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FAST FUEL TEST REACTOR - FFTR CONCEPTUAL DESIGN STUDY

by

R. Brubaker, H. H. Hummel, J. H. Kittel, A. McArthy, and A. Smaardyk

I. INTRODUCTION

Experimental facilities for the irradiation of fast reactor fuels, in-
cluding those based on plutonium, are urgently needed to insure the success-
ful development of fast breeding. Although EBR-I has limited facilities, the
plutonium burnup that can be achieved per month on small samples is of the
order of only 0.1%. The fast power-breeder reactors under construction
have flux levels of interest, but the fuel-handling systems are inadequate for
an experimental program. These reactors are designed without provision
for test leads and instrumentation for control of the specimen. Also, they
are intended for continuous operation, which restricts the conduct of an un-
interrupted test program. Thus, there is a need for a Fast Fuel Test
Reactor (FFTR) similar in purpose to the thermal test reactors that are
suitable for the test of thermal fuels. For this reason this study has been
directed toward a conceptual reactor plant design that would meet the re-
quirements of an adequate fast fuel test program.

The design concept was carried through in sufficient degree in the
following areas of preliminary concern:

(1) number and size of irradiation facilities;

(2) sample power requirements;

(3) plant layout to evaluate site requirements;

(4) plant and nuclear design parameters to evaluate essential
equipment requirements;

(5) plant capital cost estimate;

(6) annual operating cost estimate; and

(7) estimate of construction time schedule.

The idea of using a beryllium-moderated reactor with a hard inter-

mediate spectrum for testing fast reactor fuel elements was developed in
the course of previous test reactor studies at Argonne National Laboratory. 1)




II. SUMMARY

The FFTR concept is a nuclear facility for the purpose of irradiating
samples of fuels and structural components for use in fast reactors. The
reactor core consists of a plate-type element in a square configuration.
Beryllium metal between the fuel elements is used to obtain a neutron energy
spectrum in the hard intermediate region. Such a system suggests consid-
erable flexibility for varying moderating parameters by substituting steel
for part or all the beryllium. The intermediate reactor concept allows
higher fuel irradiation rates than are provided by a fast reactor of the same
size and power, at the expense of some radial power variation in samples,
not believed to be excessive. Cooling of the core and test specimens is
accomplished by means of sodium coolant entering the reactor core at 316°C
(600°F) and leaving at an average temperature of 427°C (800°F). The normal
reactor power is 200 Mw(t). However, design allowances were made so that
250 Mw(t) may be rejected to the secondary NaK system and, hence, to the
atmosphere by a NaK-to-air heat exchanger.

The reactor, fueled with U?%*, will produce maximum sample fission
rates equivalent to those provided by a fast flux in the range of 1 x 1016n/
(cm?®)(sec). Operation of the reactor is planned on a cyclic basis. For the
changing of fuel and experiments the reactor is shut down for a reasonable
period of time. The remote handling of the fuel is accomplished by means
of a fuel-transfer cell located directly over the reactor and manipulators.
This process is made visible by means of binoculars or other viewing
equipment and through shielding windows in the fuel transfer cell. The '
upper parts of the fuel elements are observed after lowering the sodium
level.

Pertinent design data are summarized in Table I.
Table I

FETR DESIGN DATA

Power
Reactor power, Mw(t) (nominal) 200
Heat flux, Btu/(hr)(ftz), (watts /cm?)
Average 564,000 (178)
Maximum 975,000 (308)
Maximum-to-average ratio, total 1.73
axial 1.21
radial 1.43
Power density, Mw/l
Average
Maximum 1.17

Sample specific power, kw/g Pu®? 0.2-1.5




Table I (Cont'd.)

Power (Cont'd.)

Control element surface area, ft? (m?)
Safety element surface area, ft?(m?®

Core

Geometrical arrangement

Overall dimensions
Diameter, in. (cm)
Height, in. (cm)
Total volume, 1
Composition
Total U?*® inventory, kg
Vol % UO, in core (0 = 10.0 gm/cc),
Vol % UO, in type 304 stainless steel
matrix
Vol % matrix in core
Total Vol % matrix and structural
steel in core
Subassembly, including rods
Control rods
Safety rods
Fuel element assembly
Element shape
Overall dimensions, in. (cm)
No. of plates per assembly
Clad, material
Clad, thickness, in. (cm)
Dimensions, plate (active portion),
in. (cm)
Heat transfer surface, ft? (m?)
Channel width, in. (cm)
Channel area per assembly, in.?(cm?)
UO, content (93% enriched), gm/plate

Central Fuel Temperature, °F (°C)
Maximum without hot channel factors
Maximum with all hot channel factors

Coolant

Primary system
Vol % in core
Flow rate, gpm (m3/sec) (normal)

total through core and loops
output main coolant pumps
through core excluding loops
through reflector

through one open loop
through one closed loop

right circular cylinder

31 (79)
24 (61)
298

~150

7.75 max

26.75 max
28.8

37.4

121
8
2

plate
2.08x2.08x55(5.3x5.3x140)
15

304 stainless steel

0.005 (0.0127)

0.070x2x24(0.178x5.08x61)
10 (0.93)

0.066 (0.168)

1.99 (12.8)

126.28

990 (532)
1200 (649)

Na
34

26,200 (
25,400 (
22,400 (
1,400 (0.0
200 (0.013)
200 (0.013)

1.65)
1.60)
1.41)
88)
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Table I (Cont'd.)

Coolant (Cont'd.)

Velocity in core, fps (cm/sec) 33 (1010)
Average reactor temperature, °F (°C)
inlet 600 (316)
outlet 800 (427)
during fuel transfer 280-300 (140-150)
Secondary System NaK
Flow rate, gpm (m?/sec) 32,100 (2.02)

Average temperature in heat
exchanger, °F (°C)

inlet 648 (342)
outlet 448 (231)
Air cooled heat exchanger temperature
OF (Oc)
inlet, air 100 (38)
outlet, air 500 (260)
Flow rate, 1b/hr (m*/sec) 7.1 x 10 (965)
Physics
Burnup per cycle (30 days), 3.5 weeks
at 200 Mw, kg 6.6
Burnup per year, kg ~. 80
Max total flux, n/(cm?)(sec) 8 x 105
Max flux > 0.9 Mev, n/(cmz)(sec) 1.5 x 10
Thermal fissions, % <1
Fissions below 100 ev, % ~8
Control Rods
Type magnetic jack
Location bottom mounted

Experimental Facilities, (no. of each)

Closed loops 4
Open loops 8
Capsule locations in core ~40

Capsule locations in reflector 32




III. REACTOR DESIGN CRITERIA

The design of the FFTR has been so oriented as to give it the fol-
lowing characteristics, not all possessed by any single existing reactor:

(1) a neutron energy spectrum that will assure acceptably uniform
burnup rates in fast reactor fuel subassemblies of reasonable
size;

(2) a typical fast reactor environment of sodium at high tempera-
ture to simulate engineering conditions for the test samples of
fuel and structural materials;

(3) ready accessibility of fuel and test samples;
(4) provision for experimental test leads and instrumentation;

(5) flexibility, particularly in the location of the experiments and
methods for increasing or decreasing test fuel loading permitted
by adjusting coolant flow rates in the open and closed test loops;

(6) inclusion of closed test loops in which experimental irradiations
can include release of fission products, or use of coolants other
than sodium; and

(7) adequately high specific power in the test fuel.

Fuels for fast reactor normally contain high concentrations of fissile
atoms because of the relatively low fission cross section of U?%* and Pu®?® for
fast neutrons. For specimens with high fuel concentrations and of reasonable
diameter, for example 0.3 c¢m, irradiated in a thermal reactor, almost all of
the fissions will be concentrated in the outer layers. This makes interpre-
tation of fuel-irradiation experiments difficult since the temperature and
particularly the fission product distributions in the samples are quite dif-
ferent from what they would be in the actual fast reactor. The irradiation
in thermal test reactors of fast reactor fuels based on plutonium is particu-
larly complicated by the fact that a plutonium isotope of low cross section
comparable to U??® is not available to lower the "enrichment" of the fuel.
One cannot dilute such fuels without adding some element other than plu-
tonium, and this would result in altered metallurgical characteristics.

Thus, irradiations of even single specimens of fast reactor plutonium fuels
in a thermal test reactor must necessarily be performed under conditions
for which burnup is concentrated in the outer layers of the specimen. Be-
cause of their greater size, irradiations of fast reactor plutonium fuel
subassemblies in a thermal test reactor would be even more subject to
excessive flux-depression effects. Hence, experimental fuels with high
fissile atom concentration cannot be effectively evaluated in thermal test
reactors.

11
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Fuel materials are usually evaluated by first irradiating relatively
small samples of the material of interest. If the results are promising,
prototype or full-scale fuel elements are often then fabricated from the
material and then tested in loop or core facilities. It is expected that the
majority of investigations in the loops of the proposed reactor would be car-
ried out with sample sizes of the order of 20 fuel pins, which would cor-
respond to a sample diameter without container of about 2.5 cm. Final
proof tests of complete subassemblies would probably be desired occasion-
ally, which would require a sample diameter of perhaps as much as 8 to
10 cm for large reactor subassemblies. A core heightof2ft (61 cm)is desirable
in order to prevent an excessive axial flux gradient. The radial power var-
iation in the samples should not exceed about 25%.

The maximum specific power of the fuel for the first core loadings
of EBR-II and the Fermi reactor is <1 kw/gm of U?%,

Alloys and ceramic fuels now under development will in all likeli-
hood permit significantly higher specific powers before thermal conditions
become limiting. Accordingly, the FFTR was designed to provide experi-
mentally obtainable specific power ranging up to 1.5 kw/gm Pu??*. This
relatively high specific power will enable irradiation testing of ceramic
and refractory alloy fuels near their capability limits. It will also permit
accelerated burnup tests on present fuels for reactors such as EBR-II and
the Fermi Reactor. A more detailed discussion of desired burnup rates is
given in Appendix B.

Experience at test reactors such as MTR has indicated that fuel
materials can profitably be studied experimentally in instrumented cap-
sules and in loops. Both types of facilities are usually located in or near
the core for maximum burnup rates. Every effort has been made in the
design of the FFTR to have as many capsule and loop facilities as possible
throughout the core and reflector to provide a wide choice of sample spe-
cific powers. Because fuel elements will be used in the idle loops, through
loops will be constructed as permanent parts of the reactor structure.
Since the loops are an integral part of reactor operation, experimenters
will be free of many of the problems usually associated with the construc-
tion and installation of loop-type experiments.

A major requirement is that the fuel samples be accessible for in-
stallation of experimental leads, such as thermocouples.. Although this re-
quirement presents a difficult technical design problem, irradiation
temperature determinations are indispensable in fuel test experiments.

Although the fuel in most other liquid metal-cooled reactors is
loaded remotely, it was considered essential that the FFTR core be loaded
with fuel and that experiments be under full visual observations. This latter
requirement arises mainly from the necessity of handling of the experimental




specimens, including leads, such as thermocouple wires. However, the
opacity, chemical activity, and radioactivity of the sodium coolant greatly
complicate the provision of visual access to the top of the core lattice.

The requirements are met in the FFTR design by installing an argon-filled
shielded cell over the reactor. After core decay heating has diminished to
a sufficiently low value, the sodium can be lowered to expose the top of the
fuel lattice. It is then possible to view the entire loading manipulation
through shielding windows.

13
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IV. SELECTION OF REACTOR CORE FEATURES

The emphasis in this report has been directed mainly toward a Be-
moderated reactor with a neutron energy spectrum partially degraded into
the hard intermediate region. It is believed possible to obtain higher fuel-
sample specific powers in such a reactor than in a fast reactor of the same
core size and total power without encountering excessive sample spatial
power variations. With a fast reactor such variations are almost com-
pletely eliminated. Since one would prefer not to have these variations at
all, it would seem desirable to incorporate enough flexibility into the de-
tailed design so that operation as a fast reactor would be possible at times
when the higher specific powers of the intermediate reactor were not
necessary.

A UO,-stainless steel plate was selected as the reactor fuel because
this fuel element is commercially available at known cost. This in turn
suggested the square grid layout that is proposed for the core. It was felt
desirable to have the Be moderator separate from the fuel so that it would
not have to be removed every cycle. It was therefore placed in the inter-
stices between the square fuel subassemblies.

The approximate size of the core is dictated by the desire to have a
minimum height of 61 c¢m for experimental reasons and by the U%% con-
centration possible in the proposed fuel element. Two core sizes have been
considered for the FFTR, a smaller one with a volume of 238 liters cor-
responding to 97 subassemblies, and a larger one of 298 liters corresponding
to 121 subassemblies. Actually, the physics calculations were carried out
for core radii of 34.3 cm and 40 cm, corresponding to volumes of 226 liters
and 306 liters, respectively, for the 61-cm core height. These slight dif-
ferences have been neglected in applying the results of the physics calcula-
tions to the two core sizes. In any case, the uncertainties in the physics
calculations make significant the range of the results rather than the exact
values.

While it is the parameters for the larger core size that have been
given in the summary of design conditions in Table I, the smaller size was
the one being considered during most of this study. The reasons for now
favoring the larger size are discussed below.

It is pointed out in Section VI-E that with the UO,-stainless steel
plates currently being considered for reactor fuel, operation of the FFTR
with the smaller core as a fast reactor would be impossible because a
sufficiently high concentration of fuel could not be attained. Operation as
an intermediate reactor would hardly be feasible because of the limited
excess reactivity available,
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If UN-stainless steelfuel (see Section X-B) becomes available,
operation with a core of smaller size might become possible by employing
a heavier loading in the outer part of the core than in the center, to avoid
excessive power densities. It would be a rather marginal operation, from
the standpoint of available reactivity, however. This size of core is also
rather cramped with regard to the location of test loops and control rods.

With the larger core, operation as an intermediate reactor seems
possible with the UO,-stainless steel fuel, although as discussed in Sec-
tion VI-E the available reactivity may be slightly low. The reactivity loss
occasioned by Li® buildup in Be would require an enlargement of about 10%
over a period of about a year. Operation as a fast reactor would probably
require use of the UN-stainless steel fuel.

In selection of a core size, the added capital and operating cost of
a larger core must be balanced against the saving in fuel cost possible if
the fuel can be used for more cycles. Radiation-damage data for the UO,-
stainless steel plates indicate that operation for at least six or seven cycles
would be possible,(z) To take at least partial advantage of this, one could
start with a core size of approximately 300 liters and increase the size
with increasing exposure of the fuel. It is desirable to keep the sample
specific powers as constant as possible by increasing the total reactor power
during this process. The flux at sample positions in the outer part of the
core and in the reflector would change with the variation of core size, which
might be a fatal objection to this method of operation.

In Sections VI-D and VI-E it is shown that an intermediate reactor
of approximately 300-liter core volume with a Be/U235 atom ratio in the
range from 20 to 30 should allow the desired maximum sample specific
power of 1.50 kw/gm Pu®¥ to be attained with a total reactor power of
154 Mw plus up to 10 Mw for samples. Since the heat transfer equipment
has been sized to allow up to 250 Mw, there is ample capacity available
for core enlargement to the maximum of 405 liters provided for Section V-A.
The core composition listed in the design data given in Table I of 37.4 vol %
matrix and structural steel, 34% sodium, and 28.6% Be would correspond
approximately to the 30 Be/U235 atom ratio case of Tables V and VIII.

While radial power variation in the samples for this core composi-
tion has not been determinedwith certainty, it is not likely to be large enough
to cause trouble. It is believed that an appreciably higher berylliurn/U235
ratio would degrade the spectrum too much.

To obtain the desired maximum specific power of 1.5 kw/gm with a
fast reactor using the proposed fuel element, one would probably need a
core size in excess of 300 liters. An increase in size to about 400 liters
would increase the value given in Table VIII for a 306-liter core for
1.17 Mw/liter power density from 1.17 kw/gm Pu®*® to 1.29 kw/gm. At this
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size an increase in power density would still be necessary to meet the
desired specific power. Allowing 10% overloading of the regular reactor
fuel elements to provide operating excess reactivity, the necessary maxi-
mum power density would be about 1.5 Mw/liter. One might be able to
reach this with the UN-stainless steel fuel by increasing the sodium con-
centration in the core. This would correspond to a total reactor power of
about 300 Mw.

The fission rate for a given flux level in a fast reactor for samples
containing Pu?®® and U*38 can be increased by substituting U2 for U8, so
that effective sample specific powers would be higher than indicated in
Section VI-D if such a substitution were made. It is for samples with Pu
or U?® and without U?®® that the intermediate reactor would have the greatest
advantage. Examples of such specimens are mentioned in Appendix B.

239

The selection of a 2.5-in. (6.35 cm) grid spacing for the reactor
core was governed by the necessity of having sufficient subassembly posi-
tions available to accommodate the desired experimental facilities and to
allow a sufficient number of control rods. The normal size available for
loops of a 2.1-in. (5.33 cm) square could be designed to a 2.9-in. (7.36 cm)
square by removing adjacent Be. It is felt that this would accommodate
practically all experiments. If occasional testing of a larger size is de-
sired, the detailed design could allow for use of four adjacent positions.




17

V. DESIGN DESCRIPTION

A. Reactor
1, Fuel Plate

The basic fuel plate (Fig. 1) is a section 0.070 in. (0.178 cm)
thick and 2 in. (5.08 cm) wide. The fuel is UO, dispersed in a 304 stainless
steel matrix which is metallurgically bonded to 304 stainless steel cladding
material over a 2 ft (61 cm) length. The ends of the plate are of solid stain-
less steel and form part of the top and bottom reflector section. Thus the
reflector regions above and below the core may be readily and concurrently
fabricated with the fuel section. The sides of the plates are flanged to pro-
vide for the correct spacing between adjacent plates. The flanged sides are
notched to equalize fluid pressure between adjacent channels. The top 12 in.
(30.5 cm) portion of the fuel plate is more extensively notched to permit
lateral flow of the coolant during refueling operations.

The active section of the fuel plate consists of a stainless
steel matrix, 0.060 in. (0.152 cm) by 2 in. (5.08 cm) by 2 ft (61 cm) long,
containing approximately 32 wt % UO, enriched 93% in U?35,

The application of this plate design has been based on the
premise that stainless steel-UO, plates are obtainable from commercial

suppliers at reasonable costs without additional fabrication development.

2. Fuel Subassembly

The fuel subassembly measures 55 in. (140 cm) long and
weighs approximately 50 Ib (23.7kg). Pertinent design data are shown in
Table I. The assembly (Fig. 2) consists of 15 fuel plates contained within
a thin metal sheath. The plates are spot welded to the sheath at the bottom
only, so that individual plates are free to expand upward and thereby avoid
large thermal stresses caused by the temperature rise over the axial length
of the core. The sheath provides for (1) the support of the fuel plates and
(2) the channeling of the sodium.

Openings are made in the sheath at the top in the reflector
region for lateral flow of sodium during the recharging operation. Thus
the sodium level can be dropped to expose the fuel element tops without re-
ducing the removal of decay heat. This method makes it possible to view
the core configuration and the entire manipulation of fuel. The sheath is
also perforated along the whole length to equalize static pressures and
prevent collapsing conditions.
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3. Core Description

The core consists of the fuel and reflector regions as
shown in Fig. 3. The fuel region has 165 lattice openings, the centerlines
of which measure2.5in.(6.35 cm)square. Of the 165 openings, 121 presently
constitute the core proper; the surrounding and remaining 44 spaces are
reserved for experiments, additional fuel, or reflector elements. The
configuration of 121 lattice openings results in a core of approximately
2.58 ft (79 cm) equivalent diameter and a core volume of 298 £. Use of
all of the 165 lattice openings results in a core diameter of approximately
3 ft (91 cm) and a core volume of 405 £.

Within the core proper there are eight movable elements
that have extended poison sections to hold down excess reactivity. These
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elements will be partially withdrawn during reactor operation. Two other
like assemblies are safety rods which will be fully withdrawn during reactor
operation. The two safety assemblies (fully withdrawn) and the eight partially
withdrawn control assemblies may be released to effect rapid reactor shut-
down. Also, there are four lattice openings that are completely enclosed
within individual pipes or "closed loops," and eight that have individual supply
pipes or "open loops." Thus, there are a total of 155 lattice openings, in-
cluding those occupied by the loops, that may be used for loading of normal
fuel elements, but any or a number may be occupied by specially fabricated
fuel elements or test sections.

The fuel assemblies are separated by a grid of beryllium
metal, 0.4 in. thick, and extending over the full two ft (61 cm) of core height.
It is planned that the Be would be left in place during refueling. Actual
tests conducted on beryllium in sodium at 1100°F (590°C) have shown satis-
factory corrosion resistance for reactor service by additions of calcium.(3)
Reference 4 reports good corrosion resistance up to 1300°F (700°C).

4, Reactor Vessel and Cover

The reactor vessel (Fig. 4) is 6 ft (183 cm) in diameter, hasa
0.75 in.(1.9 cm) thick wall and is 21 ft (6.4 m) high. The material is stainless
steel or stainless-clad low alloy steel. The lower head is dished to distri-
bute stresses and is penetrated by control rod guide tubes. Three main inlet
pipes and three mainoutlet pipes of 16 in.(40 cm)diameter are shown for the circu-
lation of the sodium coolant upward through the core. In addition, there are
three outlet pipes of 4 in. (10 cm) diameter located just above the core for
the purpose of circulating sodium at a low flow rate and at a lower sodium
level during fuel transfer.

The vessel is surrounded by a secondary containment shell.
The function of this shell is twofold: (1) it serves as a container if sodium
should leak from the vessel, and (2) it provides an insulating space, thus
limiting the heat transfer to the shielding components. An atmosphere of
inert argon gas is maintained in the secondary vessel to prevent rapid en-
largement of a leak with O, present. Leakage may be detected by means of
electrical contacts located within the lower part of the containment vessel.
These contacts would be shorted out to effect an alarm signal when covered
with conductive sodium.

The reactor vessel and containment vessel are supported
from a flange held at the floor level. Thus, expansion is downward, which
is consistent with that of the other major primary components that are floor
level supported. Since it is conceived that differential expansion will occur
between containment and reactor vessel, an expansion joint is provided in
the containment vessel so that the relative positions between contain-
ment vessel nozzles and pressure vessel nozzles can be maintained.
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satisfactorily. In addition, bellows connections are recommended at the
nozzles of the containment vessel. The final joint between reactor and
containment shell is seal welded so that interchange of gas between con-
tainment and fuel-transfer cell is excluded.

The reactor vessel closure is a simple cover,5 ft (152 cm)
thick, consisting of laminated steel plates and some magnetite concrete.
Cooling of the plug may be provided by means of argon gas circulation
through the laminations between the steel plates. The gas gaps between
plates would also prevent significant axial heat flow. The cover is bolted
to the reactor vessel and a suitable gasket prevents leakage of blanket
gas. A continuous supply of inert gas is introduced at the annulus between
the plug and reactor vessel. Interchange of this gas and reactor blanket
gas would be restricted by a metal labyrinth seal between pressure vessel
and cover, as indicated in Fig. 4.

The shielding cover plug is raised by remotely operated
jack screws and moved aside within the cell for complete observation of
the reactor vessel during the refueling operation. Because of the absence
of penetrations through the head, a reasonable cover thickness could be
specified. If later studies should indicate that instrument connections or
the like are to penetrate through the plug, it is proposed that this be done
through a semipermanent annular ring. This would result in a cover of
smaller diameter, which would probably make the refueling operations
more difficult. At first a trough was visualized for the passage of experi-
mental instrumentation leads into the fuel-transfer cell. These leads
would connect with standard fittings to the shielding wall penetrations and
then with the control panels. However, such a trough would make it pos-
sible for the hot gas within the reactor to leak into the fuel-transfer cell,
particularly since the blanket gas in the reactor vessel is at the higher
pressure {0.54 atm while the cell is maintained slightly below atmospheric
pressure). The development of a suitable device for the sealing of leads
within a trough was thought to be difficult. Therefore, the present instru-
ment connections pass through the reactor shell. Appropriate union types
of screw fittings are used inside the reactor vessel to connect the instru-
ment with recording equipment in the test panel area. The leads may be
pressurized with argon to eliminate the possibility of sodium entering the
connectors. Placement of the screwed fitting manifold in the argon-filled
portion of the vessel should also be considered.

Normally, the top of the vessel is at a temperature below
the operating temperature of the reactor. Heating coils may be required
around the pressure vessel at the plug location for the purpose of melting
sodium should the sodium enter this cavity inadvertently or in the event
that sodium vapors have deposited.
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a. Core and Reflector Support

The core and reflector are supported by the lower grid
section. This section is supported by brackets on the pressure vessel wall
and is considered as a permanent assembly within the pressure vessel be-
cause of the loop attachments. The grid openings are for the insertion and
support of the fuel elements. Control rod guides, cylinders and dashpots
are a part of the grid section.

The reflector is fastened to the lower grid section and
forms the core perimeter. Interlocking, but removable, beryllium plates
are spaced in the core to form the 6.35 cm square lattice openings for the
fuel elements and capsules.

b. Hold-down Grid

The hydraulic force on a fuel assembly due to the
sodium flow is greater than the weight of the assembly. To prevent the
fuel assemblies from lifting out of their support sockets, suitable hold-
down devices must be used. The hold-down grid shown in Fig. 4 consists
of several hinged sections containing spring members that fit over the
ends of the fuel elements. The spring members allow for thermal expan-
sion and contraction, and other minor dimensional variations. During the
refueling operation, the hold-down grid is swung out of the way for re-
moval of the fuel elements and also for the removal of the steel reflector
plates located between the fuel element assemblies.

c. Reflector

The axial reflector region is formed above and below
the core by the steel fuel plate extensions and a steel grid between the fuel
assemblies. The radial reflector region is formed by solid steel or
laminated sections to avoid high thermal stresses. There is a reflector
approximately 30 cm thick above and below the core and 46 cm in the
radial direction. Vertical holes for capsule irradiation are provided
within the reflector. Provisions would be made for coolant flow through
the reflector and through or past the capsules. The coolant flow through
the capsule facilities may be regulated by orifices that arean integral
part of the capsules. The outer 15 cm of this reflector contains steel with
~2 wt % natural boron to limit the secondary capture gamma heating in the
pressure vessel wall.

5. Control and Safety Rod Drives

The control rods for the FFTR are bottom mounted to im-
prove viewing of and access to the core during the reloading operations.
Thus, there are no penetrations through the top plug that could present dif-
ficult shielding and mechanical problems.




25

There are two types of control rods particularly adaptable
for bottom mounting. One is the conventional rack and pinion, for which a
suitable seal or canned motor and speed-reducing device is required. The
second device is the magnetic jack type, an actuator which can be com-
pletely canned. It is considered that this latter device offers good possi-
bilities for success in this application. The number of moving parts within
the sodium is reduced to a single vertical rod for each drive which is
actuated by externally located magnets. Clean sodium, coming from the
cold trap, could be admitted to the control rod thimbles and heated by the
magnet coils. In this manner, precipitation of oxides and impurities may
be held to a minimum to insure satisfactory rod operations.

The control and safety rods consist of a fuel and poison
section. Upon de-energizing of the electrical circuit of the magnetic
jacks, the poison section of the rods will be inserted in the core. The
speed of each rod is reduced at the bottom of the stroke by means of a
dashpot. Preferably, the dashpots should be designed so that they can be
replaced in the event of malfunction. The safety rods are identical in
configuration to the control rods. Normally, the safety rods will be fully
withdrawn during operation. Eight control rods and two safety rods are
shown.

The control and safety rods should be hydraulically
balanced to reduce upward hydraulic force. This may be accomplished
by a balance piston at the lower end of the control rod assembly (see
Fig, 4). For reactor shutdown, it should be possible to insert a balanced
control rod within 0.5 sec. The balanced control assemblies may be in=-
serted more rapidly during a reactor shutdown if the sodium in the lower
portion of the pressure vessel is allowed to flow to a container at a lower
pressure or by additional spring devices.

6. DBiological Shield

The biological shield above the reactor is of essentially
two parts, i.e., the shield cover plug and the walls of the fuel transfer cell.
Both sections are 152 cm thick., The cell walls are constructed of mag-
netite concrete (density of 3.6 gm/cm3), The shielding in the radial
direction is compartmentalized by a 152 cm primary shielding wall sur-
rounding the reactor to reduce secondary sodium activation. A 152 cm
shielding wall placed through the reactor building separates the radioactive
components from the test operational area of the building. Access to the
main system and open test loop components can be made only after ex-
tended shutdown periods of approximately 17 days, at which time the
sodium radiation level is 10 rnr/hr. Dumping the sodium from some of
the components may be used as a means of reducing activity levels for
purposes of access. In any event, access to these areas should be made
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only after sufficient ventilation and health survey procedures have been com-
pleted. For the closed loops, shielding walls should be provided for personnel

access during reactor operation.

7. Experimental Facilities

The facilities for the irradiation of experimental fuel have
been designed toward the following three objectives:
(1) sodium cooling as an integral part of the facility;

(2) accessibility of fuel specimens for thermocouple
leads or similar devices; and

(3) loading and unloading of test samples to be performed
from the top of the reactor.

a. Capsule Facilities

With the illustrated core configuration, it is possible
to test at least 40 core capsules. Making the core capsule configuration
identical to a fuel subassembly would provide sufficient flexibility so that
any fuel location can also be used to hold a short core capsule. Also,
short fuel assemblies may be installed above and below a short core cap-
sule to maintain the required core loading. It is expected that mainly
structural materials would be in the core capsules, but some fuel samples
could be introduced as well. It is visualized that the core capsules might
typically contain a total of 1 kg of Pu?**? plus several kg of miscellaneous
structural materials.

If the reactor operates at a flux equivalent to

1 x 10*® fast, some experiments might be located in the reflector to avoid
too high a power density. There are presently 32 full-length capsule
facilities within the reflector (Fig. 3); these are round holes to which
sodium would be admitted for cooling purposes. The clearance around

a capsule of a suitable orifice at the inlet to a capsule may function to
allow a predetermined flow rate of sodium coolant. A stainless steel plug
could be inserted within the reflector of facilities that are not in use.

There is sufficient reflector material to permit more
or varied shaped test holes if such is desired. Further, a complete re-
flector section might be removed and substituted by another desired
configuration.

All facilities are accessible from the top to accom-
modate both sample and reactor fuel insertion. A central manifold has
been included for connecting the experimental sheathed thermocouple leads
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to associated test control stations (see Fig. 4) in order to permit measure-
ment of specimen temperatures. These connections will be screwed tight;
since they are below the sodium level, this instrument device could also

be pressurized with argon to prevent inleakage of sodium.

It is expected that most fuel irradiations would be
performed in loops that enable coolant flow control with consequent tem-
perature control for the specimen during irradiation. Both open and
closed loops have been included as part of the reactor structure. Figure 5
illustrates the manner in which the loops are installed in the reactor core.

b. Open Loop Facilities

Most of the irradiations could be performed in open
loops. In this type of loop, a portion of process sodium from the main
inlet is bypassed to the inlet of the test section. A schematic flow sheet
for this loop is shown in Fig. 6.

An electromagnetic booster pump is used to control
flow. Also, suitable throttle valves, electric heaters and measuring de-
vices would be parts of this loop. Control of specimen temperature would
be accomplished by varying sodium flow, or by adding heat to the coolant
stream. Sodium discharge from this loop or test section would mix with
the sodium above the core, hence the notation of "open loop." The most
attractive features of the open loop are:

(1) Samples may be readily changed.
(2) Thermocouple leads can be readily incorporated.

(3) Additional facilities to remove sample-generated
heat are not required.

(4) Access to the core is relatively unrestricted.

Eight open loops are provided, six of which are in
the core and two in the reflector (see Fig. 3).

A typical loading might be an average of 20 EBR-II-type
pins per loop. For the eight loops, this would amount to a total of perhaps
3 kg of Pu?®’. Control of flow in the loop should tie in with the reactor
c perating panel. For example, failure of the electromagnetic booster pump
should shut the reactor down, although a reduced flow rate of sodium would
be maintained through the test section, since the open loop is a take-off
from the discharge of the main pumps.
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For the case in which only FFTR fuel would be in the
open loops, the open loops would form an essential part of the reactor

cooling operation and this phase should be transferrable and controllable
from the main control panel.

c. Closed Loop Facilities

A closed loop is shown schematically in Fig. 7. Three
closed loops are provided within the core and one in the reflector. These
loops are designed for more advanced types of experiments. For example,
the irradiation of vented fuel assemblies and the release of radioactive
products into the coolant stream may be separately investigated. Also,
other metallic coolants could be used.

As in the case of the open loops, the closed loops are
designed as part of the reactor structure. The top of the test section ter-
minates in a tee to permit horizontal exit of the discharge line and normal
vertical loading of samples. When in full operation, the closed loops
might typically contain a total of 2 kg of Pu®®.
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B. Cooling Systems

1. Primary System

Molten sodium is employed as the coolant in the primary
system. The selection of sodium over the sodium-potassium alloy of lower
melting point was dictated by improved heat transfer characteristics,
lower chemical activity and lower cost.

Three primary coolant loops are provided as shown in
Fig. 8. The normal system flow rate is 25,400 gpm (1.60 m>®/sec). Ata
reactor power level of 200 Mw(t) the sodium temperature rise would be
200°F (110°C).

Heat from the reactor is transferred in an intermediate
heat exchanger to NaK in each of the three primary loops. As shown in
Fig. 9, the flow path will be upward through the reactor, downward on the
tube side of the intermediate heat exchanger, and then to the pump tank.

«
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The intermediate heat exchangers are planned as shell-
and-tube type with nonremovable tube bundles. It is believed that satis-
factory designs are commercially available for this application. In order
to effect some natural convection flow for shutdown cooling, the inter-
mediate heat exchangers would be elevated with respect to the reactor core.
It is proposed that the exchangers be positioned vertically to avoid prob-
lems of thermal stress, which could arise during low flow rates in horizontal
or inclined heat exchangers.

In the preliminary study, consideration was given to a heat
exchanger design with size characteristics as given in Table II. The ex-
changer is designed for operation at 83 Mw in anticipation of increased
reactor power capabilities, a procedure which also provides some allow-
ance for 67-Mw operation at lower sodium temperatures.

Table 1I

INTERMEDIATE HEAT EXCHANGER DESIGN DATA

(1) Description

Shell-side fluid NaK
Tube-side fluid Na
Number of tubes 918

Tube length, ft (cm) 10 (305)
Tube OD, in. (cm) %(1.6)
Surface area, ft* (m?) 1,500 (139)

(2) Operating Conditions at 200 and 250-Mw Reactor Power

Heat transferred, Mw 67 83

Na flow rate, gpm (m?/sec) 8,470 (0.535) 8,470 (0.535)
Na inlet temperature, °F (°C) 800 (427) 800 (427)

Na outlet temperature, °F (°C) 600 (316) 550 (288)

NaK flow rate, gpm (m*/sec) 10,700 (0.675) 10,700 (0.675)
NaKoutlet temperature, °F (°C) 648 (342) 610 (321)
NaK inlet temperature, °F (°C) 448 (231) 360 (182)
Heat transfer rate, Bty/(hr)(ft?) 990 (0.56) 990 (0.56)

(°F)[watts/(cm?)(°C)]
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Calculated exchanger conditions are given for three loop operation with
reactor power level at 200 and 250 Mw. Heat transfer coefficients used
in these analyses were obtained from Ref. 5 and 6.

The main piping is nominally 40 cm in diameter, and the
material is stainless steel. All primary components have surrounding
sheathing for the purpose of leakage containment. The primary component
sheathing is of a magnetic steel material so that 60-cycle induction heating
coils may be used for preheating the system and for maintaining the sodium
in a liquid state.

The main coolant pumps are of the centrifugal sump type
and each pump is capable of circulating 0.55 m3/sec at a total head of 56 m.
These pumps supply all of the reactor coolant (including the open experi-
mental loops) with the exception of the four closed experimental loops.
Each closed experimental loop has individual electromagnetic pumping
equipment to circulate its coolant independently of, but concurrently with,
the main system pumps. The design of the main coolant pump would allow
removal for repairs without draining sodium from the system and without
cutting the main piping. It is considered essential that means for controlling
the main coolant flow rate should be provided such as a variable frequency
power supply or hydraulic or electrodynamic coupling.

The sodium levels in the reactor vessel and primary pump
tank are controlled by argon gas under pressure (see Fig. 10), thus avoid-
ing the problems of sealing sodium directly. Although a surge or expan-
sion tank is shown in Fig. 9, future studies may indicate that the space
above the sodium levels in the reactor vessel and pump tank can be used
effectively to accommodate surges and thermal volume changes of the
sodium.

2. Secondary System

The secondary coolant is a sodium-potassium (NaK) alloy
consisting of 56 wt % sodium and 44 wt % potassium. This coolant repre-
sents a compromise between heat transfer properties and low freezing
point (19°C as compared with -11°C for eutectic NaK and 98°C for sodium).
Since the secondary system heat is dissipated to the atmosphere in a
NaK-to-air heat exchanger, the low freezing point of the NaK would give
a better margin in avoiding freeze-up in the air-cooled heat exchanger
at low load and low ambient temperature conditions., However, it is felt
that a reliable air-cooled heat exchanger system may be designed to
circumvent freeze-up conditions so that sodium could also be selected for
use in the secondary system. The air-cooled heat exchanger is composed
of several sections or banks of finned tubes. Air is circulated across the
tubes by blowers or fans. The exchangers are equipped with a short stack
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to assist natural circulation and to prevent recirculation of the exhaust
air. Temperature control could be achieved by means of dampers and/or
motor-speed variation to regulate the air flow rate during power operation
and by additional heating devices during extended idle periods. Charac~
teristic data for an air-cooled heat exchanger section are shown in

Table III.

There is one section for each of the three secondary
loops. Heat transfer, fluid friction and dimensional data for the exchanger
surface were obtained from Ref. 7. The installed blower capacity would
be considerably greater than the requirements indicated in Table III, to
allow for possible operation at lower reactor temperatures.

There are three sump-type centrifugal pumps capable of
circulation of approximately 32,100 gpm (2.02 m3/sec),one pump for each of
the three loops. These pumps, surge tanks, and most of the NaK service equip-
ment would be housed in a separate building structure apart from the reactor
building. This equipment should be readily accessible for routine inspection.
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Table III

AIR-COOLED HEAT EXCHANGER DESIGN DATA

(1) Description

Tube diameter, OD, in. (cm) 1.0 (2.54)
Number of tube rows 6

Number of fins per in. (cm) 8.8 (3.5)
Finside surface area, ft* (m?) 114,000 (10,600)
Fin material aluminum

(2) Operating Conditions at 200 and 250 Mw Reactor Power

Heat transferred, Mw 67 83
Air flow rate, 1b/hr (kg/sec) 2.37x10% (299) 3.91x10° (493)
Design air inlet temperature,

°F (°C) 100 (38) 100 (38)
Air outlet temperature, °F (°C) 500 (260) 400 (204)
Pressure drop over tube bank,

1,0 in (cm) 0.6, 1.5 1.3, 3.3
Required fan power, (kw) (72) (270)
Heat transfer rate,

Btu/(hr)(ftz)(°F)

(watts(cm?)(°C)) 9.4(5.3x107%) 12.1 (6.8x1073)

3. Shutdown Systems

For refueling the core, the primary sodium inlet tempera-
ture will be reduced to approximately 280°F (138°C) and the level in the re-
actor vessel will be lowered until the tops of the fuel elements are visible.
During this procedure it is proposed to dissipate decay heat to a shutdown
cooling system. Gravity flow of primary sodium would take place from the
reactor through smaller nozzles in the vessel (placed slightly below the top
of the fuel assemblies) to one of three auxiliary cooling loops. Each of
these loops would contain an electromagnetic pump and intermediate heat
exchanger: During refueling, the primary flow rate would be approximately
500 gpm,(0.03 m3/sec) limiting the average sodium temperature rise to
20°F (11°C) (at 0.2% of full power).

The secondary side of this system would also use a NaK .
coolant, electromagnetic pump, and an air-cooled heat exchanger. Since it
is desirable that the air side of the system operate satisfactorily by nat-
ural convection, and because of the relatively low temperatures desired in
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the primary system, it is expected that extensive heat transfer area will
be required. It is therefore proposed that a portion of the regular NaK-air
heat exchanger serve on the secondary side of the shutdown cooling system.

It is conceivable that long-term shutdown cooling can be
accomplished by natural convection in the present cooling system. However,
where certain shutdown conditions produce sodium or NaK temperature
patterns which prevent stable convection circuits from being established,
the refueling cooling system may be used effectively. Pumps in this system
would require an auxiliary power supply for use during loss of normal power.

4. Cleanup Systems

The cleanup system for the primary and secondary cool-
ing systems will be similar, except that provision must be made for the
radioactivity of the primary system. Basically, both systems will use a
cold trapping system. However, because of the restrictions imposed by
the beryllium metal in the core, the maximum effectiveness of the cold
trap of 6 ppm sodium oxide equilibrium is probably inadequate. It is
visualized that conditions of <1 ppm sodium oxide equilibrium are desir-
able to reduce the beryllium corrosion rate.* In order to obtain these
conditions additional hot trapping facilities or the utilization of gettering
agents, such as calcium metal, are required. Acceptably low corrosion
rates of beryllium can be obtained by suitable cold trapping followed by
calcium deoxidation of the liquid metal.(3)

The cold trapping system would essentially consist of a
cooled section, in which the oxides and hydrides are precipitated out on
filtering media, such as screens and steel wool, and a plugging indicator
to monitor the effectiveness of the cold trapping operation.

C. Auxiliary Systems and Components

1. Fuel and Test Specimen Handling

One of the significant features of the FFTR is the fuel-
transfer cell which is located directly above the reactor and contains
shielded windows (see Fig. 11) through which the handling of the spent
fuel can be visually followed. The viewing may be done with the aid of
mirrors and/or binoculars. In this way, the location of fuel and test
specimens can be seen after the level of the sodium within the reactor
vessel is lowered below the top sections of the fuel assemblies.

Commercially available manipulators are used within
the shielded cell and these are operated from the outside of the cell.

* Personal Communication, V. Rutkauskas, Argonne National
Laboratory
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The inside surface of the shielded cell is covered with a
welded and sealed steel surface which serves as a hermetically sealed
membrane. Argon gas of high purity is circulated within the fuel-transfer
cell and its pressure will be maintained slightly below atmospheric. This
is to prevent escape of gas, which may include fission products, to the
atmosphere should a defect develop in the sealed membrane. Accidental
inleakage may cause excessive oxidation of the sodium; for this reason,
the cell membrane should be of exceptional integrity. The cell could be
tested by a tracer technique and slight pressurization during the reactor
operation or just prior to reactor startup.

It is recognized that the transfer of spent fuel with an
argon atmosphere is complicated by the poor heat transfer characteristics
of the argon gas. However, decay times of the order of 12 hours can be
allowed for the FFTR fuel to reduce the heat transfer problem within the
cell (see Section VII-E).

Spent fuel is transferred directly to the adjacent air-filled
cleaning cell through an argon-filled transfer lock. The air pressures
within the cleaning cell and the transfer lock could be independently ad-
justed to preclude the possibility of air passing from the cleaning cell into
the fuel-transfer cell.

A transfer chute leads directly from the cleaning cell to
the water canal which permits direct transfer of the spent fuel into the
canal, thus avoiding the use of a mobile transfer coffin at this point.

A convenient reactor operating cycle from the standpoint
of the users would be an integral number of weeks. For example, the
reactor could be started up every fourth week with a cycle of 3> weeks of
operation and a half-week shutdown. The fuel could probably be used for
several such cycles and would presumably be replaced partially at each
shutdown. However, because the operation of a high-temperature, sodium-
cooled plant is considered more complex than a water-cooled reactor,
such as MTR or ETR, the cycle may be extended. The shutdown procedure
could involve the following steps, typically:

(1) Reduce the reactor power and lower coolant tempera-
tures. Reduce pumping rates.

(2) When a primary coolant inlet temperature of 280°F(138°C)
is reached after approximately 12 hr of radioactive
decay, and the balance of the system and test loops
are regulated consistent with the decay power opera-
tion, the pumping operation is transferred to the
electromagnetic refueling pump.

(3) The sodium levels and argon gas pressures are ad-
justed in the system components to permit equalization
of cell and reactor pressure,
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(4) Unbolt the reactor cover with remote tools. . .

(5) Raise the reactor cover and move cover over to side
of the cell on its wheel tracks.

(6) Lower the sodium level to uncover fuel element hold-
down devices and grip-ends. (Note: Sodium circulation
is maintained at all times to remove decay heat.)

(7) Loosen the hold-down devices of those elements to be
transferred.

(8) Lower the manipulator and grasp the desired fuel
element.

(9) Remove and raise the element and, after reaching the
cell, start argon circulation through the element. Re-
place removed element with new or dummy element.

(10) Transfer the fuel element through transfer lock to the
cleanup cell (air atmosphere).

(11) Direct a stream of superheated steam over the element
to remove sodium traces.

(12) Lower the element onto transfer mechanism and into
water canal.

(13) Place the element into suitable racks in the canal to
await further handling.

Additional steps would be required if the element is in-
strumented. In that case the instrument connection would have to be un-
screwed and the instrument lead would have to be cut off close to the element
prior to transfer. The leads could be rolled up on a suitable jig and also
transferred through the fuel-element lock.

Removal of a fuel element or test section from a closed
loop would require a reduced flow rate of sodium for removal of the closure
and extraction of the element. A wire or a long sectional rod may be at-
tached to the element to permit removal from the long loop tubes.

Access to the cell for the purpose of transfer of fresh fuel,
capsules, tools, manipulator parts, etc., would be through conventional gas
locks.

2. Inert Gas System

For both the primary and secondary cooling systems,
argon gas is used for the purpose of maintaining an inert atmosphere over .
the coolant to prevent oxidation. Gas purity, pressures and operating




temperatures will be maintained consistent with the operating conditions
in the various parts of the system. A schematic diagram showing the
principal components and operating conditions for this system is shown
in Fig. 12.
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The gas may be purged occasionally or at continuous
flow rates, if necessary. The purged gas is monitored in the gas-
treatment system and disposal area and contained if contaminated by
fission products or discharged directly or diluted to the atmosphere.

3. Water Canal System

The canal location is shown in Figs. 8 and 11. The dimen-

sions of the canal are 50 ft long, 12 ft wide and 26 ft deep (15.3x3.7x7.9m).

A transfer chute is to connect with the cleanup cell so that spent fuel ele-
ments, test capsules and other activated test devices may be readily trans-
ferred to the canal. To maintain desired water purity, a demineralizing
system will be required. A stainless steel lining is thought desirable for
minimum maintenance. After cooling for a sufficient time, the elements
may be removed from the canal and transferred into shipping coffins.
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4, Auxiliary Power System

Normally, the electrical load is supplied by the local public
utility company. For the case where this power supply is interrupted, an
emergency diesel generator provides reduced standby power. This diesel
machine should have a generating capacity of 300 kw or sufficient to operate
the plant in a shutdown condition. In addition, there should be battery
standby power for operating essential instruments and devices in any event
of malfunction.

D. Instrumentation and Control

The control and instrumentation systems are visualized as de-
signed for essential central control (control room) of the reactor plant and
auxiliary systems. If practical, control of individual processes are best
handled locally. For example, control of the waste products would be a
function which could be separated from the plant control. However, some
of these systems may be represented by indicating or alarm systems within
the control room for centralized information.

E. Electrical System

The electrical system has been estimated to supply roughly
7,000 kw to the plant during normal operation. It would consist of two
13-kv transmission lines, transformers, switchgear, etc., of the normal
variety. In addition, rectifiers will be required for operating the dc
magnetic pumps. Electrical heating coils are used on sodium and NaK
equipment and piping to prevent freezing of the liquid metal coolants.

F. Buildings and Site Development

The building layout for the reactor site is shown in Fig. 13.

The reactor building structure measures 80 ft by 180 ft

(24x55 m) and includes a service area accessible to the main building crane.

Attached to the reactor building is a fuel-handling canal. Since water is
used in the canal and humid atmospheric conditions may at times existabove
the canal, a separate but attached building was specified. Because of the
nature of the test fuels, special ventilation may be necessary for the canal
area. A control room and office complex is shown immediately adjacent to
the reactor building, thus utilizing the main building wall.

The reactor building is divided into two parts below the oper-
ating floor, separated by shielding (see Fig. 8). One-half of the building
houses the reactor system and the other half is designated for experiments
and tests (see Fig. 14). The operating floor is open for the most part for
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work area and service to the reactor, system components and experiments
(see Fig. 15). Logically, removable plugs in the operating floor would
provide access to the primary components should repair or removal be
necessary.
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All the experimental loops are located behind the main
shielding wall. Two levels are provided in the test area. A total of
8700 ft? (810 m?) is available for work and instrument setup.

Since the reactor operation must be closely tied to the ex-
periments and since the experimental elements are an essential part of
the core loading, criticality experiments will be conducted on a continuous
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basis. Thus a critical facility is visualized as an essential part of the re-
actor building complex. Construction experience at the Argonne National
Laboratory has been applied in sizing and cost appraisal of this building.

An essential part of the inventory control of liquid metal and
argon gas is one of storage and handling. It was thought that this operation
could best be handled separately from the reactor building in a nonactive
Na, NaK and gas-control building.

The control of waste (gaseous and liquid metal) is also con-
sidered to be a separate function from the reactor control. Operations
such as filtering, compressing, venting, storage, processing and disposal
were thought to be most effectively handled in a separate building. A tunnel
has been shown as a convenient and safe means to house connecting piping
which may contain radioactive gases or fluids. Released quantities are
discharged into the stack as a part of the disposal operation.

The NaK pump building is shown separately from the main
reactor building. The distance between these buildings serves as additional
shielding for eliminating secondary sodium activation. Thus the NaK pump
system is readily accessible for surveillance and maintenance. It was
also thought that a separate pump building could be more economically
constructed than a similar addition to the reactor building.

Other buildings and facilities that complete the plant complex
are items such as water supply, steam plant, NaK-to-air heat exchangers
and sewage treatment plant.

Also, an area has been included in the building layout for the
addition of hot laboratories and a plant service garage, but these have not
been considered as part of the most essential plant cost.

. )




VI. PHYSICS

A. Cross Sections

Two principal sources of uncertainty in reactor statics calcu-
lations for the FFTR occur in the characteristics of the (n, 2n) reaction in
beryllium and in the effective fission and capture cross sections of fissile
materials in the intermediate energy region. The former uncertainty
affects mainly the criticality of the system, while the latter is mainly im-
portant in determining the energy spectrum in the intermediate energy
region and the sample power level and distribution. The uncertainties in
the effective cross sections of intermediate energy fissile materials are
caused by lack of knowledge of resonance parameters above 19 ev for ys®»
and above 53 ev for Pu®®?, by the fact that the resonances are so closely
spaced that they interfere with each other so that a single-level descrip-
tion is often inaccurate, and by computational difficulties associated with
the latter fact and with the complexity of attempting to calculate spatial
effects in resonance absorbers. Lack of information on resonance param-
eters handicaps calculation of the Doppler effect.

Two different sets of cross sections have been employed. One
of these, given in Table XXI of Appendix A and hereafter denoted as Set I,
was already available at ANL.,(S) The cross sections for U?3®, U?38 and
iron above 0.009 Mev are the same as those given in Ref. (9) and were
known to give reasonable results for fast reactors. The beryllium cross
sections were based on the work of Ref. (10) with the elastic removal cross
section for Group 1 adjusted to give the correct age when used in a calcu-
lation by multigroup diffusion theory. The intermediate energy cross
sections in this set were not prepared with consideration of the special
characteristics of FFTR and, thus, did not take into account self-shielding
corrections or correction to elastic removal cross sections caused by de-
viation of the reactor neutron spectrum from l/E. The other set of cross
sections, referred to as Set Il and given in part in Table XXII of Appendix A,
is identical with one given by G. Hansen and W. Roach of LASL(11,12,13) ex-
cept for minor additions and alterations as explained in Appendix A. In this
case, self-shielding of U?* and U?* on the basis of the homogeneous medium
narrow resonance approximation was available. When using the Set Il cross
sections, the deviation of the reactor spectrum from l/E was taken into
account. The beryllium cross sections for Set II yield the correct age when
a l/E intermediate energy spectrum is assumed.

B. Tests of Cross Sections

The time and manpower available for this study did not permit
extensive evaluation and readjustment of cross sections. In any event, the
limited availability of experimental information would limit the amount of
evaluation that could be done. It is believed that the resulting uncertainties
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will not raise any serious questions about the feasibility of the concept. As
discussed in a later section, there are critical experiments one would want
to do before proceeding with the final design of the reactor.

Some checks of cross sections for the fast region have been dis-
cussed in Section A above. The most useful integral data for cross-section
evaluation for the intermediate FFTR concept are those obtained on the
KAPL critical assembly PPA-5.(14,15) 1n this assembly, the Be U235 atom
ratio was 33, corresponding to a beryllium concentration of 54.6 vol % and
a U?% concentration of 3.1 vol % (based on p= 18.7 gm/cm3). The reflector
consisted of a thin beryllium region followed by thick natural uranium. The
core of the reactor was a hexagonal cylinder with a volume of 85 liters. The
geometrical arrangement of the reflector was rather complex, which intro-
duces uncertainty into criticality calculations. In Ref. (15) an equivalent
spherical model is given which represents the reactor approximately; it was
suggested that this model should give a k of 1.05 to 1.10 for the actual cri-
tical reactor. It was found that the Set I cross sections with the suggested
spherical model gave a k of 1.07, and the Set Il cross sections with the sug-
gested spherical model gave a k of 1.04 when used in diffusion theory cal-
culations. It thus appears that the calculated criticality results with either
set using diffusion theory are in a reasonable range, with the Set II results
possibly giving slightly too low a reactivity. The Set Il cross sections used
in an SNG calculation gave a k of 1.07.

Another measurement made on PPA-5 is a rough determination
of the core spectrum in the lower intermediate energy region using man-
ganese, gold, and indium detectors. This was found in Ref. (15) to agree
well with age theory calculations. Accordingly the "age theory" result for
the center of PPA-5 as given in Ref. (15) was used here as a representation
of the PPA-5 data, which are presumably the most reliable spectral infor-
mation available. In Fig. 16 are given the "age theory" curve from Ref. (15)
together with the calculated spectra for the center of PPA-5 using cross
sections of Sets I and II. It is seen that the spectra calculated from Sets 1
and II are not greatly different, both giving less flux than the "age theory"
curve below 100 ev (u = 11.5).

C. Criticality Calculations

A comparison of critical U?%* concentrations for the 221-liter
core for a range of Be/U235 atom ratios is given in Table IV using cross
sections from Sets I and II. The calculations are not strictly comparable
because of minor differences in assumed compositions and dimensions.
The fact that the required fuel concentration is found to be slightly larger
using Set II would be expected from the reactivity calculation comparison
for PPA-5. Because the criticality results obtained using Set II are more
conservative and because these cross sections contained a U?* and U?*®®

self-shielding correction in the intermediate energy range, they were used
in further work.
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Better criticality results could have been obtained by using
two-~dimensional calculations instead of the one-dimensional ones used to
obtain the results of Table IV. This refinement did not seem justified for
the present study.

A value of 86-cm bare height was found to be a more precise
approximation for a 61-cm core height and a one-foot thick axial reflector
consisting of 65 vol % iron and 35 vol % sodium than the 90 cm usually
assumed. A corresponding adjustment as well as an allowance for sodium
in the inner part of the radial reflector is reflected in the calculation given
in the final line of Table IV. Also, results of criticality calculations for a
306-liter core using Set II are given in Table V.
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Table IV

CRITICALITY CALCULATIONS FOR A 221-LITER CORE(a)

Set 1(b) Set 1II
Be/U?3
Atom Ratio Vol % U2 Vol % Vol 9% U%% Vol %
(p=18.7 grn/cm3) Be (p=18.7 gm/cm?®)| Be
0 6.80 olc)
10 4.09 16.0
15 3.41 20.0 3.58 21.0(c)
20 2.97 23.0 3.10 24.2(c)
33 2.26 29.0 2.34 30.0(c)
28.6 2.70 30.0(d)

(a)One-dimensional cylindrical geometry calculation.
Equivalent bare height 90 cm. Core radius 34.3 cm. Cold
clean core with fuel distributed homogeneously.

(b)Radial reflector of full-density Fe, 30 cm thick. Core also
contains 30 vol % Fe and sufficient Na to fill void space.

(c)Radial reflector of full-density Fe, 40 c¢m thick. Core also
contains 25 vol % Fe and 40 vol % Na, with sufficient U238
and O, to correspond to UQ, fuel 93% enriched in U?*. There
is a slight inconsistency in the total volume occupied, which
would be adjusted by altering Fe or Na volumes.

(d)Equivalent bare height of 86 cm. First 5.7 cm of radial
reflector 65% Fe, 35% Na. Otherwise same as for footnote (c).
Table V
CRITICALITY CALCULATIONS FOR A 306~LITER CORE
Core radius 40 cm. Equivalent bare height 90 cm.

First 5.7 cm of radial reflector 65% Fe, 35% Na.
Outer reflector 100% Fe, outer radius 85 cm.

Be /U235 Vol % U?3s(2) Vol % | Vol % | Vol %
Atom Ratio { (p=18.7 gm/cc) Be Fe Na
0 5.59 0 46.1 | 40.0

20 2.75 21.3 | 32.5 | 40.0

33 2.12 27.1 | 28.1 | 40.0

30 2.30(b) 27.1 | 27.8 | 40.0

(a)U235 present as 93% enriched UO,. Cold clean
core with fuel distributed homogeneously.

(b)Estimated value for 86-cm bare height;
believed more accurate than 90 cm.




D. Sample Irradiation Rates and Flux Depression in Samples

1. Irradiation Rates for Small Samples

The calculation of intermediate energy fission in Pu?3?

samples is made uncertain by uncertainties in the fission cross section and
lack of information about resonance parameters as well as by computational
difficulties. Below 100 ev considerable self-shielding of resonances will
occur in the samples. The extent of this self-shielding was estimated for
the Pu?3? resonances up to 52.6 ev, for which resonance parameters are
available using the resonance capture theory of Wigner(lé) as extended by
others.(17-20) 1t appears that for most samples of interest, consisting of
on the average of about 20 pins of about 0.15-in. diameter, the shielded
cross sections for these resonances will be in the range from one-third to
one-half of the infinitely dilute fission resonance integral. This integral
has been calculated to be 250 barns above 2 ev.(21) The cross sections in
Table XXII give an integral of about 126 barns to 2 ev, of which 81 barns

is below 100 ev, where most self-shielding will take place. Then sample
fission rates calculated with these cross sections will include a reasonable
allowance for self-shielding. Although there is a considerable amount of
uncertainty in this calculation, it is probably not enough in error to make
any important difference. In addition to the uncertainty in cross sections,
there is a question about the accuracy of the calculated reactor spectrum
below 100 ev in view of the comparison in Fig. 16. This indicates that the
calculated reactor spectrum for a given Be/U235 ratio may be too hard.

Total neutron fluxes at the horizontal central plane of a
306-liter core for various radii are summarized in Table VI. Also given
are fluxes above 0.9 Mev. These are normalized to a maximum core power
at the center of 1.17 Mw/liter. Average fission cross sections based on the
calculated reactor spectra and the cross sections of Table VII are given in
Figs. 17 and 18. The radius of 40.0 cm corresponds to the core boundary
in these calculations, while the results at a radius of 28 cm are reasonably
close to an average for the core. Specific powers for Pu??? samples based
on these fluxes and cross sections are given in Table VIIL

The flux integrals in the central part of the core for Be/U235
atom ratios in the range from 20 to 30 have 85 to 90% of their total value in
the fast range (~10 kev). The median fission energy at the center of the core
in Pu®?? samples corresponding to the curves in Fig. 18 falls in Group 6 with
energy limits of 17-100 kev, while the median fission energy in the U%% fuel
falls in the range 1-10 kev. This difference is due to the fact that the varia-
tion with energy of the Pu®?? fission cross section in the region between
1000 ev and 500 kev is much less pronounced than it is for U%3%®. This is re-
flected also in the behavior of the curves in Figs. 17 and 18, in which it is
seen that the relative increase in fission cross sections in going from a fast
to an intermediate spectrum is much less for Pu®?*? than for U2,
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Table VI

FFTR FLUXES AT HORIZONTAL MIDPLANE AS A FUNCTION OF RADIUS(a)

Axial Max/Ave = 1 21
Central Power Density = 1.17 Mw/llter
Core Radius = 40.0 cm

Core Volume = 306 liters

Be/U?%* Vol 9 U2 og (UP®), ¢ Total ¢ Above ¢ Total ¢ Total ¢ Total
Atom Ratio| (p=18.7 gm/cm?) |barns (R=0)| (R=0) |09 Mev(R=0)| R=28 cm|R=400cm|R=45.7 cm

0 5.59 1.55 9.3x 10! 2 3x10!8 6.1x10' | 4.1x10'® 3.3x1015
20 2.75 2.82 10.4x 10" 2.1x10!° 7.1x10% | 4.4x10' 3.4x10!5
33 212 3 54 10.7x10"® 2 0x10'® 7.3x10'% [ 4.4x10!® 3.4x 105
30 2 30 3.37 10.4x 10 2 0x10'® 7.2x10'% | 4.4x10' 3.4x1015

(a)Ma.x1mum values based on homogeneous fuel loading of cold clean core. See discussion in
g g
Section VI-D and VI-E It 1s believed that for reasonable operating conditions the fluxes
and the specific powers given here should be divided by 1 3.

Table VII
FFTR SPECIFIC POWER FOR Pu?* SAMPLES AT HORIZONTAL MIDPLANE(a)

(kw/gm Pu?)
Axial Max/Ave = 1 21
Central Power Density =1 17 Mw/hter
Core Radius = 40.0 cm
Core Volume = 306 liters

Be U2% Small Sample

Atom Ratio

R=0cm |R=28.0cm | R=40cm ; R=45.Tcm R =0

0 129 0 95 0.68 0 65 129
20 1.88 133 0 94 0.90 158
33 2 32 1 60 1.10 101 172
30 216 153 1.07 099 172

(a)Maximum values based on uniform homogeneous fuel loading of cold
clean core See discussion in Section VI-D and VI-E It 1s believed
that for reasonable operating conditions the fluxes and the specific
powers given here should be divided by 1.3.
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The results of the specific power calculation carried out
for the center of a 34.3-cm radius core are given in Table VIII. The
radial dependence has not been plotted for this case but is similar to that
for the 40-cm case except for a change of radial scale in the core corre-
sponding to the change in core radius.

The results given in Tables VI, VII, and VIII are maximum
values which are based on the critical fuel concentration of the uniformly
loaded cold clean reactor. As discussed in Section VI-E, because of the
necessity of providing excess reactivity to take care of temperature coef-
ficient, burnup reactivity loss, and loss of fuel in sample regions, the
normal reactor fuel elements must have a higher concentration than would

correspond to the average core compositions indicated in Tables IV and V.
This reduces the reactor flux that corresponds to a given maximum power
density, the exact amount of the reduction depending upon how the reactor
is loaded. As discussed in Section VI-F, operation of the 298-liter core
reactor with the UQ,-stainless steel fuel should be possible with a reduc-
tion of 30% in the fluxes and specific powers indicated in Table VIII. This
would allow the design objective of a maximum sample specific power of
1.5 kw/gm Pu?* to be met for small samples. For large samples the
maximum specific power would be 1.3 kw/grn Pu?¥,

It should be noted that the flux above 0.9 Mev, which is
most important for neutron damage, does not vary greatly from the fast
to the intermediate reactor for the same power density. If one used a fast
reactor with lower power density compensated for by using samples con-
taining more fissile material, which is possible in certain cases, the total
flux would of course be proportionately lower.

The fraction of total sample fissions occurring below
100 ev is given in Fig. 19. It is seen that this fraction is quite small in
the core, so that an error in estimating the fissions below 100 ev would
not affect calculated specific powers greatly. It is these fissions which
would be most likely to exhibit strong spatial variation in the samples.
No attempt has been made to calculate what the spatial distribution of fis-
sions in the small samples would be, but this distribution should not pre-
sent a severe problem, at least in the core, because of the small fraction
of total fissions affected. It is noted that in PPA-5 in a slab of pure U?®,
0.16-in. (0.4-cm) thick, the edge-to-center fission ratio was found to be
1.23.(15) This is probably representative of the behavior that would be
encountered in the FFTR, although, of course, one is concerned here with
Pu?% instead of U?*.




Table VIII

FFTR SPECIFIC POWER FOR Pu?* SAMPLES AT CENTER OF CORE(a)

Central Power Density

Axial Max/Ave

1.21

1.17 Mw/liter

Core Radius = 34.3 cm
Core Volume = 226 liters
ifi P 239
Be/U235 Vol % NCE Of(U“s), ¢ Total Specific ower, kw/gm Pu
i = 3 o = =
Atom Ratio | (p= 18.7 gm/cm?) | barns (R=0) R =0 Small Sample | Large Sample
0 6.8 1.55 7.6 x 10'° 1.06 1.06
15 3.58 2.52 8.9 x 10'? 1.52 1.36
20 3.10 2.82 9.2 x 10'® 1.67 1.40
33 2.34 3.54 9.7 x 10 2.10 1.55
28.6 2.70 3.30 9.0 x 10'° 1.84 45
(a)Maximum values based on homogeneous fuel loading of cold clean core. See

discussions in Sections VI-D and VI-E.

FRACTION Pu FISSIONS
o
8

o
S

Be/U235 ATOM RATIO

FIG. 19
FRACTION OF Py SAMPLE FISSIONS BELOW 100 ev VERSUS
Be/U235 ATOM RATIO AT VARIOUS RAD!I (R) IN REACTOR
FOR CORE RADIUS = 4O cm
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2. Flux Depression in Large Samples

The extent of the power depression for large samples was
investigated by using SNG calculations in one-dimensional cylindrical geom-
etry for a sample located at the center of the core. Calculations were made
for 3-cm and 5-cm radius samples, the former corresponding approximately
to the area of a normal 5.33 cm by 5.33 cm hole and the latter to the area of
a 7.36 cm by 7.36 cm hole that would be obtained by removing the beryllium
pieces adjacent to a normal hole. The sample was assumed to have a com-
position of 50% sodium, 20% iron, and 30% fuel by volume, the fuel being
20 at % Pu®*? and 80 at % U2%8,

The calculations gave a very flat radial power distribution
in the samples, the variation for the 33 Be/U235 atom ratio being only about
5%. This flatness was due to the fact that, although neutrons below 100 ev
were found to be attenuated very rapidly in the samples by resonance fis-
sion and capture, their contribution to the total power was quite small be-
cause of depression of the low-energy flux in the vicinity of these large
samples. Also, there was some increase in the high-energy fission source
in the interior of the samples. However, because of the lack of low-energy
flux in the large samples, the Pu®? fission cross section was found to be
not more than 2.1 barns. The "large sample" specific powers based on these
calculations are given in Tables VII and VIII.

The SNG calculations discussed above were somewhat un-
realistic in that they did not take proper account of the capture of resonance
energy region neutrons undergoing collision in the sample after having under-
gone a previous collision in moderator, as there is a mismatch inspectrum
between the two regions. This is not likely to be important for large samples
because of the flux depression effect previously referred to and would prob-
ably not amount to more than 5 or 10% in radial power variation.

E. Burnup and Control - Sample Reactivity Effects

1. Reactivity Requirements for Burnup and Temperature
Coefficient

The burnup by fissions of U?*® at 200-Mw operation for a

3.5-week cycle is 5.1 kg. Assuming a capture-to-fission ratio of 0.30, the
destruction of U?® per cycle is 6.6 kg. Estimation of the fission product
poisoning effect using the Moldauer cross sections(22) leads to the conclu-
sion that a reasonable assumption is that the products from a fission exert
a negative reactivity equal in magnitude to one-half(2) the positive reactivity
of the fissioned fuel. The average worth of fuel for the 238-liter core is
about 0.29% k per kg U%®. For the 298-liter core, assuming that the worth
of U?*® varies inversely as the critical mass, the worth per kilogram is

(2) A more accurate calculation gives three-fourths instead of one-half.
This adds slightly more than 1 kg of U%% to the burnup reactivity loss
per cycle.




about 0.24% k. Taking account of nonuniformity of burnup raises the worth
of fuel burned about 7% over this. With these assumptions the reactivity
effect of U?3® burnup for one cycle at 200-Mw total power is estimated to be
equivalent to 10 kg of uniformly distributed U?®,

The high-energy (n,a) capture of neutrons in Be leads to
the formation of Li®, which can introduce an appreciable poisoning effect
after sufficient time.(22’23) An estimate of the reactivity loss in kg of U?35
for a 238-liter core with 165-Mw total power as a function of exposure time
is given below.

Exposure Reactivity Loss,
of Be, yr kg U?%*

1 8.4

2 13.6

3 16.6
Saturated 20.8

For the 298-liter core the reactivity loss numbers would be increased by
25%.

Neutron captures in Li® cause production of tritium, which
decays with a 12.5-year half-life to He?, which by neutron capture goes back
to tritium. If these gases do not escape from the beryllium, the negative
reactivity effect keeps building up and becomes important over a period of
5 to 10 years. The reactivity effects in the Li® and He? poisoning are large
enough that periodic replacement of the Be,perhaps every year or two might
be necessary, depending on the available reactivity margin in the reactor.

It seems probable that swelling from gas production in the beryllium would
require its replacement in a shorter time.

The overall temperature coefficient of the reactor has not
been calculated, but it is estimated from results from other fast and inter-
mediate reactors that the necessary control would be about 1% k, equivalent
to about 4 kg of U?*®>. The sodium void coefficient is strongly negative, the

total worth of the sodium in the core being about 4% k for the 238-liter core.

The Doppler effect is discussed in Section VI-F.

2. Preliminary Control Rod Calculations

Calculation of the relative worth of a central control rod
and its fuel follower for a 238-liter cylindrical core with an equivalent bare
height of 90 cm gave the following results:
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NB =
atorns/cm3 Normal
of normal boron Boron %Ak Compared to
x 10724 (gm/cm3) Fuel Follower
0.0025 0.0415 -1.24
0.005 0.083 -1.77
0.010 0.166 -2.44

These numbers should be multiplied by 0.8 to allow for
the fact that an equivalent bare height is used and by about 0.5 to give the
off-center worth of the rod. For the 298-liter core a further reduction of
about 20% would occur. It appears then that temperature effects and burn-
up for one cycle can probably be controlled with five or six rods having
the maximum boron content indicated above, althoughamore detailed study
is obviously necessary. The effect of the rods on reactor power distribu-
tion is shown in Fig. 20. It is desirable to use rods as lightly loaded as
possible for reactivity shimming in order to reduce changes in reactor flux
distribution during operation. The power perturbation for the heaviest
boron loading in Fig. 20 is about the strongest one would want to have. It
appears that the use of more rods or of a harder spectrum, if possible,
would be desirable to reduce perturbation of the sample flux by the rods.
The B! contents indicated above could be obtained in boron steel by using
enriched boron. For shutdown rods, larger boron contents could be used,
so that 2%Ak per rod should be feasible. This would give adequate shutdown
with three rods.
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3. Reactor Loading and Sample Reactivity Requirements
for a 238-Liter Core

The critical U?%*® concentration for the uniformly loaded
238-liter core with 30 vol % beryllium, 25 vol % iron, and 40 vol % sodium
is estimated to be 2.7 vol % U?»® ( p=18.7 gm/cm3), which corresponds to
a critical mass of 120 kg and a Be/U235 atom ratio of @8.6. For 97 sub-
assemblies this corresponds to auniform loading of 1.24 kg U235/subassembly.
The nine loops in the core would correspond to a normal loading of
9x1.24 =11 kg U%%. It is assumed that the normal sample loading will be
3 kg Pu?®® and that Pu?® is equivalent to U??®, leaving a reactivity deficit of
8 kg of U%3%, It may be desired to insert 40 capsules containing little or no
fuel which would occupy the center one-fourth of various fuel elements. It
is estimated that this will correspond to 13 average elements, giving a re-
activity deficit of 13 x 1.24 = 16 kg. The total reactivity deficit over the
uniformly loaded core expressed as uniformly distributed U%% is then as

follows:
U2, kg

Burnup and fission product
poisoning (one cycle at 165 Mw) 8
Temperature coefficient 4
Loops 8
Capsules 16
36

This deficit must be made up by loading the normal part
of the core with more than 2.7 vol % U?*®. With the UO,-stainless steel
plates, the maximum average loading is 3.41 vol % U?¥. The total normal
subassemblies available, excluding 8 control and safety rods which would
probably have to have a light loading to allow for guides, is

97 - (13 + 9 + 8) = 67 subassemblies.

If these are loaded at an average of 3.41 vol % U%%, the excess fuel over
that for the 2.7 vol % loading is

3.41 - 2.70 _ 235
( 570 )x1.24x67—22ng
The reactor then could not operate under these conditions without elimina-
tion of a large part of the allowance for loops and capsules.
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The use of the 3.41 vol % U?* fuel throughout the core would
correspond to a reduction by a factor of 2.70/3.41 = 1/1.26 in the fluxes and
specific powers given in Tables IV and VII for the 28.6 Be/U235 atom ratio
case, since the maximum power density remains the same.

If the UN-stainless steel fuel were used, a 40% increase in
average U?*® concentration to 4.76 vol % would be possible. If the normal
reactor fuel elements were given such a loading throughout, the core ex-
cess U?%* would be

—m” x 1,24 x 67 = 63 kg U

However, this would require a reduction in flux and specific power for the
28.6 Be/U?* atom ratio cases of Tables IV and VII of 2.70/4.76 = 1/1.77,
which would lead to an unacceptably low specific power. This situation
could be alleviated somewhat by confining the heaviest loading to the outer
part of the core. It is estimated that if one uses a nonuniform loading of
this type and accepts a reduction by a factor of 1/1.30 in maximum power
density and sample specific power, perhaps half of the excess reactivity of
63 kg of uniformly distributed U?% calculated above could be realized. This
excess reactivity of some 30 kg of U**® would make operation more nearly
possible. The nonuniform fuel loading would represent an added expense
and inconvenience, however.

It has been implicitly assumed that the inhomogeneity
caused by heavier loading of the fuel in some subassemblies to compensate
for lack of fuel in others will have no effect of reactivity. This may be too
optimistic, and also there may be significant spatial variation of the neutron
energy spectrum caused by this inhomogeneity. The sample power depres-
sion effect associated with the energy spectrum variation might force the
use of a lower Be/U?% ratio than would otherwise be necessary. Evaluation
of these effects can best be done in a critical experiment.

For a fast reactor with a 238-liter core, assuming a com-
position of 34 vol % sodium, 9% structure, and 57% UQ,-stainless steel meat,
the maximum possible vol % UQO, is 57 x 26.75 = 15.2. At 93% enrichment,
this corresponds to 15.2/2027 = 6.7 vol % U?3 (p=18.7 gm/cc). Since the
homogeneous critical composition given in Table IV is 6.8 vol % 23>
(neglecting the effect of the difference in sodium and steel vol % and also
the correction to equivalent bare height made for the intermediate case),
the reactor could not operate under these conditions. With the UN fuel, the
possible U235 concentration would increase to 9.4 vol %. In this case, the
reactivity deficit in kg of U?*® would be as follows:
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Loops and capsules 66

Temperature coefficient 10

Burnup (1 cycle at 165 Mw) 8
84

With the UN-stainless steel fuel, a gain of 80 kg over the
average core composition is possible by a heavy loading of 67 subassem-
blies, so that operation would be possible with a slight reduction in the
assumed loop and capsule reactivity deficit. If the maximum power density
were assumed to remain at 1.17 Mw/liter, the reduction flux and specific
power over the values given in Tables IV and VII for a Be/U?‘35 ratio of 0
would be by a factor of 6.,8/9n4 = 1/1n38. The maximum power density has
not been evaluated for this configuration but would be somewhat higher than
for the intermediate reactor if a higher temperature rise in the sodium
could be permitted, because of the lower power density in the fuel.

4. Reactor Loading and Sample Reactivity Requirements
for a 298-Liter Core

In the case of the 298-liter, 121 -subassembly core, the
critical uniform reactor loading is estimated to be 2.3 vol % U?* for
30 vol % beryllium, corresponding to a critical mass of about 130 kg
Under these conditions the total deficit in terms of kg of U?*® is as follows:

U235 .

Capsules 14
Loops 7
Temperature 5

Burnup and fission
product poisoning
(1 cycle at 200 Mw) 10

—_—

36

The subassemblies available for heavy loading, assuming
12 control and safety rods, are now

121 - 34 = 87 subassemblies.

If these are loaded with the UO,-stainless steel fuel at an average concen-
tration of 3.41 vol % U235, the excess fuel over that for a 2.3 vol % u2s loading
is 45 kg of U?%,

The reduction in flux and specific power over the values
given in Table VIII would be by a ratio of 2.,3/3.41 = 1/1.48, which is prob-
ably more than could be tolerated. A uniform loading of 3.0 vol % U?%* in
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the normal subassemblies would correspond to a reduction in the Table VIII
values by a factor of 1/1.30, which is more acceptable. This would corre-
spondingly scale down the total reactor power to 154 Mw plus that in loops
and capsules, which would be at most about 10 Mw. The burnup loss would
be reduced to about 8 kg of U?*, This loading would correspond to an avail-
able excess reactivity of 28 kg of uniformly distributed U?3%, which is still
slightly below what is needed unless the assumptions have been too pessi-
mistic. The accuracy of the calculations is not such that one can regard
this discrepancy as significant. One could gain reactivity by expanding the
core volume by an estimated 4 liters per kg of uniformly distributed Us®s,
The core size could be expanded farther to use the fuel for more cycles or
to compensate for reactivity loss from Li® production.

For a fast reactor with a 298-liter core, with the volume
percent of sodium and structural material and meat assumed the same as
for the 238-liter core, the critical composition given in Table V is now
5.6 vol % U?%35. A calculation made as before for the reactivity deficit now
yields 77 kg of U?%*, while with uniform heavy loading of the 87 normal sub-
assemblies out of the 121 total, one could gain 44 kg at the expense of a
decrease by a factor of 5.6/6.7 = 1/1.20 in the flux and specific power for
the Be/U235 atom ratio case in Table VIII. Operation would then be possible
for the UO,-stainless steel fuel only by paring the loop and capsule reac-
tivity requirements considerably. Again, it might be possible to increase
the maximum power density over the 1.17 Mw/liter calculated for the inter-
mediate reactor case. As in the 238 liter core case the loading could be
increased by use of the UN-stainless steel fuel at the expense of a further
decrease in sample specific power. A fuel loading corresponding to 7.6 vol
% U?3*> which would correspond to reduction by 1/1.35 in the flux and specific
powers of Table VIII, would give an excess reactivity of 77 kg.

F. Doppler Effect

A negative Doppler effect in the FFTR would be an important
safety asset because of the finite time required for heat to pass from the
fuel particles to the stainless steel matrix of the fuel plates, while, of
course, a positive one could be a serious liability. No attempt has been
made to calculate the Doppler effect in the FFTR. Sufficient measurements
have been made on fast reactors(24) to establish that it would be small and
positive in a highly enriched fast reactor, so that a lowering of enrichment
might be desirable from a safety standpoint. Measurements were made in
PPA-5 (33 Be/U235 atom ratio)(15) at an early stage of the technique when
the precision was not high. It was concluded from theoretical studies(15)
that the Doppler effect in PPA-5 would contribute a reactivity effect not
exceeding _-_l-%% k if the U?*® absolute temperature were double that of room )
temperature. All that could be concluded from the experiments was that
the Doppler effect was small and did not exceed the theoretical estimate, ‘
with the sign again uncertain.




More recent measurements have been made(24) in Be-moderated
intermediate reactors with median fission energies of 50 and 125 ev, as op-
posed to the 1500 ev of PPA-5. Negative Doppler effects were observed for
93% enriched U?5 fuel. It was concluded that half the negative effect was due
to the U?® and half to the U?*®, It seems hopeful from this that a negative
effect could be obtained in the intermediate FFTR, perhaps with a slight low-
ering of the enrichment of the fuel. This would be more feasible with devel-
opment of the UN-stainless steel fuel because of difficulty of incorporating
enough U%5 in the UQ,-stainless steel fuel even at 93% enrichment.

G. Shielding

1. During Operation

a. Neutron Fluxes

A 19-group diffusion theory using the Set I cross sec~
tions in Appendix A was used to determine the neutron flux distributions in
the core and reflector regions. The RE=-34 shielding code with six energy
groups was used to extend the distribution through the outside regions.

A total of 8 ft (244 cm) of magnetite concrete is needed
outside the radial reflector and vessel to provide the necessary biological
shielding. The primary shielding wall constitutes the first 5 ft (152 cm) of
this thickness. In the axial direction a 5 ft (152 cm) thick vessel cover and
a 5 ft (152 cm) cell top structure provide 8 ft (244 cm) of magnetite concrete
and 2 ft (61 cm) of steel above the sodium. The shielding neutron flux distri-
butions are given in Figs. 21 and 22.

b. Core Gamma-~ray Fluxes

The core gamma-ray calculations were based on the
following assumptions and procedures:

(1) The gamma rays were grouped into 1, 2, 4, 6,
and 8-Mev energy groups.

(2) The source is uniformly distributed in the core.

(3) Prompt fission and fission product gamma rays,

8.61 Mev/fission of 1-Mev photons

4.822 Mev/fission of 2-Mev photons
1.357 Mev/fission of 4-Mev photons
0.256 Mev/fission of 6-Mev photons

(4) Secondary gamma rays from neutron capture by
iron in the core were determined by calculating
an effective iron absorption rate in the core from
the multigroup fluxes and multiplying by
N,Y(Mev/capture). The effective iron neutron
absorption rate in the core is calculated to be
1.8 x 10%? capt/(cm3)(sec).
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RADIAL NEUTRON FLUXES USED IN SHIELDING CALCULATIONS

(5) Secondary gamma rays from neutron capture by
sodium in the core were determined by calculating
an effective sodium absorption rate in the core
from the multigroup fluxes and multiplying by N~y
(Mev/capture). The effective sodium neutron ab-
sorption rate in the core is calculated to be

1.5 x 10! capt/(cm3)(sec).

Table IX lists the gamma-ray absorption cross sections
used in gamma-ray flux calculations.

The total core volumetric source strength, Q,, in
Mev/(cm3)(sec), for each energy group was estimated for a 250-Mw power
level.

Core Fissions

2.5 x 10° watts x 3.29 x 10'° (ﬁssions)/(watt)(sec)
(cm?) (sec) ~

2.98 x 10° cm?

2.76 x 1013
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FIG. 22

Table IX

GAMMA-RAY CONSTANTS

Linear Absorption Cross Section (i), cm™"
Na
E(Mev) | Core Fe Magnetite Concrete
Core Bulk
1 0.220 | 0.468 | 0.051 0.052 0.216
2 0.153 | 0.333 | 0.0359 | 0.0365 0.155
3 0.130 | 0.284 | 0.0293 | 0.0297 0.130
4 0.120 | 0.259 [ 0.0255 | 0.0259 0.115
6 0.111 [ 0.239 | 0.0214 | 0.0217 0.102
8 0.108 | 0.232 | 0.0192 | 0.0195 0.096
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Total Volume Strengths in Core

E, Mev Qs;, Mev/(cm?)(sec)

2.38 x 10
1.34 x 10¢
x 1013
x 10!?
x 1012
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The core gamma-ray flux in the regions outside the
core was determined by the following formula, which effectively includes a
linear buildup factor:

/i i

T ) i T
\i=1 i=1

1

where K; = gamma-ray linear absorption coefficient for i'th region, cm”~

1

radiating surface source

[flux at the surface of the core, Mev/(cmz)(sec)].

r = radius of cylindrical source

t
il

thickness of i'th region, cm .

c. Capture Gamma Rays from Regions Other
than the Core

The thermal neutron flux was represented by an expo-
nential shape or a constant, and the appropriate equations from Ref 25 were
used to cakculate the capture gamma-ray flux at either surface of each
source region and through specified exterior shields. Table X shows con-
stants used in the capture gamma-ray source calculations.

The gamma-ray flux distributions (Figs. 23 and 24)
include core gamma rays and capture gamma rays calculated for four
energy groups.




GAMMA-RAY FLUX, Mev/({cm?)(sec)

10'®

10'S

1L

1013

jo!2

Table X

CONSTANTS FOR CAPTURE GAMMA-RAY CALCULATIONS

Ny (Mev/Neutron Capture)

1 Mev | 2 Mev | 4 Mev | 6 Mev | 8 Mev
Steel - 0.55 0.82 0.84 0.378
Sodium 0.80 1.83 1.05 1.16 -
Magnetite - 0.77 1.01 2.24 2.80
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2. During Shutdown

The fission product activities were determined using seven
energy groups.(26) The values after infinite operation are listed in Table XI.

Table XI

FISSION PRODUCT GAMMA RAYS

(Mev/sec per watt of operating power)

Energy (Mev)

Time after Shutdown

12 hr 24 hr

0.1 -04 1.4 x10° 1.3 x 10°
0.4 -0.9 8.5 x 107 7.4 x 107
0.9 -1.35 2.9 x 108 1.2 x 108
1.35 - 1.8 3.1 x 10° 3.0 x 10°
1.8 -2.2 2.1 x108 8.1 x 107
2.2 -2.6 2.8x10% | 2.7x108

2.8 1.5 x10% | 7.7 x 10%
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For convenience, the values for 12 hours of cooling were
combined to give the values shown for three energies, developed from col-
lapsing the 7-group sources:

Mev Mev/(sec)(watt)

1 1.02 x 101°
2 3.3 x10°
3 2.82 x 108

After 250-Mw operation and 12 hr of cooling, the fission
product gamma-ray flux at the top of the fuel subassemblies is

Mev MevZ(cmz)(sec)

1 8 x 107
2 2 x10°
3 7 x 108

After the sodium has been lowered to the top of the sub-
assemblies, the total gamma-ray flux at the surface of the sodium from
fission products and from sodium that has cooled 12 hr is

Mev Mev/(crnz)(sec)

1 8 x 107
2 3x 101
3 8 x 101!

Five feet of magnetite concrete shielding at the top of the
fuel handling cell will reduce this flux to a dose of about 1 mr/hr on top of
the cell.

In the radial direction, the reflector and vessel shield the
fission product gamma rays so that 61 cm of magnetite concrete would
reduce the dose to below tolerance. However, the flux from the sodium
requires the shielding provided by the vessel and five feet of magnetite
concrete to reduce the dose to about 1 mr/hr.

3. During Fuel Transfer

Based on calculations that convert the subassembly to an
equivalent line source, the maximum flux inside the fuel-handling cell from
ten subassemblies that have cooled 12 hours is estimated to be 4.5 x
1013 Mev/(cmz)(sec).



70

For ten subassemblies, representing an operating power of ' -
20 Mw, the five-foot magnetite concrete shielding wall of the cells will limit
the dose on the outside to less than 0.1 rnr/hr. This will make it possible
to place all subassemblies in the cell if necessary and still be well below a
tolerance of 7.5 mr/hr.

The line source values for a single subassembly with 2 Mw
of operating power after 12 hr of cooling are

Mev Mev/(cmz)(sec)
1 3.3 x 10*
1.1 x 10
3 9.2 x 102

With no shielding this gives a flux a few inches away of about
4 x 102 Mev/(cmz)(sec))or about 8 x 10° r/hr.

4. Heat Exchanger and Secondary Coolant Shielding

The sodium in the heat exchangers will produce an estimated
radiation of 2 x 10° r/hr in this area. Since Na’* has a half-life of 15 hr,
one week of cooling will reduce this radiation to 9 x 102 r/hr. Seventeen
days of cooling should make the area accessible in a radiation field of about
10 mr /hr.

Without any cooling time the heat exchanger region must be
shielded by 5 ft (152 cm) of magnetite concrete to give a dose of less than
7 mr/hr on the outside.

Calculations indicate that the NaK coolant from the heat
exchangers will have an activity of 8 x 10? Mev/(cm3)(sec) due to the neutron
flux outside the primary shielding wall of magnetite concrete. The activity
will consist mainly of 2.76 and 1.38-Mev photons from Na®%.

The secondary NaK coolant will produce a dose of approxi-
mately 7 mr/hr at 30 cm from the surface of a 40-cm diameter pipe. Con-
sequently, no shielding of the pipes should be necessary.




VII. REACTOR FLUID FLOW, HEAT TRANSFER, STRESS ANALYSIS

A. OSystem Pressure Losses

Calculated values for pressure loss in primary system com-
ponents are shown in Table XII. The major loss, occurring in the reactor
core, was calculated using McAdams' smooth pipe friction factor relation-
ship,(27) A flow rate of 26,200 gpm (1.65 m3/sec) was assumed to pass
through the primary system. The results indicate that at 75% efficiency,
the pumping work required for each primary loop will be 475 horsepower
(350 kw).

Table XII

PRIMARY SYSTEM PRESSURE LOSSES

. Pressure Loss,
Region .
psi (atm)
Pump to reactor core inlet 9.6 (0.65)
Reactor core 47.5 (3.24)
Core outlet to heat exchanger 4.7 (0.32)
Intermediate heat exchanger 4.0 (0.27)
Heat exchanger to pump 3.6 (0.25)
Total loop pressure drop 69.4 (4.73)

The static pressures at various points in the system that cor-
respond to the above pressure drops are indicated in Fig. 10. This shows
that the argon gas pressure above the sodium in the reactor is 8 psig
(0.54 atm), which is considered reasonably low for sealing of the blanket
gas at the reactor cover plug.

The results of pressure loss calculations in the secondary
system components and piping are shown in Table XIII.

Table XIII

SECONDARY SYSTEM PRESSURE LOSSES

. Pressure l.oss,
Region .
psi (atm)
Intermediate heat exchanger 7.2 (0.49)
Air cooled heat exchanger 0.3 (0.02)
Piping 18.7 (1.27)
Total loop pressure drop 26.2 (1.78)
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Using the above pressure drop data and an efficiency of 75%,

the calculated pumping work for each secondary loop will be 220 horsepower
(165 kw).

B. Reactor Coolant Distribution

Because of the varied heat generation rates in different sec-
tions of the overall reactor core such as reflector, capsules, fuel elements,
open and closed loops, the coolant must be distributed proportionately. It
has been estimated that the flow rates would be distributed approximately
as indicated by the values in Table XIV.

Table XIV

REACTOR COOLANT FLOW RATES, gpm (m3/sec)

Normal Maximum
From main coolant pumps 25,400 (1.60) | 26,200 (1.65)
To reflector, including capsules 1,400 (0.09) 1,400 (0.09)
To eight open loops 1,600 (0.10) 2,400 (0.15)
To 112 fuel element positions 22,400 (1.41) | 22,400 (1.41)
To four closed loops (independent supply) 800 (0.05) 1,200 (0.08)

The average coolant velocity in a (0.168 cm) channel corre-
sponding to the above flow rates is approximately 33 ft/sec (10.1 m/sec).

C. Hot Channel Factors

The hot channel factors anticipated for FFTR attempt to account
for dimensional deviations, uncertainties in physical constants, operational
uncertainties and empirical correlations, and were used to determine the max-
imum conceivable steady-state temperatures for the coolant and fuel plates.
The factors have been formulated mainly from information reported by other
reactor projects. For example, factors associated with fuel plate and
assembly fabrication were influenced by those reported for the APPR core,(28)
which has a plate configuration similar to that of the FFTR. A summary of
the factors employed is shown in Table XV.

The factors apply to the following temperature differences cal-
culated for nominal conditions:

FAT - coolant temperature rise

Fgr - film temperature difference

Fgc - temperature drop through cladding
Fgm - temperature drop through fuel matrix




Table XV

FFTR HOT CHANNEL FACTORS

Factor FAT Fef Fec FGm
Distribution of coolant to channels 1.11 1.04 - -
Dimensional deviations affecting flow 1.14 1.08 - -
Flux distribution precision 1.10 1.15 1.15 1.15
Fuel concentration 1.00 1.01 1.01 1.01
Fuel thickness 1.01 1.03 1.03 1.06
Cladding thickness - - 1.10 -
Material property uncertainties 1.00 1.01 1.05 1.15
Heat transfer correlation accuracy - 1,20 -
Power level measurement and control | 1.08 1.08 1.08 1.08
Overall factor 1.53 1.74 1.50 1.53

D. Core Heat Transfer

The power output from a single subassembly at maximum power
density is 2.36 Mw with a chopped cosine axial distribution. A peak heat flux
of 975,000 Btu/(hr)(ftz) [308 Watts/cmz] is obtained. Steady-state tempera-
tures for the subassembly hot spot are shown in Table XVI for both nominal
conditions and the adverse case (nominal conditions with the hot channel
factors of Table XV applied). The nominal film coefficient was calculated
to be 72,100 Btu/(hr)(ft?)(°F)[41 watts/(cmz)(°C)]from the recommended
equation of Ref. 5. For the calculation of fuel temperatures, a thermal con-
ductivity of 9.3 Btu/(hr)(ft)(°F) [0.16 watts/(cm)(°C)]was estimated for the
fuel matrix.

Table XVI

SUBASSEMBLY TEMPERATURES

°F (°C)
Nominal Case Adverse Case

Coolant inlet temperature, T 500 (316) 600 (316)
Coolant temperature rise, AT(2) 258 (143) 396 (220)
Film temperature drop, Gf(a) 10 (6) 17 (10)
Temperature drop in clad, Qc(a) 25 (14) 38 (21)
Temperature drop in fuel, 6 (a) 97 (54) 149 (83)
Fuel matrix temperature, T,,(2) 990 (533) 1200 (650)
Maximum coolant rise, AT¢ 292 (162) 446 (248)
Maximum coolant temperature, Ty 892 (478) 1046 (564)

(a)at point of maximum fuel temperature.
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Coolant flow capacity in the experimental loops would provide
for 150% of the power output of the nonexperimental fuel assemblies. Actual
flow rates used, however, would depend on the nature of the experiment and
could be controlled by the electromagnetic pumps in the individual loops.

Heat generated in the beryllium moderator will be transferred
to leakage sodium flowing outside the fuel assembly. The maximum beryl-
lium temperature would exceed the peak coolant temperature by only a
few degrees, reaching about 1050°F (566°C) in the worst case.

Approximately 5% of the core flow rate has been alloted for
reflector and capsule cooling, in proportion to the fraction of heat produced
in the reflector. However, the detailed arrangement of the reflector has
not been established; hence this value is a first approximation.

E. Cooling of Spent Fuel

During refueling periods prior to removal from the core, the
spent fuel assemblies will be cooled by sodium circulating through the re-
fueling cooling system. Sufficient sodium flow would be provided so that
bypassed flow through one open fuel assembly position could be tolerated.
Sodium temperature during refueling would be kept to around 150°C,
allowing some temperature potential for heat dissipation while maintaining
a reasonable temperature environment for handling equipment.

It is estimated that operations prior to withdrawing fuel assem-
blies from the core could be completed approximately 12 hr after shutdown,
at which time decay power would be about 0.22% of full power. The spent
fuel assemblies would be lifted from the core through the argon atmosphere
to a cleanup cell. Without external cooling, the temperature in the hottest
subassembly could rise as much as 1°C/sec. The poor heat transfer prop-
erties of argon and the possibility of a low (radiant heat) emissivity film of
sodium over the fuel-assembly surfaces makes this rate a fairly realistic
approximation. Unreasonably long decay times would be required before a
natural-convection cooling system would be adequate. These factors,
coupled with the consequences of a meltdown into the sodium, make a posi-
tive cooling system ma'ndatory for this operation. It is proposed that a
cooling stream of argon be supplied to an assembly during the transfer.
Approximately0.05 ma/min 0£40°C argon should be adequate to maintain
plate temperatures within 260°C.

After cleanup, the fuel assemblies will be placed in a storage
canal where natural circulation of water should provide satisfactory cooling.




F. Stress Analysis

Stresses in several components of the system were calculated
for steady-state conditions. The analysis of other classes of loadings, in
particular of thermal shock, is important for this type of reactor but was
beyond the scope of this study.

1. Fuel Element Stresses

Thermal stresses in the fuel plate have been estimated for
a heat flux of 308 watt/cmz. Three situations were considered: (1) nominal
plate dimensions and operating conditions, (2) "hot spot" conditions obtained
using hot channel factors, and (3) a condition approximating that which might
result from a statistical analysis of hot channel conditions for a low
order of probability of occurrence. Thermal stresses calculated on an elas-
tic basis are as follows:

Case OFuel 0Clad
1 -1840 2860
2 -2450 4280
3 -2140 3820

where O is the stress in kg/sz. The stresses were calculated assuming
uniform heat generation and a symmetrical temperature distribution in the
plate. Although the yield strength is exceeded, initial yielding at startup
would relieve the stresses. Information presented in Ref. 29 indicates
that at least 1000 thermal cycles can be experienced before failure under
a stress of 4200 kg/cm‘2 could occur (as calculated on the basis of elastic
theory). Since the fuel will undergo only a few thermal cycles in its life-
time, this endurance appears to be adequate; however, possible distortion
of the fuel element has not been investigated.

In the case of the end plate, the temperature distribution
would be asymmetric about the plate centerline and some lateral pressure
differences can occur as a result of unequal velocities in adjacent channels.
These considerations would affect the tabulated values somewhat, as would
stresses resulting from the interaction between the fuel plates and the
relatively cool sheath.

The problem of critical velocities for plate collapse was
considered. Where adjacent channels are nominally equispaced, a collapse
velocity of 30 m/sec was determined for the case of simply supported
plates with no pressure communication between channels. The equations
of reference 30 were used, nominal dimensions and uniform strength through
clad and fuel being assumed. This result, however, does not apply to the
case of the end fuel plate where a lateral force will normally exist, the
magnitude of which will depend on the effectiveness of the side slots in
equalizing coolant pressures.
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2. Moderator Grid Stresses

Steady-~state thermal stresses were calculated for the
beryllium grid. Treating the grid web as an infinite plate, a thermal
stress of about 185 kg/cmZ was obtained. This stress is easily within
strength limits attainable from several fabrication processes and should
provide sufficient margin for embrittlement due to radiation. The beryl-
lium, however, must be guarded against severe thermal shocks. The
extent to which the fuel-assembly sheath and operational practices can
provide this protection must be determined.

3. Reactor Vessel Stresses

Stresses in the reactor vessel were calculated for 7 atm
design pressure and 250-Mw operation. Reasonable stress levels were
obtained for the thin-walled stainless vessel and are tabulated below.

A maximum heating rate of 2 watts/cm3 at the core midplane was calcu-
lated, leading to an average wall temperature of 13°C in excess of inner
surface temperature.

Stresses in Pressure

2
Source of Stress Vessel Wall, kg/cm

Axial Tangential
Coolant pressure 140 280
Thermal load 610 610
Weight on walls 28 -
Combined stress 778 890




VIII. COST ESTIMATE

As a basis for cost estimating, a hypothetical reactor site was
assumed to be located at the Idaho Testing Station. Costs at other indus-
trial sites that are closer to populated areas may be reduced because of
available utilities, but this cost reduction may be partially offset by the
possible requirement for a containment vessel.

There may also be a cost saving if the reactor is installed next to
existing facilities, such as the MTR and ETR, if such facilities can readily
accommodate additional requirements for increased utilities. A compari-
son can be more accurately determined after detailed engineering of the
reactor and plant studies have been made.

A. Capital Costs

The capital cost of the FFTR (see Table XVII) was derived from
costs of comparable equipment and buildings of facilities, such as ETR,

Table XVII

FFTR REACTOR COST ESTIMATE
(Thousands of Dollars)

Buildings
Construction
Land improvement 255
Reactor building structure (including canal, office, lab) 3,045
Critical experiment structure 1,310
Sodium, NaK, gas-storage building 97
NaK pump building 97
Waste products building 144
Tunnel 128
Guard and fire house 10
Outside utilities 1,047
Electrical (exterior and standby) 980
Miscellaneous equipment and systems 375
Subtotal 7,488
Engineering, design, inspection (10%) 750
8,238
Contingency (20%) 1,648
Construction Total 9,886
Reactor Plant
Pressure vessel and internals, plug 1,450
Control mechanisms 1,000
Primary piping and system (sodium) 2,700
Secondary piping and system (NaK) 2,400
Instrumentation 1,700
Fuel-handling cells and equipment 2,000
Test loop including power supply and instrumentation 4,700
Other systems, gas, storage, waste 2,400
18,350
Engineering, design (15%) 2,750
21,000
Contingency (25%) 5,275

Components and Systems Total 26,375
GRAND TOTAL 36,261
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EBWR, EBR-II, existing critical facilities, and other general figures on cost
of plant construction. Costs of several of the major components were es-
tablished using manufacturers' cost estimates. Experience has shown such
estimates to be low; hence,appropriate increasing factors were applied.

The concept of the FFTR is preliminary in nature and costs of
many parts of the system could only be roughly estimated. Amore detailed
design must be developed to establish costs more accurately. However, it
was recognized that the reactor systems will be complex and this thought
is reflected in the cost estimate.

It must be realized that the cost of the experimental loops is
$6,756,000 (including engineering and contingency), and this amount is in-
cluded in the total cost estimate. These loops are considered a part of the
reactor complexandmust betied in with the plant operation. Normally, for
water-cooled test reactors, test loops are not a part of the first capital
cost of the reactor.

It is believed that the building construction costs can be estab-
lished somewhat more readily than the reactor system costs. Thus, 20%
contingency has been applied to the building cost and 25% to the reactor
system. Likewise, the design of the reactor system is thought to be more
difficult as reflected in the 15% engineering fee for this system.

There are various cost items which have not been considered
in the overall capital cost for the plant. In particular, the items that
could increase the construction cost are: premium time, bus transportation,
temporary water and power supplies, temporary lunchroom, cleaning
quarters, ambulance and fire trucks, access roads, railroad spurs, trans-
mission lines, development engineering, test, inspection and preoperational
testing, building permits and miscellaneous fees, insurance and taxes, ad-
ministrative cost (AEC and others), and escalation.

B. Core Cost

The core cost is estimated to be $200,000 for the beryllium grid,
including material and fabrication, and $300,000 per core loading for the
fuel fabrication.

The fuel cost on an annual basis is not included, but the following
characteristic quantities and costs are listed in Table XVIIlas a rough guide:

Table XVIII

ANNUAL CORE COST REFERENCE QUANTITIES
(ZOO—MW core)

Burnup U®%, kg ~80
Fabrication Cost, 4-6 Cores, dollars 1,200,000-1,800,000
Beryllium (2-year cycle), dollars 100,000




C. Operating Costs

The operating costs (Table XIX) include wages and salaries for
188 persons with an average annual allowance per person of $14,000including
indirect charges. The power cost is based on 7,000 kw/hr consumption at
10 mil/kw hr and 300 operating days per year. The operating costs for
experiments are not included.

Table XIX
ANNUAL OPERATING COSTS
(Dollars)
Wages and salaries 2,630,000
Power 500,000
Na, NaK, gas make-up 100,000
Heating fuel 10,000
Demineralizer beds and filters 10,000
Maintenance supplies 50,000
Waste-handling supplies 30,000
Miscellaneous materials and supplies, special service,
cafeteria, buses, first aid, telephone, telegraph 250,000

3,580,000

The number of personnel (see Table XX) required for the oper-
ationof the FFTR is estimated on the basis of (1) the plant facilities requiring
servicing and normal operation, and (2) the service, analysis and liaison
activities associated with the experimental work. No allovance is made for
personnel assigned directly to the experiments. Critical experiments are
assumed part of the duties of this staff.

In the event thatthe facility would become integrated with existing
plants, such as the ETR-MTR, the number of personnel might be revised
downward.

Table XX

PERSONNEL REQUIREMENTS

Director 1
Assistant Director 1
Shift Supervisors 4
Facility Supervisors 4
Shift Foremen 4
Technicians 40
Waste Operators and Helpers 8
Engineering and Review Group 12
Physicists 4
Reactor Operators 10
Service Personnel including Janitor:al 30
Health Physics Supervisor 1
Health Physics Shift Attendants 8
Plant Project Engineering Group 8

Plant Operation Group 13
Maintenance Supervisor 1
Assistant Maintenance Supervisor 1
Maintenance Foreman, Mechanic 1
Trades 20
Secretarial 4
Clerks 4
Radiochemast 1

6

Plant Protection

—
o]
®©
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IX. TIME SCHEDULE

A time schedule has been prepared to indicate dates at which the
various stages of progress could be expected to occur. It should be under-
stood that the schedule is based on a reasonable priority and early assign-
ment of personnel, and of Architect-Engineer.

“19604¢19613¢196231963 2196441 9652¢1966~+

Conceptual Design (1)
——

Preliminary Design (2)

'
4

Development Engineering

Detailed Design and
Architect-Engineering . (3)

Procurement and
Construction

Preoperational Testing —

Power Operation —

(1) Feasibility Report
(2) Design Report
(3) Hazard Report

It has also been assumed that a development program, particularly in the
area of critical experimentation, component testing, heat transfer analysis
and fluid flow simulated tests will receive early emphasis. Dates for three
essential reports are also shown.
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X. FUTURE STUDIES

Throughout the feasibility study, the objective has been to draw from
existing technologyg particularly that based on the EBR-I, EBR-II and the
Fermi reactors.(31-34 Hence, future studies should include minimum
development effort. Two important departures from the present breeder
reactor designs are with respect to the fuel-handling system and the posi-
tion of the control rod drive mechanism. Although both items have been
developed, their application to the sodium-cooled test reactor will require
further effort and test work.

A possible alteration is the use of a hexagonal rather than a square
grid for the fuel elements. The square grid has been used primarily because
of the commercial availability of the UO,-stainless steel fuel plates, thus
avoiding possible major additional fuel development cost. It is possible that
circular fuel elements to be used in a hexagonal grid could be obtained at
similar cost. The hexagonal grid would probably be more advantageous from
the standpoint of sample shapes.

A suggested alternate core¥ is in the shape of a skewed arrangement
similar to the arrangement adopted for the Belgian Test Reactor BR-2. 35
Conceivably, this arrangement may increase accessibility to the core for
test specimen and control rods. Evaluation of the merits of this proposal
is beyond the scope of the present report. The application of the interme-
diate reactor comcept using beryllium in the interstices between the fuel
elements would probably not be feasibie with this design because of the
necessarily large axial variation in beryllium thickness. Beryllium would
probably have to be incorporated directly in the fuel elements, and some
heavier material, such as steel, used to fill the interstices.

Another possible change wouid be the use of Pu®*? as fuel instead of

This would aliow pcssibly an increase in sample fission rates for the
239

U2,35 .

same power and would tend to reduce surface flux depression effects in Pu
samples. To evaluate the use of Pu?®? one would need information about the
cost of fuel fabrication, the value of the Doppler effect, and the value of the
sodium void coefficient.

Exceptionally high purity of the sodium coolant is required for the
protection of the beryllium. Since the degree of purification is above that
obtaired in currently operating or planned sodium-cooled reactors, develop-
ment work should be directed toward the most satisfactory purifying system.

Some of the additional work that should receive early consideration
in the next design study may be listed within the next categories.

*W. H. Jens, Atomic Power Development Associates - Private
Communication
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A. Design

(1)

Further work of the FFTR concept should first be directed
toward a more detailed design of the reactor vessel and
internals, experimental loops, instrument connections, and
plug design.

The fuel-transfer facilities, including the cooling systems,
lighting, manipulators, and handling tools, should be studied
in greater detail. A mockup facility should be constructed
for simulating the fuel-transfer operation.

A detailed study should be made of the optimum component
sizes for the primary and secondary coolant systems.

The selection of the control rod drive system should pre-
ferably include an alternate system, and both drives should
be developed. Such a program should include a test facility
to conduct a control rod test at simulated reactor operating
conditions of temperature and pressure.

Alternate core designs should be studied. The geometric
configuration of the control rods in the core is to be studied
to obtain reasonable control rod centerline distances for
installation of the drives.

The beryllium grid design should be studied. It is now
visualized that the grid will consist of sections, plates, or
boxes, or a combination of these. The design of the grid
should be closely tied to the fabrication technique that will
be developed. Suitable fastening methods must be developed
to maintain the required lattice openings and to permit
periodic replacement.

B. Physics

A number of uncertainties in the physics have already been
pointed out which it would be desirable to resolve by means of critical ex-
periments before the final design of the reactor was attempted. The indi-
cated measurements are summarized below:

(1)
(2)

(3)

Doppler effect measurements;

critical mass measurements; effect on reactivity of dis-
placement of normal reactor fuel by samples; effect of
spatial variation in reactor fuel loading;

control rod worths; reactivity coefficients of fuel, structural
material, coolant, and poisons;




(4)

(6)

power distribution in samples and effective sample fission
cross section; perturbing effect on power distribution of
interaction among samples and of control rod insertion;
optimum loop locations,

energy spectrum measurements;

study of effect of varying Be/U235 ratio and core size from
standpoint of obtaining a suitable combination of sample
irradiation rate, sample power distribution, total reactor
power, and reactor fuel lifetime.

C. Heat Transfer, Fluid Flow, Stress Analysis

Analytical work to be performed in further detail design of the
plant would require routine studies on items such as cell cooling, transient
performance, fluid systems analysis, experimental loop design, pressure
vessel and systems design analysis, emergency and shutdown cooling, insu-
lation and heating coil design, and shield cooling.

In addition, special studies should be directed toward the follow-

ing problems:

(1)

(2)

(4)

A core arrangement similar to that in the EBR-II design
was first considered for the FFTR in which the upward
hydraulic force on a fuel element is partially offset by a
hydraulic downward force on a lower fuel element exten-
sion. However, for the FFTR a mechanical hold-down
scheme was selected which was thought to result in a
shorter fuel element, lower cost, and better control over
flow distribution. The subject of hydraulic and mechanical
restraint of the fuel assemblies requires more detailed
consideration.

Down flow of coolant should be examined as a possible
means for eliminating the need for fuel element hold-down
devices.

The pressure drop, vibration and deflection characteristics
of the fuel element must be evaluated experimentally. A
study of the combined effects of thermal and pressure load-
ing on fuel-plate behavior should be undertaken.

The calculated maximum fuel and beryllium temperatures,
based on hot channel factors, impose limitations on the core
power density with desirably high sodium temperatures. A
re-examination of the hot channel factors using a statistical
basis and a review of the temperature limitations of the
materials involved may indicate capabilities for obtaining
higher core power.
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(5) The practicability of substituting sodium as the heat trans-
fer fluid in the secondary system should be investigated.

(6) Spent fuel-element conditions during transfer from the core
to the water canal and the various possible cooling methods
should be further evaluated.

D. Metallurgy

It is quite likely, based on present development programs, that
fuel materials with properties superior to UO,-stainless steel will soon be
available. For example, dispersions of UN in stainless steel are being
developed; these permit fuel densities to be achieved that are much higher
than those which are presently obtainable using UO, as the dispersed
phase.(36>

It is further visualized that the fabrication technique for fuel
elements and the beryllium lattice will need considerably more study. The
literature on the corrosion of beryllium is somewhat limited and it has not
been clearly demonstrated that beryllium is sufficiently corrosion resistant
for the application, or that a satisfactory sodium environment of extremely
low oxide content can be maintained. Support work in this category is
advised.

Since the use of unclad beryllium under presently specified cool-
ant temperatures and flow rates appears marginal, consideration should
also be given to plating or cladding the beryllium.

The use of a lower coolant temperature may be advisable for
the use of beryllium to reduce swelling due to helium production.(37,38)
Further studies should be made in this connection.
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XII.

APPENDIX A

Table XXI

SET I. CROSS SECTIONS

(BARNS)
Note: 0 is total group removal cross section
Group E. Mev B (Fi.ssio'n Spectrum
Distribution)

1 1.353- 0.574

2 0.825-1.353 0.18

3 0.498-0.825 0.115

4 0.302-0.498 0.065

5 0.183-0.302 0.034

6 0.111-0.183 0.017

7 0.067-0.111 0.008

8 0.025-0.067 0.006

0 0.00912-0.025 0.001
10 1000-9120 ev 0
11 400-1000 0
12 120-400 0
13 47-120 0
14 16-47 0
15 6-16 0
16 2-16 0
17 0.7-2 0
18 0.4-0.7 0
19 thermal (316°C) 0




Table XXI (Cont'd )

Uy
. Group OIN (J—=k)

B GA 30 TR VO'F

)= k=/_]+1 J+2 [ 3+3 [ 3+4 | 3+5 | 3+6
1 2 626 14 07 356 0 466 0280190130111} 008
2 22 14 55 319 0 45 022|011 /0061003002
3 2 329 16 5 3 05 0 509 0241013[006|004( 002
4 2 428 2016 314 0 548 0250121009003
5 2 255 25 02 3 46 0 356 013009 | 0031001
6 2 502 315 394 0 302 013005 1| 001
K 2 623 34 8 4 43 0223 0 02
8 3192 38 4 5 41 0122 0 01
9 4 281 42 3 7 38 0 081

10 9 038 56 66 14 76 0 038

11 20 124 90 27 32 79 0 094

12 28 69 111 6 46 96 0 07

13 48 581 185 0 84 72 0 091

14 58 939 223 17 94 81 0079

15 66 946 231 9 57 37 0 086

16 39 287 140 2 44 55 0077

17 54 8,51 193 0 72 05 0 081

18 90 15 299 8 147 6 015

19 410 0 12300 850 0

238
Group G 9IN (y—=k)
j = A 3UTR VUF k_/
=/3+1 [ 3+2 | j+3 Jt+4 Jt5 | j+6

1 2 625 {14 22 1 45 0532 0750437 01370119 0 09
2 1277 | 14 67 0104 0 432 035]022 01l
3 0406 | 17 07 0 263
4 0482 | 20 67 0 354
5 0528 | 25 62 0 333 0 05
6 061413009 0414
7 0704 | 34 2 0 364 0 02
8 0595 | 37 2 0135 0 02
9 0711 {393 0111

10 0 873 | 60 0073

11 167 60 017

12 1 091 { 50 6 0111

13 0 41 32 25 0 094

14 0 669 | 29 52 0072

15 0 638 | 29 91 0 08

16 059 28 02 0 067

17 0451 | 285 0073

18 0 734 | 285 0134

. 19 16 37 11
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Table XXI (Cont'd.)

Be
G O'IN (_]—-k)
rou
;> P Op 301R
k=/j+1 | j+2 | j+3 | j+4 | j+5 | j+6
1 0.43 4.5 0.32 0.17 0.01 0.01 0.01 0.01
2 1.09 7.38 1.09
3 1.44 9.78 1.44
4 1.51 10.26 1.51
5 1.8 12.24 1.8
6 2.14 14.46 2.14
7 2.35 15.84 2.35
8 1.22 16.41 1.22
9 1.22 16.41 1.22
10 0.57 16.67 0.57
11 1.36 16.67 1.36
12 1.05 16.67 1.05
13 1.33 16.67 1.33
14 1.16 16.67 1.16
15 1.27 16.67 1.27
16 1.13 16.67 1.13
17 1.19 16.67 1.19
18 0.147 16.67 0.147
19 0.0059 19.5 0
Fe
oIN (j—=k)
Grou
i = Plooa |39 |, . . . . .
k—/_]+l j+2 j+3 jt+4 j+5 j+6
1 0.739 6.41 0.417 0.283 0.016 0.011 0.006 | 0.004
2 0.51 5.73 0.111 0.156 | 0.094 0.057 | 0.035 0.054
3 0.155 6.47 0.152
4 0.237 9.93 0.233
5 0.215 8.88 0.209
6 0.229 9.42 0.221
7 0.281 11.58 0.272
8 0.166 13.2 0.155
9 0.135 10.38 0.122
10 0.135 22.53 0.12
11 9.384 28.5 0.367
12 0.324 30.03 0.295
13 0.426 30.24 0.378
14 0.408 30.33 0.329
15 0.494 30.48 0.361
16 0.546 30.75 0.323
17 0.726 31.26 0.338
18 1.194 31.77 0.634
19 1.78 39.24




Table XXI (Cont'd.)

Na
oIN (j—=k)
Grou
;- | °a [39TR . . . . . .
. k=/j+1| j+2 j+3 j+4 i+5 | j+6
1 0.493 6 0.432 0.0259 | 0.0182{ 0.0118| 0.005 7
2 0.671 8.3 0.607 0.064 0 0 0 0
3 0.865 12.4 0.716 0.0732 | 0.0441| 0.0268| 0.005
4 0.541 9.6 0.54 0 0 0 0
5 0.65 11,2 0.649
6 0.552 9.8 0.551
7 0.576 10.2 0.575
8 0.382 13.5 0.379
9 0.379 13.4 0.378
10 0.682 6.0 0.68
11 0.223 9.9 0.22
12 0.196 9 0.19
13 0.209 9 0.2
14 0.216 9 0.2
15 0.237 9 0.2
16 0.244 9 0.2
17 0.276 | 9 0.2
18 0.571 9 0.46
19 0.30 10.5
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Table XXII(2)

SET II. CROSS SECTIONS BARNS

Note: 0p is total group removal cross section
Fission Spectrum
Group E, Mev & Distribu’gon)
1 3-o 0.204
2 1.4-3 0.344
3 0.9-1.4 0.168
4 0.4-0.9 0.180
5 0.1-0.4 0.090
6 0.017-0.1 0.014
7 0.003-0.017 0
8 550-3000 ev 0
9 100-550 0
10 30-100 0
11 10-30 0
12 3-10 0
13 1-3 0
14 0.4-1 0
15 0.1-0.4 0
16 thermal (0.025) 0

(a)Cross sections for elements other than

Pu®?* taken from Ref. (11,12) except for
modifications as noted. The U235, U238,
and Pu®® cross sections for the first

six groups are identical with those of
Hansen and Roach, Ref. (11,13) except
for a variation in g A caused by a

change in g(n,y) of Pu?®*®. Thermal
group cross sections were not adjusted
to the operating temperature of the FFTR
because of the negligible amount of ther-
mal fissions in the reactor.




Table XXII (Cont'd.)

u23s(b)
oIN (j—=k)
Gjro:up 9A 301Rr Vog
k=/j+1 | j+2 j+3 j+4 | j+5
1 3.05 12.75 3.557 0.27 0.37 | 0.65 | 0.44 | 0.06
2 2.73 13.75 3.196 0.24 0.67 | 0.45 | 0.07
3 2.35 13.95 3.087 0.55 0.40 | 0.07
4 1.78 15.6 2.988 0.35 0.08
5 1.74 23.7 3.518 0.08
6 3.2 37.2 6.125 0.05
7 5.55 45.3 10.29 0.05
8 11.15 63.3 19.36 0.05
9 25.55 106.5 42.87 0.05
10 54.05 192.0 83.3 0.05
11 43.05 159.0 66.2 0.05
12 37.05 141.0 58.2 0.05
13 38.05 144.0 75.95 0.05
14 80.05 270.0 171.5 0.05
15 224.04 702.0 463.05 0.04
16 605.0 1845.0 1256.9

(b)Read from homogeneous medium self-shielding curves given in Ref. (11,12)
for og per atom of 350 barns, corresponding to FFTR core.

Pu239
O'IN(j—Dk)

k=/3+1 j+2 j+3 j+4 j+5
1 3.2 12.75 6.612 0.20 0.27 0.45 0.31 0.04
2 3.08 13.5 6.026 0.18 0.50 0.35 0.05
3 2.71 14.4 5.472 0.45 0.30 0.06
4 2.15 17.1 4.981 0.29 0.50
5 2.05 25.2 4.810 0.05
6 3.05 36.0 5.86
7 3.57 40.71 7.15
8 6.4 49.2 11.4
9 22.1 96.3 37.2
10 39.6 148.8 71.5
11 33.86 114.3 67.6
12 13.37 70.11 25.4
13 30.3 120.9 58.1
14 120.0 390.0 286.0
15 530.0 1620.0 440.0
16 1013.0 3069.0 2100.0
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Table XXII (Cont'd )

1y238
OIN ()—=k) )
Group oA 300R op
I k=/3+1 1+2 J+3 j+4 Jt+5
1 2 746 12 00 1 725 033 0461 079 | 053 | 007
2 2 575 13 2 1213 0 35 0 96 0 64 0 09
3 1 594 135 0108 0 80 055| 010
4 072 15 75 050 008
5 0 24 24 6 008
6 055 36 0 010
7 0 76 42 0 006
Uz“-l(c) u28_11(d) Uzsa_l(c) u23s_yy(d)
8 2 06 0 80 45 0 4] 22 0 06
9 7 05 0 80 54 0 35 25 0 05
10 21 06 50 90 0 41 82 006
11 20 06 25 87 0 34 32 0 06
12 41 06 50 150 0 41 82 0 06
13 0 46 28 2 0 06
14 061 28 65 0 06
15 105 30 00 0 05
16 2 44 34 32

(c)Read from homogeneous medium self-shielding curves given in Ref 11, 12 for o4 per
atom of 4650 barns corresponding to FFTR core

(d)Read from homogeneous medium self-shielding curves given in Ref 11, 12 for og per

atom of 30 barns corresponding to dilute reactor core

Used in "large" sample

calculation
Beryllium
G 01N (J—=k)
rou
;- P °a 39rR
k=/_]+l j+2
1 0 859 3 873 818 35
2 0 541 4 425 509 012
3 1207 714 1207
4 0913 9 93 913
5 0 634 11 82 634
6 0 655 15 54 655
Be-1(e) Be-11(f) Be-1{¢) Be-11(f)
7 0530 0535 15 84 0 530 0 535
8 0 426 0 464 16 11 0 426 0 464
9 0 355 0 490 16 26 0 355 0 490
10 0 465 0 658 16 38 0 465 0 658
11 0611 0 724 16 38 0611 0 724
12 0 535 0 693 16 38 0 535 0 693
13 0 589 0772 16 38 0 588 0 771
14 1332 16 38 1 332
15 0 884 16 38 0 884
16 0 009 16 707

(e)Taken from Ref 11, 12 except that elastic removal cross sections in the
intermediate region were adjusted to correspond to estumated core spec-

trum for a 151 Be/U235 atom ratio

reactors with Be/U?¥_ 20

These cross sections were used for

(f)Taken from Ref 11, 12 except that elastic removal cross sections in the
intermediate region were adjusted to correspond to estimated core spec-

trum for a 33 Be/U235 atom ratio

reactors with Be/UZ35— 20

These cross sections were used for




Table XXII (Cont'd.)

Fe(®) Nalg)
OIN OIN
G (j—=k) G (j k)
roup roup
i - N 39 R i - N 30TR
k=/j+1 k=/j+1
8 0.1016 21.342 0.0906 8 141 13.635 0.140
9 0.167 32.904 0.14 9 .098 9.03 0.093
10 0.254 34.092 0.199 10 141 9.03 0.130
11 0.317 34.092 0.219 11 .16 9.09 0.142
12 0.377 34.11 0.207 12 A7 9.207 0.138
13 0.543 34.11 0.233 13 212 9.297 0.155
14 0.939 34.11 0.429 14 .394 9.630 0.294
15 1.18 34.71 0.270 15 .388 10.05 0.198
16 2.24 39.12 16 447 11.241
Ol6
OIN
(J-—k)
Group
j R OA 30TR
k=/j+1
8 0.162 10.72 0.162
9 0.162 10.92 0.162
10 0.228 10.92 0.228
11 0.248 10.92 0.248
12 0.239 10.92 0.239
13 0.269 10.92 0.269
14 0.489 10.92 0.498
15 0.331 10.92 0.331
16 0.0002 10.924

(8)Taken from Ref. 11, 12 except that elastic
removal cross sections in the intermediate
energy region were adjusted to correspond
to estimated core spectrum for a 24 Be/U235

atom ratio.

see these references.

For values for Group 1 to 7
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APPENDIX B

DESIRED EXPERIMENTAL FUEL BURNUP RATES

It seems evident that in order to justify its construction, the FFTR
should provide experimental Pu?®® and U?% burnup rates significantly higher
than those which can be attained in EBR-II or in the Fermi reactor.

Considering EBR-II, the maximum power density in the core volume
is 1.37 Mw/liter; the fuel alloy is 31.8% of the core volume. The maximum
fuel alloy power density is therefore

1.37 Mw/liter/0.318 = 4,31 Mw/liter.

The U?* specific power is

Alloy Power Density _ 4.3]1 - 0.52 kw/
(Alloy Density) (Wt % U) (% Enrichment) T 17.9 (0.95) (0.484)  ° g
100 100

Consider a fuel sample containing Pu®* placed in EBR-II. The
equivalent Pu®®® specific power, assuming that (o Pu?®) = 1.4 (0¢ U*®), is
1.4 (0.52) = 0.73 kw/g.

In the interest of accelerating rates of burnup, it seems reasonable
to expect that the FFTR should provide experimentally available burnup
rates at least 50% higher than those obtainable in EBR-II. In the case of
plutonium samples, therefore, the FFTR should at least be able to produce
a Pu?¥ specific power of 1.1 kw/g,

A more realistic estimate of desired burnup rates can be obtained
by considering typical fuel sample irradiations that might be performed in
the reactor. A few such examples which are believed to cover the extremes
follow with the results summarized in Table XXIII.

It is recognized that the very high plutonium burnup rate specified
for Example (2) probably could not be provided in the proposed reactor.
However, specimens typified by Example (2) could be irradiated with larger
diameters to increase center fuel temperatures. It would be highly desir-
able if about half of the test facilities in the core of the reactor provided
Pu?¥ specific powers in the range of 1.25-1.50 kw/g. Experiments typified
by Example (1), (3), and (4) couldtherebybe accommodated. The remainder
of the test facilities, including those in the reflector, should provide Pu?¥
specific powers ranging downward to approximately 0.2 kw/g to accommo- .
date experiments of the type shown for Example (5).




Table XXIII

MAXIMUM DESIRABLE BURNUP RATES FOR
EXPERIMENTAL FUEL SPECIMENS IN FFTR

Desired
. esire Fuel Power Pu®??
Example Experimental Central . g
Density, Specific
No. Fuel Fuel kw/cm3 Power kw/
Temp, °C ’ g
(1) EBR-II Fs Alloy 900 8.50 1.44
(2) Th-20 wt % Pu 1000 10.3 3.87
(3) PuC 1500 19.4 1.52
(4) UQO,-20 vol % PuO, 2530 4.15 2.06
(5) Swaged PuO, 1400 5.27 0.52

Example (1) - EBR-II Fuel Alloy

Assume EBR-II fuel elements, enriched as for EBR-II, to be irra-
diated with a central fuel temperature of 900°C. The total temperature dif-
ference in the fuel with 430°C coolant is 470°C. Since the total temperature
difference in EBR-II fuel elements is 238°C with a fuel power density of
4.31 kw/cm3, the required power density is

4.31 (470/238) = 8.50 kw/cm?>,

The U?% specific power is

Alloy Power Density _ 8.50 - 1.03 kw/
(Alloy Density) (wt % U) (% Enrichment) ~17.9 (0.95) (0.484) ) &
100 100

If Pu?’? is substituted for U?¥, assuming no change in flux, less plu-
tonium than uranium will be needed because of the higher fission cross sec-

239 However, since the same total power would then be produced
239

tion of Pu
by a smaller amount of plutonium, the unit power requirements for the Pu
will increase proportionately. Assuming that O¢ Pu? = 1.4 (¢ U%%), the
Pu?¥ specific power would thus be

1.4 (1.03) = 1.44 kw/g.
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Example (2) - Th-20 wt % Pu Alloy

Assume EBR-II size fuel elements, with fuel thermal conductivity
equal to U-Fs alloy. A maximum fuel temperature of 1000°C is desired.
The total temperature difference, assuming 430°C coolant, is 570°C. Using
the same procedure as in Example (1), the required alloy power density is

(4.31 kw/cm?) (570°C/238°C) = 10.3 kw/cm”>.

The Pu?* specific power is

Alloy Power Density _10.3 - 387k / P2
(Alloy Density) (Wt To Pu239> 13.3 (0.2) ) A
100

Example (3) - PuC

Assume EBR-II size elements, with fuel thermal conductivity equal
to U-Fs alloy. A maximum fuel temperature of 1500°C is desired. The
total temperature difference with 430°C coolant is 1070°C. Using the same
procedure as in Example(l), the required PuC power density is

4.31 (1070/238) = 19.4 kw/cm?.

The Pu??? specific power is

PuC Power Density 19.4

(PuC Density) ( At. wt. Pu?¥ >_ 13.4 (239/251)
Mol. wt. PuC

= 1.52 kw/g.

Example (4) - UO,-20 vol % PuO,

The use of EBR-II size pins with a density of 11.4 g/crn3 and with
an effective fuel thermal conductivity of 0.021 watts/(cm)(°C) is assumed.
A maximum fuel temperature near 2500°C is desired, with a 2000°C tem-
perature difference in the fuel. As in Example (1), the oxide power den-
sity is

Oxide A’f
EBR-II Fuel AT

(EBR-II Fuel Power Density)

Oxide Thermal Conductivity
EBR-II Fuel Thermal Conductivity

) 2000\( 0.021\_ 3
= 4.31 ( 135>(0'298>_ 4.15 kw/cm?.




The temperature difference through the balance of the fuel element assembly
is

Oxide Power Density >_ 103 < 4.15

= = 100°C,
EBR-II Fuel Power Density 4.31) C

(EBR—’II AT) (

With a coolant temperature of 430°C, the center fuel temperature is

2000 + 100 + 430 = 2530°C.

239

The corresponding Pu®’’ specific power is

Oxide Power Density _ 4.15
vol % Pu02> (At. wt. Pu?¥? ) , (z39>
2(0==%)11.4
( 100 mol. wt. Puo, ) (Density PuQ;) 0.2 {55

2.06 kw/g Pu?®.

Example (5) - Swaged PuO,

Assume:
Fuel OD: a = 0.104 cm (0.090 in.)
Element OD: b = 0.127 ¢cm (0.100 in.)
Thermal conductivityof fuel : kf = 0.021 watts/(cm)(°C)

Thermal conductivityof clad: ke = 0.236 watts/(cm)(°C) (stainless steel at
600°C)

Contact coefficient of fuel ~ clad : hg = 1.13 watts/(cmz)(°C) (Estimated
from HAPO data)

Film coefficient of clad - coolant: hy, = 9.9 watt /(cmz)(°C) (EBR-II Values)
Coolant Temp. = 430°C (800°F)

Desired Maximum Fuel Temp = 1400°C

Desired Element Temp Difference = 970°C.

Also assume that an oxide power density Q of 5 kw/cm3 is required.
Then the total temperature difference AT in the element will be

Qa®? Qa? 1 1 (b) 1
AT = + — 2y
_ ax; T2 I:haa ke ™ \a) Thpp

99

_ 5000x0,1042+5000x0,1042 1 1 0.127 1
4 x0.021 2

645 + 230 + 24 + 21
920°C

[l

+
[.13%0.104 10.236'"0.104 9.9x0,127>
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Since 5 kw/crn3 results in a AT of 920°C, the required oxide power density
is 5 x 970/920 =5.27 kw/cmsfor the desired 970°C. The corresponding
Pu?*? specific power is

Oxide Power Density - 5.27 - 0.524 kw/g Pu?’?,

at. wt. Pu?®® \ 11.4 x(239/271)
mol. wt. PuO,

(Oxide density) <
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