUBASSEMBLY

HANDLING
AEAD

CAM

B B

I
B

-- CAM

147

.

01J

Z~

L

K.,

SPr

SECTION D-0

Q
"4

ti

Lk



An alternate fuel element design is also being considered. In this
design, the fuel section is made of 18 flat plates, 0.040 inch by 2.4h9 inches
by 30.5 inches, that are hermetically sealed in a stainless steel radiator-
type container. The coolant tubes in the radiator are 0.21 inch by 0.07
inch inside and are 0.007 inch thick. The pitch of the plates is 0.132 inch,
leaving a 0.002-inch clearance between plate and clad for bond material.
Sodium is used to provide a heat transfer bond between the fuel plate and
the container. The upper and lower axial blanket sections and the outside
dimensions of the alternate subassembly are identical to the reference design.
The alternate plate-type core subassembly is shown in Fig. 10. A space of
about 1-1/2 inches is left at the top of the fuel alloy for length growth of
the fuel plate during operation. The plates are held to the bottom of the
radiator by dowel pins fastened to the subassembly side wall.

Description of Blanket Subassemblies

Radial blanket subassemblies have the same external dimensions and
features as the fuel subassemblies. The radial blanket elements are 0.415-
inch-diameter pins, in a 0.010-inch-wall, stainless tube measuring 0.h3 inch
OD. The radial clearance of 0.00+ inch between the uranium and cladding tube
is filled with sodium for a bond. The pins are 70.2 inches long, and a gas
space approximately 2 inches long is left between the top of the pin and the
upper end tube closure for length growth of the uranium. The pins are held
in the subassembly by means of support grids at both the top and bottom of
the pins in the same manner as the axial blanket sections. The radial blan-
ket subassembly is shown in Fig. 11.

Fabrication of Fuel and Blanket Subassemblies

The reference fuel pin is formed by coextrusion of the two per cent
weight Zr-U fuel alloy and the Zr cladding. During the extrusion process, a
metallurgical bond is formed between the clad and fuel alloy. The pins will
be given a final heat treatment to produce radiation stability of the fuel
alloy. The heat treatment contemplated is a solid-state heat treatment.
Argonne National Laborato-ry has developed this method, and other laboratories
are now making refinements on the method. Although this method is not yet
fully developed, it is confidently expected that a heat treatment will be
developed to provide satisfactory irradiation stability at one per cent burn-
up of the fuel ally.

The alternate-design fuel section is assembled by inserting bare
plates into the radiator section as shown in an isometric view, Fig. 12.
Several methods for making the plate and at least two fuel alloys are being
considered. The final choice of method and alloy will depend on radiation
stability and ease of fabrication. The methods being considered are rolling
a powder and heat treating, rolling a bar and heat treating, and casting.
Two alloys, a two per cent weight Zr-U alloy and a 3.5 per cent weight Mo-U
alloy, are being considered. The radiator is made by Nicrobrazing 11 rec-
tangular stainless steel tubes to form panels and then brazing 19 of these
panels into the square subassembly. The tubes, 0.22 inch by 0.088 inch
outside, are joined at their short dimension. The panels are spaced by
means of bars at the top and bottom of the radiator. One side of the sub-
assembly is left open for insertion of the fuel plates.



MATCH LINE

[B-

im

2.652

A i A

B

ALL

5E

- SPRING

L LENGTH : 98

HANDLING

2p

CAM

I2

3

3(

C

r
D

F F
LJ

DETAIL A
HEAD

FUEL PLATE

SECTION F-F

.094 2.464S .094

SECTION B-5

19 PANELS OF II TUBES EACH
.224X.088 O.S.X.O07 WALL X 32jLG

- SEE

C DETAIL

D

A-

SECTION C-C

I

COOLANT TUBES FUEL PLATE
FUEL PL ATE .

r BOND

FUEL CLOSING
.040 RETAININ PLATE

.044LUG

SECTION G-G

SECTION D-D
(PARTIAL)

SECTION A-A

Fig. 10 - FLAT-PLATE CORE SUBASSEMBLY

26

- CAM

8

2It

~iII

41 [

I
IE

OVER

f mot.

-

1
B

MATCH LINE

G

--
G



r-
A

24

4

72

98%

22

A

HANDLING HEAD

CAM

~
F-e

B

I

C ~

F '~

41

2F

F t i

L

OD

GD

2652

VIEW A-A .041 D SPACER
ON 9" PITCH -

4 SPC@.484

SECTION B-B

.443 1 tV--
415

6
.010 URA
WALL

PIN DETAIL

SECTION C-C

-1
C

-CAM

I

F

SECTION D-D

ORIFICE

SECTION F-F

Fig. II - RADIAL BLANKET SUBASSEMBLY

27

i. 3
GAS

IUM

7

i7
NIUM

w

N

W

N

"I
i



N

Fig.12-PERSPECTIVE OF FLAT-PLATE FUEL ELEMENT

28

I

p

0000000
000

0

000 00
10

00
oo

ol

10

00
oo

oll 00 
-0

10 00
10

10 'I"ooo lo

10

z

li



29

After the fuel plates are in place, the cover plate is welded to
the side of the subassembly. Sodium is introduced into the bond space
through small tubes near the top and bottom of the fuel section. After
filling with sodium, the tubes are cut flush with the subassembly side and
welded shut.

The unalloyed uranium blanket pins are made by alpha rolling and
beta heat treating. One end of the cladding tube is sealed, and the proper
amount of sodium in the form of a solid pin is inserted. Next, the uranium
pin is inserted into the tube, and the other end of the tube is welded shut.
The element is then heated above the melting point of sodium to allow filling
the bond area. One support grid is then fastened in the subassembly, the
elements inserted, and the other support grid welded to the subassembly.-
Both axial and radial blanket elements are held in the subassembly by this
method.

Performance of Reactor Core and Blanket

The reactor is designed for a power output of 300 mw, with 275 mw
being released in the reactor core and 25 mw in the blanket. The total cool-
ant flow rate is 13,200,000 pounds per hour, resulting in a coolant tempera-
ture rise of about 250 F. One criterion for the design of the reactor is
that the fuel alloy shall not exceed the transformation temperature of the
material, r 1220 F, during steady state, full. power operation. Another
criterion is that the blanket material shall not exceed the transformation
temperature of the material during steady state operation of the reactor at
00 mw, 350 F coolant rises and 600 F coolant inlet temperature. This latter

criterion assures that the blanket-cooling will nrt limit reactor operation
at higher than design power when improved core designs are made.

The sodium coolant temperatures are 550 F at the inlet and 800 F
at the outlet. The assumptions, methods, and design factors used to esti-
mate the reactor performance are given in the succeeding paragraphs.
Table IV summarizes the performance of the core and blanket. The tempera-
tures in the hottest fuel pin of the reference design are given in Fig. 13.
Temperatures in the hottest blanket rod in the radial blanket are given in
Fig. lh. The temperature distribution in the hottest fuel plate of the
alternate design is given in Fig. 15 for the design reactor power of 300 M=.
All the estimated temperature distributions include the conservative design
factors explained in following paragraphs.
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TABLE IV

PERFORMANCE DATA FOR CORE AND BLANKET

FUEL
ELEMENT

Reference Alternate
Pin-Type Plate-Type

Core Subassembly Geometry
Cross section shape
Outside dimension - in.
Wall thickness - in.
Clearance between subassemblies - in.
Number of subassemblies

Fuel Element Dimensions
Number of elements per subassembly

Bare fuel dimension - in.

Square
2.663
0.100
0.030

92

Square
2.663
0.100
0.030

92

1414 18

0.125 dia d',fx

AXIAL
BLANKET
ELEMENT

Square
2.663
0.100
0.030
184*

RADIAL
BLANKET
ELEMENT

Square
2.663
0.100
0.030

572

16 25

0.392 dia 0.1115 dia

Sodium bond thickness
Clad thickness
Pitch

Composition - Vol %
Uranium alloy
Sodium coolant
Stagnant sodium

Subassembly wall
Clad and rib

- in.
- in.

- in.

Thermal Performance
Total volume - liters
Total power - mw
Total heating surface - sq ft

Average heat flux -Btu

Radial max/avg heat fluxh
Axial max/avg heat flux

Maximum heat flux

Total coolant flow
rate

Max coolant velocity
Coolant inlet temp
Avg coolant outlet
temp

Max fuel temp
Max surface temp
Friction pressure
loss

- Btu
hr ft2

lb/hr
ft/sec
F

0.007
0.200

(Square)

24.14
53.0
2.3

114.1
6.2

332
275

1,225

765,000

1.21
1.18

1,090,000

11,880,000
214.9
550

F
F
F

0.002
0.007
0.132

24.4

4.7)14.10
14.
12.0)

0.004
0.010
0.567

(Square)

26.6

52.2

21.2

332
275

1,725

545,000 14,

1.21
1.18

0.004
0.010
0.484

(Square)

46.7
34.0

19.3

394 5,043
2 23

485 10, 245
000 7,700

1.2 9
2.5 2.9

778,000 142,000 200,000

11,880,000
29.9

550

800
1,220
940

- psi 30

800

1,030
955

33

1,880,000
214.9/29.9

925, 000
8.14
600*

950
1,120**

9 50

*Upper and lower section in each fuel element.**Radial blanket designed for 400 mw, 350 F difference, 600 F inlet.
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Comparing the temperatures in the alternate fuel plate, Fig. 15,
with the reference fuel pin, Fig. 13, it is seen that for the same core power
and inlet coolant temperature, the maximum fuel temperature is about 200 F

lower than the alternate plate. This is due primarily to the smaller tem-
perature gradient through the fuel plates Thus, it can be said that the
alternate plate-type fuel element gives better performance than the reference
pin-type.

The performance of the reactor, as previously stated, is based on
no orificing of the core but orificing of the radial blanket to keep the
coolant temperature rise nearly constant in all radial blanket subassemblies.
With no core orificing, the coolant temperature rise in a central core sub-
assembly is approximately 300 F, while at the outer edge of the core it is
about 180 F, giving an average coolant temperature rise of 250 F. If the
core subassemblies are orificed to give uniform coolant outlet temperature,
there are two possible methods for improving reactor performance with the same
maximum fuel-alloy temperature limitation. For the same core power, the
core coolant flow rate could be reduced by a factor of about 0.85 with a
resulting increase in coolant outlet temperature of about hh F. The other
method is to keep the core coolant flow rate constant and increase the core
power. For the reference design, the power could be increased about 20 per
cent without exceeding the limiting fuel alloy temperature. This latter
method of increasing performance requires an increased velocity in the cen-
tral subassemblies of about 20 per cent and a corresponding increase in the
pressure drop through the fuel elements of about h5 per cent.

The reference design does not include orificing the core because
it is a simpler design. However, subsequent fuel subassemblies may be ori-
ficed to take advantage of the better performance.

Basis for Calculation of Fuel and Blanket Temperatures

Heat Generation - The heat flux distribution was obtained from a
UNIVAC computation of the neutron flux distribution in a six-region, spheri-
cal reactor. The regions are, from the center out, boron poison, fuel,
sodium, fuel, blanket, and reflector. In a central region of the core,
where the hottest fuel element is located, the heat flux distribution along
the length of an element was assumed to be the same as the spherical neutron
distribution. Figure 16 gives the derived heat flux distribution in the
hottest fuel element and also the integral of the distribution. At the inner
edge of the radial blanket, where the hottest blanket element is located, the
axial heat flux was assumed to be a chopped cosine over the length of the
active core and to drop off according to the spherical neutron flux distribu-
tion over the rest of the length. The heat flux distribution and integral
of the distribution for the hottest radial blanket pin are given in Fig. 17.

"Hot Channel", Factors - Factors to account for deviations from
nominal dimensions and design conditions and to allow for uncertainty in
design physical constants were included in the calculation of maximum fuel
element temperatures. The "hot-channel" factors are a function of the par-
ticular fuel element design and, therefore, are different for the reference
and alternate designs. The hot-channel factors for the reference pin-type
fuel element and the alternate plate-type fuel element are given in Tables V
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and VI, respectively, The product of all factors is listed as the last item
in each column. Since it is unlikely that all the factors will occur simul-
taneously and at the hot spot of the core, the estimateQi maximum fuel element
temperatures are based on an average of the nominal temperature using no
factors and the temperatures using all factors. Even if all ho -channel
factors are assumed to occuF simultaneously, the maximum fuel temperature is
only about 100 F higher than that shown.

In the calculation of maximum temperatures of the blanket elements,
no hot-channel factors were used as such. However, the design temperatures
given are conservative for the following reasons:

1. The temperatures are based on a reactor power of 400 mw
instead of the design 300 mw, a coolant temperature rise of
350 F instead of the design 250 F, and a coolant inlet
temperature of 600 F instead of the design value of 550 F.

2. No mixing of the coolant in a subassembly is assumed.
This amounts to quite a large factor for the blanket sub-
assembly because of the steep radial heat flux gradient in
the blanket.

3. The calculated temperature is about 100 F below the limit
of 1200 F.

Thermal PrQprties of Reactor Materials - The thermal properties
of materials used in the calculations and the source of the data are given in
Table VII.

Film Heat Transfer Coefficient - The film heat transfer coefficient
is calculated from the theoretical equation of Lyon-Martinelli in which the
diameter of a tube is replaced by the equivalent diameter of a flow channel:

hD DeVf C 0.8
. = 7 + 0.025 0.8

k k

Allowance for inaccuracy of this equation is made in Item 8 of the hot-channel
factors.



TABLE V

HOT-CHANNEL FACTORS FOR THE PIN-TYPE FUEL ELEMENTS

Factor for Factor for
Factor for Factor for Temperature Temperature

Coolant Film Drop Drop
Temperature Temperature Through Through

Factor Rise Drop Clad Fuel

Maldistribution of coolant
to subassemblies 1.03a- - -

Deviations from nominal
dimensions - 1.01 -o1.05

Maldistribution of U-235
in fuel alloy - 1.05 1.05 1.05

Maldistribution of heat flux
in reactor 1.15 1.15 1.15 1.15

Effect of uneven burn-up in
core 1.05 l.e5 1.05 1.05

Accuracy of power measurement 1.05 1.05 1.05 1.05

Accuracy of thermal conduc-
tivity value - - 1.10 1.10

Accuracy of film heat transfer
coefficient - 1.30 - -

Incomplete mixing of coolant in
a subassembly l.0 ---

Product 1.37 1.75 1.46 .54
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TABLE VI

HOT-CHANNEL FACTORS FOR THE PLATE-TYPE FUEL ELEMENT

Factor for
Coolant

Temperature
RiseFactor

Factor for
Film

Temperature
Drop

Factor for
Temperature

Drop
Through

Clad

Factor for
Temperature

Drop
Through

Sodium Bond

Factor for
Temperature

Drop
Through

Fuel

1. Maldistribution of coolant
to flow channels

2. Deviations from nominal
dimensions

3. Maldistribution of U-235
in fuel alloy

U. Deviation of heat flux dis-
tribution from calculation

5. Effect of uneven burn-up in
core

6. Accuracy of power measurement

7. Accuracy of thermal con-
ductivity value

8. Accuracy of film heat transfer
coefficient

Product

1.05

1.05

1*01

1.01

1.15

1.051.05

1.05

1.10

1.05

1.15

1.05

1.05

1.10

1.61

1.05

1.15

1.05

1.05

1.10

1.146

1.08

1.05

1.15

1.05

1.05

1.10

1.581.41

1.30

1.75

W~A
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TABLE VII

THERMAL PROPERTIES OF REACTOR MATERIALS

Thermal
Temp Density Conductivity

Material F lb/cu ft Btu/hr ft-F

Specific
Heat

Btu/lb-F Source of Data

Sodium 675 53.9 h2.2 0.310 Liquid Metals
Handbook - Second
Edition, June 1952

800 52.8 ho.h 0.306

Zirconium 1,000 9.7 BMI-65

Stainless
Steel

(Type 3h7) 850 11.6 USAF Technical
Report No. 6115-1

Fuel Alloy
Uranium +
2 wt% Zr +
5 wt% fis-
sion prod-
ucts + 0.h
wt% Pu

Uranium +
2 wt% Zr +
2 wt% fis-
sion prod-
ucts + 0.h
wt% Pu

932

932

13.5

15.6

1.
2.0

3.

BMI-9 86
Unpublished
data from ANL
on conductivity
of Pu-U alloys.
Unpublished data
from BNI on tem-
perature effect
on conductivity
of Zr-U alloys.

. 5!1f I
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Effect of Plugging Coolant Passages
on Fuel Element Temperatures

The sodium coolant in the primary system will be kept as free as
possible from foreign particles, including sodium oxide. Before start-up,
the sodium will pass through filters in the reactor outlet pipes; during
operation, these filters will be removed. A cold-trap will by-pass some of
the sodium during operation for removal of excess oxide. These measures
should keep the sodium fairly free of particles that might clog the small
coolant passages in the fuel element.

Even if the sodium cqolant were supersaturated with oxide, it would
not deposit on the fuel elements since they are the hottest part of the pri-
mary coolant loop; it would deposit in the intermediate heat exchanger or in
the reactor inlet piping. However, with a properly functioning cold-trap,
the oxide in the sodium coolant can be maintained below the saturation point
at 550 F and, therefore, will remain in solution.

It is possible that during operation parts of the primary system
loop will be eroded, and these particles would be carried along in the
sodium stream; however, the by-pass cold-trap circuit, which contains a fil-
ter, will remove many of these corrosion particles during operation.
Assuming, however, that some of the coolant passages in the reference fuel
element become plugged, the increase in fuel element temperature should be
small because the coolant channels around the pins are interconnected. In
the alternate plate-type element, assuming one coolant panel in the hottest
fuel subassembly becomes completely plugged, the maximum fuel temperature
would rise to about 1400 F at design full power operating conditions. This
would probably cause the plate to distort, but since the coolant channels are
supported every 0.25 inch, the radiator structure is believed to be strong
enough to prevent damage to neighboring coolant channels and fuel plates.
Since the boiling point of sodium at one atmosphere is 1620 F, the sodium
bond would not evaporate even on the hot side of the fuel plate.

Estimation of Friction Pressure Loss

Pressure drop calculations have been made for both the reference
and alternate elements. Friction pressure loss in the fuel and blanket ele-
ments is given in Table IV. The calculation of pressure loss in the fuel
elements is based on the following assumptions:

1. The combined entrance and exit losses to the fuel section were
taken as 0.5 velocity head.

2. Friction factors are based on data by Moody and Rouseusing a
Reynolds number based on the equivalent diameter of a flow channel.

3. A pressure drop over the fuel element support grid is included for
the reference pin design.

4. A form factor for the spiral ribs of the pin-type design, obtained
from unpublished data at ANL, has been used.



5. Properties of sodium at 700 F were used.

6. No fouling factor or extra allowance is added.

Estimate of Thermal and Pressure
Stresses in Fuel Subassemblies

Thermal stresses in the reference fuel pin for the maximum temper-
ature difference of 250 F between center and edge are estimated to be about
40,000 psi, assuming elastic strain. The temperature drop of 250 F includes
the hot-channel factors . With no hot-channel factors, the calculated maxi -
mum fuel stress is 27,000 psi. The yield stress for the two per cent weight
Zr-U alloy at operating temperature is about 1+0,000 psi. With some material
creep, there will be a reversal of stress but no reversal of plastic strain
on cycling the reactor. It is felt that this design is conservative.

The alternate, flat-plate fuel element, with a maximum temperature
drop in the fuel of 65 F, develops thermal stresses of approximately
15,000 psi at the surface, which is well below the yield point.

In order to establish the fuel element structure dimensions, stress
calculations were made on the wrapper and cladding. With 50 psi pressure
across a 0.100-inch-thick wrapper, maximum bending stresses are approximately
16,000 psi in the corners with no concentration factors. Yield stress for
Type 37 stainless steel at 1000 F is 30,000 psi. Wall deflection due to the
50 psi across the wrapper is approximately 0.0023 inch. A differential of
40 psi across the 0.007-inch cladding develops a stress of approximately
20,000 psi. Cladding deflection is approximately 0.005 inch. Thermal
stresses in 0.007-inch-thick cladding with 60 F surface temperature differ-
ence are approximately 11,000 psi.

Determination of Sodium Penetration
in Small Gaps

The penetration of sodium into small gaps is being studied at The
Babcock & Wilcox Company Research Laboratory at Alliance, Ohio, in order to
determine the feasibility of obtaining a sodium bond in the fuel and blanket
elements. Tests will be made with pins in stainless steel tubes having
radial clearances of 0.00h, 0.003, 0.002, 0.001, and 0 inch. The pins are
30.5 inches long, the length of the reference fuel elements. The pin and
clad are assembled and then soaked in hot sodium for a given period of time.
The pins are then cut into small lengths, and the space between the pin and
tube is examined for the presence of sodium.

Four tests are planned:

1. Stainless steel pins in stainless steel tubes soaked in clean
sodium.

2. Uranium pins in stainless steel tubes soaked in clean sodium.

3. Uranium pins in stainless steel tubes soaked in dirty sodium.
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h. Uranium pins in stainless steel tubes soaked in clean sodium for
various lengths of time and various sodium temperatures.

The first test has been completed. The pins were soaked for eight
hours in sodium at 1000 F. Sodium penetrated all gaps, including the one
having a force fit of the tube on the pin.

REACTOR COMPARTMENT

Reactor Vessel and Reactor Vessel Structures

Figures 18, 19, and 20 are elevation and plan views of the reactor
vessel and structures. Three 1W-inch pipes from the pump discharge connect
to three lh-inch inlet nozzles to supply coolant to the fuel section, which
consists of 92 core subassemblies, 1 control rod for shim, 8 control rods for
safety, and 48 radial blanket subassemblies. This arrangement, as shown in
Fig. 21, is flexible in that core subassemblies can replace the radial blan-
ket subassemblies, thus providing for possible power increases and providing
against error in the initial loading. A hold-down plate located over the
fuel section provides hold-down against drag forces induced by high velocity
flow through the section. This hold-down plate is driven by a drive shaft
to which is attached a three-armed aligning spider with fingers on the end
of the arms. The fingers insert into a non-removable alignment guide that
is part of the reactor vessel. The core subassemblies are supported by two
removable plates that are structurally tied together by means of webbing.
The plates rest on the radial blanket section support plates.

Three 6-inch pipes from the pump discharge connect to three 6-inch
inlet nozzles to supply coolant to the radial blanket section, which consists
of 524 blanket subassemblies as shown in Fig. 21.

The connection between the reactor vessel and the radial blanket
section inlet plenum is made flexible to keep the pipe stresses to a minimum.

The radial blanket subassemblies do not require a hold-down since
the weight of subassemblies exceeds the vertical drag forces. Two support
plates, structurally tied together, support the blaniket subassemblies and
the thermal shielding. This shielding consists of two rows of steel rods,
two cylindrical plates, and the vessel wall to form an approximately 12-inch-
thick steel shield. The two rows of rods, channeled properly for cooling
purposes, are externally identical in geometry to a blanket subassembly and
will provide, if necessary, a simple means of replacing with blanket material.
This can be seen in Fig. 21.

The cylindrical radiation shield has been sized for internal heat
generation temperature differences to keep temperatures within design limits
and coolant flows down to a minimum.
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Primary Shield Tank and Support Structures
for Reactor Vessel and the Rotating Plugs

Figures 22 and 23 show the reactor vessel supported at the top
(allowed to expand downward) by means of a skirt that is supported, in turn,
by a column and cross-beam structure. The same column structure, supported
by the reactor building concrete foundation pads, extends upward to support
the rotating plug structure. The vessel around the rotating plug and around
the refueling pool is supported by the same columns that support the reactor
vessel and is allowed to expand upward against an expansion joint.

The primary shield tank surrounds the reactor vessel, the rotating
plug and the vessel around it, and the transfer rotor container. It also
contains the structures mentioned above for supporting the vessels and the
rotating plug, the neutron thermalizing and absorbing shield, the capture
gamma shield, and the flux counters. Its primary purpose is to act as a
secondary sodium-containment vessel in the event of a leak from any of the
vessels or containers.

Hold-Down Plate

Figure 24 shows some details of a hold-down plate for holding down
core subassemblies. It includes a spider to align the plate with respect to
the subassemblies and control thimbles.

Reactor Dimensional Expansion Diagram

Figure 25 is a line diagram indicating the various dimensional
changes induced by thermal expension, gravity loadings, and pressure loadings.
It is preliminary in nature and only gives normal steady state operating tem-
perature conditions.

Reactor Flow Configuration

To provide proper coolant flow to the core subassemblies, radial
blanket subassemblies, control rods, and the thermal shield in the reactor
vessel, the following designs will be incorporated:

1. Coolant to the radial blanket section will be supplied separately
from that to the fuel section.

2. Guide vanes in all inlet nozzles.

3. Inlet nozzles will be of the diffuser type.

h. Guide vanes in the fuel or core section inlet plenum and in the
radial blanket section inlet plenum to properly distribute the flow.

5. Orificing of subassemblies or bottom support plates as required.

6. Orificing of flow to the thermal shielding.
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7. Use of natural convection where feasible.

8. Baffling of flow and/or proper orificing to prevent sneak sodium
currents from affecting flow balance in areas where differential
pressures are of low magnitude. This may occur in such areas as
the shield cooling annuli.

9. Orificing of the control rod thimble to obtain proper flow to the
control rods.

10. Flow between subassemblies minimized by metal-to-metal contact
seals between subassembly and support plate.

In addition, consideration is being given to guiding the fuel or
core section outlet flow directly to the outlet nozzles in the plenum above
the reactor for reducing thermal transient effects in this section. The
possible use of inlet coolant to cool the reactor plug through the shielding
annuli is being studied.

Materials

Where temperatures are below 800 F and dimensional stability is not
a prime requisite, Type 304 stainless steel will be used. Inlet piping,
inlet nozzles, reactor vessel, and the thermal shield fall in this category.

Where temperatures are above 800 F or dimensional stability is a
prime requisite, Type 3h7 stainless steel will be used. The support plates,
hold-down plate, and control thimbles will fall in this category.

Material mill tests, chemical check analyses, ultrasonic tests of
plates, red dye check or fluorescent penetrant tests of weld passes and other
surfaces, radiographing of welds, proper welding procedures, use of qualified
welding operators, hydrostatic tests at room temperature, static and dynamic
tests in sodium at operating temperature, part-scale and full-scale model
testing, and prototype testing are some of the methods to be used in provid-
ing a mechanically strong and leak-tight, were required, structure.

Where materials will be subject to radiation damage, surveillance
specimens will be used to keep a continual check on the properties of the
material.

Safety Aspects

Steady State and Transient Temperptures - Stress limits will be
set not only for steady state temperatures but also for normal and abnormal
transient temperatures. Design limits will be conservative.

The reactor vessel wall temperature will be kept approximately
equal to the inlet temperature by providing required flow of inlet coolant.
This will also reduce the thermal shock after temperature transients.

To reduce thermal shock effects on support plates, the support
plate thickness has been reduced from three inches to two inches.



Structural material in the core and radial blanket section, exclud-
ing the subassemblies, consists only of the nine control rod thimbles whose
walls are only 0.1 inch thick and can withstand the expected temperature
transients.

Provisions can be made to reduce the effect of temperature tran-
sients on the rotating plug, transfer crane, and the vessel around the refuel-
ing pool by guiding the fuel section flow directly to the outlets.

Thermal baffles will be provided at transition points where high
thermal stresses may result from temperature transients, e.g., inlet and
outlet nozzles.

Thermal stress analyses will take into account the gamma and neu-
tron heating induced in structural and shielding material.

Provisions will be made to temperature monitor all or part of the
following:

1. Reactor vessel wall, inlet and outlet nozzles, and inlet and out-
let piping.

2. High temperature shielding.

3. Support plates.

4. Each of the core subassembly outlets, including the first row of
radial blanket subassemblies and the second row of radial blanket
subassembly outlets.

5. Eighteen to twenty-four radial blanket subassembly outlets in
groups of six to eight each on a radial line so as to cover each
row at least three times on a circumference.

6. Hold-down plate and structure.

7. Each control rod thimble outlet.

8. Refueling pool.

9. Borated graphite or other thermalizing and absorbing material
located in the primary shield tank.

10. Capture gamma shield located in the primary shield tank.

11. Structural steel such as flanges, skirts, ribs, columns, and cross-
beams.

12. Primary shield tank coolant inlet and outlet temperatures.

13. Primary shield tank walls.

14. Transfer rotor container.
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15. Neutron counter chambers.

Steady State and Transient Pressures

The reactor vessel inlet plenum will be designed for 110 psig, and
the remainder of the reactor vessel will be designed for 50 psig. The fuel
or core section inlet plenum will be subjected to not over 100 psig and the
radial blanket section, including the reactor vessel walls above the inlet
plenum, to not over 20 psig.

A hold-down plate is provided to hold down all subassemblies and
the support plates in the fuel section against the vertical differential
pressure across the fuel section.

To eliminate the possibility of a core subassembly being forced
out by accidental pump switching during refueling periods when the hold-down
plate is removed, interlocks will be provided to cut out pumps before the
hold-down plate can be removed.

An additional feature is automatically provided by the two-plate
bottom support. If a core subassembly is lifted by dynamic pressure (hold-
down plate removed), it would lift to a position only above the lower plate,
slightly over two inches, at which point the pressure is below 20 psig; this
pressure is insufficient to further raise the subassembly.

The primary shield tank will be designed for a l0-psig normal gas
pressure, with a one-shot, 25-psig design pressure to provide for the pos-
sibility of sodium leaking into tank from any of the sodium containers. A
relief valve on this tank will provide against overpressure.

Sodium Leakage

Leakage of sodium from the reactor vessel, sodium pool above reac-
tor, or transfer rotor container will be into the primary shield tank. Sodium
will be kept to a level that is above the top of the core and blanket sub-
assemblies.

Sodium leakage will be detected by means of conducting tape, wires,
spark plug, or other means of detection.

Sodium Freezing

Low temperature alarms and required heaters will be provided to
keep the reactor above freezingif and when this becomes necessary.

Sodium Reactions

Use of an inert gas to cool the primary shield tank and its cool-
ants will eliminate a possible sodium-air reaction in the event of a sodium
leak into the tank.



Radiation Damage

Radiation damage to the reactor vessel walls will be kept to
a minimum and within limits of present exposure knowledge by means of the
thermal shield.

Parts of the reactor structure that are subject to exposures out-
side present limits will be removable, e.g., control thimbles, hold-down
plate, and fuel or core section support plates.

Graphite

The borated graphite in the primary shield tank will be operated
at temperatures of the order cf 250 F. Construction will be such that ther-
mal conductivity decreases will not increase temperature differentials
appreciably, energy release on increase of temperature will be minimized,
and the effect of dimensional growth will be reduced to a minimum. This
will be done by use of thin blocks, adequate cooling, high thermal resist-
ance between blocks, and blocks physically stepped to reduce streaming. The
graphite will be cooled by an inert gas.

MECHANICAL HANDLING

The subassembly handling equipment is used to remove core and
radial blanket subassemblies from the reactor after irradiation and to insert
fresh subassemblies. It is located directly above the reactor. Auxiliary
equipment and transfer facilities necessary to transport irradiated sub-
assemblies from the reactor area to the storage and decay area are located
above and adjacent to the reactor.

The subassembly handling equipment consists of a rotating shield
plug and the offset handling mechanism mounted in the plug. Actuating mech-
anisms are provided for rotating the plug and handling mechanism over any
position in the reactor lattice. Elevation and plan views of this equipment
are shown in Fig. 26 and Fig. 27, respectively.

A tank filled with sodium is provided in which irradiated fuel sub-
assemblies are stored to allow fission products to decay. A decay time is
chosen such that the subassemblies will not melt due to residual heat gener-
ation when they are removed from sodium.

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

1. Lower the control rods to scram position.

2. Unlatch control rods from actuator rods.

3. Raise actuator rods to clear the top of the blanket.

h. Reduce sodium flow and allow its temperature and level to reach
equilibrium.
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5. Place fresh subassemblies in receptacles on transfer rotor.

6. Raise hold-down device so that it will swing clear of the reactor.

7. Position plug and offset handling mechanism to place the pick-up
arm over the core or radial blanket subassembly to be removed.

8. Lower pick-up arm, grasp subassembly, and withdraw from reactor.

9. Rotate plug and handling device to position subassembly over empty
receptacle in the element transfer device.

10. Lower subassembly into transfer device and grasp fresh subassembly.

11. Lift subassembly to "carry" position, rotate plug and handling
mechanism to place subassembly into reactor. Continue as in
Step 7, et seq.

After the reactor is charged with fresh subassemblies, the recep-
tacles containing irradiated subassemblies are removed to storage racks in
the decay area.

The design of the offset handling mechanism provides that no acci-
dent shall occur because of equipment malfunction. The design features
evolved to fulfill this requirement are outlined briefly below.

Control and Position Indication - The control of the offset handling
mechanism is a semiautomatic system which provides positional accuracy of

10 azimuth and constant position indication of angular orientation and ele-
vation. The latch lock and unlock motions are positively known through actua-
tion of limit switches. All motions are interlocked so that no motion can
be started until the preceding motion has been successfully completed; in
emergency situations, override switches will allow input signals in unusual
sequences.

Mechanical Design - A locking worm is provided on the vertical
drive so that the crane will remain at elevation in the event of power failure.

The gripper mechanism is a positive action device; the lock and
unlock actions are accomplished by direct action of a probe-actuated cam mem-
ber in contact with the subassembly handling lug. As the handling mechanism
moves downward over the subassembly to the gripped, the latch-cam probe con-
tacts the top of the subassembly handling lug, and its downward movement is
stopped. The handling mechanism continues downward until the relative posi-
tion of the handling mechanism and gripper 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 probe rod in the
up position, which fixes the relationship of the gripper fingers and cam
member in 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.
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The gripper fingers cannot be released in the "carry" position. It
is necessary to seat the element, at the proper elevation, to actuate the

solenoid-operated lock release tab. The action of lifting the handling mech-
anism then causes the gripper fingers to be "camed" to the open position;
as the handling mechanism raises, the element is released.

Maintenance - The design of all components of the fuel handling
system incorporates features to allow for remote maintenance and disassembly.
All the electrical components are installed above the shield plug in a low
temperature, low radiation zone. The various members of the crane can be
unbolted and lifted out from above; new equipment can be similarly installed.

Rotating Shield Plug

Figures 28 and 29 show elevation and plan views of the rotating
shield plug. The plug probably will consist solely of stainless steel and
iron.

The lower 15 inches of the plug, the region where heat generation
is the highest, will be submerged under sodium, and the remainder of the
plug will be in the vapor and gas space above the surface of the sodium.

REACTOR CONTROL

Description of Control Elements

Safety or Scram Elements - Eight safety elements containing a nuclear
poison areI .ocatedwith nearly uniform spacing in a ring about 7 inches from
the core center line. The location of the safety elements and the shim control
element in the reactor, with respect to the location of the core and radial
blanket subassemblies, is shown in Fig. 21. The operating and shut-down posi-
tions of these elements are depicted in Fig. 30. The over-all cross-sectional
dimensions of these rods, shown in Fig. 31, and their associated channels
through the core are the same as those of a core subassembly. The operational
or poised position of the safety elements is in the upper section of the
blanket where they are held by a latch. When a scram shut-down is called for,
the rods are released by the latch and accelerated into a position in the core
by both gravity and springs. Details of the control rod actuator are shown in
Fig. 32. The total scram time is less than 1 second.

The rods are round and operate in a round guide tube placed in a
square channel as shown in Fig. 33. The channels are cooled by up-flow through
a pressure break-down orifice at the bottom. The heat generated in the rod is
removed by crossflow in the large sodium pool above the upper blanket. When a
rod is scrammed, the sodium in the guide tube is forced into the spaces be-
tween the round tube and square channel and then into the pool above. A 6-inch-
long dashpot stops the rod in the down position. The rod length is roughly the
same as the core length. The poison material in the safety elements is boron
carbide in which the boron-lO isotope is highly enriched. A sketch of experi-
mental apparatus designed to test the drop characteristics of these elements
is shown in Fig. 3t.



HANDLING
MECH

UPPER
COVER PLATE

T 181

- 9"GAP

PLUG SHELL
CONTAINER -

3'0"

3" G

2-5

4" GAP

:10 " I II

2'- M

TI
16" GAP

2-9"

3"

2"STI
TYP

EP
--- I

J

T

10'-6"

3'-O"

OFFSET HANDLING
MECHANISM -
MOUNTING PLATE

GAS SPACE.

GAS SPACE

GAS SPACE
NA

OPERATING
LEVEL

NA LEVEL DURING%
SHUT- DOWN

8'-IO" DIA

TOP OF REACTOR -ELEVO' 1

PLUG

13!3"DIA

---- 24.237"-.

q

HOLD-DOWN

BEARING,SEAL,
LOAD CARRYING

---
--

Fig.28- ROTATING SHIELD PLUG (ELEVATION)

12

9v

ml r

B1

i

-

GAS SPACE

-

i

,_!

.;I

,

' i
I i,

ii ,

' I

; I

; ;

,,
,

li i

- -

- i

I-- ;

'

,

i

-

i

HOLD-DOWN MECHANISM-
.MOUNTING PL AT E

AND L

- RING

3"DIAI
ON APF

-

-

-

---

3"DIA
ON AF

- S.S. PLATE
- -

- NO. a THICI

Ull HT TRANS

6"DIA
ON A

OUTER SHI
-- ~ OF PLUG

INNER CO

LOWERS

--
BOND

ST HICK S.S.

HOLD NA FOR

' 

e/4 

ANNULAR

1/4" TO i/2

HOL ES -

PX 6" CTRS

A

HOL S-
PPX 6 CTRS

S IN LAYERS-
K DETERMINED BY
FER REQUIREMENTS

HOLES
PPX 6"CTRS

ELL STRUCTURE

)NTAINER AROUND
SECTION FOR NA

CONTAINER TO
HT TRANS BOND

CLEARANCE (TYP)



(3) HOLD-DOWN DRIVE SHAFT
ACTUATORS ( HOLD-DOWN SHOWN
IN LOWERED POSITION)

HOLD- DOWN
DRIVE SHAFT

OUTER SHELL STRUCTURE
OF ROTATING PLUG SHAFT

S.S. DISCS

S.S. PL AT E S.S. DISC

(4) KEYS- FOR RADIAL
ALIGNMENT OF SHIELD DISCS

OFFSET HANDLING
MECH SHIELD HOUSING

SECTION A-A

HOLD-DOWN
DRIVE SHAFT

ROD DRIVE I INNER CONTAINER
HOUSINGS

CONTROL ROD DRIVE
OUTER SHELL STRUCTURE SHAFT HOUSINGS
OF ROTATING PLUG

S.S. DISC

S.S. PLATE S.S. DISC

(4) KEYS-FOR RADIAL
ALIGNMENT OF SHIELD DISCS

OFFSET HANDLING
MECH SHIELD HOUSING

INNER CONTAINER AROUND
INNER CONTAINER LOWER SECTION FOR NA BOND

SECTION B-B

N'

Fig.29 -ROTATING SHIELD PLUG (PLAN).



HOLD-DOWN PLATE

ASSEMBLY

- , I I I I I

44i

CONTROL ROD

SAFETY WCO
(OPERATHGo PcoN)T

. I l I I

RADUM- SECTION - . -

N-ET PLENUM

FUEL SET10N
INLET NUM

PRESSURE BREA10% OWN

ORIFICE

J

Fig.30- CONTROL ROD POSITIONS IN REACTOR VESSEL

63

SAFETY ROD

c ~OUTLV1J

I

ON

rTIIf. i i i I I Ifli,fn

7'
DAHRAMA

-SNM OD
(oPERAmG PoN)'

,-C.JTWYJ SOURCE

1

L"



ADJACENT FUEL ELEMENT -_\

ACCELERATING SPRING -

EXTENSION ROD

POROUS STAINLESS STEEL

STAINLESS STEEL

SECTION B-B
(4 TIMES SIZE)

TOP VIEW OF POISON CAM

(4 TIMES SIZE

DASH RAM

4B

I

r L

I I11
-J

24

-j

.550

543
4

33
POISON

-J

64

SECTION A-A

65-

Fig.31-CONTROL ROD ASSEMBLY

4

'

I



(FLLL WE)

L ICLERATIN SPRVJG

-- MFRT G AI SEN

ale

oo" lo

000 00

00 F.ACA-ua SEAL

00 00

loo 00

00 0000 I EL
00 

0,

00 00

00 'o N

00 4

00 00 4

00 'o

00

0 00

00 4

00 h 0,

SCRAP

00 4

00

00 k

00

00

00 10, 'o N

"o N 
ELEV. 24.4'

00 N

00 BELLOWS SLEEVES

00 1

00 00 N

00

0, N em- i -OF" s+AFT

EXTENSION

SCRAM h )1AMSM

EXTEPdSK)N
00

0 00 0, N

ol 0,

00

ol 00

00

00 00

ol 00

0.0 00

00
ELELI$6

00 

BELLOWS

OW-ARY SEAL)

'o 0,

00,

00

ol 
00

LL4__w
SECT. TFW VIEW

(FULL SIZE)

ATUTOR-

M MECMANS

TOP OF

SI -

Al

LATCH

UPPER

WSHE

EXTEION

CONTROL R:OD
EXTENSION TB

L~E~SMT. Tl-fJU V(EWB
ACCELEATING- (FUILL SIZ)

TUBE

I])

Fig.32 - CONTROL ROD ACTUATOR

II

I I

LEV. 3611 --

DRVt SHAFT

-BOTTOM Of
-- -3 UJ

C

-



SO ®O

D5AP UPER TATE LVE CR PLATE

CWC

AOACG 0Qd

/etAA.:- - C

Fig.33-CONTROL ROD CHANNEL



67

BACKBOARD SCA L E

1

SPRING COCKING TUBE

ACCEL ERA TING SPRING

GUIDE RIB

BAFFLE TUBE

CONTROL ROD

TANK

DASHPOT RAM

SQUARE TUBE+

ROUND GUIDE TUBE

DASHPOT N

ASHPOT SUPPORT COL UMN

/

- DEL A THING DEVICE

EXIST TING STRUCTURAL
MEMBER

SLOTS CONNECTING
INNER GUIDE TUBE
WITH SQUARE TUBE

- OUTER CHANNEL
PRESSURE GAGE

- DASHPOT
PRESSURE GAGE

- GUIDE TUBE
PRESSURE GAGE

Fla. 34-HYDRAULIC CONTROL ROD DROP TEST

PRESSURE
BREAKDOWN

ORIFICE

WATER PUMP

I

I

I

i-i
S. -

-
- -

-



68

Shim Control Element - Only one shim control element is presently
specified. It operates in a channel that passes vertically through the core
center. This element is about 8 inches long. Its normal operating position
is in the upper blanket with the lower portion of the rod partly inserted into
the core. The shim rod also contains boron carbide enriched in boron-lO as a
neutron poison. This element is not dropped during a scram; however, it is un-
coupled and left in the core during fuel reloading.

Auxiliary Safety Controls - A study was made of five alternate methods
of scramming the reactor should the primary safety elements fail to operate or
should the reactor become critical during reloading when the safety rods are in
the scram position. All the auxiliary methods require operation from the bot-
tom of the reactor and complex mechanisms to release them. None appear very
practical from an engineering point of view, and it is thought that their use
would result in more of a problem than a help.

Since the only time the primary safety would not be operational is
during the reloading of the core, it was felt that this would be the only time
auxiliary controls would be needed. The reactor can be protected from inser-
tion of excess fuel by a quick reverse on the subassembly handling mechanism.
Thus, should the hold-down reactivity be reduced too muchpermitting the reactor
to become critical, the core subassembly causing the trouble could be withdrawn
immediately. With eight dollars of hold-down reactivity, it is very unlikely
that such a condition would arise. Neutron multiplication measurements can be
taken before and after the process of replacing an irradiated core subassembly
with a new one, and any large discrepancies in hold-down reactivity would be
immediately noticeable.

Reactivities

The excess reactivity of this reactor is relatively small due to the
large critical mass and the insignificance of the fission product poisons in a
fast reactor. Shim control is required as follows:

To override reactivity due to negative temperature
coefficient - hot to cold . . . . . . . . . 0.65#

To override reactivity due to extra fuel added for
burn-up . . . . . A . . . . . . . . . 0.16

To override excess reactivity added to overcome
fuel element growth . . . . . . . . . . . 0.19

Total $1.00

Present specifications call for a maximum of $1.00 per control element for
safety considerations. If the excess reactivity of the reactor should exceed
$1.00, an additional shim element will be added.

The hold-down reactivity is specified as $1.00 per element for a
total of $8.00. The reactor will not become critical until all the safety
elements are in the operational position and withdrawal of the shim element
has started.

*$l.00 worth of reactivity = . or delayed neutron fraction.
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Because of the uncertainties in the nuclear calculations at this
stage of design, an uncertainty factor of about two is being utilized in
specifying the amount of poison material which should be inserted in both the
shim and safety elements. After a critical experiment has been run and after
the rods have been calibrated, the amount of poison material will be reduced
to honor the $1.00 per element specification.

The temperature coefficients of the reactor are:

Fuel - 2.8 x 10-6 4k/k/C
Structure - 8.2 x 10-6 4k/k/C
Coolant - 9.0 x 10-6 ak/k/C
Blanket - 9.0 x 10-a6 k/k/C

Control Element Actuators

The control element drives, shown in Fig. 32, are of electro-
mechanical design and are located on top of the shield plug above the reactor
as shown in Fig. 3 and Fig. 26. The rods are driven up or down by means of
a rack-and-pinion and a long extension shaft which extends down to the reactor.
The penetration through the plug requires a seal on the shaft. A bellows seal
with a packing seal back-up is presently contemplated for this purpose.

The shim element actuator has an on-off type of control which either
withdraws or inserts reactivity at a ma imuia rate of 1 cent per second. This
represents a vertical drive speed of 9 inches per minute.

The safety elements are also withdrawn at a rate of about 1 cent
per second. This is done by withdrawing all rods at the same time at a linear
speed of 2 inches per minute. No position control is provided for the safety
elements except for limit stops at both the all-in and all-out positions.

The scram mechanism is designed to release the rods from the drives
regardless of their position. The maximum allowable time specified for the
complete release of the safety rods is 0.1 second. For the rods initially in
the all-out position, the travel time through the upper region is roughly 0.2
second, making a total of about 0.3 second before actual shut-down is started.
This is felt to be adequate unless the negative temperature coefficient is too
small to protect the fuel from excessively high temperatures.

Neutron Source

A neutron source will be required, especially ror initial operation,
to provide a flux during shut-down that can be monitored at all times. It is
planned to place this source in the center of the reactor core just below the
shim control element. It will be cooled by the same coolant stream that is
used for the shim control. The minimum source size will be such as to give a
shut-down flux which is less than 10 decades (a factor of 1010) below the full
power flux. If feasible, the shut-down flux will be raised to 10-8 full power
by increasing the source strength. This will allow easier monitoring of the
entire range of operation by fewer instruments and will increase the safety
of the system.
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Reactor Instrumentation

Present specifications call for a minimum of three each of three
different types of neutron sensing devices; the duplication of each type is
for operational convenience. These instruments will be installed in parallel
in such a manner that a signal from two instruments will be required to scram
the reactor. This will greatly reduce the number of scrams due to instrument
failure, which cannot be tolerated on a high power, high temperature, power
reactor.

At low power levels, a neutron-counter chamber will be utilized to
give an audible signal to the operator and to actuate a recorder. Thus,
during start-up and during reloading, power can be monitored. Compensated
chambers will be used in the intermediate power range to measure both period
and power levels; linear circuits will be used in the full power range.

Where possible, different sets of instruments will be used for
normal operation and for scram purposes.

LIQUID METAL AND STEAM-POWER SYSTEMS

General

Heat is removed from the reactor core and blanket by the primary
coolant, sodium, transferred to the secondary coolant, sodium-potassium alloy,
in the intermediate heat exchangers, and is then transferred to water and
steam in once-through-type steam generators. There are three primary-coolant
loops and three secondary-coolant loops. Each primary-coolant loop includes
an intermediate heat exchanger, circulating pumps, and auxiliary equipment;
each secondary-coolant loop includes a steam generator, circulating pumps,
and auxiliary equipment. The choice of coolant fluids for a fast type of
reactor is limited to those not containing hydrogen or other moderating ele-
ments. The choice of liquid sodium for the primary coolant is dictated
partly because it has nuclear properties suitable for use in a fast reactor
and partly because it has good heat transfer properties. These properties
are listed below.

Nuclear Properties: Low neutron capture cross section.
Low neutron moderating effect.

Physical Properties: Low vapor pressure at operating temperatures.
High thermal conductivity (28-li6 Btu/hr-sq ft-F/ft).
Acceptable specific heat (0.30-0.32 Btu/lb-F).

Along with these good properties of sodium, there are some disadvan-
tages to its use. Sodium will burn spontaneously in air; it reacts rapidly when
it comes in contact with water; it freezes at 208 F, and, therefore, an external
heat source is required to preheat the lines and equipment prior to start-up.

A sodium-potassium alloy having 56 per cent sodium by weight and
4h per cent potassium was chosen for the secondary liquid metal system because
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of its low freezing temperature of 66 F, even though its heat transfer
properties are not quite as good as those of sodium.

The reasons for using two liquid metal systems, which include an
intermediate heat exchanger, are: to avoid the hazard of chemical reaction
between water and radioactive sodium in case of an internal boiler leak, to
eliminate the possibility of the steam and water system becoming radioactive,
and to assure containment of radioactivity in the reactor building. A NaK-
water reaction in the secondary system will not rupture the primary coolant
system or violate the integrity of the building.

Elevation and plan views of the plant are shown in Fig. 35 and 36,
and a schematic diagram of the liquid metal and steam-power systems is shown
in Fig. 37.

The performance of the liquid metal and steam-power systems is tab-
ulated on pages 75, 76, 77, and 78.

Primary Coolant System

Description - Sodium flows by gravity from the free surface pool
of the reactor upper chamber to the shell side of the intermediate heat
exchanger and then to the pump tank. The volume above the sodium level in
each piece of equipment 1z filled with inert gas at a pressure slightly
below atmospheric; these gas spaces are interconnected by means of gas equal-
izing lines.

The sodium-circulating pump delivers the sodium to the reactor
vessel. The bulk of this flow is supplied to the reactor plenum serving the
core, while a side stream, controlled by a throttle valve, supplies the plenum
serving the radial blanket section.

Since the three sodium loops have a common point in the reactor,
a pump failure could result in flow reversal. For this reason a check valve
is used in the discharge line of each pump.

To prevent a major sodium leak in the external reactor inlet system
piping from draining the reactor vessel due to a siphon action, a siphon-
breaker line is provided between each reactor vessel inlet line and the reactor
pool.

To remove foreign material from the sodium system during the initial
cleaning and filling operations, a removable filter is mounted in each reactor
pool outlet line. These filters can also be used in the future, if required,
to aid in cleaning the system after maintenance work.

Cold traps are included in the cold legs of the circulation loops
and are used to trap out solid impurities in the circulating liquid metal.
The purity of the liquid metals will be monitored by means of plugging
indicators and, if necessary, remote sampling and analyzing equipment.
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Data Swmmary for Liquid Metal and Steam-Power Systems

Primary Coolant System Data

Primary coolant

Flow, per loop

Total

Temperature
IHI inlet
IHX outlet

Total Na capacity

Approximate Na cycle time
Piping system, reactor to pump

Pipe size
Average fluid velocity in pipe
Pipe material
Design pressure

Design temperature-
Piping system, pump to reactor

Pipe size
Average fluid velocity in pipe
Pipe material
Design pressure
Design temperature

Pressure drop, external system
Pressure drop, total system
Intermediate heat exchanger equipment

Number of units
Type

Material
Tubes and heads
Shell

Fluid in tubes
Pressure loss

Shellside fluid
Pressure loss

Over-all heat transfer coefficient
Heat transferred per unit
Heat transfer area per unit

(based on tube 0D)
Heat flux

- lb per
- gpm at
- lb per
- gpm at
-F

- cu ft
- lb

- see

-fps

hr
pump temp
hr
pump temp

-F

- fps

- psig
-F
- psi

- psi

- psi

- psi
- Btu/hr-sq ft-F
- Btu/hr

- sq ft
- Btu/hr-sq ft

Na
h.h x 106

10,000
13.2 x 106

30,000

800
550

7,900
12l,000

67

24" sch-20
7.8

Type 304 S.S.
- (Atmospheric

(pressure
(system

1,000

16" sch-30
17.5

Type 301 S.S.
300
700
15
92

3
- (She11.and-

(tube
(counterflow

Nickel "A"
Type 304 SoS.
NaK (56% Na)

11
Na

1
1,700

341.3 x 106

!4,010
85,000



Pumping equipment
Number of pumps
Type

Design data - each pump
Capacity
Temperature
Total dynamic head
Efficiency
Pumping power
Total pumping power

Secondary Coolant System Data

gpm
F
psi

kw
kw

Secondary coolant
Flow, per loop - lb per

- gpm at
Total - lb per

- gpm at
Temperature-F

IHX inlet
IHX outlet

Total NaK capacity - cu ft
- lb

Approximate NaK cycle time - sec
Piping system

Pipe size
Average fluid vilocity in pipe - fps
Pipe material
Design pressure - psig
Design temperature - F

Pressure drop, total - psi
(without isolating valves at boiler)
(with isolating valves at boiler)

Pumping equipment
Number of pumps
Type

Design data - each pump
Capacity - gPt
Temperature - F
Total dynamic head - psi
Efficiency - %
Pumping power - kw
Total pumping power - kw

hr

pump temp
hr
pump temp

3
- (Mechanical

(centrifugal
(inert gas
(seal

11,000
550

110
70

760
2,280

NaK (56% Na)
5.36 x 106

12,650
16.08 x 106

37,950

500
750

3,690
194,000

36

16" sch-30
22.5

Type 304 S.S.
70 (15o)

1,000

53

(108)

3
- (Mechanical

(centrifugal
(inert gas
(seal

14,000
500

65 (130)
68

600 (1200)
1,800 (3600)

76



Steam-Power Generating System

Steam generating equipment
Number of units
Type

Material
Tubes and headers
Shell

Fluid in tubes
Pressure loss

Shellside fluid
Pressure loss

Design data - each unit
Steam generating capacity
Steam conditions

Pressure
Temperature

Feedwater temperature
Entering

NaK data
Flow
Temperature

Entering
Leaving

Heat transferred
Superheating section
Evaporating section
First section
Second section

Feed heating section
Total.

Heat transfer area
(based on tube OD)
Superheating section
Evaporating section
First section
Second section

Feedwater section
Total

Heat flux
Superheating section
Evaporating section

First section
Second section

Feed heating section
Over-all heat transfer

Coefficient
Superheating section

- psi

- psi

- lb per hr

- psig
-F

- F

- lb per hr
- F

- Btu/hr

3
- (Once-thru,

("U" - tube
(counterflow

Type 304 S.S.
Type 3014 S.S.
Water and steam

20
NaK

14

343,000

600
730

400
5.36 x 106

750
500

56.6 x 106

176.1
75.3

33.3
314.3

- sq ft

- Btu/hr-sq ft

- Btu/hr-sq ft F

x 106
x 106
x 106
x 106

2,690

1,710
490
974

5,86h

2,100

103, 000
154, 000

34,200

250

77
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Evaporating section
First section 1,175
Second section 790
Feed heating section 530

Logarithmic mean temperature difference
Superheating section 81.1
Evaporating section
First section - 70% 87.6
Second section - 30% 191

Feed heating section 64.5
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Number of sodium-circulating pumps . . . . . . . . . . . . . . 3
Number of intermediate heat exchangers . . . . . . . . . . . . 3
Approximate sodium cycle time . . . . . . . . . . . . . . 67 sec
Size of electromagnetic flowmeters (3) . . . . . . . . . 16 in.
Size of electromagnetic flowmeters (3) . . . . . . . . . . 6 in.
Size of diffusion cold traps (3) . . . . . 16 in. ID x h ft long
Filters (3) . . . . . . . . . . . . . . Removable fine-mesh-type

Pipe . . . . . . . . . . . . . . . . . Described in data section

Size of check valves (3). .. . . . . . . . . . . . . 16in.
Size of throttling valves (3) . . . . . . . . . . . . . . h in.

Pm- The pumps, as shown in Fig. 38, are electric-motor-driven,
centrifugal, sump-type pumps with an inert-gas shaft seal. The pump shaft,
impeller, and casing are to be capable of being removed as a unit.

Intermediate Heat Ecchanger (IH) - The intermediate heat exchang-
ers are shell-and-tube-type units with NaK in the tubes and sodium on the
shell side of the tubes. The basic arrangement of the unit is shown in Fig. 39.

Secondary Coolant System

Description - The sump tank of the sump-type, centrifugalNaK-cir-
culating pump provides expansion space for the NaK. The elevated physical
location of the secondary coolant components will assure a static NaK pres-
sure in the IHZ greater than that of the sodium. In the event of a leak in
the IHi, the spread of radioactive sodium in the secondary coolant system is
thus prevented.

A leak in an IHZ would be detected by a drop in liquid level in
the NaK pump tank.

Since each NaK loop is independent, a pump failure will not result
in flow reversal; therefore, check valves are not required. If required,
the NaK in each loop, except for the IHZ tube bundle, can be drained by
gravity to the storage tanks.

Equipment and Data

Number of NaK.-circulating pumps............ . . . . . 3
Number of steam generators . ................. 3
Approximate NaK cycle time . . .............. 36 sec
Size of diffusion cold traps (3) . . . . . 16 in. ID x 4 ft long
Pipe . . . . . . . . . . 16 in., sch-30, Type 304 stainless steel

Pumps - The construction of the NaK pumps is basically the same as
the sodium pump shown in Fig. 38.

Boilers - The boilers or steam generators are counterflow, shell-
and-tube, once-through-type units with water and steam in the tubes and NaK
on the shell side of the tubes.
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Emergency Cooling System

The purpose of the emergency cooling system is to provide a means
of dissipating heat energy from the reactor following a scram shut-down due
to failure of the primary power source. After the reactor is scrammed, the
residual activity continues to produce heat energy; the quantity and duration
of heat energy release being a function of the operating history (length of
operating time and power level) of the reactor prior to shut-down.

The removal of heat during the period immediately after scram will
be handled by providing sufficient inertia in the system to keep the coolants
circulating at the minimum required velocity. The long-term removal of decay
heat is provided by thermal circulation of the primary and secondary coolant
fluids. Water, which is supplied by gravity from the condensate storage
tank during this emergency condition only, will be used as the final coolant,
and the steam generated will be vented to atmosphere.

Inert Blanket Gas System

Helium has been chosen as the gas meeting most of the requirements
for the inert gas. Since the volume of this gas required for uses other than
blanket gas, such as in ventilating systems, will warrant large-scale pur-
chases, it will be received by tank trucks or tank cars at 2000 psig. Storage
bottles will be connected to the supply manifold for emergency use. The sys-
tem is depicted in Fig. 40.

The helium supply is passed through a filter to remove scale and
dust and then reduced to some intermediate pressure through two pressure con-
trol valves to insure continuous service.

The helium then passes through two NaK bubblers for purification,
each of which is a two-pass, packed., stainless-steel-wool column that is
partially filled with NaK. For mst efficient purification, the temperature
of the first bubbler is maintained at about 500 F and the second at about
150 F. If it is determined that the supply helium does not require purifica-
tion, this equipment can be by-passed.

The gas flows from the bubblers to a separator in order to remove
any entrained NaK and then flows to local reducing stations for the systems
being served.

Analyses for moisture, hydrogen, and oxygen content can be made on
the helium supply before and after the purification equipment.

Equipment and Data

Number of NaK bubblers... ... ........... 2
Number of filters .................. 1
Number of separators .. .. ...... 1
Number of dew point meters . . . . . . . . . . . . . . . . . . 1
Number of H -0 analyzers . . . . . . . . . . . . . . . . . . 1

Pressure reducing valves, valves, and pipe
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Vent Gas System

This sytem is schematically described in Fig. 4i. Vent gas from
the NaK systems will not become radioactive and can pass directly to the stack.
Vapor traps will be used to remove liquid metal vapors.

Vent gas from the sodium components will be monitored at some point
before the compressors. When activity has reached some maximum value, the
gases will be compressed into a storage tank and then bled slowly to the stack
at a rate determined by activity-monitoring at the stack top.

The vent gases will be diluted with building ventilation air that
is admitted at the base of the stack.

It is possible that the inert gas blanket of the sodium system may
become contaminated with fission productswith the resulting activity being
too high for the vent gas storage and bleed system. To alleviate that situa-
tion, studies are being made on the removal of fission products by use of
AEC-type absolute filters, carbon filters, chemical scrubbers, or by combina-
tions of the three.

Provision will be made to monitor any water collected in the stack.

Vacuum pump connections will be provided for each component.

Equipment and Data

Number of vapor traps ... . .... . . . . . . . . . . . h
Number of vacuum pumps . . . . 2
Number of compressors . . . . 2
Gas storage tank, stack, monitoring

equipment, valves, and pipe

Ventilation System

The atmosphere existing in the area containing the sodium pumps and
intermediate heat exchangers will meet two basic requirements. The oxygen
content must be held as low as possible to prevent a fire in the event of a
radioactive Na leak, and the ambient temperature must be held below some maxi-
mum which will be dictated primarily by the electrical and mechanical components.

A definite scheme of ventilation has not been selected. The methods
being considered include the use of nitrogen with an oxygen tgetter",such as
Salcomineor a completely inert atmosphere such as helium.

Heat removal would be accomplished by circulating the gas through
a heat exchanger. An investigation has been made of a gas-to-air heat exchan-
ger because the presence of cooling water may be undesirable for this purpose.
The feasibility of such an exchanger has been established.
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Unloading, Filling, and Pre-Heating
Sodium and NaK

A schematic arrangement of the sodium unloading, drain, and fill
systems is shown in Fig. 42; the equivalent system for NaK is shown in Fig. 43.

Unloading - The initial supply of sodium will be received in tank
cars of approximately 80,000 lb net weight each. Subsequent deliveries, which
will be relatively small, will be received in cast solid drums of about hh0 lb
net weight each.

The sodium will be melted in the tank car by circulating heated oil
through the external channels provided in the tank car. The oil will be
heated in a heat exchanger that utilizes building-heating steam.

Sodium received in drums will be melted in the drums by means of
an electrically heated mantle.

The molten sodium will be evacuated through a filter to the sodium
storage tanks. An unloading pump will be mounted in this line to be used as
required.

Sodium-potassium alloy ($6 wt % Na, hh wt % K) is supplied in drums
of 200 lb net weight each. The NaK will be evacuated through a filter to
the NaK storage tanks. A pump will be mounted in the unloading line to be
used as required.

Filling - After purging with inert gas, the reactor, primary coolant
system, and the decay pit will be filled by evacuating all the components
and, if necessary, by pressurizing the storage tank. The sodium will pass
through a filter and enter the system through the drain lines. Filling through
the drain lines, which are necessarily at the lowest points in the system,
reduces the possibility of forming gas pockets.

In the present layout, the larger of the two storage tanks will
hold the full supply of sodium, including the contents of the fuel element
decay pit. This tank will normally be empty. The smaller tank will be used
for operational ovezrlow and make-up requirements. Studies will be made in
an effort to include two full-size storage tanks. The piping of the drain
and fill system will be so arranged that the contents of one storage tank can
be passed through a filter to the other storage tank.

After purging with inert gas, the secondary coolant system will be
filled by evacuating all components and, if necessary, by pressurizing the
storage tank. The NaK will pass through a filter and enter the three loops
through the drain lines.

Either of the two storage tanks will hold the full supply of NaK,
and the contents of one tank can be passed through a filter to the other
storage tank.

Preheating - Since the melting point of sodium is 208 F, it will be
necessary to preheat all the components of the primary coolant system during
initial filling operations to prevent freezing.
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The IHX can be preheated by circulating heated NaK through the tubes.
All pipes, fittings, and tanks will be equipped with electrical heaters. The
most difficult component to preheat will be the reactor vessel, and three pos-
sible methods are being considered for preheating that component: the use of
electrical heating elements, the circulation of heated helium, and filling
the system with NaK, heating and circulating the NaK, and then dumping and
refilling with sodium.

Operations

Normal Start-Up Pro.cedures - It will be advisable to start-up with
both the shell side and the tubes of the boiler flooded in order to minimize
thermal shock. The water in the tubes should have a minimum temperature of
100 F to prevent freezing on the NaK side. The temperature of the NaK sys-
tem components, e.g., boilers, IHX units, piping, etc., should be increased
slowly by operating the system and utilizing the pumping energy as a heat
source. The estimated time required to bring the NaK system temperature to
250 F is approximately 5 hours.

At the same time, the sodium system, including reactor, piping,
etc., will be heated to approximately 250 F by means of a heating system con-
sisting of tubular heaters, clam shell heaters, etc., as required. After the
sodium and NaK systems have been brought to 250 F, the sodium system can be
charged. At this point, assuming other necessary steps have been completed,
the reactor can be put in operation.

Next, the power level of the reactor can be increased with sodium
and NaK flows held constant. As the power level of the reactor is increased,
it will be necessary to manually crack open the dump valves to the condensers.
The dump valves must remain open until a satisfactory steam temperature is
attained for warming the turbine.

System Operations - Present plans are to operate the liquid metal
coolant systems on the basis of constant flow, varying the reactor coolant AT,
over a load range of approximately 20 to 100 per cent. Stepped transformers
may be provided in the sodium and NaK pump power supply systems for steps of
60-80-100 per cent. This will provide a means of varying coolant flow rates
within a limited range if reactor conditions dictate this requirement.

The temperature level of the heat energy from the reactor governs
the steam-power cycle conditions. These conditions are shown on the plant
data sheets. Steam pressure will be regulated by controlling the feedwater
regulating valves since the boilers are of the once-through-type. Steam tem-
perature will not be controlled. However, in order to protect the turbine,
a desuperheater will be provided to protect against high temperatures, and a
temperature control device to protect against low temperature or too rapid a
decrease in temperature will be provided to by-pass the steam to the dump
system. This will offer protection against moisture or water-slug damage to
the turbine. Feedwater temperature will be provided 'over the load range as
required in order to satisfy the reactor inlet coolant temperature requirement.
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System Interlocks - Thermal transients or shocks are a function of
rate of temperature change, total temperature change, cycle time of the sys-
tems, and total transients during equipment operating life. The effect of
thermal transients is to produce thermal gradients and thermal stresses in
piping and equipment material.

In order to minimize the severity and number of thermal transients
on the reactor coolant inlet plenum chamber and the primary and secondary
coolant piping and equipment components, control interlocks will be provided
between the primary coolant pumps, secondary coolant pumps, and feedwater
stop-check valves for each boiler unit. The basis for the use of the inter-
locks is that in the event of primary pump failure, the associated secondary
pump will be shut down and the boiler stop-check valve will be closed. Like-
wise, the same principle holds if a secondary pump fails or if feedwater
supply to the associated boiler is cut off.

A steam dump system, including pressure reducing and desuperheating
equipment, will be provided for start-up and shut-down of the plant to serve
as a power control valve operator and to minimize the effect of electric
plant maloperation on operation of the reactor plant.

Maintenance

It is anticipated that the maintenance problems of the external
system will involve primarily the intermediate heat exchangers and the sodium
and NaK circulating pumps. For this reason, these components will be designed
with maintenance or replaceability as major criteria.

The IHi will be designed so that the tube bundle can be removed
without draining the sodium system.

Similarly, the pump shaft, impeller, and casing of both the sodium
and NaK pumps will be designed so that they can be removed from the pump tank,
which will be permanently installed.

DISASSEMBLY AND SHIPPING FACILITY

The disassembly and shipping facility, shown in Fig. h and Fig. 45,
permits handling and transfer of core and blanket subassemblies to and from
the reactor building. Operations, which are performed in a cave-type struc-
ture under inert atmosphere, include inspection, disassembly of core and
blanket subassemblies,, and loading and transfer of irradiated subassemblies
to shipping casks for shipment by railroad or trucks. Disassembly consists
of removing the axial blanket sections from the fuel section of core sub-
assemblies in order to ship these sections to two different locations.

Work Area

The work area, a metal lined room with a helium atmosphere, is
designed for complete containment of radioactivity. All transfers to and
from this area are made through vacuum or purge air locks, normal transfers
being made through the small air lock valve while abnormal or maintenance
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transfers are made through the large lock at the end of the area. The
pressure distribution of the atmosphere in the facility will be such that
leakage will be into the work area. The oxygen-nitrogen content of the
atmosphere in the work area is held below a specified maximum value by a
continuous helium purge, the exhausted gas being passed through an AEC-type
absolute filter to the ventilation stack. To maintain the philosophy of
excluding hydrogenous material from the reactor building, there will be no
water lines or any appreciable quantity of moderating materials in the area.

Operations performed in this area are visually controlled through
either shielded windows or periscopes.

Work Area Equipment

Irradiated subassemblies that have been cooled in the decay pit
for a sufficient length of time so that they will not melt in a helium
atmosphere are transferred through the exit passage, via the transfer mech-
anism, to the work area. The exit passage and transfer mechanism is designed
so a specified pressure is always maintained in a closure between the reactor
building and the shipping facility.

The core and blanket subassemblies are visually inspected for
gross deformation, cracking, etc., and are then placed in a jig for mechani-
cal examination. Accurate distortion measurements will be made to determine
the magnitude of warping and other damage due to irradiation. In the same
jig, a collimated radiation scan will be made to determine longitudinal
burn-up distribution. No samples will be taken from the uranium, and the can
or clad containing the uranium will not be opened.

Equipment is provided for the separation of blanket sections from
fuel sections of the core subassemblies and for loading these sections and
accumulated scrap into shipping pot for transfer to different reprocessing
sites.

Shipping

After disassembly, the blanket and fuel sections will be loaded
into sealed pots containing sodium-potassium alloy as a heat transfer medium.
Each "core pot" will contain one core subassembly while the "blanket pots"
will be sized for several subassemblies. A transfer mechanism will move
each pot through the gas lock into the shipping area where it will be loaded
into a shipping cask positioned on a railroad flat car or semi-trailer. The
core-shipping cask is designed to accommodate several, probably four, core
pots while the blanket-shipping cask will contain only one pot. The casks
are designed to be cooled by natural convection of air and are calculated to
be subcritical even if submerged in water, with all the NaK replaced by water.
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REACTOR SAFETY

BASIS OF DESIGN

In a reactor that is designed for installation at a site near rather
large population centers, safety must be an overriding consideration. In view
of the extremely short neutron lifetime in the fast reactor compared to a ther-
mal reactor, it is even more important in the fast reactor than in the thermal
to avoid the possibility of prompt criticality.

It has been the philosophy of the APDA Working Group that the safest
and surest way to avoid prompt criticality is to design the reactor in such a
way that a dollar of reactivity cannot be inserted accidentally in any conceiv-
able way. This design goal has been approached in the following manner.

Core Design

The subdivision of the core has been governed by the criteria that,
with the reactor just critical, the addition of another clean fuel subassembly
in the most important position shall not represent the addition of one dollar
of reactivity. This has been done at the expense of considerable additional
mechanical complexity in the support method since a rather large number of ele-
ments results. In addition, performance has been sacrificed owing to the larger
fraction of parasitic structural material resulting from minute subdivision.

In order to prevent the inadvertent or deliberate substitution of a
core subassembly containing more than one dollar of reactivity, the construction
of a small, essentially zero power, reactor is being considered on the site to
measure the worth of core subassemblies immediately prior to insertion in the
reactor. This nuclear check could be the last of a series of measurements and
inspections whose objective is to insure that the subassembly being placed in
the reactor is one which is safe to insert.

In the design of the core, careful attention has been given to possi-
ble sources of appreciable positive temperature coefficients of reactivity. It
is felt that no important positive coefficients exist, including Doppler coeffi-
cients. The uranium composition in the core has been limited by the ratio of
U-238 to U-235 which it is felt will result in negative Doppler coefficients.

The core support and the arrangement for locating core subassemblies
have been designed so that no gradual accumulative dislocation of the core sub-
assemblies can occur with possible sudden reactivity increases following a
return to its original configuration.

Mechanical Handling of Fuel

The device used to remove irradiated subassemblies and insert new
ones is mechanically unable to insert more than one subassembly at a time, and
the rate of insertion is positively limited to such a low rate that even a much



more reactive core subassembly than normal would cause reactivity changes so
slowly that the motion could be reversed before any danger existed.

The most severe accident in loading would occur if the handling de-
vice dropped a subassembly from a considerable height into the most important
position. Since this subassembly is worth less than one dollar, it is diffi-
cult, on the basis of accident kinetic studies, to see any dangerous consequences.

Control and Operation

In order to limit the amount of reactivity controlled by the central
poison control rod, it has been established that loading and unloading of core
subassemblies shall be carried out with the reactor temperature at about 600 F.
By this device, the central control rod itself controls less than one dollar,
allowing for temperature and burn-up override.

The shut-down poison or scram rods are adequate to assure that the
reactor is subcritical when they are inserted, regardless of how low the tem-
perature becomes.

Prevention of Thermalization

A drastic accident is theoretically possible if, by some method, a
strongly moderating material is introduced into the core. Relatively small
amounts of hydrogenous materials produce rather large reactivity increases
when so introduced. For instance, a liter of lubricating oil mixed uniformly
with the sodium in the core increases the reactivity by about one dollar.
Moderating materials, other than hydrogen, are relatively much less dangerous.

In order to minimize the initially remote possibility of introducing
hydrogen into the sealed, highly-radioactive sodium system, no hydrogenous
materials will be used in any region where failure of any thickness or type of
cladding could result in injection to the sodium system.

Wherever possible, oil lubricated machinery will be avoided in the
entire system, and the amount of oil carried into the reactor container by work-
men at any time will be regulated. These precautions will be taken even though
no workable scheme of getting the oil into the sodium has been conceived.

In summary, it should be emphasized again that every design step is
examined with reactor safety uppermost in mind. Many incidents that seem very
remote in a practical sense are guarded against, even if performance and econ-
onv are sacrificed.

TEMPERATURE COEFFICIENTS OF REACTIVITY

The following is a tabulation of the temperature coefficients of re-
activity of the proposed developmental fast reactor arranged according to the
promptness of their effect following a reactivity increase.
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Core Blanket
ak/k/C-xl -6 AkkC-xl-

Fast uranium -2.1 -2.4
Slow uranium -0.7 -1
Sodium -9.0 -8.14
Top structure -14.1 +1.Z4
Bottom structure -14.1 +1.1;

The fast uranium component is the effect due to instantaneous expan-
sion of the core fuel pins or plates and the blanket rods. This expansion takes
place so rapidly that sodium is not immediately ejected from the bond annulus and
from the region above the fuel pin but is compressed. As the sodium is ejected,
a further reactivity decrease takes place, which is given as the slow uranium co-
efficient.

In a time of the order of 0.1 second following the reactivity increase,
heat flows from the fuel and blanket elements and heating of the sodium begins,
the sodium expands, affecting reactivity as shown in the tabulation above.

The top reactor structure, which holds down tne individual fuel and
blanket subassemblies, is heated both by radiation absorption and by the heated
coolant. As sodium that has been heated in the core flows around the structure,
it expands and a negative reactivity effect is produced. The expansion of the
blanket structure causes a slight positive effect due to replacement of uranium
with sodium.

The last component of the over-all temperature coefficient results
from expansion of the bottom core and blanket structure caused by an increase in
the inlet temperature due to the new power level. This component is delayed by
the cycle time of sodium in the primary system.

If there were no sodium between the core fuel and the top blanket, the
fast uranium coefficient for the core would be about 50 per cent more negative
than that given.

.DISCUSSION OF DOPPLER COEFFICIENT

A topic which has received much study in fast reactor design is the
so-called Doppler temperature coefficient. A positive component of temperature
coefficient of reactivity can be shown to exist in fast reactors due to a de-
crease in the energy self-shielding of fission resonances in U-235 with in-
creasing temperature This coefficient in pure U-235 has been estimated to be
of the order of +10~ &k/k/C. In order to offset this effect, U-238 may be mixed
homogeneously with the U-235. Then, as the number of fission events in U-235
becomes larger, the energy self-shielding of capture resonances in U-238 de-
creases and the number of capture events in that isotope also increases. Proper
proportioning of the number of U-235 and U-238 atoms present, therefore, should
permit cancellation of the positive component or even establishment of a net
negative Doppler coefficient.
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Calculation indicates that the ratio of U-238 to U-235 atoms required
to result in a net Doppler coefficient of zero is close to 1.9. The negative
effect of U-238 becomes greater as the square of the U-238 to U-235 ratio. The
APDA design ratio is 2.16.

The distribution of level spacing assumed for both the U-235 and U-238
was xe-X. The re ult for the net Doppler coefficient for the APDA reference de-
sign is-1.3 x 10- /C at 20 C. The effect varies inversely as the three halves
power of the absolute temperature.

Investigation of the positive coefficient due to Doppler increase in
the fis on cross section of U-238 reveals a positive coefficient of the order
of +10 k/k/C. It is felt that this coefficient is negligibly small.

TRANSIENT TEMPERATURE STUDIES

Introduction

A simulator study was carried out to determine the transient behavior
of fuel and coolant temperatures in the proposed developmental fast breeder
reactor.

In this simulation program, the answers to two very broad questions
were sought:

1. How does the fuel temperature, coolant temperature, and
power vary during a failure of coolant flow and subsequent
scram?

2. How does the fuel temperature, coolant temperature, and
power vary when the system is subjected to a cold slug of
sodium at the coolant inlet?

Problem Description

The reactor system that was studied is shown schematically in Fig. ).6.
Cold sodium enters the bottom of the reactor vessel at temperature, Tcis and

passes through the heat transfer channels with the velocity, V. During its
passage through the reactor core, the sodium is heated by the fuel and leaves
the core with elevated temperature, Tco. A linear temperature variation be-

tween inlet and outlet is assumed so that the average coolant temperature is

given by

STco +Tci
c 2
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The average fuel temperature, Tf, is determined by the average coolant
temperature and the rate of generation of fission heat in the core.

Figure 47 shows the system model for the physical situation shown in
Fig. 46. The neutron flux generated in the core is a function of the externally
variable reactivity,S k, and the temperature coefficients of reactivity from the
fuel and coolant. The fission heat is assumed to be proportional to the neutron
flux. Gamma heating is assumed to be a constant contribution to the total heat
production and is taken to be about 4 per cent of the total heat produced. The
coolant temperature is a function of fuel temperature, coolant inlet temperature,
and coolant velocity.

The inputs to the system shown in Fig. 47 are coolant velocity, V,
scram reactivity, Sk, and coolant inlet temperature, Tc-

The coolant velocity input program is shown in Fig. 48. The velocity
decays exponentially with the time constant,t, to 4 per cent steady state value.

v(t)

o 30

0

Ctt

V =30(0.96 ae +0.oh)

0

0 Slow-Down Time, sec. 0

Fig. 148 - Assumed Coolant Velocity Slow-Down Program

The scram reactivity input program is shown in Fig. 49. The time when
t = 0 occurs at the instant the coolant velocity decay begins. At this time,
negative reactivity is inserted linearly to a maximum value of 0.08 in the scram
time interval of 0.06 second.
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Fig.47- SCHEMATIC OF SCRAM TRANSIENT TEMPERATURES SIMULATION H
8



101

0
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C)

-0.08 --- -
-. 80 0.6 Time, sec

Fig. 49 - Assumed Scram Reactivity Program

Figure 50 shows the coolant inlet temperature input program. At time
t = 0, the coolant inlet temperature, Tci, decreases linearly from 550 F to

250 F in six seconds. The inlet temperature remains constant at 250 F there-
after.

Tci

550-

rza

250 ------ ---

20

o 6 Time, sec

Fig. 50 - Assumed Coolant Inlet Temperature Drop Program

It should be emphasized at this point that the results given in the
following sections should not be interpreted beyond the model described by
Fig. 147.

The coefficients of reactivity used in these runs are those estimated
for APDA by Nuclear Development Associates. he numerical values f9r fuel and
coolant are, respectively,/f g = -1.667 x 10 /F andAc = -5 x 10/F. The

negative coefficients associated with the core structure and the blanket were
neglected.
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A coolant velocity slow-down time of 30 seconds was assumed based on
the latest knowledge of the primary-loop configuration and sodium-pump inertia
characteristics. This slow-down time corresponds to a time constant of
'r= 6.58 seconds.

Effect of Coolant Flow Slow-Down
on TemperaturesIDuring Scram

These runs were made to determine the effect of a 30-second coolant
flow slow-down time on the coolant outlet temperature, average fuel tempera-
ture, and power transient during 0.6-second scram. The results are shown in
Fig. 51.

The scram rods start to move immediately on the start of coolant flow
slow-down. Immediately following the 0.6-second scram, the power drops to
approximately 15 per cent full power and there decays with a long period to the
residual 4 per cent power.

The temperatures drop immediately on the scram signal due to the high
coolant velocity present during the first instants of scram. As the coolant
velocity decreases, there is insufficient cooling so that the heating due to
delayed neutrons and fission product decay causes a slow increase in the fuel
and coolant temperature.

The dashed curves in Fig. 51 indicate reactor response under normal
operating scram,-- that is, the reactor is scrammed with pumps operating normally,
and coolant flow remains constant.

Temperature and Power Transients
for Coolant Flow Accident

The runs reported in this section correspond to an accident situation
where the coolant flow inadvertently decays while the scram system is inopera-
tive. This situation, although not catastrophic due to the temperature coef-
ficient shut-down, yields the worst possible temperature transient conditions.

Figure 52 illustrates the coolant outlet temperature, average fuel
temperature, and power variation for a 30-second coolant flow decay time. The
coolant outlet temperature reaches an indicated maximum of 2,300 F. However,
it is recognized that in the real case, the sodium will boil at 1,600 F and
the simulation will not be adequate for temperatures beyond this value.

Transients due to Cold Slug of Coolant

Several runs were made to determine the transient effect caused by
the drop of coolant inlet temperature, both for the case where the reactor does
not scram and the case where the reactor scrams on a power level signal that is
25 per cent above full operating power. The temperature drop was assumed to be
from 550 F to 250 F. This AT of 300 F corresponds to a &k of 0.15 per cent.

Figure 53 shows the neutron flux variations for a 6-second insertion
of a cold slug of sodium coolant. The solid lines indicate the flux variation
when the system scrams at 25 per cent over full power; the dashed lines indicate
flux variation for no scram.
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The scram signal is initiated at the point where the power reaches
25 per cent above full power. A time lag in the scram system is assumed so
that the scram rods do not begin their insertion until 0.25 second after the
initiation of the scram signal. Thus, the power continues to rise above 25 per
cent over full power for 0.25 second.

ACCIDENT ANALYSES

The fast reactor under consideration has been analyzed to determine
its behavior during nuclear accidents. The type of accidents considered was
that in which excess reactivity is introduced at different constant rates and
in which the only stabilizing effect is the rapid expansion of the core fuel
pins or plates. The component of the uranium expansion that contributes to a
decrease in average fuel density in the core is the axial expansion. The negative
temperature coefficient of reactivity is based on linear expansion of the fuel
pins or plates only. The accidents were considered to be initiated while the
reactor was operating at various initial power levels. The inertial forces and
elastic deformation of the fuel rods were taken into account0

It was found that the power rises most abruptly and the stresses in
the fuel are highest when the accident occurs at low initial power. Figure 54
shows typical calculated temperature, stress, and power transients resulting
from an accident of this type. After the reactivity reaches prompt critical,
the power rise is seen to be shut down very rapidly. It should be noted that,
in this case, $1.00 of reactivity has been inserted without serious consequence.
If no more reactivity were introduced, the reactor would, therefore, completely
control itself due to fuel expansion, the assumed shut-down mechanism. In addi-
tion, the heating of the sodium coolant will begin to take place shortly after
the time of prompt criticality and contribute to the shut-down. A temperature
coefficient of reactivity of -5.27 x 10 /C was used in the calculation of Fig. 54.

At high powers, the fuel expansion, power rise, and energy release come
into operation Without delay as soon as reactivity is inserted. The fuel expan-
sion keeps pace with the reactivity insertion, preventing prompt criticality
and an abrupt power surge. Figure 55 shows the results of a $50 per second
accident start ng at full power and using a temperature coefficient of reactivity
of -5.27 x i0'/C. The temperature gradually increases until the melting point
is reached if the reactivity insertion is continued; but note that in the example
of Fig. 55, no violent accident has occurred even after the insertion of $1.50
of reactivity.

Figures 56 and 57 show the results for the fuel temperature rise and
maximum compression stress in the fuel element for various rates of reactivit,
insertion. A minimum fuel temperature cofficient of reactivity of -2,1 x 10 /C
and a more optimistic value of -ti.l x 10 /C were used in the calculations. The
1,000-curie Po-Be source to be placed in the reactor has been designated on the
curves as the initial source. This value designates the initial power used in
the analysis. The normal source is what can be expected due to further activa-
tion of the antimony as well as due to gammas from the core. This source was
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estimated to be equivalent to 75,000 curies of antimony activity. Because of
the limitations of the maximum stress and temperature rise in the fuel, a rate
of reactivity insertion of $10 per second can probably be tolerated in the
present design. If the reactor has a higher than expected temperature coefficient
of reactivity and the core elements are supported at the centers, the allowable
rate of reactivity insertion may be as great as $40 per second.

Perhaps the most important conclusion to be reached from the accident
analyses made to date is that some prompt critical accidents can be controlled
by the reactor and that the amounts of reactivity involved in the assumed acci-
dents are large enough so that it is difficult to imagine how they could in
practice be inserted at the rates considered.
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SITE CONSIDERATIONS

THE REACTOR LOCATION

Physical Consideration

The actual site on which the reactor will be built has not been
definitely established at this time. The Detroit Edison Company has, however,
made a survey of its territory and has selected for study a plot of 800 acres
located on the western shore of Lake Erie; an eventual 1500 mw of electric
power is desired in this area. In evaluating this site, which is shown in
Fig. 58, for a nuclear power plant, Detroit Edison has assumed that the first
reactor would be a fast breeder similar to the one described in this document.

The unshaded area in Fig. 58 denotes the property that is now under
option to The Detroit Edison Company. The property is generally low and
marshy and lies in a farming territory six miles from a densely populated area.
There are no inhabitants within 3300 feet of the reactor, and all property
within this area would be owned by the Company. The nearest dwellings are to
the south in a summer resort area, which would be easily evacuated in an
emergency.

Figure 59 shows a proposed plant layout in relation to the lake.
The plant area will be filled to 581 feet above sea level, about 5 feet above
the maximum lake level ever recorded. This elevation will be high enough to
protect the site against ary damage from high water and give proper run-off
and drainage.

Pollution Hydrology

The plant site is adjacent to the shore of Lake Erie, with the reac-
tor being located about 300 feet from the present shore on filled land. All
drainage from the site will be to the lagoon area where monitoring and hold-
up are possible. Radioactive wastes will go to hold-up tanks and then to the
hold-up basin, shown in Fig. 59, before being released at safe levels. The
condenser cooling water discharge, 90,000 gpu, makes available a large source
of water for diluting liquid wastes.

Lake Erie has no specific water currents along this shoreline even
though the Detroit River discharges 8,000,000 gpm into it only a few miles
away. Two other rivers discharge small quantities near the site but apparently
cause no general currents that would give direction or flow to contaminated
liquids released from the plant. The effect of the condenser cooling water
discharge on local currents has not been studies. A municipal water supply
intake exists about 2 miles from the reactor, and this intake would be moni-
tored continuously.

A phenomenon affecting lake level that causes extremely high or low
levels of short duration, called a seiche, occurs occasionally on Lake Erie.
Examples of the effect of these seiches are shown in the following Table VIII.
The all-time high water level recorded at Monroe, the nearest station to the

site, is 576.25 feet above sea level; the average lake level was 572.97 feet
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for the month in which the high occured. It is necessary to compare data
taken at Monroe with that of Toledo because the Monroe station was not in
operation at the time Toledo recorded the maximum high level of 576.98 feet
in 1952. In 1954, the Toledo high shown was 0.6 foot above Monroe; in 1955,
it was only 0.17 foot above. In accordance with standard engineering prac-
tice, the grade on site will be about 5 feet above the all-time recorded high
water level.

TABLE VIII

EFFECT OF SEICHES

Monthly
Location Hg Time Date Low Time Date Diff Mean

Monroe 576.25 1900 12-29-54 570.26 0800 12-30_54 6 572.97
Toledo 576.86 1820 12-29-54 569.85 0645 12-30-54 7 573.05
Monroe 575.51 0520 3-21-55 (*567.62 -) 1700 3-22-55 (8 +) 574.03
Toledo 575.74 2320 3-21-55 565.90 1835 3-22-55 10 573.0
Toledo 576.98 1800 3-22-54 571.06 1300 3-22-52 6 574.19

*This is lowest reading ever recorded by this meter. At the time the reading
was taken, the meter chamber was empty; therefore, the exact low is not known.
On the same day, however, Toledo recorded a 10-foot variation.

Preliminary Survey of the Air Pollution Climatology

The purpose of the preliminary survey made by E. Wendell Hewson of
the University of Michigan is to evaluate the relative merits of the site for
a nuclear power plant installation on the basis of prevailing winds and local
topographic features.

The prevailing wind directions and corresponding wind speeds, month
by month, are shown in Table IX for two meteorological stations: Toledo, Ohio,
and Detroit City Airport, Michigan. Toledo is south of the proposed plant site,
and the wind station has a lake shore location similar in most respects to that
of the plant site under study. It is believed that this wind record gives a sat-
isfactorily accurate first approximation to the prevailing winds at that site.
Since Detroit is the largest city in the area, corresponding data for Detroit
City Airport have been included in Table IX.



TABLE IX

PREVAILING WINDS

S = Average wind speed

Station 1950

- D = Prevailing wind direction

1951 1952

S D S D S D S D

Toledo 13.9 SSW i2.h SSW 12.8 WSW 12.5 SSW
Detroit 12.0 S 10.2 NW 10.1 NW 10.6 NW

Toledo 13.7 SW
Detroit 11.7 NW

Toledo 15.2
Detroit 11.7

Toledo 15.5
Detroit 11.1

12.0 SSW 12.8
9.9 NW 9.6

13.9 SW 13.2
11.1 NW 10.2

12.3 WSW 12.6
9.8 NW 10.9

ENE 13. WSW
NW 12.6 W

ENE 12.:
NW 11.3

WSW
W

ENE 13.3 wSW
NME 11.8 W

May

June

July

August

September

October

Toledo
Detroit

Toledo
Detroit

Toledo
Detroit

Toledo
Detroit

Toledo
Detroit

Toledo
Detroit

12.1 SW
8.2 N

10.2 SW
9.6 SW

8.2 SW
7.0 NW

7.7 SW
7.3 N

8..1 NNE
7.5 E

8.4
7.7

November Toledo 13.5
Detroit 12.0

10.9 ENE
9.0 N

10.7 ENE
9.8 WNW

8,7 ESE 10.7 ENE
7.8 S 10.1 E

8.4
8.3

SW
W

7.4 SW
7.4 N

9.9
9.4

SSW
S

9.5 SSW
8.9 S

7.3 ENE
7.2 S

8.0 SSw
8.h S

SSW 10.9 SSW 12.1
S 9.1 5 11.3

SW
W
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The Toledo winds, taken to be representative of the winds near the
site, show prevailing winds from the SSW, SW, and WSW during most months of
the year. Any accidental release of radioactive materials from the site
would result in their transport toward metropolitan Detroit with SSW winds
and toward the southwestern portion of Ontario with SW or WSW winds. During
May and June, the land surface is markedly warmer than the waters of Lake
Erie, and there is a tendency toward a lake wind from the ENE. During 1952,
this tendency persisted from February to June, inclusive. At Detroit, such
winds from the east are much less prevalent. Depending on local meteorologi-
cal conditions, the lake wind might carry contaminants up the valley of the
Raisin River to the nearby city of Monroe, whose population is over 20,000,
or along the shore of Lake Erie to Toledo, whose population is over 300,000.
Such lake winds tend to be more prominent during the day when atmospheric
turbulent diffusion tends to be more pronounced.

Geology and Physiography of the Site

The site is located in a region that is directly athwart the Labrador
glacier or ice sheet. This region, it is believed, was subjected to the
advance and recession of this ice sheet, whose thickness may have attained as
much as 2 miles. The rock strata was exposed due to the advance and recession
of the ice sheets deposited on the overlying mantle. The direction of the
movement corresponded with the strike of the rock strata in Monroe County in
general. The till, now overlying the limestone, was probably left by the
Wisconsin ice movement, which was the last.

Limestone or dolomite is encountered at this site at a depth of
approximately 25 feet. This is overlaid by clay, peat, silt, and sand.

About a mile directly west of the site is the crest of a drumlin
that may have been formed by the latest Wisconsin movement and probably rests
on the main till sheet.

From this drumlin to the site, the slope is about 30 feet to the
mile, and the general drainage is from the drumlin east to Lake Erie and the
site.

Seismology

There are, of course, no records for the actual plant site; however,
the site is not far from Ann Arbor, Michigan, where the University of Michigan
has a seismograph. Professor James T. Wilson of the University's Seismographic
Station of the Department of Geology recently prepared a memorandum for The
Detroit Edison Company that deals with earthquakes in southeastern Michigan.
The body of that memorandum is as follows:

"No major earthquake has centered in southeastern Michigan during
the 250 years since the first settlement at the present site of
Detroit. Only a very small number of small earthquakes are known
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to have occurred in the entire Lower Peninsula in historic times.
The following list is taken from compilations made by the U. S.
Coast and Geodetic Survey.*

"1877, Aug. 17 - In southeastern Michigan at Redford and Greenfield.
Horses frightened. Noise like train of cars.

1883, Feb. 4 - Felt in northern Indiana and southern Michigan.
Cracked windows and shook buildings at Kalamazoo,
Michigan.

197, Aug. 9 - South-central Michigan. Epicenter 420 00' north,
85 00' west, by University of Michigan. Inten-
sity VI covered an area of 18-mile radius from
the epicenter."

"The above is the complete list of the Coast and Geodetic Survey.
A few other doubtful occurrences have been listed in other compila-
tions. The shock in 1877 was obviously minor. The shock reported
to have centered near Kalamazoo in 1883 is apparently a mistake
that entered the record through the misreading of an account in
the Kalamazoo newspaper at the time by the weather observer in
Chicago. A study of the files of the Kalmazoo newspaper and the
Chicago papers for this period bears out this conclusion. The
earthquake in 19h7 in Branch County was large enough to cause
minor damage (cracked plaster, unstable objects overturned, etc.)
over a small area. It was felt generally over the southern half
of the Lower Peninsula.

"All in all southeastern Michigan is about as free of earthquakes
as any part of the United States. This does not mean that a large
earthquake cannot occur here but the probability is extremely low
and no other section of the United States has an appreciably lower
probability.

"Earthquakes centering in surrounding areas have been felt in
southeastern Michigan. The most active nearby area is in western
Ohio near Sidney. Earthquakes centering there in 1875, 188h, 1931,
and 1937 have been felt but have done no damage in southern Michigan.
Several large earthquakes have occurred in the St. Lawrence Valley
and some of them have been felt in southern Michigan but the dis-
tance is so great as to preclude the possibility of damage. The
same statement can be made for the earthquake region in southeastern
Missouri where some very large shocks centered in 1811-13.

*Earthquake History of the United States, Part I - Continental United States
(Exclusive of California and Western Nevada) and Alaska, Serial No. 609,
Revised (197) edition.

Yearly Publications of the U.S.C.&G.S. entitled United States Earthquakes
(year).
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"Small shocks from northern Illinois and from the Cleveland, Ohio,
area have been felt in southeastern Michigan. No large earthquakes
have centered in either of these localities. A fairly large earth-
quake that occurred near Houghton, Michigan, in 1906 was felt as
far south as Lansing but did no damage in the Lower Peninsula. A
large earthquake centering near Timiskaming, Ontario (north of
North Bay) in 1935 was probably felt more strongly in Detroit than
any shock of recent years but did no damage.

"On the map of Figure 1* are shown the epicenters of earthquakes
that have been felt in southeastern Michigan since 1875. The only
significant damage in southeastern Michigan during this period was
associated with the shock in 19147 in Branch County and this was
minor. Also shown on the map are the seismograph stations that
are in operation now or have been operated in this area in recent
years. Several of them including the one at the University of
Michigan have been in continuous operation for over 40 years."

In assessing the above information, it should be kept in mind that
it is impossible for anyone to say that a given region will never have a
destructive earthquake, but the seismic history indicates that the design of
a structure like the reactor building should not be unusually difficult; the
design will be made as resistant as possible to earthquake damage.

Population Distribution

The population near the site is small and somewhat transient since
the nearest development is a summer resort. The distribution is as follows:

Population Within Radius Miles

175 1
600 2

1,800 5

31,300 10
187,100 20

2,001,700 30

The population within 5 miles would be somewhat higher during the
summer due to an influx of vacationing transients, who would be easy to move
if necessary. The 30-mile radius includes one-half of Detroit to the north-
east and all of Toledo to the southwest.

*This figure has been renumbered Fig.Q*0 and appears on page 120.
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SEISMOGRAPH STATIONS IN
NORTH CENTRAL U.S.

1. MARQUETTE UNIVERSITY

2. LOYOLO UNIVERSITY (CHICAGO)
3. UNIVERSITY OF CHICAGO
4. ST. LOUIS UNIVERSITY

5. UNIVERSITY OF MICHIGAN
6. XAVIER UNIVERSITY ( CINCINNATI)
7. JOHN CARROLL UNIVERSITY
8. DOMINION OBSERVATORY OTTAWA
9. CANISIUS COLLEGE ( BUFFALO )
10. PENN STATE COLLEGE

Fig. 60 - EARTHQUAKE EPICENTERS AND SEISMOGRAPH STATIONS
IN THE VICINITY OF SOUTHERN MICHIGAN
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Major Industries in City of Monroe Area

Company Product

Ford Motor Company

Consolidated Paper Company

River Raisin Paper Company

Monroe Paper Products Company

Detroit Stoker Company

Monroe Auto Equipment

Weis Manufacturing Company

Monroe Steel Castings Company

Gould-National Batteries, Inc.

Woodall Industries, Inc.

SAFETY OF THE REACTOR PLANT

General Description of Hazardous
Operations on Site

Parts plant, car springs, etc.

Boxes, cardboard, etc.

t"

t"

I

i

it

t

Industrial stokers

Automobile parts

Office furniture

Miscellaneous castings, rear-axle
housings, etc.

Automobile and industrial
batteries

Automobile visors

The over-all concept of the reactor power plant envisages the
operation of a 300 mw fast breeder reactor, its associated fuel handling
and shipping facilities, heat removal and utilization equipment, and decon-
tamination and waste disposal facilities.

Under normal operating conditions, small quantities of low-level
radioactive gasses and liquids may be released to the air and water respec-
tively, but effluents would be held below accepted tolerance limits. No
high-level radioactive wastes are expected to be released on this site;
however, a burial ground for contaminated equipment may be located on the
property.

Building Design

As shown in Fig. 6, the reactor and all equipment containing
radioactive materials, except the shipping facility, are housed within a
cylindrical steel tank that is approximately 8h feet in diameter and 137 feet
high, including the hemispherical top head and eliptical bottom. The thick-
ness of the tank wall is about 1-1/2 inches. The purpose of this steel
building is to contain the products of a reactor accident resulting in a
release of fission products and radioactive sodium.
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It is anticipated that under design conditions for the tank,
40 psig and 650 F metal temperature, a leakage of 1 per cent of its atmosphere
per day is not an unreasonable or expensive tightness to specify; actually,
0.1 per cent should be easily achievable.

The reactor building is supported almost entirely by 12 columns
equally spaced about its perimeter. Its base is approximately 46 feet below
grade. The weight of the reactor, intermediate heat exchangers, shielding,
and other interior equipment is supported on a concrete pad that, in turn,
transmits the total load through the bottom of the reactor building to a
reinforced concrete slab resting on bed rock. Access is provided through an
air lock that is large enough for personnel and small equipment. All air is
dehumidified and slightly enriched in nitrogen to minimize the likelihood of
a sodium-oxygen reaction should a leak occur in the liquid metal system. A
crane is located in the reactor building for installation and removal of
heavy parts and equipment.

The nuclear reactor is located in the lower half of the reactor
building, approximately on the vertical axis as shown in Fig. 3. An eleva-
tion section, Fig. 35, and plan view of the plant, Fig. 36, indicate the
relative position of the nuclear part of the plant with respect to the con-
ventional steam-electric portion.

Hazard to the Surrounding Area
After Contained Accident

In anticipation of full development of the reactor site to 1500 mw
of electric capacity in the future, two reactor sizes are considered in the
following discussion. It has been assumed that no more than one 1000 mw
reactor would be housed in one steel building and that the first one would
be a 300 mw reactor.

Four sources of radiation must be evaluated in order to define the
hazards stemming from a contained accident. They are external radiation
from the steel building, external radiation from a leakage streamer passing
over a person, external radiation from the fall-out from a leakage streamer,
and inhalation dose from a leakage streamer. The first two sources have
been treated conservatively, as indicated below, and do not appear to present
undue hazards. The latter two conditions have not yet been evaluated.

Consideration of the external Radiation
Hazard From the Steel Building

Assumptions - All fission products and half the sodium are in
the upper part of the container and are treated as a point
source. Fission products were divided into seven energy
groups for this calculation.

Results - The accumulated dosage as a function of distance
from the reactor building for direct radiation is shown in
Fig. 61; for an eight hour exposure, a dosage of 13.8 roentgens
and 4.0 roentgens is accumulated at the nearest site boundary
for the case of 1000 mw reactor and 300 mw reactor, respectively.
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PARAMETERS

1. ALL FISSION PRODUCTS FROM A 300 mw
REACTOR PLUS 10 MEGACURIES OF NA 24

2. ALL FISSION PRODUCTS FROM A 1000mw
REACTOR PLUS 40 MEGACURIES OF NA 2 4

3. STEEL SHEEL IS ONE INCH THICK

I I IL
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300 mw REACTOR

NEAREST SITE
BOUNDARY
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EIGHT-HOUR ACCUMULATED DOSAGE AS
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External Radiation From Leakage Streamer

Assumptions - The volatile fission products, with an assumed
energy of 2 mev, and the sodium vapor present at 900 F and
40 psig were used in determining the composition of the
streamer. A single hole 100 feet above ground emits the
streamer, which is treated as a line source. A 3-mile-per-
hour wind continually extends the source. A person is at the
nearest site boundary, which is 3300 feet. Leakage rate
equals 1 per cent per day.

Results - The initial dose rate equals 0.3 roentgen per hour
on the basis of a 300 nu reactor or about 0.9 roentgen per
hour for a 1000 mw reactor.
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