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SUMMARY

This report contains a description of the reactor plant portion of the
Enrico Fermi Atomic Power Plant, with emphasis on the reactor system. Since this
plant contains a developmental reactor, emphasis has been placed on reactor safety
and on achieving reliable operation. The design is conservative and is flexible
enough to permit incorporation of the results of developmental programs, which in-
clude nonnuclear, full-scale component test facility operations, and nuclear ex-
periments, such as critical experiments.

The complete reactor plant is being built in accordance with the ASME Code,
wherever the code applies. The schedule for construction provides one year for non-
radioactive mechanical operations and for making modifications. It also provides
for a 9-month pre-operational period after the reactor goes critical. During this
time the nuclear characteristics will be checked at low power with the fission prod-
uct activity at a low level. The design of the reactor system is summarized below.

CORE AND BLANKET

A perspective view of the reactor is shown in Fig. 1. The core and
blanket consist of an assembly of square-shaped core and blanket subassemblies ar-
ranged to approximate a right circular cylinder about 80 inches in diameter and
70 inches high overall. The core, which contains the fuel alloy, is approximately
a right circular cylinder 30.5 inches in diameter and 31.2 inches high and is com-
pletely surrounded by a breeder blanket.

The reactor core, shown diagrammatically in Fig. 2, is an assembly of
partially enriched uranium alloy pins. Plutonium is produced in the reactor core
and in a surrounding breeder blanket of uranium that has been depleted in U-235
and fabricated into cylindrical rods. Insertion of boron-containing poison rods
provides shim and safety control. The core consists of the central section of
square core (fuel) subassemblies arranged to approximate a right cylinder. These
subassemblies contain the fuel elements and axial blanket elements, shown in Fig.
9. The radial blanket subassemblies, shown in Fig.1D, 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.

A plan view of the arrangement of the core and blanket subassemblies in
the reactor is shown in Fig. 8.

CONTROL

Shim control is provided by two boron control rods located near the
center of the reactor as shown in Fig. 8. Very little reactivity need be ac-
commodated by this control rod, so the loss in neutrons is very small. The de-
cision to move poison instead of fuel was made because the heat dissipation re-
quirements are much less and because more reactivity can be controlled per unit
of volume. The poison control rod is lighter, permitting use of a relatively
cheap drive. The safety or shutdown rods are also made of boron. Although these
rods control approximately six per cent Ok, they do not absorb neutrons in normal
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 ini-
tial spring assist.
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MECHANICAL HANDLING

Core and blanket subassemblies are unloaded by mechanisms, shown in
Figs.1, 25, and 27, that consist of a rotating shield plug and an offset handling
crane mounted in the plug. A hold-darn plate is located below the plug to hold
core subassemblies against the pressure drop forces caused by the flow of cool-
ant through the subassemblies. This plate also acts as a guide for the control
element drives.

HEAT REMOVAL AND STEAM SYSTEMS

Heat is removed from the reactor core and blanket by circulating molten
sodium through them. The heat is transferred to a secondary sodium system and is
then transferred to water and steam in a once-through steam generator. Electric-
ity is generated in a conventional steam-turbine generator. The schematic ar-
rangement of these systems is shown in Fig. 3. The secondary sodium circuit is
used to prevent a sodium water accident in the steam generator from releasing
radioactivity.

An elevation of the plant is shown in Fig. 42. The only items of equip-
ment in the primary system that may require removal for inspection and repair
are the sodium pumps and the tube bundles of the heat exchangers. These are
made as sump-type units with a free sodium surface above the active portions,
and they 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 to be more vulnerable than the piping, heat
exchanger housing, and pump housing that they would be required to isolate. The
valves also would unnecessarily increase the pressure 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 reac-
tor so that a rupture in the piping will not drain the reactor tank. Surrounding
the reactor vessel is a 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 55-second cycle
time for the sodium flow through the primary system. The pool reduces the ef-
fect of thermal shocks caused by reactor scram on the piping system.

Thermal shock to system parts has also been minimized by providing in-
let cooling to the heavy-wall part of the reactor vessel, by extensive use of
thermal baffles, by limiting the rise through the reactor to 250 F, and by de-
signing the piping with thin walls.

The sodium level is maintained about 11 feet above the core, as in-
dicated in Fig. 16, to provide natural circulation cooling of the core during un-
loading or during a pump failure and to keep the core (fuel) subassemblies under
sodium during unloading in order to dissipate decay heat.

SHIELDING

The primary shield that surrounds the reactor consists of a 12-inch
stainless steel thermal shield within the reactor vessel and a 30-inch borated
graphite shield located between the reactor vessel and primary shield tank, as
shown in Fig. 1. The thermal shield, which is positioned against the inner wall
of the reactor vessel, serves to protect the vessel from radiation damage due to
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fast neutrons and to absorb blanket gamma rays, reducing the heat generation
within the vessel walls and the borated graphite. It also acts as a reflector,
somewhat decreasing leakage of neutrons from the blanket.

The borated graphite shield is designed to moderate and absorb neutrons
to the point where they will produce no serious heating effects within concrete.

Outside the primary shield is a 3.5-foot-thick steel-lined concrete
shield wall which completely surrounds the primary shield tank and divides the
lower part of the reactor building into an inner reactor compartment and an outer
equipment compartment that contains all the primary coolant system pumps and
heat exchangers, as well as decay tanks and other equipment. This shield is de-
signd to reduce the neutron flux in the equipment compartment to less than 10
n/cm /sec in order to prevert significant activation of the secondary coolant
and equipment. The steel lining on the concrete prevents heating within the con-
crete due to the intense sodium-2b y-rays from the primary coolant, which has an
activity level of about 0.1 curies per cubic centimeter.

Streaming of neutrons down the large sodium lines and into the equipment
compartment is prevented by keeping the greatest part of the pipe length within
the reactor compartment, i.e., inside the secondary shield, and by enclosing these
sections within a borax shield.

The biological shield includes a 7-foot-thick concrete shield wall out-
side the containment vessel and a 5-foot-thick steel and concrete operating floor
shield above the reactor and equipment compartment.

REACTOR SAFETY

Emphasis has been placed on reactor safety. There seems to be no net
positive temperature coefficient of reactivity; concave bowing of the core sub-
assemblies will be prevented. The design has been based not only on limiting the
speed at which reactivity can be inserted, but also the total amount has been limi-
ted to less than that equal to the delayed neutron fraction. The operating tempera-
ture has been chosen low enough so that, even if all of the control rods are re-
moved, the reactor would shut off short of melt-through of the fuel pin clad, but
perhaps with some sodium boiling. A serious cold sodium slug accident is avoided
by the low operating temperature. The reactor is unloaded at operating tempera-
ture so that little reactivity is required in the shim control. The maximum speed
of the control rods results in the low rate of reactivity change of 0.007 per cent
Ak per second. The core subassemblies are also inserted at this rate so that,
even if the core were accidentally critical at the start of loading a subassembly,
a prompt period accident would be avoided. A tabulation of some of the precau-
tions taken in the design are given in Table I.

CONTAINMENT

An airtight, steel, cylindrical reactor building, shown in Fig. [, en-
closes the reactor, the fuel handling mechanism, the intermediate heat exchangers,
and the sodium pumps, piping and storage tanks. It is 72 feet in diameter and has
a wall thickness of 1.125 inches. The purpose of this building is to contain the
products of any reactor accident that might result in the release of fission prod-
ucts and radioactive sodium. All air is dehumidified to minimize the likelihood
of a sodium-oxygen reaction should a leak occur in the liquid metal system. The
air in the reactor and equipment compartments is depleted in oxygen content to
prevent fires in these compartments.
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TABLE I

SOME SAFETY FEATURES OF THE REACTOR

1. No positive reactivity coefficients.

a. U-238/U-235 ratio is high to eliminate positive Doppler effect.
b. Coolant expansion reduces reactivity.
c. Bowing problem can be resolved with negative power coefficient.

2. Siphon breaks and double containment of vessel prevent loss of sodium.

3. Total excess reactivity has been limited to less than one dollar.

4. Value of each control and safety rod has been limited to one dollar.

5. Positive limitation on rate of control rod removal.

6. Rate of introducing reactivity during loading of core subassemblies has been limited to one cent a second.

7. Average reactor design temperature is about 750 F to prevent serious cold-slug accidents and to provide

inherent control against melt-down.

8. Decay heat can be removed by thermal circulation.

9. Auxiliary coolant can be introduced at bottom of core.

10. Safeguards taken to prevent introduction of hydrogeneous material into the reactor.

11. Core subassemblies cannot be substituted for blanket or control subassemblies.

12. Inadvertent lifting of core subassemblies or removal of poison rods by hydraulic means is prevented.
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GENERAL DESIGN CONSIDERATIONS

Flexibility has been designed into the system. All mechanisms are re-
movable. The rotating plug, the subassembly handling mechanism, and the hold-down
mechanism are removable. The control drive, rods, and thimbles are also removable,
as are the core subassembly support plates. The core subassemblies and first row
of 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. The core subassembly support plates will
not be welded into place until just before start-up operation. Furthermore, after
a number of years of successful operation at design power, the core size can be
increased to increase the power output.

The conceptual 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 in 1957.
The reactor plant is expected to go into operation in 1960.

There are many design features of the reactor that remain to be demon-
strated, but there appears to be no problem for which a solution is not foresee-
able.
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REACTOR DESIGN AND PERFORMANCE DATA TABULATION

CORE DESIGN AND PERFORMANCE

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

U-235
U-238
Zr, Mo, S.S.
N~

Number of fuel subassemblies
Number of fuel pins per subassembly
Fuel alloy - OD
Cladding - OD
Cladding thickness
Maximum cladding temperature
Maximum fuel temperature
Maximum cladding temperature difference
Maximum film temperature difference
Maximum uranium temperature difference
Assumed uranium thermal conductivity
Total fuel alloy burn-up

BLANKET DESIGN AND PERFORMANCE

Blanket power
Radial section
Axial section

Blanket volume
Radial section
Axial section

Heat transfer surface
Radial section
Axial section

Average heat flux
Radial section
Axial section

Maximum to average heat flux (radial)
Radial blanket dimensions

Inside diameter
Outside diameter
Length

Axial blanket dimensions
Diameter
Length

kw . . ..
cu ft. . .
sq ft . .
Btu/hr-sq ft

kw/cu ft
kw/kg U-235
in.
in. .
lb/hr
sq ft
ft/sec
% volume
". . ". ". .

. . . ..

. n. 0 0

- in. . . .

- F . . . .

- F . . . .

- F . . . .

- F . . . .

- F . . . .

- Btu/hr-ft-F .
- atomic5.l .

-kw

- cu ft

- sq ft

- Btu/hr sq ft

". . ". ". .

, ". . ". .

- in.

. . . . .0

-in.
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."
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268,000
11.65
1,378

665,000
1.13

23,000
553

30.5
31.2

11,880,000
1.66
32.5

7.75
21.35
2h. 7
16.2

91
1!4

0.150
0.158
0.004
1,020
1,300

43
48

340
12.0
1.0

28,000
),000

161
13

9,250
520

8,500
13,000

55

0 . .
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."
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78.5

67

30.5
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Radial blanket element dimensions
Clad outside diameter
Clad inside diameter
Uranium diameter
Sodium bond thickness

Axial blanket element dimensions
Clad outside diameter
Clad inside diameter
Uranium diameter
Sodium bond thickness

Radial blanket composition
U-238
Sodium
Stainless steel

Axial blanket composition
U-238
Sodium
Stainless steel

Maximum burn-up
Maximum plutonium build-up in radial
blanket
First row of blanket subassemblies
Second row of blanket subassemblies
Outer row of blanket subassemblies

REACTOR CONTROL

tk requirements
Temperature override
Burn-up, weekly unloading
Growth
Fission proauct poisoning
Control margin

Total Excess
tk reactor hold-down

Total Variable Reactivity

Safety elements
Number
Reactivity per rod
Total stroke
Length of poison material
Reactivity per rod-inch, average
Eight-rod rate for 1 per sec
Time to remove 8 rods
Area per rod
Weight per rod
Maximum run-in of safety rods
Scram of safety rods
Boron-10 required, per rod

Shim control rods
Number
Total reactivity in both rods
Total stroke
Reactivity per rod-inch
Maximum reactivity insertion rate
Area of rod
Weight of rod
Boron-10 required, per rod

-in.
. . 0 .

. ". . ".

-in.

. . ". .

. ". . .

. . . .

- % volume

. ". . ".

- % volume
. . . .

- atomic .

- atomic %
. . .

- dollars

- dollars
- dollars

- dollars ."
- in. . . .
- in. . . .
- dollars .
- in./min
- min . . .
-sqin. .
- lb. . .
- dollars/sec .
- dollars/sec .
- kg . . . .

S . . . . .

- dollars .
- in. . . .
- cents . .,

- dollars/sec .
-sq in. ..
- lb . . . .
- kg . .0.
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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 in core
Power distribution in core
Maximum/average core power

Axial
Radial
Total

Average generation time
Delayed neutron fraction
Mean delay time of delayed neutrons
Prompt netron lifetime
Blanket power/total power
Temperature coefficients of reactivity

Core fuel expansion
Ejection of compressed sodium
Sodium heating
Top support expansion
Bottom support expansion
Doppler effect

Total Core
Blanket coefficients of reactivity

Uranium expansion
Sodium heating
Structure expansion

Total Blanket
Total reactor coefficient of reactivity

REACTOR AND CONTAINMENT VESSELS

Overall height - over dome
Height of primary shield tank
Maximum diameter of primary shield tank
Weight of primary shield tank, empty
Primary shield tank material
Height of reactor vessel
Maximum diameter of reactor vessel
Maximum thickness of reactor vessel
Weight of reactor vessel, empty
Reactor vessel material
Overall height of containment vessel
Inside diameter of containment vessel
Maximumthickness of containment vessel
Containment vessel material

- kg . .
- . . .

- " . . .

- . . .

- mev .
- n-cm2/sec

sec . . .

sec . . .

sec . . . 0

Ak/k/c **

."

."

."

."

."

."

."

."

."

- Ak/k/c

Ak/k/c

- ft . . . . .

- ft . . . . .

- ft . . . . .

- lb . . .
- Carbon steel
- ft . . . . .

- ft . . . . .

- in. . 0 .

- lb. . . . .

- Stainless steel
- ft . . . . .

- ft . . . . .

- in. . . . .
- Carbon steel

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."
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."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

."

x
x
x

x

x

x
x

x

x
x

x
x

10-
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LIQUID METALS AND STEAM SYSTEM
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Net thermal efficiency
Sodium temperatures

Leaving reactor
Entering reactor

Sodium flow
Secondary sodium temperatures

Entering boiler
Leaving boiler

Secondary sodium flow
Steam pressure
Steam temperature
Feedwater temperature
Steam flow

- . . . . . . 0

- F
. . . . . . . 0

- lb/hr . . . . .

- F

. .. . . . . . "

- lb/hr 0 . 0 0 0 .

- psia 0 0 0 0.

- F 0 0 0 0 . . .

- F 0 0 0 0 0 0 0

-lb/hr 0 0 0 .
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GENERAL CHARACTERISTICS OF SODIUM-COOLED FAST NEUTRON REACTORS

The chain reaction in fast neutron power reactors is sustained by fis-
sion events initiated by neutrons whose energies range from several million elec-
tron volts to about 50,000 electron volts. In general, the neutron energy spectrum
peaks in the vicinity of 0.1 - 0.3 mev, and the median energy of these neutrons is
only slightly lower. This is shown in Fig. 5 for the Enrico Fermi reactor. In
this energy region, the fission cross section of U-235 is only a few times greater
than the absorption cross section of U-238, and, therefore, enriched fuel must be
used.

No moderator is used in this type of reactor, the neutron energy being

reduced primarily by scattering in the diluent materials and the coolant. Fast
reactor cores are characterized by small size because the core is made almost en-
tirely of uranium and coolant.

Neutron losses in a fast reactor are rather insensitive, over wide limits,

to the quantity of structural material and coolant used; therefore, large latitude
can be taken in the amount of these materials incorporated in the design. Table II
shows the neutron balance for the Enrico Fermi reactor. Even with 46 per cent
sodium coolant volume, the neutron absorption in the sodium in the core is only 0.2
per cent. Although the reactor contains approximately 25 per cent structural iron
and zirconium, the neutron absorption in them is only about 1 per cent. The
amounts of these materials are more limited by their effect on the neutron energy
level in the reactor than by their effect on neutron absorption per se. It is de-
sirable to keep the neutron energy level high to take advantage of the fast fission
effect in U-238 and to minimize the non-fission absorption in the U-235.

TABLE II

NEUTRON ABSORPTION BREAKDOWN

Neutron Production Neutron Absorptions

Core Blanket Total Core Blanket Total

U-235 fission 0.841 0.024 0.865 0.339 0.010 0.39
U-238 fission 0.085 0.050 0.135 0.03h 0.020 0.054
U-238 capture 0.141 0.353 0.49h
U-235 capture 0.076 0.003 0.079
Zr capture 0.003 0.003
SS capture 0.004 0.003 0.007
Na capture 0.001 0.001 0.002
Mo capture 0.002 0.002
BhC capture 0.004 0.00

TOTAL 0.926 0.074 1.000 0.604 0.390 0.99

Neutron Leakage: Core to blanket - 0.320
Blanket to shield - 0.006
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Reactivity changes in fast reactors are caused principally by changes
in neutron leakage accompanying core expansion and by 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 minor.
Both due to this effect and because of the high critical mass of fast reactors,
large burn-up does not result in as large reactivity changes as would be the case
in thermal reactors. The magnitude of the total temperature coefficient of reac-
tivity in fast power reactors is usually of the order of -10-5 Ok/k/C. In sodium-
cooled fast reactors, the largest component of reactivity is usually due to ex-
pansion cf the sodium coolant coincident with a temperature increase. This compo-
nent is several times larger than that obtained from linear expansion of fuel.

The prompt neutron lifetime is extremely short -- of the order of 107
seconds. Presently available information indicates that no appreciable increase
occurs in the delayed neutron fraction with an increase in neutron energy. If an
appreciable part of the fissions in a fast reactor is due to U-238, then the total
delayed neutron fraction and the average lifetime may be even larger for the fast
reactor than for the thermal reactor because of the larger fraction of delayed
neutrons from U-238. It is apparent, therefore, that the operation of a fast
reactor is essentially no different from that of a thermal reactor within the
reactivity region controlled by delayed neutrons. Since the total reactivity
that must be controlled is small, the fast reactor can be kept within this region.

In fast reactors designed for power production, heat transfer limitations
require appreciable dilution of the fuel with relatively inert material. The ma-
terial commonly used is U-238; and owing to the high average neutron energy in the
core, a considerable fraction of fissions are fissions of U-238. The breakdown of
fission in the Enrico Fermi fast reactor is shown in Table II.

The overall conversion ratio in fast reactors is larger than in thermal
reactors because of smaller absorption of neutrons in structural material, the
fast fissions in U-238, and the slightly higher number of neutrons produced per
neutron absorbed in the fissionable material, as shown in Table III.

TABLE III

COMPARISON OF NUCLEAR PARAMETERS
FOR FAST AND THERMAL REACTORS

Fast Thermal Fas Thermal Fast Therm
0.2 mev 0.025 ev 0.2 mev 0.025 ev 0.2 mev 0.025 ev

U-235 2.b6 2.46 2.20 2.08 0.11 0.184
U-233 2.54 2.54 2.L9 2.31 0.02 0.1
Pu-239 2.88 2.88 2.64 2.03 0.09 0.L.2

Where:

-(/is the number of neutrons produced per fission in the fissionable isotope.
is the number of neutrons produced per absorption in the fissionable isotope.

pt is the ratio of the non-fission to fission cross section in the fissionable
isotope.
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The importance of maintaining high neutron energy in the core of the
reactor is illustrated in Fig. 6, which shows the variation of alpha with neutron
energy. In the interest of producing high quality plutonium, it is not as im-
portant to maintain a high neutron energy in the blanket since the relative ab-
sorption cross section of Pu-239 to U-238 does not drop with energy as signifi-
cantly as c, as shown in Fig. 7.

Since fast reactors are small in size and operate at high power density,
the fuel must be finely divided to limit the temperature gradient within it.
Coolant passages are, therefore, quite small. Care must be taken to see that fuel
growth due to thermal-cycling irradiation damage and particle transport in the
coolant does not tend to restrict these passages. In some ways, the small size
of the reactor greatly simplifies the structural design and unloading of fuel.

The use of sodium coolant permits operation at high temperature without
high pressure and provides an opportunity for a potentially high steam cycle ef-
ficiency. Many structural materials are corrosion resistant in sodium. Low-
carbon iron, chromium iron, stainless steel, nickel, and Inconel are all corrosion
resistant at the temperature of interest, provided the oxygen content is kept low.
Because of this and the low operating pressure permitted by the use of sodium
coolant, the cost of the liquid metal systems and the reactor vessel should ul-
timately not be very great.

The most serious economic problem in the operation of a fast reactor is
the need for frequent reconstitution of the fuel. In thermal reactors, even in
highly enriched ones, the fraction of fissionable atoms in the fuel is small. In
a thermal power reactor, perhaps only 1 to 2 per cent of the fuel alloy is fis-
sionable material and the conversion ratio may be above 0.7. If 1 per cent burn-
up of the fuel alloy can be achieved, a large fraction of the fissionable part of
the initial fuel is burned before reprocessing. In the case of a fast reactor,
about 25 per cent of the fuel alloy is fissionable material, and the internal, or
core, conversion ratio is about 0.5. If as much as two per cent burn-up of the
fuel alloy is achieved, only about eight per cent of the fissionable part of the
fuel is burned before reprocessing. Thus, a fissionable fuel atom may have to be
reprocessed 12 times before it is finally burned, and there may be high inventory
and loss charges associated with this much reprocessing. There are, however, some
alleviating circumstances. Fission products can be allowed to accumulate to high
levels without seriously affecting fast reactor neutron economy; therefore, high
burn-up and crude reprocessing can be tolerated.
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DESCRIPTION OF REACTOR

CORE AND BLANKET SUBASSEMBLIES

The reactor is an assembly of square-shaped core and blanket subassem-
blies arranged to approximate a right circular cylinder about 80 inches in dia-
meter and 70 inches high overall. The reactor core, which contains the fuel alloy,
is approximately a right circular cylinder 30.5 inches in diameter and 31.2 inches
high and is completely surrounded by a breeder blanket. There are 4 types of reac-
tor subassemblies, each having the same external dimensions of 2.646 inches by
2.646 inches by 98.625 inches but containing different nuclear materials. There
are 91 core subassemblies that contain U-235 and U-238, 572 radial blanket sub-
assemblies containing U-238 only, 198 thermal shield subassemblies containing
steel, and 10 control subassemblies that house the boron-containing control rods.
Even though the cross-sectional dimensions are alike, the different types of sub-
assemblies are not interchangeable by accident since their support structures are
different. The arrangement of these subassemblies in the reactor is shown in Fig.
8. The 2 central control rods, each of which has a poison section about 8 inches
long, are used as shim rods and will be in the core during operation. The other
eight 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 core and radial blanket subassemblies is subdivided
into elements small enough so that the heat produced in the material may be trans-
ferred to the coolant without exceeding a maximum temperature of about 1300 F for
the core and 1200 F for the blanket during full power, steady state operation.
The fuel alloy and the unalloyed uranium blanket elements are completely encased
to prevent contamination of the coolant with radioactive fission product particles.
The sodium coolant flows upward through subassemblies with 90 per cent of the total
coolant flow being directed through the core subassemblies, 7 per cent through the
radial blanket subassemblies, and 2 per cent past the control rods. The remaining
1 per cent is needed to cool the thermal shield and for by-pass leakage.

The performance of the core is to a great degree influenced by the abil-
ity of the coolant to transport the heat and by the sodium reactivity coefficient.
The core is, therefore, designed with a high volume fraction of coolant. The
volume fraction of materials in the core was arrived at as follows: The total
volume of structural materials is dictated by structural integrity requirements.
This comes out to be about 19 volume per cent. The volume of fuel was chosen
mainly to preclude a positive Doppler coefficient due to the fuel; the ratio of
U-238 to U-235 was chosen to be not less than 2.5. In the detail design, the
actual ratio came out to be 2.7. Recent information indicates this is very con-
servative and that a much smaller ratio could be used. With a U-238 to U-235
ratio of 2.7, the volume fraction of fuel alloy is approximately 35 per cent and
and volume fraction of sodium is 46 per cent.

Description of Core Subassemblies

The core subassembly consists of an upper and lower axial blanket sec-
tion, each of which is 18 inches only, and between which is located the 31.2-inch
fuel section. The fuel section contains 14 metallurgically-bonded, zirconium-
clad pins arranged on a square pitch of 0.184 inch. A detailed drawing of the
core subassembly is given in Fig. 9 which shows, in addition to the fuel and
blanket sections, the handling head, self-orienting device, and method of support.
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The 0.158-inch OD fuel pins are clad with 0.001-inch-thick sponge zir-
conium that is metallurgically bonded to 10% wt Mo-U fuel alloy. Spacing of the
pins is accomplished by stainless steel wires disposed at 2-inch intervals along
the length of the fuel section. The lower end of the fuel pins is fixes and the
upper end is free to accommodate changes in length resulting from temperature
changes or irradiation damage.

There is less heat generation at the edge of the core than in the center;
therefore, in any subassembly, the subassembly wall farthest from the center would
tend to be cooler than the wall closest to the center. This difference in tempera-
ture across the subassembly would tend to make it bow towards the center of the
core and would tend to give a positive temperature coefficient of reactivity.
Since there is 0.0h7-inch clearance between the subassemblies, bowing could take
place. However, as shown in Fig. 9, a separate coolant channel is provided to
keep the subassembly walls at constant temperature so that bowing cannot take
place. A thin-walled sheath forms the inner wall of the channel, and separation
of the two walls is accomplished by spiral-wound stainless steel :wire. The fuel
pins themselves have the same tendency to bow due to the small radial component
of temperature difference across them. The transverse spacers used to keep the
pins in place provide a sufficiently snug fit at these supports so that the pins
are easily restrained. The span between the transverse supports is small enough
so that bowing between supports is substantially negligible.

The axial blanket elements are 0.156-inch-diameter, unalloyed uranium
pins in stainless steel tubes, 0.18-inch OD with a 0.010-inch wall. The radial
clearances of 0.001 inch between the uranium and the tube is filled with sodium
to provide a low resistance thermal bond. The pins are held in the subassembly
and spaced properly by lugged grids at the bottom and top of each axial blanket
section. Allowance for increase in length of the uranium due to thermal cycling
and irradiation damage is provided inside the closed cladding tube.

Description of Radial Blanket Subassemblies

The radial blanket subassemblies have essentially the same external di-
mensions and features as core subassemblies. Radial blanket elements are 0.115-
inch-diameter unalloyed uranium pins placed in a 0.010-inch-wall stainless steel
tube measuring 0.143 inch OD. The radial clearance of 0.001 inch between the
uranium and the cladding tube is filled with sodium to provide a good heat trans-
fer bond. The stainless steel tubes containing the radial blanket elements are
72.25 inches long. The uranium in each element is composed of 8 individual slugs
for a total length of 67 inches. A gas space and sodium space, totalling 5 inches
in length, is provided at the top of each tube to permit growth of the uranium by
thermal expansion and by irradiation damage. The blanket elements are held in
the subassembly by means of support grids located at the bottom and top of the
subassembly in much the same manner as that used in the axial blanket sections of
the core subassembly. Spacing between individual radial blanket elements is ac-
complished by the use of stainless steel wire wrapped in a spiral fashion around
the cladding tubes. A detail drawing of the radial blanket subassembly is shown
in Fig. 10

Fabrication of Fuel and Blanket Subassemblies

The fuel pin is formed by coextrusion of fuel alloy and zirconium clad-
ding. During the extrusion process, a metallurgical bond is formed between the
clad and the fuel alloy. Final dimensions are obtained by cold working by swaging
with intermediate anneals.
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The extrusion and swaging operations result in 0.158-inch-OD pins 12
feet or more in length. These long lengths are cut into 30.5-inch sections; each
section is pointed on one end by swaging and is sealed on the other end by re-
sistance butt welding a preformed zirconium anchoring cap directly to the fuel
alloy. The final fuel element fabrication step consists of a solid state heat
treatment to obtain irradiation stability.

The reference design axial and radial blanket elements are unalloyed,
depleted uranium rods canned in stainless steel. The uranium rods are rolled to
size, cut to approximately 8.5-inch lengths, and given a solid state heat treat-
ment. Sodium bonding is accomplished by inserting a slug of solidified sodium in
the stainless steel tube in an inert gas atmosphere together with the 8 uranium
slugs, closing the tube by welding to it a preformed cap, and subsequently raising
the temperature of the sealed element above the melting point of the sodium. In
the case of radial blanket elements, a spiral-wound spacer wire is attached to the
stainless steel tube by welding.

Square bundles of 16 axial blanket elements are placed in cages as the
first step in the assembly of a core subassembly. One such cage is attached to
the bottom of the handling head and forms the upper axial blanket section; a
second cage is attached to the top of the support section and forms the lower
axial blanket. A cartridge into which 144 fuel pins have been inserted is at-
tached to the top of the lower axial blanket cage. The lower end of the fuel pins
is anchored to the cartridge by threading anchor bars through the formed end-caps.
Cross wire grids in the cartridge maintain the pins on a square pitch within the
cartridge. The upper axial blanket section is inserted into one end of the sub-
assembly wrapper, and the loaded core cartridge with the lower axial blanket
section is inserted into the other end of the wrapper. The wrapper is then welded
at its ends to the handling head and to the lower support structure to complete
the assembly of the core subassembly.

The radial blanket subassembly is assembled by inserting a square bundle
of 25 radial blanket elements into the square subassembly wrapper. The wrapper is
then welded to its handling head and to its lower support structure.

Performance of Reactor Core and Blanket

The reactor is designed for a power output of 300 megawatts, with 268
megawatts being released in the reactor core and 32 megawatts in the blanket. The
total coolant flow rate is 13,200,000 pounds an hour, resulting in a coolant
temperature rise of about 250 F. One criterion for the design of the reactor is
that the fuel alloy shall not exceed its melting point even during an accidental
power excursion. This has limited the maximum steady state fuel alloy temperature
to a value between 1200 F and 1300 F.

A corresponding design criterion exists for the blanket material. How-
ever, the existence of dimensional irreversibility when unalloyed uranium cycles
through the alpha-beta phase transformation requires that the maximum steady state
temperature of the uranium be limited to 1200 F. Furthermore, the radial blanket
is designed for maximum power conditions rather than the reference design con-
dition for which the core is designed. The core will be replaced if the power is
increases, whereas the blanket will not be. The blanket is designed to transfer
33 per cent more heat than the reference conditions. It is designed for an inlet
sodium temperature of 600 F and exit of 950 F. These latter conditions are con-
sidered in order to reduce the probability that radial blanket cooling will limit
reactor operation at higher than design power with improved core designs.
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Sodium coolant enters the reactor at 550 F and leaves at 800 F. The
assumptions, methods, and design factors used to estimate reactor performance
are given in the succeeding paragraphs. Table IV summarizes the performance of
the core and blanket. The neutron flux distribution in the core for both the
radial and axial direction are given in Fig. U. The temperatures in the hottest
fuel pin of the reference design are given in Fig. 12. Temperatures in hottest
radial blanket rod are given in Fig. 13 for a reactor power of 300 megawatts.
All the estimated temperature distributions include the conservative design fac-
tors explained in the following paragraphs.

The performance of the reactor is based on no orificing of the core but
orificing of the radial blanket to keep the coolant temperature rise nearly con-
stant in all radial blanket subassemblies. With no core orificing, the coolant
temperature rise in a central core subassembly is approximately 315 F, while at
the outer edge of the core it is about 200 F, giving an average coolant tempera-
ture rise of 250 F. If the core subassemblies were orificed to give a uniform
coolant outlet temperature, there are two possible methods for improving reactor
performance with the same fuel alloy temperature limitation. For the same core
power, the core coolant flow rate could be reduced by a factor of about 0.80 with
a resulting increase in coolant outlet temperature of about 65 F. The other
method would be to keep the core coolant flow rate constant and increase the core
power. For the reference design, the power could be increased about 11 per cent
without exceeding the limiting fuel alloy temperature. This latter method of in-
creasing performance requires an increased coolant velocity in the central sub-
assemblies of about 25 per cent and a corresponding increase in the pressure drop
through the fuel elements of about 56 per cent.

The reference design does not include orificing the core because the ex-
isting concept results in a simpler design. However, subsequent fuel subassemblies
may be orificed 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 two-
dimensional UNIVAC computation of the neutron flux distribution in a cylindrical
reactor. All regions of the reactor were included in this calculation except that
only one shim rod was simulated instead of two. Fig. 14 gives the derived heat
flux distribution in the hottest fuel element and also the integral of the dis-
tribution. 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 curve
over the length of the active core and to drop off according to the neutron flux
distribution over the rest of the length. The heat flux distribution and the in-
tegral of the distribution for the hottest radial blanket element are given in
Fig. 15.

"Hot-Channel" Factors - Factors to account for deviations from nominal
dimensions and design conditions and to allow for uncertainty in design physical
constants are included in the calculation of maximum fuel element temperatures.
The "hot-channel" factors are a function of the particular fuel element design.
The factors applied to the reference pin-type fuel element are summarized in Table
V. The product of all individual factors is listed as the last item in the table.

Since it is unlikely that all the factors will occur simultaneously and
at the hot spot of the core, the estimated maximum fuel element temperatures are
based on an average of the nominal temperature using all factors and the tempera-
ture using no factors. Even if all hot-channel factors are assumed to occur simul-
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TABLE IV

PERFORMANCE DATA FOR CORE AND BLANKET

Subassembly Dimensions (inches)

Shape
Outside dimension
Inside dimension
Wall thickness
Space between subassemblies
Overall length
Number of subassemblies

Element Dimensions (inches)

Shape
Clad outside diameter
Clad inside diameter
Uranium diameter
Uranium length
Pitch (square)
Elements per subassembly

Composition (volume %)

Uranium-238
Uranium-235
Molybdenum
Zirconium
Stainless steel
Sodium

Thermal Performance

Total volume, cu ft
Total power, mw
Heat transfer surface, sq ft
Average heat ilux, Btu/hr-sq
Maximum heat flux, Btu/hr-sq
Maximum/average heat flux
Coolant flow rate, lb/hr
Coolant velocity, ft/sec
Friction pressure loss, psi
Coolant inlet temperature, F

Fuel
Section

Square
2.646
2.1!54
0.096
0.047

98.625
91

Round Rod
0.158
0.150
0.150
30.5

0.184
144

21.35
7.75
6.0
3.8

14.9
46.2

ft
ft

Average coolant outlet temperature, F

Maximum coolant temperature, F
Maximum clad temperature, F
Maximum uranium temperature, F

* There is an upper and lower section in
* These conditions are for inner blanket

i* These temperatures include hot-channel

11

1
665,
950,

1
11,880,

3

995
102C
130C

.65
268
L378
000
000
.143

Axial
Blanket
Section

Square
2.646
2.) 54
0.096
0. 047
98.625

182*

Round Rod
o.484
0.464
0.456

17
0.587

16

36.1

16.6
47.3

13
4

520
26,000

000 11,880,000
2.5 30
42 15

552 550 (lower)
802 (upper)

802 552 (lower)
804 (upper)

;:- 867
910

- . 1120

each -fuel subassembly.
subassembly.
factors.
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Radial
Blanket
Section

Square
2.646
2.454
0.096
0.047

98.625
572

Round Rod
0.443
0.423
0.415

67
0.483

25

46.7

19.3
34.0

161
28

9250
10,400
570,000

55
925,000

5**

550

800

800"
810**
970*
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REACTOR POWER = 300 MW

CORE POWER= 268 MW
CORE COOLANT FLOW RATE= 11,880,000 LB/HR

FUEL ELEMENT O.D.= 0.158 IN.

CLAD THICKNESS = 0.004 IN.
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REACTOR POWER= 300 MW
CORE POWER = 268 MW
CLAD O.D.= 0.443 IN.

CLAD I.D.= 0.423 IN.
URANIUM ROD DIAMETER= 0.415 IN.
URANIUM ROD LENGTH = 67 IN.
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TABLE V

HOT-CHANNEL FACTORS FOR FUEL ELEMENTS

Factor for
Coolant

Factor Temp Rise

Factor for
Temp Drop
Thru Film

Factor for
Temp Drop
Thru Clad

Factor for
Temp Drop
Thru Fuel

Maldistribution of coolant
to subassemblies

Maldistribution of coolant
within a subassembly

Deviation from nominal di-
mens ions

Maldistribution of U-235 in
fuel alloy

Maldistribution of heat flux
in reactor

Effect of uneven burn-up in
core

Inaccuracy of power measure-
ment

Inaccuracy of thermal con-
ductivity value

Inaccuracy of film heat
transfer coefficient

Product

1.03

1.02

1.03

1002

1.15

1.05

1. lh

1.00

1.00

1.52

TABLE VI

THERMAL PROPERTIES OF REACTOR MATERIALS

Temperature
F

Thermal
Density Conductivity
lb/cu ft Btu/hr ft-F

Sodium

Zirconium

Stainless Steel
(Type 347)

10% wt Mo-U

U-238 (Depleted)

675

800

1000

850

54.2

53.2

42.3

10.5

9.7

11.6

12.0

19.0

0.308 Liquid Metals
Handbook

0.305 Na-NaK Supple-
ment 7-1-55

BMI-65

USAF Technical
Report No.
6145-1

Unpublished
data from BMI

Unpublished
data from BMI
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1.00

1. Oh

1.15

1.05

1.14

1.10

1.00

1.57

1.00

1.00

1.03

1.0

1.15
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1.62
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Specific
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taneously, the maximum fuel temperature is only about 170 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:

No mixing of the coolant in a radial blanket subassembly is assumed
although hydraulic tests indicate some is present. The assumption
that there is no mixing amounts to quite a large factor because of
the steep radial heat flux gradient in the radial blanket.

The calculated temperature is about 20 F below the limit of 1200 F
for reference power and coolant temperatures.

The temperature limitation of 1200 F is not attained even though
the reactor power is assumed to be 00 mw instead of the design
value of 300 mw, the coolant temperature rise is 350 F instead of
the design value of 250 F, and the coolant inlet temperature is
taken as 600 F instead of the design value of 550 F.

Thermal Properties of Reactor Materials - The thermal properties of ma-
terials used in the calculations and the source of the data are given in Table VI.

Film Heat Transfer Coefficient - The film heat transfer coefficient is
calculated from an empirical equation developed by the National Advisory Commit-
tee for Aeronautics:

Nu = 0.625 Pe0"4

In this equation, Nu represents the Nusselt number and Pe the Peclet number. Al-
lowance for inaccuracy of this equation is made in the eighth factor of the hot-
channel factors shown in Table V.

Considerations of Fuel Subassembly Plugging

The coolant in the primary system will be kept as free as possible from

foreign particles, including sodium oxide. Before start-up, the sodium will be

by-passed through filters. During operation, some of the sodium will be by-passed

through a cold-trap 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 coolant were supersaturated with oxide, it would not

deposit on the fuel elements since they are the hottest part of the primary cool-
ant loop; it would deposit in the intermediate heat exchanger or in the reactor

inlet piping. The oxide in the sodium coolant will be maintained well 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 he carried along in the sodium stream;
however, the by-pass cold-trap circuit, which contains a filter, will remove many
of these corrosion particles during operation. Assuming, however, that some of the

coolant passages in the fuel element become plugged, the increase in fuel element
temperature should be small because the coolant channels around the pins are inter-

connected.
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Estimation of Friction Pressure Loss

Pressure drop calculations have been made for both the core and radial
blanket subassemblies. The results are given in Table IV. The calculations of
pressure loss in the fuel elements were based on the following assumptions:

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

Friction factors are based on data by Moody and Rouse, using a Rey-
nolds number based on the equivalent diameter of a flow channel.

A separately calculated pressure drop over the fuel element support
grid and around the spacer grid wires is included.

Hydrodynamic properties of sodium at a temperature of 700 F were
used.

No fouling factor or extra allowance was included.

Initial hydraulic tests of full-size core and radial blanket subassemblies have been
rim Pressure drops have agreed, in general, with calculation; however, some hy-
draulic streamlining is indicated at support sections and at the handling head.

Estimate of Thermal and Pressure Stresses in Fuel Subassemblies

Thermal stresses in the reference fuel pin for the maximum temperature
difference of 340 F between center and edge are estimated to be about 16,000 psi,
assuming elastic strain. The temperature drop of 310 F includes the hot-channel
factors. With no hot-channel factors, the calculated maximum fuel stress is 12,000
psi. The yield stress for the fuel alloy at operating temperature is in excess of
75,000 psi. It is felt that this design is conservative.

In order to establish the fuel subassembly dimensions, stress calcula-
tions were made on the subassembly wrapper. 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 3h7 stainless steel
at 1000 F is 30,000 psi. Wall deflection due to the 50 psi across the wrapper is
approximately 0.0023 inch.

Determination of Sodium Penetration in Small Gaps

The penetration of sodium into small gaps is under study in order to de-
termine the feasibility of obtaining a sodium bond in blanket elements. The first
tests have been completed. It has been found that sodium will penetrate the space
between a pin and tube even when the two are assembled with a force fit.
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REACTOR COMPARTMENT

General Description

The components in the reactor compartment are shown in Figs. 16, 17, and
18. Core and blanket subassemblies are housed within the lower reactor vessel and
are cooled by sodium that flows from the bottom of the lower reactor. vessel through
the subassemblies up into the upper reactor vessel which serves as a mixing pool.

The upper reactor vessel houses the hold-down device and the offset hand-
ling mechanism. The hold-down device, consisting of a plate, alignment spider, drive
shaft and drive mechanism, will maintain radial alignment of core subassemblies, hold
the subassemblies down against pressure caused by the up-flow through the subassem-
blies, and act as a guide for the control rod drives. The offset handling mechanism
in conjunction with the rotating shield plug will be used to remove spent fuel and
blanket subassemblies from the reactor and deposit them in finned pots in the
transfer rotor. Each subassembly in its finned pot can then be placed by the trans-
fer rotor under the exit port of the reactor and raised vertically upward into a
self-propelled transfer cask car that is equipped with a vertically actuated gripper
mechanism located in, and included as a part of, the car. A fresh supply of sub-
assemblies is installed in the reactor by reversing this process.

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

The upper reactor vessel will be operated at approximately atmospheric
pressure, with an inert gas atmosphere being maintained above the sodium level.
The entire reactor vessel will be enclosed in the primary shield tank whose void
space will be filled with an inert gas to prevent a sodium reaction in the event
of a sodium leak.

Lower Reactor Vessel

The lower reactor vessel is 9 feet, 6 inches in diameter. A cross-
sectional view of the arrangement of core and blanket subassemblies, control rod
guide tubes, and thermal shielding rods in this vessel is shown in Fig. 8. Each
subassembly has an 18-inch-long nozzle attached to the bottom end for insertion
into the two support plates. The two support plates are each 2-inches thick and
are spaced l1 inches apart by ribs welded to the plates, as shown in Figs. 19 and
20. The center section of the plates supporting the core subassemblies are sepa-
rate and may be removed, as shown in Fig. 20. This is done to provide flexi-
bility in the design of the core and its supports. Clearances between the nozzles
and the plates, including tolerances, will be on the order of 5 mils. This will
limit the misalignment to approximately 50 mils at the handling lug at the top of
the subassemblies. The support plates rest on the bearing bars and seal rail
shown cross-hatched in Fig. 21.

The transition section, a section connecting the lower reactor vessel,
the upper reactor and the transfer rotor container, consists of a flat head with
vertical ribs and cover plate, as shown in Fig. 22. Brackets are welded under the
transition section in line with the ribs for support of the reactor vessel. Flexi-
ble support columns, which are 2-inch-thick plates and 7 feet high are used to
allow for thermal expansion of the reactor vessel and are oriented in such a manner
as to hold the center line of the upper reactor vessel fixed. This is shown in
Fig. 16.
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Melt-Down Section - Considerationi has been given to the incorporation of
special dewTgnfeatures in the lower reactor vessel to provide for safe containment
of the molten fuel in the event of a complete melt-down of the core. The require-
ments of a region to adequately contain such a molten mass are as follows:

The geometry should be such that the molten fuel will tend to assemble
in a subcritical shape.

The geometry should be such that heat flow out of the metal will be as
large as possible.

The retaining .material should have a high melting point and should not
readily form a eutectic with uranium.

The best location for the melt-down section is in the lower sodium plenum.
The dimensions are such that a melt-down section in the shape of a flat circular
slab 7 feet in diameter can be accommodated. With complete melt-down of the core,
the thickness of the molten material in this region would be about 1.25 inches. The
large surface area would satisfy the requirements of subcriticality and best possible
heat removal conditions.

The present conceptual design of the melt-down section is shown in Fig. 23.
This section consists of a pot made of a special high-melting material. Primary con-
sideration is being given to tantalum, which melts at 5425 F and also has properties
such that the penetration by solid state diffusion would be a minimum.

Another feature shown in the Fig. 23 is the conical flow guide. This will
serve to direct coolant flow during normal operation, however, in case of a melt-
down, it will have a dispersing effect on molten fuel as it enters the plenum,
tending to prevent a pile-up of fuel in the center of the melt-down section.

Various schemes for the location in the melt-down region of projections
containing a nuclear poison are being investigated, but the need for these poison
areas has not been established.

Coolant Flow

Coolant is supplied to the high pressure plenum through three 14-inch
nozzles at a pressure of 110 psi. It flows up through the square opening in the
support structure to the subassemblies in the core and first row of the radial
blanket.

Coolant is also supplied at low pressure through three 6-inch nozzles to
the manifold in the support structure and flows back and forth up through the shield-
ing plates in the structure to the radial blanket subassemblies, as shown in Fig. 16.
Pressure in the manifold will be maintained below 20 psi by inherent restrictions in
the system to prevent the blanket subassemblies from being lifted out of the support
plate.

Hold-Down Device

Each subassembly that is supplied coolant from the high pressure plenum
must be prevented from rising due to coolant flow. Hold-down is accomplished by
holding the handling lug of each subassembly with a female knob attached to the
hold-down plate. This compresses a spring in the inlet nozzle of the subassembly,
shown in Fig. 9, which holds the subassembly firmly against the knob and provides
for the expansion of the subassembly.

-1.7 -
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Alignment of the hold-down device is maintained by a three-anm aligning
spider shown in Fig. 16. When the hold-down device is lowered into place, fingers
at the end of the arms are inserted into alignment guides attached to the reactor
vessel wall.

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

Rotating Shield Plug

The rotating shield plug must act both as a shield and as a part of the
subassembly handling equipment. It consists of layers of shielding material through
which run access holes containing the control rod actuators, the hold-down assembly,
and the offset handling mechanism. It is designed to function as a biological shield.
The reference design, based on preliminary shielding studies, consists of 18 inches
of stainless steel at the base of the plug, 7 feet of boron steel containing 1 per
cent boron by weight, and 1 foot of carbon steel.

Details of the rotating shield plug design are shown in Figs. 2 and 25.
The plug is supported on the reactor vessel wall. Ball bearing and races are de-
signed for long life, using dry lubricants such as molydisulphide. A liquid dip
seal, NaK, backed-up with a mechanical seal will be used. There will be provisions
for cold trapping and determining liquid level and oxide concentration to minimize
maintenance.

The cover plate on which both the handling mechanism and hold-down device
are mounted will consist of two 2-inch ribbed plates 16 inches deep. In addition to
the shielding shown in Fig. 25, there wil probably be shielding between these
plates. The bottom shielding plates will be submerged in the coolant during opera-
tion. Clearance between the rotating plug and its container will be 0.375 inch.
Two steps are used to prevent neutron streaming.

A 3-inch hole is provided through the center of the plug for alignment
purposes, and three 5-inch holes provided for removing the lower guide tubes. Fig.
26 shows the area below these holes that can be reached. All four holes will be
plugged during operation.

Reactor Vessel Shielding

The interior of the lower reactor vessel contains a 12-inch stainless
steel thermal shield whose purpose is to attenuate high energy neutrons in order
to minimize radiation damage to the vessel. It also attenuates the intense core
and blanket gamma rays thereby reducing heat generation within the vessel walls and
in the borated graphite layer. The shield further serves to reflect part of the
neutrons back into the blanket, thus reducing neutron leakage from the blanket. As
shown in Fig. 8, part of this shield will be in the form of stainless steel sub-
assemblies which will fit into the same grid structure as the blanket subassemblies.
Two rows of these subassemblies will completely surround the blanket, forming a
layer about 5 inches thick. The remaining part of the thermal shield will be at-
tached to the inner wall of the vessel itself and consists of several layers of
cylindrical plate sections mounted concentrically with the vessel. With the vessel
wall the thickness of this part of the shield will add up to a total of 7 inches.
Sodium coolant flows between these layers, removing the heat generated due to
radiation absorption in them.

Outside the vessel, a 30-inch borated graphite shield will reduce the
neutron intensities escaping from the primary shield tank to a level such that there
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will be no significant heating of the secondary concrete shield wall and other con-
crete areas due to neutron capture within the concrete. This borated graphite
shield is so designed that the greater part of the heat generated within it is re-
flected back into the reactor vessel and carried away by the sodium. This is ac-
complished by placing the first 6 inches of borated graphite next to the vessel fol-
lowed by an insulating layer. The smaller fraction of the heat generated in the
remaining 2-foot layer is removed from the primary shield tank either by the gas
cooling system or by the ventilation in the reactor compartment.

The stainless steel thermal shield and the borated graphite layers, to-
gether with the blanket, form the primary shield system and attenuate the core
neutrons by a factor of approximately 107. It is totally contained within the pri-
mary shield tank.

The primary shield system for the upper reactor vessel consists of a 6-
inch thermal shield and 15 inches of borated graphite.

Materials

Type 304 stainless steel will be used throughout the reactor vessel, ex-
cept in a few components where dimensional stability is a prime requisite. The sup-
port plates, hold-down plate, and control rod guide tubes fall into this category
and will be Type 347 stainless steel.

The primary shield tank will, however, be constructed of Type A-285 Grade
C carbon steel.

Mechanical Integrity

Integrity of the reactor vessel is assured by correct design with low
allowable stress limits, proper welding procedures, and extensive tests. Reduction
in strength for the life of the plant is guarded against by having the thermal
shielding between the reactor and the vessel wall to minimize radiation damage. In
areas subject to radiation damage, surveillance tubes containing specimens will be
used to keep a continual check on the properties of the material. All plates will
be ultrasonically tested; welds will be liquid penetrant tests and radiographed;
and the completed vessel will be subjected to mass spectrometer leak tests and hy-
drostatic tests. The reactor vessel is being built in accordance with Section VIII
of the ASME Boiler and Pressure Vessel Code.

Thermal Stresses

Steady state thermal stress will be minimized by the use of thin sections
and shielding to reduce internal heat generation in structural material.

To minimize transient thermal stresses, thermal baffles will be used ad-
jacent to all structural surfaces in the lower reactor vessel. These baffles con-
sist of thin plates adjacent to the vessel surfaces with stagnant coolant between
them, as shown in Fig. 8. Mixing in the plenums and in the upper reactor vessel
and the heat capacity of the large amount of steel in the radial section inlet
plenum will further reduce thermal shock. In the upper reactor vessel the thermal
baffles will be inside the shielding instead of being adjacent to the vessel wall.

Thermocouples

Thermocouples will be used to monitor the following items:

- 53 -



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

High temperature shielding.

Support plates.

One third of the core subassembly outlets and one third of the first
row of radial blanket subassemblies.

Fifteen radial blanket subassembly outlets.

Hold-down plate and structure.

Each control rod guide tube outlet.

Refueling pool.

Borated graphite or other thermalizing
cated in the primary shield tank.

and absorbing material lo-

Removable support plates.

Neutron counter chambers.

Transfer rotor container.

Ambient gas temperature.

Primary shield tank walls.

Heating

Provisions will be made to heat the reactor vessel to 400 F in a period
of 72 hours prior to filling with sodium; when necessary, the reactor can be kept
above 208 F, the freezing point of sodium.

Orificin

A removable orifice will be inserted into the lower support plate for
each radial blanket subassembly. Orifices will be used to obtain proper flow in
the control rod guide tubes and in the thermal shielding. Provisions are beirg
made so that orificing can be added to the fuel subassembly inlets.

Cooling of Primary Shield Tank

The inert gas in the primary shield tank will be cooled to remove both
the heat lost through the 4 inches of thermal insulation surrounding the reactor
vessel and the heat generated in the borated graphite outside the insulation.

MECHANICAL HANDLING

The subassembly handling equipment is used to remove radioactive core
and blanket subassemblies from the reactor after irradiation to a prescribed fuel



or a radial blanket burn-up. After removal from the reactor, these subassemblies
are transferred by cask car to a decay area to permit U-237 and the general level
of fission product radioactivity to decay to a suitable level for subsequent re-
processing. They are then transferred to the disassembly and shipping facility for
shipment to a fuel or a blanket reprocessing plant. Fresh subassemblies are also
transferred by the cask car from plant storage to the reactor. The overall arrange-
ment of the handling equipment is shown in Figs. 1 and h.

Components of the primary handling system are located above and immediately
adjacent to the reactor. This equipment consists of the offset handling mechanism,
the rotating shield plug, and the transfer rotor. Motions of the plug and offset
handling mechanism enable withdrawal of subassemblies from any position in the reac-
tor lattice and placement into the transfer rotor. -The transfer rotor provides
storage space under sodium during the period immediately after removal from the
reactor when heat release is at its highest. Subassemblies will remain in the rotor
between fuel transfer periods and will be transferred from the sodium to the cask
while charging the reactor with fresh fuel. This arrangement permits minimizing the
reactor shutdown time required to transfer fuel. Provision is also being made for
storage of 26 core subassemblies in the outer edge of the radial blanket, as shown
in Fig. 8, Page 2, should it be desirable to unload more than 11 core subassemblies
at a time.

A decay period of about 6 months is required before the internal heat
generation of irradiated fuel subassemblies will have reduced sufficiently to allow
their removal from liquid or forced gas cooling. All subassemblies are, therefore,
transferred to and from the reactor in sodium-filled pots that are essentially
finned tube heat exchangers. These pots, which have a greater heat transfer ef-
ficiency than the bare subassembly, enable the decay heat to be dissipated to the
inert gas atmosphere of the transfer chamber. Even with this greater heat transfer
efficiency, a waiting period of several hours after reactor shutdown is still re-
quired before the subassembly in the pot can be removed from the reactor sodium
pool. The storage capacity provided in the transfer rotor permits the necessary
radioactivity decay to take place while the reactor is running. This means that
immediately after the reactor is shut down, subassemblies can be removed because,
in every case, they were removed from the reactor core during the prior shutdown
and stored in the rotor. Therefore, the finned pots and the transfer rotor, by pro-
viding adequate heat transfer and storage space requirements, greatly simplify prob-
lems in connection with meeting frequent fuel transfer schedules, minimizing reactor
outage time, and improving safety by eliminating possibility of overheating of fuel
subassemblies during transfer operations.

Between 10 and 20 hours of outage time per week is chargeable to fuel
loading operations; the required period will depend on the method of programming
subassembly removals and fuel burn-up, as well as- relative frequency of recharging
and, hence, the number of subassemblies to be handled. The reactor will be charged
with fuel at either weekly, fortnightly, or monthly intervals depending on more
precise analysis of the reactor plant economics. Blanket subassemblies may be
charged at much less frequent intervals, possibly every 3 to 6 months, and, there-
fore, in groups of approximately 180 subassemblies. Table VII shows, as a function
of burn-up and power level, the number of core subassemblies to be removed each time
the reactor is refueled.

Offset Handling Mechanism

The offset handling mechanism is shown in Fig. 27. The design of this
mechanism is such that no hazard will result due to equipment malfunction. The
design features involved to fulfill this requirement are outlined briefly.
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TABLE VII

NUMBER OF CORE SUBASSEMBLIES REMOVED EACH UNLOADING

300 mw h30 mw

1 Week 1 Month 2 Months 1 Week 1 Month 2 Months
Between Between Between Between Between Between

Burn-up Unloading Unloading Unloading Unloading Unloading

1% 8 32 12
2% 16 32 6 24
3% 11 22 16 32
4% 12 24

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

Mechanical Design - A locking wort is provided in the vertical drive so
that the crane will stop and remain in position in the event of power failure.

The gripper mechanism is a positive action device; the lock and unlock
actions are accomplished by direct action of a probe-actuated cam member in contact
with the subassembly handling lug. As the handling mechanism moves downward over
the subassembly to be gripped, the latch-cam probe contacts the top of the sub-
assembly handling lug, and its downward movement is stopped. The handling mechanism
continues downward until the relative position 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 pro-
ceed with the withdrawal motion.

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

The offset handling mechanism is designed for dual speed operation when
lowering subassemblies into position in the reactor. If, due to an incredible com-
bmination of manufacturing and inspection error, a sufficient number of greatly over-
enriched core subassemblies should be loaded into the reactor to override the 8
dollars of reactivity in the safety rods, then the reactor could become critical
during loading. To avoid reaching criticality under these circumstances, the offset
handling mechanism is automatically slowed down from 20 feet a minute to 1 foot a
minute as the fuel portion of the subassembly enters the reactor core. One foot a
minute is equivalent to the addition of less than one cent reactivity a second for
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a normal core subassembly in the center of the core, and is many times less than one
cent for the outer edge of the core.

If the reactor should approach criticality as the core subassembly is
lowered, a sensing device will cause the offset handling mechanism to automatically
reverse and withdraw the fuel subassembly out of the reactor at a rate of 20 feet a
minute.

Transfer Rotor Assembly

The transfer rotor assembly is shown in Fig. 28. This component consists
of a rotary drive unit with proper indexing equipment, a vertical drive shaft to pro-
vide the rotary motions, and a large rotating disc at the bottom of the shaft in
which the subassemblies and finned pots will be stored. This device will serve a
two-fold purpose. First, it will provide temporary storage for irradiated core sub-
assemblies immediately after removal from the reactor when residual heat generation
is high. The rotor disc at the bottom of the long actuator shaft will provide
storage for 11 core subassemblies. The second function of the rotor is to divert
subassemblies horizontally out from under the rotating plug and offset handling
mechanism so that they can be raised vertically upward to the point where they will
be completely out of sodium for removal from the reactor building. Details of the
transfer rotor plate, tail bearing, and drive shaft end are shown in Fig. 29.

Maintenance and Major Components

The design of all components of the fuel handling system incorporates
features to allow for remote maintenance and disassembly. All the electrical com-
ponents are installed above the shield 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 by reversing this procedure. With the ex-
ception of the lower disc of the transfer rotor, all parts of this component can
be removed and replaced from the top; however, failure of the disc is not very
likely to occur during the life of this reactor. If it does fail, it can be removed
through the opening provided for the offset handling mechanism. The actuator shaft
for the disc is fastened to the disc with a pin or bayonnet arrangement in such a
way that the large shaft can be lowered, rotated, and raised out of the disc by
manipulation from the top.

Loading and Unloading Procedure

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

1. Reduce reactor power to zero by lowering the shim and safety rods
to shutdown position.

2. Reduce sodium flow through reactor to a point where hydraulic for ces
on fuel subassemblies and control rod guide tubes will be well below
that required sufficient to unseat them.

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

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

5. Raise all control rod actuators until they are clear of the tops of
all subassemblies.
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6. Rotate the transfer rotor to position subassemblies in their
pots, one at a time, under the cable actuated gripper mechanism
of the cask car. Withdraw all subas semblies from the rotor up
into the cask car.

7. Each time a subassembly is removed from the rotor, a pot is re-
turned with a fresh subassembly in it. The cable actuated gripper
lowers all pots with new subassemblies into all the positions in
the rotor but one.

8. Rotate the plug and offset handling mechanism to position the pick-
up arm over the core or radial blanket subassembly to be removed.

9. Lower the pick-up arm, grasp subassembly, and withdraw from the
reactor lattice.

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

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

12. Raise the pick-up head of the offset handling mechanism, and rotate
the transfer rotor to put the next pot with a fresh subassembly
under the pick-up load.

13. Lower the pick-up head of the offset handling mechanism into the
pot, and pick-up the fresh subassembly.

1L. Lift subassembly to "carry" position and rotate plug'and handling
mechanism to place subassembly over empty hole in reactor lattice.

15. Lower subassembly into reactor. The offset handling mechanism will
automatically reduce the speed of core subassembly insertion to 1
foot a minute as the subassembly moves into its final position. De-
latch gripper fingers and leave subassembly in place as the offset
handling mechanism is raised.

16. Repeat the above procedure until all fresh subassemblies have been
moved into the reactor and all "burned" subassemblies being re-
places are in the transfer rotor for decay. During the following
shut-down they will be removed and transported to the decay storage
area.

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

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

2. Insert locking pin in plug ring.

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

4. Lower all control rod actuator probe tubes until they engage the
control rods and align the lower control rod guide tubes.
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5. Lower the hold-down device down to the reactor operating position.

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

7. Start the sodium pump or pumps.

8. Approach criticality.

Cask Car

A perspective view of the transfer cask car and its design details are
shown in Figs. 30, 31, and 32. The arrangement of this car in the reactor building
is shown in Fig. 33. This car is equipped with a cable-actuated gripper mechanism
and a rotor disc to remove and transport several subassemblies at a time. The car
will be positioned adjacent to the reactor, with the gripper mechanism being po-
sitioned exactly over the discharge pipe of the reactor vessel and the center of
the outside hole of the transfer rotor plate. Subassemblies in finned pots will be
withdrawn from the transfer rotor plate in the vessel and placed into a storage
lattice plate in the cask car. The cask.car will then move through the reactor
building equipment door to a decay storage building located near but not adjoining
the reactor building. The equipment door will be interlocked with the reactor con-
trol system so that the door cannot be opened during reactor operation or during
loading subassemblies into the core.

In the cask car, heat from the subassemblies and pots will be transferred
to an inert gas atmosphere which will be circulated through an external heat ex-
change that moves with the cask car. The heat is rejected to the surrounding air
atmosphere.

CONTROL AND INSTRUMENTATION

Description of Reactor Control System

Eight safety elements containing boron-10 are located with nearly uniform
spacing in a ring about 7 inches from the core center line. Two shim elements are
located symmetrically about 2.5 inches from the center line of the core. The lo-
cation of the safety and shim rods with respect to the core and radial blanket sub-
assemblies is shown in Fig. 8.

The eight safety rods are used to shut down the reactor quickly and to
hold it well below critical during shutdown. These rods contain a relatively large
amount of poison and are each worth $1.00 of reactivity for a total of $8.00

The 2 shim rods are in a higher flux than the safety rods and together
are worth $1.00 of reactivity even though they contain considerably less poison ma-
terial. These rods are used to control the operating power level and to override
reactivity necessary for the negative temperature coefficient, burn-up, and fuel
element growth. The reactor, however, will not become critical until all the safety
elements are withdrawn completely from the core and withdrawal of the shim elements
has started.

- 62 -



.J V

- O

Pe C C

-IG :::. PE S PE T V I W O

FlG 30PERPECIVEVlE OFCASK CAR

63



CABLE ACTUATOR

SEAL

ROTOR
ACTUATOR

GUARD
RAIL INSULATION

HEAT TRANSFER C G A

FANI COLNFA

MRTIR

NSUL AT UTN

.1~ -- o

r- T
FAN (GAS)~''

_ eft

FIG.31 CASK CAR (SECTIONAL ELEVATION)

0'

-=Cx- W. PS

MECHANISM

ROTOR

--- SHIELDING

BAFFLE

III- 3

ECASKSEAL
! , !VALVE



- ~~1
A

SEAL/\ 
\

INDEX ~
MECHANISM -LI

- UFFER-(-A--NG----T-ON

BUFFER (LOADING POSITION)

FIG.32 CASK CAR (PLAN VIEW)

/

L 6
/1

/

(1 PRIMARY SHIELD TANK

'

6I-8"



REMOVABLE
TRACK

4 2 CLEARANCE REMOVABLE

TOP OF DOOR CASK
~gK

1.T

Ia
, - - - 4 ,

f-

VERTICAL ACCESS

-- CONTAINMENT VESSE

EXIT TUBE

L WALL

PRIMARY SHIELD TANK 1

TRANSFER ROTOR
CONTAINER

FIG. 33 CASK CAR ARRANGEMENT IN REACTOR BUILDING

:7:--r
i ." ".



The main disadvantage of this poison control is the adverse effect on
neutron economy. The decrease in breeding ratio due to wasted neutrons is tolera-
bly small because:

Fission product poisoning is insignificant since the fission prod-
ucts have very small cross sections at the high neutron energies in
the reactor.

The reactor has a large critical mass, and a given energy output is
produced by the fissioning of a given amount of fuel. Thus, a given
energy output does not require as much burn-up in a reactor having a
large critical mass as in one having a small critical mass.

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 am-
ount of poison material which should be inserted into the shim and safety rods.
After a critical experiment has been run and after the control rods have been cali-
brated, the amount of poison material will be reduced to honor a $1.00 per element
specification.

The control rods are round and operate in round guide tubes. Each round
guide tube is placed in a square housing which is inserted into the square channel
formed by four adjacent core subassemblies, as shown in Fig. 34. The guide tubes
are cooled by the up-flow of sodium from the core inlet plenum through pressure
breakdown orifices in the bottom of the guide tubes. The heat generated in a con-
trol rod is removed by sodium flowing through the rod and in the annulus formed by
the rod and the guide tube.

The operational and shut-down position of the safety rods and the opera-
tional position of the shim rods are depicted in Fig. 35. The operational or poised
position of the safety rod is in the upper section of the axial blanket where they
are held by a latch. When a safety control rod is dropped to scram the reactor,
the sodium in the lower guide tube is forced through slots in the guide tube into
the spaces between the round guide tube and the square tube and then into the pool
above. Test of the drop characteristics of scram rods in water were made which
showed that when the safety rods were initially in the all-out position, they were
inserted fully into the core region 0.6 second after their release. Roughly 0.2
second of this time is spent dropping through the upper blanket and the remainder
in the core.

Description of Control Elements

Safety Control Rods - A safety control rod, shown in Fig. 36, consists of
four sections; namely, the poison section, dashpot ram, extension rod, and pick-up
head.

The poison section is roughly the length of the core and consists of hollow
cylinders of boron carbide in which the boron is enriched in the boron-10 isotope.
Boron-10, having a significant absorption cross section for fast neutrons is used
to control the fission rate by absorbing neutrons unproductively in the B10 (n, c)
Li? reaction. The boron carbide is hot pressed to approximately theoretical density
and contained in a stainless steel tube. The inner containment and coolant flow tube
which passes through the holes of the BC cylinders is made of porous stainless steel,
that is, sintered micrometallic material. This material allows the helium gas formed
by the (n, .c) reaction to leak into the primary sodium loop. Sodium can also enter
the poison casing to act as a thermal bond. Although sodium is able to flow through
the micrometallic pores, all particles of boron carbide will be contained.
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The dashpot ram is the piston of the hydraulic shock absorber used to
absorb and dissipate the kinetic energy of the safety rod after its free fall.
The ram is a double tapered piston with a 6-inch effective length. Its entry into
the dashpot slows the control rod at approximately a constant 3g'deceleration.

The extension rod is a transition piece that connects the poison section
to the pick-up head. It is long enough to place the pick-up head in position for
handling by the offset handling mechanism when the poison section is full in the
core. The extension rod section also contains a spring that is compressed by the
action of the drive mechanism and held in a cocked position by the drive mechanism
latch. On release of the latch, the spring gives the control rod an average 2g
acceleration through its initial 10-inch travel. The safety rod attains a maximum
velocity of 9 feet a second.

The pick-up head will enable the control drive mechanism to pick up the
control rod during reactor operation, and the offset handling mechanism will then
be able to remove it for repair or replacement.

Shim Control Rods - The shim control rods consist of three sections; they

are, a poison section, an extension arm, and a pick-up head, as shown in Fig. 37.

The poison section is approximately 8 inches long and consists of boron
carbide cylinders with 5 axial holes evenly spaced. The boron carbide is hot
pressed to approximately theoretical density and contained in a stainless steel
tube. Porous stainless steel tubes for coolant flow passages are passed through
the axial holes in the BLC cylinders. The functions of the porous material, ex-
tension rod, and pick-up head are the same as for the safety control rods. These
rods are not dropped during a scram; however, they are uncoupled and left in the
core during fuel reloading.

An alternate design of the shim control rod specifies the use of boron
carbide particles vibrated to a 70 per cent of theoretical density in place of the
hot-pressed boron carbide.

Control Element Actuators - The control rod drives, shown in Fig. 38,
are of the electro-mechanical design and are located on top of the shielding plug
of the reactor as shown in Fig. 1, Page 6. The control rods are grasped by a me-

chanical latch at the end of a long extension drive shaft and are driven up and
down by means of a rack-and-pinion. The penetration of the extension drive shaft
through the rotating shield plug requires a bellows seal with a packing seal back-

up to prevent radioactive sodium vapor from entering the machinery space. The
pick-up fingers of the latch are cammed shut by action of the drive element and
control rod pick-up head. The fingers are held in the latched position by the
armature of an electro-magnet, i.e., scram mechanicm, located above the rotating
shield plug. A long extension tube passing through the drive shaft extension tube
connects the calming parts of the latch to the armature of the holding electro-
magnet. When the electro-magnet is de-energized, the combined weight of the arma-
ture, extension tube, and calming parts together with the stored energy of a com-
pression spring positively cam open the latch fingers and release the control rod.
The scram mechanisms are fail-safe in that loss of power to the holding electro-
magnet will scram the reactor.

The accelerating spring of the safety rod is compressed by a tube con-
nected to and extending down from the latch body. Thus, the control rod accelera-
ting spring is compressed by the downward motion of the drive shaft on the control
rod as it reaches bottom. The latch fingers are camrnmed to their pick-up position
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with respect to the safety rod pick-up head at the designed compression of the
spring. By energizing the holding electro-magnet, the safety rod can be picked
up and elevated with the accelerating spring in its cocked position. The control
rod can be released and accelerated from any position throughout its stroke by de-
energizing the electro-magnet.

The maximum allowable time specified for the complete release of the
safety rods is 0.1 second after initiation of scram signal. For the control rods
initially in the fully withdrawn position, the travel time through the upper
blanket region is roughly 0.2 second, making a total of about 0.3 second before
actual shutdown is started.

The total time to insert 8 dollars of negative reactivity contained in
8 scram rods into the core from initiation of a scram signal to rods being "full
in" is about 0.75 second.

The safety control rods can be moved vertically in three manners:

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

Controlled run-down of the drive shaft and rod into the core only:
The rod drive motor is disconnected from its associated gearing
through a magnetic clutch so that the drive shafts and rods run down
at a rate of 2.5 inches a second, equivalent to 75 cents a second
for 8 rods moving simultaneously. The run-down speed of the drive
shaft and rod is limited by a centrifugal brake that is Feared to
the rack.

Fast scram into core only: Upon reception of a scram signal, the
holding electro-magnet is de-energized, releasing the mechanical
latch. The spring-loaded rod is then accelerated into the core at
an average velocity of about 100 inches per second, equivalent to
25 dollars a second for 8 rods dropping simultaneously.

The shim rods are moved in only one fashion. This is by motor drive through
a rack and pinion at a maximum linear rate of 8 inches a minute, which is equivalent
to 1 cent a second for both rods moving simultaneously.

Reactivity

The excess reactivity built into the core that must be held down by the
shim rods for the reference design of one per cent burn-up, three per cent fuel
element growth, and weekly shutdown is as follows:

Temperature override $ 0.20
Fuel element growth 0.07
Assumed burn-up 0.33
Fission product poisoning 0.02

TOTAL $ 0.62

This reactivity, plus about 30 cents to cover uncertainties in the calculated re-
quirements and to provide a control margin, will be contained in 2 shim rods. The
decision has not yet been made on the division between the two rods. If one rod is
a fast-acting rod, it will contain only a small amount of reactivity, leaving the
majority of reactivity control to the slow rod.
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Both the amount and insertion rate of negative reactivity required in
the scram rods is dictated by the maximum temperatures reached if the coolant
pumps fail and the decay heat must be removed by natural circulation. In this
situation, it is not advantageous to insert much more than 7 dollars negative
reactivity since the fission product decay heat equals the heat generated by neu-
trons in about 6 seconds with 7 dollars negative reactivity inserted. In the
reactor, 8 dollars negative reactivity contained in 8 scram rods will be injected
into the core with a total scram time of about 0.75 a second from initiation of a
scram signal.

A rod withdrawal rate of 1 cent a second is presently being considered
for both safety rods and shim rods. No rod will contain more than 1 dollar so
that an accident causing rapid withdrawal of any rod would not make the reactor
prompt critical.

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 bottom of the reactor and complex mechanisms to
release them. None appear 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 insertion of excess
fuel by a quick reverse on the subassembly handling mechanism. Thus, should the
hold-down reactivity be reduced too much, permitting the reactor to become critical,
the core subassembly causing the trouble could be withdrawn immediately. With 8
dollars of hold-down reactivity, it is extremely unlikely that such a condition
would arise.

Neutron Source

A neutron source is required when the reactor is shut down so that the
flux is maintained at a high enough value for the neutron chambers to transmit a
measurable signal. This is a safety feature during start-up in that it assures
that the instruments are in their recording range at all flux levels. The source
required in this reactor is about 200 curies and will utilize antimony and bery-
llium as its active constituents. The source will consist of 2 rods containing
antimony, each about 10 inches long and 0.75 inch in diameter. Each rod will be
surrounded by a beryllium cylinder 10 inches long and about 2.25 inches OD. Both
rods and cylinders will be stainless steel clad. One source will be located in
each of the two shim rod guide tubes just below the horizontal centerline of the
core.

System Operation and Reactor Control

Present plans call for maintaining the reactor coolant flow and average
core temperature constant while varying the coolant temperature rise for load
changes. Provisions will be made to incorporate speed zones in the pump controls
so that flow rates could be varied over a limited range if reactor conditions
dictate this requirement.

The time lag between a load change at the turbine and the resultant in-
let coolant temperature change at the reactor will be about 1 minute because of
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the thermal inertia and transport time of the primary coolant, secondary coolant,
and steam systems. Because of the magnitude of this lag, it may be necessary to
feed a steam flow signal back to the shim rod control. This steam flow signal,
together with an anticipatory steam flow signal, will be combined with a signal
proportional to average core temperature to form the power demand input to the
rod servo system.

The power demand will be compared with core power signal from a neutron
flux monitoring circuit. The error signal output from this comparison will be fed
to the shim rod drive for automatic shim control.

The output of the flux monitoring circuit must be periodically calibrated
against the power output of the core to account for residual gamma and beta heating
and for any variance between a point value of flux at a sensor location and total
power such as would be caused by a change in the spatial distribution of the flux.
This will be accomplished by a comparison of the flux signal to a signal propor-
tional to the heat output of the core as determined by a coolant heat balance.

Control Instnmentation

The three categories of information required for the control and safety
systems are temperature, flow, and neutron flux.

TeMerature - Required temperature measurements inside the reactor vessel
will be made by Iron-Constantan, stainless steel sheathed thermocouples; outside
the vessel, where restrictions on space and response time are not as severe, re-
sistance or filled system elements will be used for their high accuracy.

Flow - Flow measurement in the liquid metal loops will be taken by perma-
nent magnet flow meters so that the pipe integrity is not impaired. Steam flow
measurements will be taken by conventional orifice or nozzle meters.

Neutron Flux - The chambers monitoring neutron flux will cover a range of
about 12 decades from source level to full power. Source level is the neutron flux

existing when the reactor is subcritical with all poison rods fully inserted.

For the first start-up of the reactor, boron trifluoride or boron-lined
proportional chambers will be used to cover the two lowest decades. Fission
chambers will be used for the next four decades, with compensated ion chambers
covering the next six decades.

After the reactor has operated at power for a few days, the background
of neutrons will be high enough so that the proportional chambers will not be
needed. Thus, for subsequent operational start-ups, fission chambers will be ade-
quate down to source level. The sensing chambers will be housed in cylindrical
tubes about 6 inches in diameter, located in the area between the reactor vessel
and the primary shield tank. These tubes will be gas cooled and will be long
enough to allow the chambers to be lowered to the horizontal center line of the
core. Mechanisms for remote retraction will be provided for both the proportional
and fission chambers so that they can be withdrawn from areas of high flux when
the reactor is operated at high power.

Additional Instrumentation

The additional information required for reactor plant operation falls
into five main categories: temperature, pressure, level, leak detection, and
flow.
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Temperature - Data for stress analysis andinformation to check component
behavior require temperature measurements inside the vessel and in the external
loops. The detectors will be of the same types as those covered in the control in-
strumentation section.

Pressure - Pressure measurements are required as operating information to
indicate the performance of various components in the system. Pressure measurements
will be made with double diaphragm devices in which the signal transmission from the
first diaphragm to the second diaphragm is accomplished by mechanical means. This
type of device will be used in order to maintain continuous double containment of
the sodium.

Level - The coolant flows from the reactor vessel through the intermediate
heat exchanger to the pump tank by gravity. Level measurements are necessary to as-
certain that correct liquid levels are maintained in the primary coolant system
equipment and to calculate pressure head between these components. The four types
of level detectors being considered are resistance, induction, and capacitance
probes and ultrasonic methods.

Leak Detection - It is imperative that the operator be made aware of any
leakage of liquid sodium. The present leak detector being considered is a two-probe
type of detector that utilizes the electrical conductivity of sodium in a circuit.

Flow - In addition to using flow measurements in determining the heat out-
put for conirol of the reactor, such measurements are used to balance the flow in
the coolant systems to obtain efficient plant operation. It also gives a check on
the operation and position of the throttle valves in the 6-inch lines supplying
coolant to the blanket and the check valves in the pumps. The flowmeters in the
secondary systems and steam system are used to obtain operating information.

A block diagram of the instrumentation for the reactor excluding the gas
system and the sodium supply system is shown in Fig. 39. Table VIII is a tabula-
tion of the instruments shown in this diagram. The basic criteria for this in-
strumentation are as follows:

If a sensing element signal is to be used for control, this signal
must be recorded on a continuous recording instrument.

Instrumentation requirements for vessel preheating are based on
assumption that resistance-type heaters will be used for heating.

All sensing elements required in the reactor will be installed in
the test facility insofar as possible.

All sensing elements not connected to an instrument must be terminated
at an accessible terminal block.

There shall be no violation of the principle of secondary containment
in the primary sodium system.

There shall be no structural weaknesses caused by the installation of
the sensors.
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TABLE VIII

REACTOR INSTRUMENTATION

Number
Point of Continuous Operating Multipoint Data Fast
Number Point Location Sensors Spares Indicators Recorders Indicator Logger Record

T-8 Lower Reactor Vessel Wall 40 364
T-9 Upper Reactor Vessel Wall 50 46 4
T-10 Transfer Rotor Container Wall 15 14 1
T-ll Decay Heat External Wall 80 79 1
T-12 14" Inlet Pipe Wall Within Container Tank 12 9 3
T-13 6" Inlet Pipe Wall Within Container Tank 6 3 3
T-14 30" Outlet Pipe Wall Within Container Tank 15 12 3
T-15 Core Inlet Plenum Sodium 9 8 1
T-16 Blanket Inlet Plenum Sodium 9 8 1
T-17 Fuel Section Support Plates 16 8 8
T-18 Blanket Section Support Plates 8 44
T-19 Thermal Shield in Inlet Plenum 16 12 4
T-20 Thermal Shield in Lower Vessel 30 24 6
T-21 Thermal Shield in Steel Rods 12 10 2
T-22 Fuel Subassembly Sodium Outlet 139 34 90 15
T-23 Blanket Subassembly Sodium Outlet 60 54 6
T-24 Hold-Down Plate and Control End Guide Tube 15 2 5 3 5
T-26 Inlet to IHX 6 3 3
T-27 In Uranium of Fuel Elements 10 10
T-28 In Uranium of Blanket Elements 1 1
T-32 Shielding Plug 24 24
T-33 Graphite 25 23 2
T-34 Concrete Adjacent to Graphite 25 25
T-36 16" Pipe Surface in Primary Loops 24 24
T-37 14" Pipe Surface in Primary Loops 24 24
T-38 6" Pipe Surface in Primary Loops 24 24
T-39 30" Pipe Surface in Primary Loops 84 84
T-40 Pump Tank Surface 60 60
T-4l IHX Tank Surface 18 18
T-42 Pump Outlet Sodium 9 3 6
T-43 Overflow Pipe 3 2 1
T-45 Control Rod Lower Guide Tube Sodium Outlet 10 10
T-70 IHX Secondary Sodium Outlet 6 3 3
T-71 Steam Generator Sodium Outlet 3 3
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TABLE VIII (Cont'd.)

Number

Point of Continuous Operating Multipoint Data Fast

Number Point Location Sensors Spares Indicators Recorders Indicator Logger Record

T-72 Pump Sodium Outlet (Secondary) 6 3 3
T-7h Secondary Piping Wall Temperature 50 50

T-75 Steam Generator Wall Temperature 18 18
T-76 Secondary Pump Wall Temperature 60 60
T-90 Steam Generator Steam Out 6 3 3
T-91 Steam Generator Water In 6 3 3
L-2 Upper Plenum Sodium Level 2 1 1

L-3 IHX Sodium Level 3 3
L-5 Primary Pump Sodium Level 3 3
L-6 Plug Dipseal Level 1 1
L-10 Secondary Loop Surge Tank Sodium Level 3 3
L-ll Secondary Pump Sodium Level 3 3
F-3 LW" Sodium Pipe (Primary) 3 3
F-4 6" Sodium Pipe (Primary) 3 3
F-15 Secondary Sodium Pipe 3 3

co F-30 Steam Flow 3 3
P-7 Blanket Inlet Plenum 3 3

P-10 Primary Sodium Pump Discharge 3 3
P-12 Inlets and Outlets to Subassemblies 37 37
P-80 IHX Outlet Secondary Loop 3 3
P-81 Steam Generator Outlet Sodium 3 3

P-82 Secondary Sodium Pump Outlet 3 3
P-100 Steam Generator Steam Out 6 3 3
P-101 Steam Generator Water In 6 3 3
LD-1 Reactor Vessel Area 48
LD-2 Reactor Vessel Area
LD-3 Reactor Vessel Area
LD-4 Reactor Vessel Area
LD-5 Reactor Vessel Area
LD-6 Reactor Vessel Area
LD-7 Reactor Vessel Area
LD-8 Primary Piping Area 33
LD-9
LD-lO
LD-ll
LD-12
LD-13
LD-lh
LD-15 Secondary Piping Area 33
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SHIELD SYSTEM CRITERIA AND DESIGN

The shield system is an integral part of the reactor and the overall
plant design. It is in effect a protective covering around the reactor that al-
lows the reactor to be operated safely without endangering the lives of people or
damaging the equipment which it serves.

Design Criteria

The criteria for the design of the shield system are listed below.

Biological Doses - All biological shields for the reactor building and
for auxiliary buildings are being designed on the basis that plant personnel will
receive no more than 1/10 of the total radiation dose presently allowed in Atomic
Energy Commission installations during a L0-hour work week. The resulting dose
limit is 30 milliroentgens a week and corresponds to an hourly exposure rate of
0.75 mr/hr, which is taken in combined neutrons and gamma rays.

Activation of Secondary Coolant and Equipment - Those areas which will
not contain people but will contain the secondary coo ant and equipment that can
not be allowed to become radioactive due to neutron irradiation will be shielded
such that the total neutron flux will be no greater than 104 n/cm2/sec, which is
below the significant activation level for steel and sodium.

Radiation Damage to Reactor Vessel - Since the effects of radiation
damage on the performance of the reactor vessel are somewhat uncertain quantities,
the total integrated flux which the essel will be allowed to receive over the
life of the plant has been set at 10 nvt, a level which experiments indicate
does not seriously affect the physical properties of the steel. This sets a
limit on th high- nergy neutron flux at the vessel at full power of no more
than 3 x 10 3 n/cm'/sec.

Heating in the Concrete In order to prevent excessive heating to and
subsequent loss of water from concrete shields, the ambient temperature of the
concrete will be kept below 200 F, and the total energy flux of neutrons and gamma
rays incident upon concrete surfaces will be kept below a value of 4 x 1010 mev/
cm /sec.

Shield Design

The general layout of the shield system is shown in Fig. 40, Essentially,
the shield is divided into three parts: A primary shield that is located within
the primary shield tank; a secondary concrete shield that surrounds the primary
shield tank; and a biological shield that forms the operating floor and surrounds
the containment vessel. This system thus partitions off or divides the building
into areas, within each of which one or more of the design criteria are met.

Primary Shield

The primary shield consists of the uranium radial blanket that serves,
in addition to its primary purpose of breeding plutonium, to attenuate the very
high neutron fluxes of the core and to shield out most of the y-radiation from
the core; a 12-inch thermal shield that protects the reactor vessel from excessive
neutron fluxes and radiation damage effects and shields out most of the secondary
gamma radiation produced within the blanket; and a 30-inch borated graphite layer
located just outside the reactor vessel whose purpose is to moderate and capture
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neutrons escaping the vessel. The neutron level outside the primary shield is not
expected to exceed -109 n/cm2 /sec. This level is low enough so that concrete
will not be damaged due to heating or radiation damage effects.

Secondary Shield

This shield consists of a 3.5-foot concrete wali lined with 2 or more
inches of steel. The purpose of this shield is to prevent the sodium pumps and
heat exchangers in the primary coolant loops from becoming radioactive and also
to prevent activation of the secondary coolant. This shield 's primarily a neu-
tron shield and reduces the neutron levels outside it to r-'l0 n/cm 2 /sec. Steel
cladding two to four inches thick protect the concrete from the intense gamma
radiation of the primary coolant loops.

Biological Shield

The biological shield is composed of a 7-foot-thick concrete wall sur-
rounding the containment building plus the operating floor, which is a 5-foot-thick
shield above the reactor and equipment compartment composed of 4-2/3 feet of con-
crete and h inches of steel.

Sodium Pipe Shield

High intensity neutrons that escape from the reactor vessel through the
30-inch primary sodium lines are captured and attenuated upon emerging from these
pipes by a 20-inch' shield of dehydrated and canned borax that surrounds the pipes.

Shielding for Streaming Paths

The many penetrations through the shielding necessary to accommodate the
various control and handling mechanisms, access plugs for the heat exchangers,
sodium pumps, and other equipment all present potential voids and paths through
which nuclear radiations can stream. Radiation streaming in these areas is re-
duced to a minimum by the use of one or more good design practices, some of which
are: filling all holes and voids with shield material where possible; making
liberal use of offsets or steps in the streaming paths; keeping clearances be-
tween moving parts to a minimum; and using patch shielding above the streaming
oaths if other methods cannot be used.

LIQUID METAL AND STEAM SYSTEMS

General

Heat is removed from the reactor core and blanket by the primary coolant,
transferred to the secondary coolant in the intermediate heat exchangers, and then
transferred to water and steam in once-through steam generators. The overall sys-
tem, shown diagrammatically in Fig. hl, is composed of three primary coolant loops
having a common point in the reactor vessel and three independent secondary coolant
loops having no common hydraulic point. Elevation and plan views of the plant are
shown in Figs. h2, 43, and hh.
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The choice of coolant fluids for a fast-type reactor is limited to those
not containing hydrogen or other moderating elements. Sodium was chosen as a pri-
mary coolant for this reactor because it has a low vapor pressure at operating
temperatures, a high thermal conductivity (28-6 Btu/hr/sq ft F/ft), and an ac-
ceptable specific heat (0.30-0.32 Btu/lb/F). Further, it is reasonably noncor-
rosive to uranium and common structural materials, and it is not expensive. Along
with these desirable properties, sodium has some undesirable properties. It will
burn spontaneously in moist air; it will react rapidly when in contact with water;
and it freezes at 208 F, thus an external heating system is required to maintain
piping and other equipment above 208 F during filling, start-up, and prolonged
shutdown periods.

The reasons for using two liquid metal systems, which include an inter-
mediate heat exchanger, are to avoid the hazard of chemical reaction between water
and radioactive sodium in the event of an internal boiler leak, to eliminate the
possibility of the steam and water system becoming radioactive, to assure contain-
ment of all radioactivity in the reactor building, and to prevent water from enter-
ing the reactor. A sodium water reaction in the secondary system will not rupture
the primary coolant system or violate the integrity of the building.

The performance of the sodium and steam systems is tabulated in Table IX.
All piping, heat exchangers, and tanks are being designed and built to specifica-
tions of Section VIII of the ASME Boiler and Pressure Vessel Code.

Primary Coolant System

Description - The primary system 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 space above the sodium in each piece of
equipment is filled with inert gas at a pressure slightly below atmospheric. These
gas spaces are interconnected by means of gas equalizing lines. The sodium is
pumped from the pump tank back to the reactor. The pump delivers approximately 90
per cent of the sodium to a plenum serving the reactor core and approximately 10
per cent to a plenum serving the radial blanket. The flow of coolant to the blanket
plenum is adjusted by means of a partially closing throttle valve.

The primary coolant system has been designed to insure that the reactor
is adequately cooled during all conceivable emergency conditions. The design pro-
visions are briefly discussed here, and the equipment required is described under
separate headings later.

The heat exchangers are arranged to allow sufficient natural con-
vection cooling for the decay heat of the reactor in the event of
loss of power to the pumps.

A secondary containment is provided around all primary system piping
and vessels so that a leak in the primary system cannot cause ex-
cessive loss of sodium.

In addition, provision is made for cooling the reactor in the event
of a major sodium leak in the external system and a failure of the
secondary containment. The reactor inlet piping inside the primary
shield tank rises to a level of 10 feet above the core. These lines
are vented to the pump tank so that the reactor cannot be drained by

the siphon action of the inlet lines. Therefore, even in such an
unexpected event, the reactor vessel would remain filled with sodium
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TABLE IX

PERFORMANCE OF LIQUID METAL AND STEAM SYSTEMS

Primary Coolant System Data

Primary coolant

Flow, per loop

Total

Temperature
IHX inlet
IHX outlet

Total Na volume
Total Na weight
Piping system, pump
Pipe size
Average fluid velocity in pipe
Pipe material
Design pressure
Design temperature

Piping system, pump to reactor
Pipe size and velocity
100% flow - 16", .375"-wall

90% flow - 14", .375"-wall
10% flow - 6", .280"-wall

Pipe material
Design pressure
Design temperature

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

Number of units
Type

Material
Tubes and heads
Shell

Fluid in tubes
Pressure loss

Shellside fluid
Pressure loss

Overall heat transfer coefficient
Heat transferred per unit
Pumping equipment
Number of pumps
Type

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

lb per hr
gpm at pump
lb per hr
gpm at pump
F

temp

. .p

temp

- cu ft . . . .
- lb . . . . .

- fps

- psig
-F

- fps
- fps

- fps

- psig
- F
- psi.
- psi

."

."

."

,"

."

."

."

."

."

."

."

."

Na

.4x 106
10,000

13.2 x 106
30,000

"
."

."

."

800
550

5,100
274,000

30" - 3/8"-wall
h.8

Type 304 S.S.
125

1,000

17.5
21.0
11.0

Type 30L S.S.
125

1,000
15
92

- . . . , . . . . 3
-. . . . . . . . ~Shell-and-tube

counterf low

S . . . . . . .

- psi . . . . 0

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

- F . . . . .

-psi . . .

- % . . . 0 ,0

- kw . . . . .

- kw . . . . .
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Secondary Coolant System Data

Secondary coolant

Flow, per loop

Total

Temperature
IHX inlet
IEX outlet

Total Na volume
Total Na weight
Approximate Na cycle time
Piping system

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

Pressure drop, total
Pumping equipment
Number of pumps
Type

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

Steam Power Generating System

lb per hr
gpm at pump
lb per hr
gpm at pump
F

temp

temp

. .

cu ft
lb
sec

fps

psig
F .
psi

."

."

."

."

."

."

."

."

."

."

."

,"

."

."

."

."

- . . . . . . . . 3

-. . . . . . . . Mechanical
Centrifugal

Inert gas seal

gpm
F .
psi

kw .
kw.

11,800
500

22
80

155
465

Steam generating equipment
Number of units
Type

Material
Thbes 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

Secondary Na data
Flow
Temperature

Entering
Leaving

. . . . 3

- 0 0 0 0 0 . 0 . Once-through

"U" tube
Counterflow

Type 304 S.S.
Type 304 S.S.

Water and steam
20
Na
17

. ."

psi
p s
psi

- lb per hr

- psig .
- F . .

- F . . .

- lb per hr
- F

- . . . .

- . .0. .

. . . .

. . . .

. . . .

. ." ." ."

" ." ." ."

. ." ." ."

. ." ." ."

339,000

600
755

400

)4.L x 106

765
515
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Heat transferred
Superheating section
Evaporating section
First section
Second section

Feed heating section
Total

Heat' transfer area (based
Superheating section
Evaporating section

First section
Second section

Feedwater section
Total

Heat flux
Superheating section
Evaporating section

First section
Second section

Feed heating section
Overall heat transfer

Coefficient
Superheating section

Evaporating section
First section
Second section
Feed heating section

on tube OD)

- Btu/hr

- . " . ." ."

- ." ." ." ." ."

- sq ft

- 0. 0. 0

- . ". "" . .

- " . ." ."

- . 0 0

- Btu/hr-sq ft

- . " . ." ."

- .0.0. . .

" ."

."

- Btu/hr-sq ft-F

Logarithmic mean temperature difference
Superheating section - . . . .
Evaporating section
First section - 70% . . .
Second section - 30% . .

Feed heating section - . . . .
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to a level well above the core. An emergency sodium line is pro-
vided to introduce sodium into the reactor so that cool sodium will
always be available to cool the reactor.

- The sodium pumps, shown in Fig. 45, are electric motor driven,
centrifugal, vertical shaft, sump-type pumps having an inert gas shaft seal. The
pump shield plug, shaft, impeller, and casing are designed for removal as a unit.
This assembly can be disconnected from the pump tank with the shielding in place
and removed by a direct vertical pull without draining the primary system.

Check Valves - Check valves are provided in each of the primary loops to
prevent back flow of sodium in case of a pump failure. The check valve, a balanced
disc type of valve, is shown in Fig. 45. The valve body is welded to the pump casing
discharge nozzle and is removed from the pump tank with the pump.

Intermediate Heat Exchangers - The intermediate heat exchangers are shell-
and-tube units with primary sodium on the shell side and secondary sodium in the
tubes. The basic arrangement of the units is shown in Fig. 46. The tube bundle is
designed for removal from the shell in a manner similar to that of the pump removal.

Blanket Throttle Valve - The blanket throttle valve is an angle-type,
double-bellows seal valve, the details of which are shown in Fig. 47. The entire
valve assembly is contained within a pipe riser which can be sealed above the hand
wheel of the valve. The entire valve inner section can be disassembled from the
operating floor when the system is shut down without draining the primary system.
The valve is designed so that the opening cannot be completely closed and flow in-
advertently shut off to the reactor blanket section. The valve is used as a vari-
able orifice to control coolant flow to the radial blanket over the range of 5 per
cent flow to 20 per cent of the total coolant flow.

Secondary Coolant System

Description - The secondary coolant system is the intermediate link that
transfers the heat from the primary coolant system to the steam generator and con-
sists of the tube side of the intermediate heat exchanger, the steam generator,
and the centrifugal sump-type pump. The pump sump-tank provides expansion space
for the sodium. The secondary coolant system is at a higher pressure than the pri-
mary coolant system to assure that any leakage in the intermediate heat exchanger
will be from the secondary system to the primary system. This precaution is taken
to prevent radioactive sodium from the primary system entering the secondary system.

A leak in an intermediate heat exchanger would be detected by a drop in
liquid level in the secondary sodium pump tank. Since each secondary sodium loop
is independent, a pump failure will not result in a flow reversal; therefore, check
valves are not required.

- The construction of the secondary sodium pumps is basically the
same as the primary sodium pump shown in Fig. 45.

Steam Generators - The steam generators are counterflow, shell-and-tube,
once-throug type of units with water and steam in the tubes and sodium on the shell
side of the tubes. The basic arrangement of this unit is shown in Fig. 48.

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 due
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NUMBER OF UNITS
TUBE DATA

NUMBER PER UNIT
OUTSIDE DIAMETER, in.
MINIMUM WALL THICKNESS, mil
PITCH, in. . .

EFFECTIVE LENGTH, ft
MATERIAL: STAINLESS STEEL
HEAT TRANSFER AREA, sq ft

STEAM CONDITIONS
STEAM FLOW, lb / hr
STEAM PRESSURE, psia
STEAM TEMPERATURE,F
FEEDWATER TEMPERATURE, F

3

Il60
0.5

50.0
0.75

. 43.5
TYPE 304

. 6600

339,000
600
755
400

2 2-6"

19'-0"

STEAM OUT NA INLET

4-7"

WATER IN -
NA OUTLET

4-..---

28" DIA
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to failure of the primary power source. After the scram the residual activity con-
tinues to produce heat energy; the quantity and duration of heat energy release
being a function of the prior operating history, i.e., length of operating time
and power level. Heat production of the reactor will decay rapidly immediately
after scram has occurred. The inertia of the sodium in the system and the pumps
themselves is sufficient to maintain enough flow through the reactor to remove this
heat. The removal of residual decay heat is provided for by natural thermal cir-
culation of the primary and secondary coolant fluids. Water is supplied to the
steam generator by gravity from the deaerating heater hot well. The steam produced
will be vented to atmosphere.

Inert Gas System

Selection of the Inert Gas - Argon has been selected.as the cover gas
rather than nitrogen or helium even though it becomes somewhat radioactive for the
following reasons:

The density of argon is greater than the density of oxygen or air;
therefore, it will form a cover over a pool of sodium in the presence
of air or oxygen. This allows the removal of equipment from sodium
with a minimum of oxygen contamination to the system. Helium would
not form this protective blanket.

Nitrogen at elevated temperatures reacts with the fuel element
zirconium clad.

Argon is expected to be more available than helium in the future.

Descrition - The overall inert gas system, as illustrated in Fig. h9, is
subdivided into radioactive and nonradioactive systems, each of which is a recircu-
lating system. The gas system is controlled to maintain the primary system at ap-
proximately 1 inch of water below atmosphere so that any leakage will be nonradio-
active gas into the system rather than radioactive gas out.

Argon is introduced into the system primarily through the pump shaft seals
where it is used as a buffer to prevent the back flow of sodium vapor and radioactive
argon into the motor windings. The argon above the pump seal is maintained at a
pressure slightly above atmosphere so that motor casing leakage will be nonradio-
active argon out rather than air in. The pressure in the coolant system is con-
trolled by removing argon from the system as required. The argon that is removed
is repurified and compressed for storage at a pressure to be determined by economic
considerations. Several storage tanks are provided and are used in rotation so
that the 1.8-hour half-life argon activity can decay before the gas is reused.
These tanks are monitored to detect any long-lived fission products, i.e., xenon
and krypton, from a possible fuel element failure. Any fission product activity
will be absorbed on activated charcoal filters.

Some make-up will be required since some of the nonradioactive gas will
leak through seals in the motor and secondary containment dome to the atmosphere.
Make-up gas will be supplied in cylinders at a pressure of from 2200 to 3000 psi.
The gas from these cylinders is reduced in pressure and purified to remove the last
traces of oxygen and nitrogen impurities. The gas is then distributed at 50 psig
and further reduced to 0.5 psig or less at the seals.

Building Ventilation System

The atmosphere in the reactor compartment and equipment compartment will
be nitrogen, containing a maximum of 5 per cent oxygen. The temperature of this
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atmosphere is held to a maximum of 150 F. The cooling system required must not only
fulfill the basic requirement of heat removal but must meet the following conditions:

The atmosphere must be cooled and returned to the building.

The integrity of the building must not be violated.

Design pressure, 32 psig, must be met by any equipment or ducts
opening into the building.

Radiation shielding of the building must be maintained intact.

The atmosphere shall be kept free of any contaminants.

Investigations have indicated that a gas to air heat exchanger would best
meet the basic requirements of the cooling system. The nitrogen atmosphere will be
circulated through the heat exchanger by means of an exhaust fan and returned to the
reactor building.

The cooled atmosphere will be discharged to the area inside the neutron
shield which is the source of most of the heat. Shielded openings will allow the
warmer atmosphere to circulate into the area outside of the shield where the ex-
haust fans are located. Adjustable dampers or louvers will be installed in these
duct openings to provide a means of securing adequate air movement throughout the
areas.

Two independent systems, each with its own heat exchanger, exhaust fan, and
ducts, will be installed. This will create a more flexible operation and minimize
the physical size of the equipment.

Cooling will be accomplished by blowing outside air across the heat ex-
changer tubes by means of two centrifugal fans located outside the exchanger en-
closure. These fans are mounted on a platform and are designed for outdoor instal-
lation. Discharge from the fans is to ducts that finally discharge into a stack
that may be common to other exhaust systems. The nitrogen from the reactor compart-
ment is slightly radioactive, thereby providing a means for monitoring and detecting
a possible leak in the heat exchanger equipment.

Sodium Service System

The sodium service system for the primary coolant loops is shown in Fig.

50. Shielded cells are provided for the storage tanks and for the purification equip-
ment since the system handles radioactive sodium. The service system for the secon-
dary coolant loops is not shown; however, the system is identical to the primary
sodium service system except that no shielding is required.

The purpose of the system is to receive, store, and repurify the sodium,
which is received from the manufacturer in railroad tank cars. Sodium is melted by
the heating coils on the car and is transferred to storage through a metallic fil-
ter. The sodium in the storage tanks is cold trapped to remove the sodium oxides.
The purity of the sodium is checked by a plugging indicator, and an overall chemical
analysis is made before filling the reactor coolant loops.

The sodium service system is capable of purifying and monitoring the purity
of the sodium; and when an acceptable sodium purity has been established, the pri-
mary coolant can be filled. The system is designed to maintain the oxide content
of sodium to 0.003 per cent or less. Sodium of this high purity has a very low
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corrosion rate. Further, the system will be degreased and dried before loading with
sodium to insure that no hydrogen can enter the reactor with sodium, and the sodium
will be monitored for hydrides as additional protection.

Secondary Containment Pipe- and Thermal Insulation

The sodium piping is encased in a heavy-gauge carbon steel secondary con-
tainment pipe to reduce the possibility of a large-scale sodium leak and to provide
the magnetic material required for the 60-cycle induction heating. The secondary
containment pipe is in the form of two half-cylinders placed around the components
of the piping system and welded together to form a reasonably leak-tight pipe around
the main pipe. An annular space of approximately 2 inches is left between the
piping and secondary containment pipe to accommodate strain gages and thermocouples
on the main piping.

The thermal insulation will be placed outside the secondary containment
and will be applied in a conventional manner. Since the possibility of leaking
sodium coming in contact with the insulation has been greatly reduced, a conven-
tional thermal insulation can be used. However, an insulating material with a high
water-of-hydration content will not be permitted.

Leak Detection

Spark plug type of leak detectors will be placed an sumps in the secondary
containment pipe. Sodium from a leak in the piping system or its components will
drain by gravity into the closest sump and short the spark plug circuit, operating a
leak alarm on the operating panel.

System Preheating

With carbon steel next to the piping and components, it becomes entirely
feasible to use induction heating for system preheating. An insulated copper wire
will be wound in a helical coil on the outside of the thermal insulation. The .coil
will be broken into short sections and terminated at a panel board outside the bio-
logical shield. In the event of an open coil, the coil connections can be easily
changed to by-pass the short length of open coil.

Sixty-cycle alternating current will be supplied to create the magnetic
field about the coil. The heat will be generated in the secondary containment pipe,
and the containment pipe and insulation constitutes an oven to heat the piping sys-
tem and components.

A typical cross-section of secondary containment pipe, thermal insulation,
leak detection, and induction heating is shown in Fig. 51.

Containment Vessel Design

The reactor building, called the containment vessel, is a steel pressure
vessel designed to contain all radioactive fission products or radioactive sodium
released by a mechanical system failure or reactor incident. It consists of a
vertical cylinder with hemispherical top head and ellipsoidal bottom head, sized to
house the reactor and associated equipment and systems. The inside diameter of the
containment vessel is 72 feet, and the overall height is 120 feet. The design con-
ditions for this vessel are as follows:

Steady state positive internal pressure - 32 psig
Steady state negative internal pressure - 5 psig
Design steel temperature - 650 F
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These design conditions were arrived at as a result of experimental and
theoretical studies of postulated accidents that might result from a sodium-air
reaction. The containment vessel is designed for dead, live, equipment, and wind
loads. It is also designed to have a maximum ability to withstand shock waves and
missiles, consistent with reasonable construction practice. The calculations made
by the Naval Ordnance Laboratory indicate that the vessel would not rupture or
fracture due to the energy and shock wave released from an explosion equivalent to
the detonation of 300 pounds of TNT at the reactor position.

The containment vessel will be constructed in accordance with Section VIII
of the ASME Boiler and Pressure Vessel Code and will carry an ASME Code stamp for
the specified design pressures and temperatures. It will be constructed of ASTM A-201
Firebox Quality Grade B steel ordered to the requirements of ASTM Designation A-300.
The vessel walls will be approximately 1-1/16-inches thick and will be double-butt
welded in accordance with Sections VIII and IX of the ASME Boiler and Pressure Vessel
Code. The butt welded joints will be 100 per cent radiographed. The completed ves-
sel will be pneumatically pressure tested at 1.25 times the design pressure in ac-
cordance with the ASME lode, and a leakage rate test will be made at design pres-
sure. The maximum leakage rate permitted at design pressure is less than 1 per cent
of the vessel volume for 24 hours.

The weight of the containment vessel and its enclosed equipment, shielding,
and other structures is transmitted uniformly through the bottom head of the con-
tainment vessel to the underlying rock stratum by reinforced concrete foundations
placed in contact with the top and bottom surfaces of the steel.

Personnel access is provided by means of an air lock with a set of per-
sonnel doors interlocked to prevent simultaneous opening. A smaller emergency air
lock is also provided. Equipment is removed through a larger door that is inter-
locked to prevent its opening during reactor operation and during the loading of
fuel into the reactor. A crane is located in the vessel to assist in maintenance
of equipment. The nuclear reactor is located in the lower half of the contain-
ment vessel. The relationship between the containment vessel, the reactor, and
associated equipment is shown in Figs. 42, 43, and 44.

SUBASSEMBLY DECAY STORAGE AND DISASSEMBLY FACILITY

On removal from the reactor, core and blanket subassemblies must be
cleaned of sodium before they are transferred to a decay storage and disassembly
facility. These subassemblies will be allowed to decay until the U-237 content
has decayed enough to permit reprocessing of the uranium. At the present time,
this is considered to be 9 months. Prior to shipment, the subassemblies are dis-
assembled; the fuel pins are sent to one reprocessing facility and the rods from
the axial and radial blanket are sent to another. A conceptual design of this fa-
cility is shown in Fig. 52.
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PLANT LAYOUT

The overall reactor plant includes a 300,000-kilowatt reactor and its
associated heat removal and utilization equipment, fuel handling equipment, stor-
age and shipping facilities, and service facilities. Included in the service fa-
cilities are provision for decontamination, waste disposal, repair and maintenance,
chemical and metallurgical laboratories, and instrument repair and calibration
shops. A preliminary plot plan showing a conceptual arrangement of the various
buildings is shown in Fig. 53.

The plant site is located approximately 30 miles southwest of Detroit on
Lake Erie at Lagoona Beach in Frenchtown Township, Michigan. One map in Fig. 54
show this location; the other map shows the boundries of the plant site.
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