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ABSTRACT

The preliminary design of a 3095-Mw(thermal), helium-cooled, graphite-moderated
reactor employing graphite-UQO, fuel elements has been investigated. At design condi-
tions, 1500°F reactor outlet gas would be circulated to eight steam generators to produce
1050°F, 1450-psi steam which would be converted to electrical power in eight 157-
Mw(electrical) turbine-generators. The over-all efficiency of this nuclear power station
is 36.5%. The significant activities released from the unclad graphite-UQ, fuel appear
to be less than 0.2% of those produced and would be equivalent to 0.002 curie/cm® in
the primary helium circuit. The maintenance problems associated with this contamina-
tion level are discussed. A cost analysis indicates that the capital cost of this nuclear
station per electrical kilowatt would be around $220, and that the production cost of

electrical power would be 7.8 mills/kwhr.
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THE HGCR-1, A DESIGN STUDY OF A NUCLEAR POWER STATION
EMPLOYING A HIGH-TEMPERATURE GAS-COOLED REACTOR
WITH GRAPHITE-UO, FUEL ELEMENTS

W. B. Cottrell M. H. Fontana
C. M. Copenhaver V. J. Kelleghan
H. N. Culver? G. Samuels

1. INTRODUCTION AND SUMMARY

In the spring of 1958, ORNL completed a design study of an enriched-uranium-fueled
helium-cooled reactor, designated GCR-2, for the production of electrical power.2 The
reactor employed UO, slugs in stainless steel capsules from which circulating helium
carried the nuclear heat to four steam generators. The reactor was designed to utilize
existing technology, with the expectation that a reactor of this type could be built in
the near future. The cost of power from a single 700-Mw (thermal) reactor station was
estimated to be ~ 11.2 mills/kwhr.

While this design study was being made, it became obvious that there were numerous
areas in which improved performance could be realized, either by a change in the design
or as a consequence of equipment and materials developments. A report presenting a
general discussion of these advanced concepts® was subsequently issued by ORNL as
a guide to both analytical and experimental work on gas-cooled reactors. Of the many
concepts which may potentially reduce nuclear power costs in comparison with those
estimated for the GCR-2, the most important is the development of a fuel element ca-
pable of operatingat surface temperatures of 1800°F or above. Such a fuel element would
attain high heat fluxes and high power densities and would lead to both low capital
charges and low fuel costs. The high coolant temperature may be used either in a
direct power-recovery cycle or to reduce steam generator size and to improve steam
cycle efficiency.

The metal-clad fuel elements of the type proposed for the GCR-2 or of the type em-
ployed in nuclear power stations in Great Britain are capable of containing virtually all
the fission products. Comparable metal-clad fuel elements for high (> 1800°F) tempera-
tures do not exist; ceramic materials must be used at the desired temperatures. Un-
fortunately, the ceramic materials currently available will not completely retain fission-
product gases. |t thus becomes apparent that the high-temperature gas-cooled reactor
system which can be based on existing materials will be contaminated with fission prod-

ucts which will have escaped from the fuel elements.

10n assignment from Tennessee Valley Authority.

2Tbe ORNL Gas-Cooled Reactor, ORNL-2500, pts 1-4, and The ORNL Gas-Cooled Reactor.
Materials and Hazards, ORNL-2505 (April 1, 1958).

3Tbe ORNL Gas-Cooled Reactor. Advanced Concepts, ORNL-2510 (Oct. 2, 1958).




The incentive for higher temperatures arises more from economies in the reactor and
steam generator than in the turbine portion of the plant. Nevertheless, most recent
economic analyses, as typified by an ORNL study of turbine plants,4 show that turbine
costs are not optimized at operating temperatures below 1000°F, regardless of fuel
costs. In any event, the higher temperatures will significantly increase the power
density and specific power in the reactor, decrease the size of the steam generator, and
reduce the capital cost (per kilowatt) of both these items. Indeed, these economies plus
those from the fuel cycie should, and apparently can, compensate for the costs as-
sociated with the contaminated primary coolant, which requires more shielding, addi-
tional containment, and remote maintenance.

The concept of a gas-cooled reactor in which the coolant is highly contaminated is
not new,5'6 and in recent years there has been increasing interest in such sysfems.7']°
The interest is undoubtedly related to an increasing appreciation of the temperature
limitations of the uncontaminated coolant system. This should not be interpreted as
implying that adequate additional information is now available to evaluate fully the dif-
ficulties, as well as the potentialities, inherent in a contaminated gas-cooled reactor
system. An appreciation of the incentives for a contaminated-coolant system suggested
the feasibility study and economic evaluation described in this report. This study was
initiated in June 1958 on a part-time basis. |t was originally planned as a three-month
study, but the pressure of other commitments prolonged the study over a period of five
months. The results of preliminary calculations on the release of activity from graphite-
UO, fuel elements were presented at the Information Meeting on Gas-Cooled Power
Reactors at ORNL, October 21-22, 1958.""

The reactor described here does not represent an optimized (lowest power cost)
design. Indeed, the uncertainties which exist in many of the cost figures that must be

used in this type of study are so great as to render such an undertaking questionable.

4). D. Maloney, Jr., Cost Estimates for Seven 200-Mw Turbine Plants for Operation with
Nuclear Reactors at Various Steam Conditions, ORNL-1387 (Jan. 22, 1953).

SF. Daniels, Suggestions for an Experimental Reactor, AECD-4095 (April 1950).
F. Daniels, Suggestions for a High-Temperature Pebble Pile, N-1668b (Oct. 25, 1944).

7L. R. Shepherd et al., The Possibilities of Achieving High Temperatures in a Gas-Cooled
Reactor, 1958 Geneva Conference Paper No. 314.

8R. Schulten, The Pebble-Bed High-Temperature Reactor for West Germany, 1958 Geneva
Conference Paper No. 1054,

9R. P. Hammond et al., Turret: A High-Temperature Gas Cycle Reactor Proposal, LA-2198
(Jan. 23, 1958).

1051affs of Sanderson & Porter and Alco Products, Inc., Design and Feasibility Study of a
Pebble Bed Reactor—Steam Power Plant, S&P 1963, Sanderson & Porter, New York, May 1, 1958,

w. B, Cottrell, '*Release of Activity from Various GCR Systems,”’ from Information Meeting
on Gas-Cooled Power Reactors, Oct. 21-22, 1958, TID-7564 (Dec. 1958).




In this study, the recently completed GCR-2 design was modified as required to accom-
modate the high-temperature fuel elements and the resulting contaminated coolant.
Although this decision arbitrarily eliminated homogeneous-graphite and pebble-bed
reactors from specific consideration, the results of the analyses of fission-product re-
lease and contamination, as well as the meager information on maintenance, will be
applicable to any contaminated system. Further, since any potential cost advantage of
the contaminated system in comparison with a clean system is singularly dependent
upon such analyses, the conclusions reached in this report are in general applicable to

other contaminated-gas-cooled reactor systems.

The emphasis throughout this study has been to develop the features of the con-
taminated system as completely as possible from the data available. This approach
has been quite successful in some areas, in particular, in analyzing the release of
activity from unclad fuel elements. Although the disposition of this activity throughout
the primary system is uncertain, this study provided a reasonable upper limit from which
shielding, maintenance, and containment criteria could be established. Costs of shield-
ing and containment may be estimated with some confidence on the basis of the estab-
lished criteria, but maintenance costs remain unresolved, since they must be considered

in terms of a specific system and operating goals.

The study of any reactor system is, of course, of greatest significance if its cost is
based on a specific reference system. The GCR-2 design was used as the reference
system because detailed cost analyses of that design had recently been derived; and,
since manpower was not available for a completely independent optimization, the reactor

described here is simply a modification of the GCR-2.

It was soon realized in this study that the power to be derived from a contaminated-
coolant system that was of the same physical core size as the GCR-2 and was operated
at the same pressure would be much greater than the 700 Mw (thermal) of the GCR-2.
The difference in power levels presented a significant problem in comparing the power
costs, since, with all other factors equal, the larger plant would be expected to produce
lower cost power. In order to resolve this problem an attempt was made to extrapolate
the GCR-2 cost to that expected from a plant of the same output as the contaminated-
coolant system.

The contaminated-gas-cooled reactor system considered here is helium cooled and
graphite moderated, with the fuel elements positioned in vertical cooling holes in the
graphite. The fission products released from the fuel elements are circulated with the
helium coolant throughout the primary system. It is obvious that such a plant requires,
in comparison with the GCR-2, additional containment, additional shielding, decontami-
nation facilities, and special facilities for maintenance. The costs of these added

features must be evaluated against improved reactor and system performance, including




better neutron economy and higher gas and steam temperatures, and the lower fuel and
capital costs that follow from these improvements.

The results of this study indicate that lower power costs can be realized from the
contaminated-coolant system. The cheaper power results from a small reduction in op-
erating costs and a large reduction in the capital costs associated with the reactor
portion of the plant. The lower reactor cost is attributable principally to a factor of 7
increase in specific power. It was estimated that the capital cost would be $220 per
kilowatt of installed capacity and that the plant would produce electrical power at a
cost of 7.8 mills/kwhr, that is, at a cost less than the extrapolated GCR-2 power cost.
These estimates are, of course, only as accurate as the GCR-2 costs from which these
are largely derived. A conservative approach was used in the cost evaluation, however,
and there is reason to believe that the relative position of the contaminated-coolant
plant will improve as a consequence of the development of equipment and additional
studies of fuel fabrication, fuel lifetime, and fission-product release rates for which
conservative values were taken in lieu of demonstrable data.

Significant parts of this analysis were design and heat transfer studies of the unclad
fuel element (Chap. 4), steam cycle analyses (Chap. 6 and App. E), the calculation of
activity released from the proposed graphite-UO, fuel element (Chap. 7 and Apps. A, B,
C, and D), and physics calculations (Chap. 3). The results of each of these studies
place the contaminated-coolant system in a more favorable light than is generally
assumed.

The plant layout and reactor system are described in Chaps. 2 and 5, respectively.
The study of plant maintenance is presented in Chap. 9, and, finally, the analysis of
power costs is given in Chap. 10. Although the cost of most items may be predicted
with the accuracy inherent in the GCR-2 cost estimates, little progress was made in
developing costs for remote maintenance and servicing equipment. In all probability
these costs will remain indefinite until the system contamination is better defined and
much more development work has been done on remote-servicing equipment.

Tabulations of the design data and power costs may be found in Chaps. 2 and 10,
respectively. The plant is designated HGCR-1, for the first design of a Hot Gas-Cooled
Reactor. Hot in this instance describes both the thermal and radicactive characteristics

of the coolant,



2. PROPOSED PLANT DESIGN

Preliminary plant layouts were prepared to facilitate the study of the advantages
and disadvantages of a helium-cooled, graphite-moderated reactor fueled with unclad
ceramic fuel elements. Plan and elevation sections of the reactor portion of the plant
are shown in Figs. 1 and 2, respectively. Although these layouts were developed from
information subsequently described in this report, the information is presented here to
give a general concept of the plant as a basis for detailed analyses of specific
problems.

A major objective of the study was to determine what advantage could be obtained
by higher fuel element surface temperatures and what disadvantages would be associ-
ated with any resulting contamination of the coolant stream. The study was to be
carried out with a minimum of deviation from equipment sizes employed in the GCR-2
design in order to permit the use of much of the cost data assembled during the course

of the GCR-2 plant study.
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The reactor vessel and core designed for the HGCR-1 are the same as for the GCR-2.
The reactor vesse! is 50 ft in diameter and is fabricated from type SA-212 stainless
steel, grade B; the 30-ft-dia, 20-ft-long reactor core is mounted within the spherical
vessel. For a core of this size and a maximum fuel element surface temperature of
2000°F, calculations (Chap. 4) indicated that the power level of the core could be
increased in comparison with that of the GCR-2 by a factor of 4.5, that is, to 3095 Mw
(thermal). The core heat would be removed from the gas stream in eight steam genei-
ators, each 54 ft long and 21.5 ft in diameter, as compared with the four, 60-ft-long,
20-ft-dia steam generators used in GCR-2. Twice the number of steam generators, each
about the same size as those in the GCR-2, would be capable of transferring 4.5 times
as much heat because of the improved heat transfer performance associcted with the

higher temperature differences and gas velocities. The number of steam generators for

the HGCR-1 was not optimized with reference to the cost of helium piping, steam piping,




turbines, etc., but rather was selected so that the size of the required blower motors
would not be too great an extrapolation from existing technology. At the time, the
resulting steam generators were sufficiently similar to those of the GCR-2 to permit
cost estimation by extrapolation of GCR-2 costs,

A plant arrangement in which the steam generators were symmetrically placed about
the reactor pressure vessel, as shown in Fig. 1, was selected to minimize the shield
size and the plant containment vessel size. Layouts were not prepared for the portions
of the plant outside the containment vessel. It was assumed that the cost of the turbine
generators and their building structures and auxiliary equipment would vary directly
with the plant power level, as has been indicated by other studies.'

Design data for HGCR-1 are presented in Table 1, together with comparable data
for GCR-2. Some of the unique features of the plant not covered in detail elsewhere are

described below.

CONTAINMENT PROVISIONS

The high activity level in the helium as a consequence of the use of unclad fuel
elements would be such a potential hazard if an expansion bellows or other system
component failed that it was deemed necessary to contain the entire helium system
within a second pressure-tight container. For the HGCR-1, a spherical containment
shell 220 ft in diameter would be required, that is, a shell comparable in size to the
containers for the Dresden? and the West Milton® plants. Within the containment shell
would be the reactor, steam generators, helium piping, and all primary and auxiliary
equipment which might become contaminated during service. Adequate biological
shielding would be provided to permit occasional entry into the containment vessel for
inspection and maintenance while the reactor was operating, but all protracted oper-
ations and all control manipulations would be accomplished from outside the contain-
ment cell. Servicing areas for contaminated equipment would be provided within the
containment shell as well as outside it.

Even with the water available in one steam loop, in addition to the helium in the
primary system, taken into account, the pressure within the containment shell in the
event of the maximum credible accident would be only a few pounds per square inch.
The 220-ft-dia containment sphere would have to be approximately 7/8 in. thick to with-
stand the ‘‘dead"’ weight loads and thus would be more than thick enough to withstand

M. Bender and R. D. Stulting, Cost Comparisons of Capital Investment in Various Nuclear
Power Plants for Central Station Application, ORNL CF-58-10-49 (Oct, 14, 1958).

2G. Sege, Containment-Vessel Design Basis for the Dresden Nuclear Power Station, Paper
No. 121 presented at the Nuclear Engineering and Science Conference, March 17-21, 1958,

3H. s. Isbin, "*Nuclear Reactor Catalog,' Proc. Intern. Conf. Peaceful Uses Atomic Energy,
Geneva, 1955 3, 387 (1955).




Table 1. Comparison of HGCR-1 and GCR-2 Design Data

Plant Characteristics GCR-2 HGCR-1

General -
Reactor heat rating, Mw 687 3095
Electrical output to grid, Mw 225 1130
Over-all net efficiency, % 32.8 36.5
Core power density, w/cm? 1.76 7.9

Fuel
Total uranium inventory, kg 136,800 85,390
Specific power, w/g 4.95 36.2
Number of channels 1597 1415
Channel dimensions, in. 3.05 to 3.45 dia 4.5 < 4.5 {square)
(cylinder)
Fuel configuration Bundle of seven pins Box containing four
plates
Fuel composition Uo, slugs U0, particles in
graphite )

Fuel enrichment, % U233 2 2
Fuel cladding Type 304 stainless steel  None -
Length of element, in, 40 24
Number of elements per channel 6 10
Dimensions of fuel pin or plate, in. 0.75 dia 0.372 x 4.5
Density of UO,, g/cm’ 10.4 10.4
Maximum fuel element heat fiux, Btu/ft2.hr 110,000 245,000
Maximum fuel element surface temperature, °F 1200 2000
Maximum temperature rise in fuel, °F 900 95

Physics and Control

| Burnup, Mwd/tonne 7350 10,000
T Fuel temperature coefficient per °C ~-4,7 X 1073 ~5.5 x ]0_5
(initiol)
| Lattice pitch, in. 8x8 8.5 x 8.5
|
: Average thermal flux {(at 2200 m/sec), 5x ]0]2 4 x ]0]3
neutrons/cmZ.sec
Average fast flux (at > 100 ev), 2x10"3 9x 10"
neutrons/cmzosec
| Conversion ratio 0.735 0.816 *
| Number of control rods 61 61
|
| Control rod material Silver Silver ©
|
|
\
|
i
|
| 8
|
|

O



Table 1 (continued)

Plant Characteristics

GCR-2

HGCR-1

Moderator and Reflector

Material

Core size
Height, ft
Diameter, ft

Reflector thickness, ft

Weight of graphite, tons

Density, g/cm3

. o
Maximum temperature, “F

Thermal shield material

Thickness, in.

Biological shield material
Thickness around reactor, ft

Thickness around primary system, ft
Density, Ib/ft3

Gas

Working pressure, psia

Flow, normal (ib/sec)

Blower inlet temperature, °F
Reactor inlet temperature, °F
Reactor outlet temperature, °F
Number of primary loops

Duct configuration

Primary system volume, i3

Type

Number per loop
Number per plant
Mass flow, Ib/sec
Blower power, hp
Speed control

Reactor flow control

TSF graphite

20
30

2.5
1122
1.65
750

Shielding

Boron-containing
glass

0.5

Concrete

9

None

145
Coolant

Helium

300

972

450

460

1000

4

5-ft-dia cylinder

107,000

Blower
Axial
1
4
972
5700
Constant

Bypass flow

TSF graphite

20
30

2.5
990
1.65
1100 (est.)

Boron-containing
glass

0.5

Concrete
6.5
3.5
145

Helium

300

2400

506

525

1500

8

5- and 7-ftdia

coaxial cylinders

190,000

Axial
1

8
2400
9000

Constant

Bypass flow




Table 1 (continued)

Plant Characteristics GCR-2 HGCR-1
Pressure Vessel
Configuration Sphere Sphere
Diameter, ft 50 50

Material

Thickness, in.

Pressure, psia

Type SA-212
stainless steel,

grade B
3.25
300

Heat Exchangers

Type Once through
Diameter, ft 20
Height, ft 60
Number 4
Steam temperature, °F 950
Steam pressure, psia 950
Gas flow per unit, Ib/sec 243
Water flow per unit, |b/sec 142
Turbogenerators
Number of sets 2
Maximum constant rating, Mw (electrical) 125
Speed, rpm 3600
Gross thermal efficiency, % 36
Hazards

Gamma activity in primary system, curies

From materials activation 18

From fission-product release "~ 18 (per defective

capsule)

Specific activity in primary system, uc/em

3 3% 10~3 (for one

defective capsule)

Dose rate adjacent to steam generator during

operation (due to contamination in the gas

stream only), mr/hr
With no shielding
With 3.5 ft of concrete

Special containment provisions

2.5
~0

None required

Estimated failure rate of fuel capsules due to 5

cladding defects, failures/year

Type SA-212
stainless steel,

grade B
3.25
300

Once through
21.5

54

8

1050

1450

300

340

157
3600
40

~0
107

2000

~~ 30,000
~2.5

220-ft-dia contain-

ment vessel




the maximum internal pressures. The shell would be thicker in areas of nozzle pene-
trations and support attachments where there would be additional loads. Some precaution
would have to be taken, however, to prevent application of collapsing loads to this
relatively thin shell, since uniform external loads of the order of 0.5 psi would be
hazardous.

A second method of arranging the equipment was studied from the standpoint of
maintenance operations, safefy considerations, and cost estimates. The reactor vessel
and fuel-charging equipment were located within one containment cell, while a second
containment cell housed the steam generators. A connection was made between these
cells to take full advantage of the cell volume available for minimizing the cell pressure
in the event of system failure. Although this layout permitted closer grouping of the
steam generators and consequently some savings in steam piping runs, it did not appear
obviously better than the first layout; therefore, the first layout was chosen to permit

completion of the study.

SHIELDING

Preliminary calculations have indicated that 3.5 ft of concrete would be required
for shielding the primary gas system external to the shielded reactor compartment
(Chap. 7). The reactor pressure vessel would require 6.5 ft of concrete shielding in
addition to that afforded by the primary system shielding. Since the blowers and the
valves would be expected to require periodic checking and, possibly, repair, they would
be enclosed in a separate cell where remote viewing and handling equipment would be
available. Removable roof plugs would provide access for replacement of this equip-
ment through the use of the cell crane and remotely operated cutting tools.

Repairs might also be required at the steam and water headers of the steam gener-
ators. The steam generators would be once-through monotube boilers with water-
containing tubes penetrating the boiler shells and connecting to external headers.
Shielding could be interposed between the headers and the steam generator shell to
permit contact maintenance work so that locating and plugging off a leaking tube should

be a relatively simple matter.

FUEL STORAGE

Upon removal from the reactor, the fuel would be transferred to a fuel storage area
within the containment shell, where it would be held for a suitable cooling-off period.
It would then be placed in a shielded transfer cask and removed from the containment
shell. The cask would be removed through an air-lock arrangement that would prevent
escape of fission products from the containment cell in the event of a reactor failure.

The dry storage area provided for spent fuel elements within the containment shell

could also be used for storage of partially spent fuel elements in the event that they




had to be temporarily removed from the reactor core. Such dry storage would avoid the
special drying problems associated with wet storage. Residual moisture in porous
graphite fuel elements that had been stored in water would become steam when the
elements increased in temperature, and, if the temperature increase were rapid, there
might be mechanical damage of the elements. Further, the moisture would subsequently
have to be removed from the helium stream by the helium purification system.

Cooling of the dry storage area would be accomplished by blowing cell air through
the storage racks, thence through filters, and up the stack. Since the stack would
discharge outside the containment shell, equipment would have to be provided to prevent
accidental discharge of fission products in the event of a sudden reactor failure. The
fuel elements would not be placed in the dry storage area until they had been cooled
to a surface temperature of approximately 150°F, and therefore diffusion of any fission
products existing within the graphite fuel element would not be significant. Only a
minor amount of active material would be expected to diffuse into the air stream and

hence be discharged through the stack.

AUXILIARY EQUIPMENT

In addition to the main items of equipment mentioned above, much auxiliary equip-
ment is located within the containment shell. This equipment includes items such as
a vacuum pump for testing and evacuating the helium system, helium purification equip-
ment, helium transfer equipment, contaminated helium storage cylinders, shield cooling
air blowers, air filters, contaminated equipment maintenance areas, a decontamination
control station, and fuel-handling area.

An auxiliary equipment and control building would adjoin the cell, and the turbine-
generator building would be connected to the auxiliary equipment and control building.
The turbine-generator building would be 115 ft wide, 420 ft long, and 60 ft high. The
auxiliary equipment and control building would be 50 ft wide, 70 ft long, and 60 ft high.
All steam plant auxiliary equipment would be located either in the basement of the
turbine-generator building or in the auxiliary equipment and control building. This
layout is essentially the same as that proposed for GCR-2, with an appropriate increase

in size.

CONTAMINATION CONTROL

In the HGCR-1 system, the shield cooling air would become activated as it flowed
through the reactor compartment. A small amount of the activity would be due to the
activation of the argon in the air, but the principal source of activity would be leakage
from the primary system. Based on the activities of the various isotopes in the gas

stream of the primary system (see Chap. 7), a leakage rate of 0.1% per day could be

12




tolerated without exceeding the maximum exposure downstream from the plant stack
exhaust (see App. F).

The shield cooling air would be exhausted directly to the stack, since the activity
leaking into the containment vessel at the 0.1% per day primary system leakage rate
would be too high to permit access to the containment vessel. The air would circulate
from the areas of least contamination (outside the secondary shield) to areas of high
contamination (adjacent to the reactor and primary cooling system), and would reduce
the background activity inside the containment vessel by preventing the buildup of
long-lived nuclides. It would, of course, be necessary to have a valve in the stack that
would close when activity levels were detected that exceeded those associated with
the normal allowable leakage.

By maintaining air flow in the direction described it would be possible for personnel
to enter the containment vessel to perform minor maintenance while the reactor was at
operating pressure. Since the persons who entered the containment vessel would always
be external to the secondary shield, the possibility of inhaling large amounts of activity
would be small.

If higher than normal activity levels were recorded while personnel were inside the
containment vessel, there would be sufficient time to evacuate the vessel before the
valve in the stack was closed and the contaminated air was directed into the contain-
ment vessel. The level of activity of all the nuclides would be maintained at an equi-
librium level by the cleanup system. However, xenon and krypton would continue to
build up and would reach an activity level which would be determined by the leakage
rate from the primary system and the length of time the activity was allowed to accumu-
late inside the containment vessel. The leakage of activity into the containment vessel
in this situation would continue until the system pressure was reduced and the primary
system gas was transferred to the storage system. The activity inside the containment
vessel would then be vented to the atmosphere at a rate which would not cause exces-
sive exposures downstream. This could be done by controlling the activity release or
by waiting for satisfactory atmospheric conditions.

The activity of the air inside the containment vessel would be reduced to the allow-

able concentrations before maintenance personnel were permitted inside. In emergencies,

personnel could be allowed into the containment vessel.




3. PHYSICS

Studies of various fuel element configurations and compositions were made to obtain
the information needed for economic optimizations of gas-cooled reactor plants utilizing -
fuel elements having nonmetallic cladding or no cladding. Before such studies could
be made it was necessary that the moderator, coolant system temperature, and other
major core parameters be specified, since the fuel element composition and configura-
tion must be chosen on the basis of a proper balance between reactor physics con-
siderations, heat transfer properties, fission-product retention capabilities, and general
fuel costs that will result in @ minimum power cost for a given plant net electrical rating.
The major nuclear parameters required for optimization are the effective multiplication
factor and reactivity lifetime of the fuel as functions of fuel element composition and

configuration.

There are at least two significant advantages to be realized by the elimination of
the cladding from the fuel element: (1) a reduction in the amount of fissionable material
required because of the reduced poison in the core and (2) an increase in fuel lifetime
because of the removal of metallurgical restrictions imposed by the cladding. Of these
advantages only the first has been examined in any detail. While the fuel lifetime has
not been calculated for the HGCR-1, a value of 10,000 Mwd/tonne was used for the cost *
estimates in this study. This is believed to be conservative, since calculations indi-
cated that the nuclear lifetime of the GCR-2 fuel element was approximately 15,000
Mwd/ton.

| Another area of concern which has not been fully explored is the effect of reactor
| temperatures on reactivity. The mixture of graphite and fuel and the graphite sleeve
would tend to make the temperature coefficient of reactivity of the HGCR-1 less nega-
tive than that of the GCR-2. However, preliminary calculations indicate that the prompt
fuel temperature coefficient, that is, the Doppler coefficient, would be negative, al-

though it would become less negative as Pu?3? built up in the fuel.

in order to reduce the number of computations required in this preliminary study of
unclad fuel element systems from an economic optimization point of view, the restrictive

assumptions listed below were made.

1. The fuel plates were assumed to be homogeneous mixtures of 25 vol % uo,

and 75 vol % graphite. The UQO, content selected was the maximum UO, volume frac-

tion permitted by metallurgical considerations.




2. The fuel element config-

i UNCLASSIFIED
uration assumed was a rectan- ORNL-LR-DWG 348594
gular box having a square cross-
sectional area, as shown in
Fig. 3. Since the physics cal-
culations are rather insensitive

to the number of fuel plates

used to provide a fixed volume

fraction of fuel and the heat i U0p- ORAPH RUBBER BAND"
. SURFACE

transfer calculations indicated
four to be a reasonable number,
the fuel element was assumed

throughout this study to be made

up of four plates. Thus, the | - —
. P= LATTICE PITCH 6 = COOLING GAP
only variable parameters of the /= FUEL PLATE THICKNESS £ = CHANNEL WIDTH

fuel element were the lattice "
pitch, the plate thickness, the Fig. 3. Cross-Sectional Configuration of Fuel Element.
1 1
cooling gap size, and the chan-
nel width,
3. The fuel enrichment was assumed to be limited to the range 2 to 4%, and the
graphite and UO, densities were assumed to be 1.65 and 10.4 g/cm3, respectively.
The calculational methods described in the report on the GCR-2 study! were fol-

lowed in this evaluation wherever practical,

MULTIPLICATION FACTOR

The effective multiplication factor of the reactor system is expressed by
-B271 (1, [ 2571
kogs =nepf e (1+L°B%) ,

where L is the diffusion length, B is the buckling factor, and 7 is the age. This equation
is equivalent to that used in the design of the GCR-2, but for this study the factors
n, € p, and /, which comprise the infinite multiplication factor, are defined somewhat
differently. The changes in the definitions of the four factors are negligible, however,
and the calculated values can be compared directly with corresponding values obtained
in the GCR-2 design. The four factors and their definitions are discussed in the fol-

lowing sections.

'The ORNL Gas-Cooled Reactor, ORNL-2500 (April 1, 1958).




Neutron Yield

The neutron yield, 7, is defined here as the number of neutrons produced per neutron
(with energy below 0.1 Mev) absorbed in uranium; resonance absorptions in U238 gre not
included. The neutron yield values were obtained from effective cross sections, as

described in a subsequent section.

Fast Effect

The fast fission factor, €, is defined here as the number of neutrons that slow down
to energies below 0.1 Mev or escape from the fuel element per primary fission neutron.
Primary fission neutrons result from fissions of U235 caused by neutrons with energies
below 0.1 Mev. The equation for € is essentially that given by Carlvik and Pershagen, 2
who evaluate € by a two-group calculation with the group 1 neutrons having zero fission
cross section and energies ranging from 0.1 to 1.49 Mev and the group 2 neutrons having
a constant fission cross section and energies above 1,49 Mev. This method was modi-
fied to permit fissioning in group 1 and thus take fast fission of U235 into account in
the proper manner; however, for small fuel enrichments, the effect of the modification
is insignificant. The principal advantage of the two-group method relative to the one-
group method used in the GCR-2 study is that the choice of average cross sections and
collision probabilities is simplified, particularly for the highly moderating fuel elements
being studied. The collision probabilities for groups 1 and 2 are obtained by computing
the probabilities of escape from an equivalent homogeneized cylinder having a surface
equal to the “‘rubber band’’ surface of the fuel element (see Fig. 3). For the lattice
spacings considered here, the coupling effect, or the probability that a neutron emitted
from a fuel element will collide with another fuel element before colliding with the
moderator, is small. Also, the probability of rescattering of the escaping fission neu-

trons back into the fuel with energies above 0.1 Mev is negligible.

Resonance-Escape Probability

The resonance-escape probability, p, is defined here as the probability that neutrons
slowing down to energies below 0.1 Mev will slow down below the lowest resonance of
U238 without captures in U238 resonances. Epithermal captures in U238 attributable to
the 1/v portion of the epithermal cross section and all epithermal captures in U233 are
taken into account in calculating the thermal utilization and thus are not included in

the resonance-escape probability.

2| Carlvik and B. Pershagen, The Fast Fission Effect in a Cylindrical Fuel Element, AEF-70,
AB Atomenergi, Stockholm, Nov. 1956,




The resonance-escape probability is expressed by

o
P = exp - 7,28 I
N N
m o] U
—(‘st)m+T(‘st)o + (¢o ),
28 28 28

where
9, 28 = effective resonance integral for U238 in the energy interval 0.1 Mev to ap-
proximately 5 ev,
O = scattering cross section of material indicated by subscript,
N = atom concentration in lattice cell of material indicated by subscript,
¢ = average lethargy decrement per elastic collision.

U238, respectively.

The subscripts m, O, u, 28 refer to moderator, oxygen, uranium, and
This equation assumes no moderator disadvantage factor for the epithermal fiux.
Dresner® has shown that in heterogeneous media the effective resonance integral
can be expressed in terms of the homogeneous case for the ‘‘narrow resonance’’ approxi-
mation. The effective resonance integral for the heterogeneous case is obtained by
using homogeneous experimental data where the potential scattering cross section per

absorbing atom, Ty for the fuel plate is replaced by bap. The reduction parameter is

1
b=1+ ,
EPE
where
EP = macroscopic potential scattering cross section of the fuel plate,
5 = average chord length.

For the purticular fuel element configuration studied,

_ 81!
$§= —
I+ 41+ 3Gy

where
y = the absorptions on the internal surfaces of the fuel element relative to the total
neutron current entering the gap,

and, for isotropic neutron source distribution in the external moderator,

~. G
y 1o —.

2]

The terms appearing in y and S are defined by Fig. 3.

3. Dresner, ORNL, to C. Copenhaver, private communication, Dec. 1958,




The values of %, 28

were obtained from a

U238 resonance integral curve? for the

homogeneous case by using the computed values of bUp.

The effective resonance integral at the operating temperature is expressed by

o (T) = o,(at 20°C) exp [1.56 x 10~ (T - 20)] ,

where the value of T used is 1110°C.

Thermal Utilization

The thermal utilization factor, f, is defined here as the ratio of the thermal and

epithermal absorptions in the uranium, excluding the resonance absorption in U238, to

the total thermal and epithermal absorptions, again excluding the U238 resonance ab-

sorptions for a lattice cell. The effective cross sections defined below were used.

The inverse of the thermal utiliza-
tion factor for the particular fuel element
configuration being studied is

3 v _F

/_]=~|+ am 3+ m,e m,e ,
p3 F

a,u /

where
2 = effective macroscopic absorp-
tion cross section of material
indicated by subscript,
V = lattice cell volume fraction,

F = flux disadvantage factor,
and the subscripts u, m, e, and [ refer
to uranium, moderator, external, and fuel
(UO,), respectively.

The external moderator disadvantage
factor, Fm'e (see Fig. 4), was obtained
by the P, spherical harmonics dpproxi-
mation method, The particular P, pro-

gram used was the I, program® developed

UNCLASSIFIED
ORNL~LR-DWG 34860A

1.40

COOLING CHANNEL WIDTH, ¢ = 4.5in.
FUEL ENRICHMENT = 2 %

1.35 J‘ 0?
¢S5

et
?LV
1.30 /

1.25 /
—

1.20

Fm,e» EXTERNAL MODERATOR DISADVANTAGE FACTOR

_ ot
1.10 +Z o=

1.05

6 7 8 9
P, LATTICE PITCH (in)

Fig. 4. Effect of Fuel Plate Thickness
aoand Lattice Pitch on External Moderator Dis-

advantage Factor.

4R. L. Macklin and H. S. Pomerance, ‘‘Resonance Capture Integrals,’’ Proc. Intern. Conj.
Peaceful Uses Atomic Energy, Geneva, 1955 5, 99, Fig. 1 (1955).

R, C. McCready and D. B. Vollenweider, A 704 Program for the Solution of the Neutron
Transport Equation in Fifty Concentric Annuli by the Weil Method (Program I,), DC-58-1-158,

GE-ANP (Jan. 1958).
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for the IBM 704 computer. The fuel element was homogeneized with the void, and
equivalent cylindrical geometry was used. The extremely good interpolation possible
from the external moderator disadvantage factor over the limited range of fuel enrichments
considered made it unnecessary to do calculations for every change in configuration

parameters.

Cross Sections
In the formulation of the multiplication factor, effective cross sections are required
that should be defined in terms of the reaction rate per target nucleus at energies below

U238 resonance reactions. Since the 1/u portion of the cross sec-

0.1 Mev, excluding
tion above 0.1 Mev represents a negligible contribution to the total reaction rate, effec-
tive cross sections were used:

A
o=(g+rs)og, ,

where g, r, and s are as defined by Westcott. The subscript 0 refers to a neutron
velocity of 2200 m/sec. This effective cross section is equivalent to the one used in
the GCR-2 study. Thus the flux spectrum is assumed to consist of a Maxwellian com-
ponent at a neutron temperature 7, plus a dE/E tail cut off at a lower limit of SKT
where £ is the Boltzmann constant. ' »

The choice of an effective moderator temperature, T, is complicated, since a con-
siderable portion of the neutron moderation occurs in the fuel element graphite. The
approach used here was to volume-weight the moderator temperature with the slowing-
down density below the U238 resonances. The neutron temperature was then obtained,

in the manner suggested by Coveyou et al.,” as

n

1/2
T,~ T, {1+ ].08><12<£> E"—ET—’")
3 2
for graphite moderators, where X  and X_ refer to the flux-weighted absorption and
scaftering cross sections of the lattice cell, respectively. The results of the neutron
temperature caiculations are given in Table 2.

The neutron temperature chosen for the HGCR-1 calculations was 980°K. For the
fuel element configurations studied here, neutron moderation in the fuel element raises
the effective moderator temperature about 100°F above the external moderator tempera-
ture. A mean value of 0.17 was chosen for the r factor for all calculations, since r

generally ranged between 0.16 and 0.18 for the cases considered.

6c. H. Westcott, The Specification of Neutron Flux and Effective Cross Sections in Reactor
Calculations, CRRP-662 (Aug. 15, 1956).

7R. R. Coveyou, R. R. Bate, and R. K. Osborn, J. Nuclear Energy 2, 153 (1956).




Table 2. Calculated Neutron Temperatures of the Fuel Element Described in

Fig. 3 as a Function of Fuel Enrichment

Fuel plate thickness: 0.3 in.
Cooling channel width: 4.5 in.
Lattice pitch: 8 in.

Moderator temperature: 1130°F

Ratio of Neutron

Fuel Enrichment Neutron Temperature

Temperature to

235 °

(at. % U ) Moderator Temperature K
9 1.100 971
3 1.136 1003
4 1.168 1031

The external moderator disadvantage factors required for evaluating the thermal

utilization were obtained by using effective cross sections defined as

(7T, 1/2
Cetf = aT ‘ .
n

where T is the temperature at which kT = 0.0252 ev. This formula, which implies that -
U238

the preponderance of absorptions, excluding resonance absorptions, results from
the Maxwellian portion of the neutron spectrum, is a good approximation for the cases

considered.

Neutron Leakage

The neutron leakage is given by

~

M2B2 = M2 (BZg, + Blg,) ,
where
Mg = migration area in the absence of voids = Lg + Ty,
Bf,Bg = geometric buckling in axial and radial directions, respectively,
81,8, = geometric void correction factors for axial and radial directions, respec-
tively.
This reduced form of the neutron leakage equations results from the similarity of the

fast- and thermal-neutron mean paths for the cases considered. The geometric void

correction factors used are




as derived by Behrens,® where
¢ = void ratio, that is, voids per unit of solid material,
r = hydraulic radius of the voids, =1~ =1 + 5 (] - 41~}
A = mean free path = 1,06 cm,
Q = ratio of the mean square passage length through the holes to the square of the

mean free path, that is,

3(G2+ 1?)
G2+21G+12

~

The age in the absence of voids, Ty for the cases considered is 300 + 20 cm?.
This value includes the age to thermal energies of fission neutrons elastically and
inelastically scattered at energies below 0.1 Mev. The square of the diffusion length

in the absence of voids is

L2/ L2=00-/1L2 ,

where
L, = the diffusion length of the moderator, 23.5 cm.

The reflector saving used was 65 cm.

LATTICE CALCULATIONS

Lattice calculations were performed for 160 lattices, and the results for 145 are
reported here., The reported cases adhere to the restrictive assumptions mentioned
previously. A description of the lattice and the values of 3, €, p, f, M2B?, kg¢s and
the initial conversion ratio, R_, are given for the 145 cases in Table 3, with HGCR-1
being the first case listed. The results are also presented graphically in Figs. 5
through 9.

Optimization of the fuel element composition and configuration on the basis of
minimum power cost is required before the significance of the results can be made
apparent. The system appears economically interesting even in the unoptimized form,
however, and conclusions can be drawn.

It may be seen that the elimination of all cladding material permits a substantially
higher conversion ratio for a given k_g. This reduction in nonproductive absorption
also increases the attractiveness of low fuel enrichment. Thus, it would seem desirable

to look closely at the range of enrichment between natural and 2%.

8D. J. Behrens, The Migration Length of Neutrons in an Infinite Lattice, AERE-TR-239
(1958).




Table 3. Results of Lattice Calculations

(44

Moderator temperature: 1130°F

Neutron temperature: 980°K

Number of fuel plates: 4

Volumetric composition of fuel plate: 25% uo, and 75% graphite
Width of gap between fuel plates: G (in.) = (I —~ 41)/4.5

Fuel Channel Plate Lattice
Case Enrichment Width, Thickness, Pitch, n € p / M232 ke” Rc
Number (o1, % U239 ! (in.) t (in.) P (in.)

HGCR-1 2.0 4.5 0.372 8.5 1.663 1.024 0.7023 0.9651 0.0226 1.129 0.805
1 3.5 0.2 6.0 1.663 1.014 0.6931 0.9663 0.0269 1.100 0.823

2 7.0 1.663 1.014 0.7829 0.9493 0.0227 1.225 0.643

3 8.0 1.663 1.014 0.8379 0.9292 0.0207 1.286 0.532

4 9.0 1.663 1.014 0.8741 0.9066 0.0196 1.311 0.460

5 0.4 6.0 1.663 1.022 0.5508 0.9806 0.0210 0.8991 1.109

6 7.0 1.663 1.022 0.6641 0.9708 0.0186 1.076 0.881

7 8.0 1.663 1.022 0.7404 0.9597 0.0172 1.187 0.728

8 9.0 1.663 1.022 0.7937 0.9467 0.0165 1.256 0.621

9 0.6 6.0 1.663 1.032 0.4525 0.9850 0.0169 0.7522 1.306

10 7.0 1.663 1.032 0.5725 0.9780 0.0156 0.9462 1.065
1n 8.0 1.663 1.032 0.6599 0.9697 0.0150 1.082 0.890
12 9.0 1.663 1.032 0.7244 0.9602 0.0146 1.177 0.760
13 0.8 6.0 1.663 1.040 0.3889 0.9868 0.0139 0.6546 1.434
14 7.0 1.663 1.040 0.5072 0.9808 0.0135 0.8489 1.196
15 8.0 1.663 1.040 0.5991 0.9737 0.0133 0.9957 1.012
16 9.0 1.663 1.040 0.6696 0.9654 0.0133 1.103 0.870
17 4.5 0.2 6.0 1.663 1.013 0.5203 0.9806 0.0508 0.8180 1.170
18 7.0 1.663 1.013 0.6796 0.9667 0.0357 1.069 0.850
19 8.0 1.663 1.013 0.7692 0.9503 0.0290 1.197 0.670
20 9.0 1.663 1.013 0.8248 0.9315 0.0254 1.262 0.559




Table 3 (continued)

Fuel Channel Plate Lattice
Case Enrichment Width, Thickness, Pitch, n € P / m2B2 k¢ R_
Number (4. % 1235 I (in.) ¢ (in.) P (in.)
21 2.0 4.5 0.4 6.0 1.663 1.021 0.3691 0.9885 0.0370 0.5974 1.474
22 7.0 1.663 1.021 0.5354 0.9811 0.0278 0.8678 1.140
23 8.0 1.663 1.021 0.6462 0.9720 0.0234 1.042 0.917
24 9.0 1.663 o1 0.7221 0.9616 0.0210 1.155 0.765
25 0.6 6.0 1.663 1.031 0.2848 0.9911 0.0274 0.4711 1.643
26 7.0 1.663 1.031 0.4383 0.9857 0.0222 0.7247 1.335
27 8.0 1.663 1.031 0.5538 0.9793 0.0194 0.9122 1.103
28 9.0 1.663 1.031 0.6395 0.9719 0.0179 1.047 0.931
29 0.8 6.0 1.663 1.048 0.2380 0.9923 0.0205 0.4003 1.737
30 7.0 1.663 1.048 0.3757 0.9879 0.0178 0.6307 1.460
31 8.0 1.663 1.048 0.4884 0.9828 0.0164 0.8168 1.234
32 9.0 1.663 1.048 0.5774 0.9768 0.0155 0.9606 1.055
33 5.5 0.2 6.0 1.663 1.010 0.2067 0.9921 0.1433 0.3013 1.799
34 7.0 1.663 1.010 0.5147 0.9804 0.0672 0.7942 1.181
35 8.0 1.663 1.010 0.6714 0.9666 0.0460 1.042 0.867
36 9.0 1.663 1.010 0.7603 0.9509 0.0365 1.172 0.688
37 0.4 6.0 1.663 1.021 0.1338 0.9946 0.0885 0.2076 1.946
38 7.0 1.663 1.021 0.3631 0.9884 0.0497 0.5805 1.486
39 8.0 1.663 1.021 0.5252 0.9811 0.0362 0.8443 1.160
40 9.0 1.663 1.021 0.6340 0.9724 0.0295 1.017 0.942
41 0.6 6.0 1.663 1.031 0.1066 0.9954 0.0580 0.1720 2.000
42 7.0 1.663 1.031 0.2823 0.9911 0.0373 0.4625 1.648
43 8.0 1.663 1.031 0.4308 0.9859 0.0289 0.7078 1.350
44 9.0 1.663 1.031 0.5428 0.9799 0.0244 0.8902 1.125
45 0.8 6.0 1.663 1.043 0.0944 0.9958 0.0391 0.1569 2.025
46 7.0 1.663 1.043 0.2352 0.9924 0.0282 0.3938 1.742
N 47 8.0 1.663 1.043 0.3678 0.9883 0.0245 0.6154 1.476




v

Table 3 (continued)

Fuel Channel Plate Lattice
Case Enrichment Width, Thickness, Pitch, n € p / M282 kot R_
Number (a1, % u23%) I (in.) t (in.) P (in.)
48 2.0 5.5 0.8 9.0 1.663 1.043 0.4764 0.9835 0.0204 0.7964 1.258
49 3.0 3.5 0.2 6.0 1.766 1.014 0.6956 0.9753 0.0265 1.183 0.748
50 7.0 1.766 1.014 0.7848 0.9626 0.0222 1.323 0.569
51 8.0 1.766 1.014 0.8394 0.9477 0.0200 1.397 0.459
52 9.0 1.766 1.014 0.8752 0.9308 0.0188 1.432 0.387
53 0.4 6.0 1.766 1.022 0.5540 0.9856 0.0209 0.9653 1.032
54 7.0 1.766 1.022 0.6670 0.9783 0.0183 1.157 0.805
55 8.0 1.766 1.022 0.7428 0.9696 0.0169 1.278 0.653
56 9.0 1.766 1.022 0.7956 0.9592 0.0162 1.355 0.547
57 0.6 6.0 1.766 1.032 0.4562 0.9887 0.0168 0.8085 1.228
58 7.0 1.766 1.032 0.5757 0.9832 0.0155 1.016 0.988
59 8.0 1.766 1.032 0.6627 0.9766 0.0148 1.162 0.814
60 9.0 1.766 1.032 0.7268 0.9689 0.0144 1.265 0.685
61 0.8 6.0 1.766 1.040 0.3925 0.9904 0.0138 0.7042 1.356
62 7.0 1.766 1.040 0.5107 0.9585 0.0134 0.9124 1.119
63 8.0 1.766 1.040 0.6022 0.9803 0.0132 1.070 0.935
64 9.0 1.766 1.040 0.6723 0.9739 0.0131 1.187 0.794
65 4.5 0.2 6.0 1.766 1.013 0.5238 0.9860 0.0504 0.8796 1.092
66 7.0 1.766 1.013 0.6822 0.9758 0.0351 1.151 0.775
67 8.0 1.766 1.013 0.7713 0.9639 0.0283 1.293 0.596
68 9.0 1.766 1.013 0.8265 0.9506 0.0246 1.372 0.485
69 0.4 6.0 1.766 1.021 0.3728 0.9917 0.0368 0.6430 1.396
70 7.0 1.766 1.021 0.5388 0.9860 0.0276 0.9322 1.062
IA! 8.0 1.766 1.021 0.6490 0.9792 0.0231 1.120 0.841
72 9.0 1.766 1.021 0.7245 0.9713 0.0206 1.243 0.690
73 0.6 6.0 1.766 1.031 0.2885 0.9934 0.0273 0.5080 1.565
74 7.0 1.766 1.031 0.4420 0.9893 0.0220 0.7790 1.257



Table 3 (continued)

Fuel Channel Plate Lattice
Case Enrichment Width, Thickness, Pitech, n € p / m2B2 kb R,
Number (at. % U23%) I (in.) ¢ (in.) P (in.)
75 3.0 4.5 0.6 8.0 1.766 1.031 0.5570 0.9843 0.0193 0.9793 1.026
76 9.0 1.766 1.031 0.6423 0.9785 0.0177 1.124 0.855
77 0.8 6.0 1.766 1.040 0.2417 0.9942 0.0205 0.4325 1.659
78 7.0 1.766 1.040 0.3795 0.9909 0.0178 0.6786 1.382
79 8.0 1.766 1.040 0.4922 0.9868 0.0163 0.8778 1.156
80 9.0 1.766 1.040 0.5805 0.9820 0.0154 1.031 0.989
81 5.5 0.2 6.0 1.766 1.010 0.2100 0.9943 0.1428 0.3259 1.722
82 7.0 1.766 1.010 0.5180 0.9858 0.0666 0.8539 1.104
83 8.0 1.766 1.010 0.6740 0.9759 0.0453 1.122 0.791
84 9.0 1.766 1.010 0.7623 0.9646 0.0356 1.266 0.614
85 0.4 6.0 1.766 1.021 0.1366 0.9961 0.0883 0.2254 1.870
86 7.0 1.766 1.021 0.3670 0.9916 0.0495 0.6252 1.407
87 8.0 1.766 1.021 0.5288 0.9861 0.0359 0.9076 1.082
88 9.0 1.766 1.021 0.6370 0.9297 0.0291 1.093 0.865
89 0.6 6.0 1.766 1.031 0.1092 0.9967 0.0579 0.1873 1.925
90 7.0 1.766 1.031 0.2860 0.9934 0.0372 0.4987 1.570
91 8.0 1.766 1.031 0.4345 0.9895 0.0287 0.7610 1.272
92 9.0 1.766 1.031 0.5462 0.9848 0.0242 0.9562 1.048
93 0.8 6.0 1.766 1.043 0.0968 0.9969 0.0391 0.1711 1.950
94 7.0 1.766 1.043 0.2385 0.9443 0.0281 0.4249 1.665
95 8.0 1.766 1.043 0.3715 0.9912 0.0244 0.6621 1.398
96 9.0 1.766 1.043 0.4800 0.9874 0.0202 0.8557 1.180
97 4.0 3.5 0.2 6.0 1.823 1.014 0.6982 0.9806 0.0262 1.233 0.707
98 7.0 1.823 1.014 0.7868 0.9701 0.0219 1.381 0.529
99 : 8.0 1.823 1.014 0.8408 0.9579 0.0197 1.460 0.421
100 9.0 1.823 1.014 0.8763 0.9435 0.0185 1.501 0.350
e 101 0.4 6.0 1.823 1.022 0.5580 0.9884 0.0208 1.007 0.989




Table 3 (continued)

Fuel Channel Plate Lattice
Case Enrichment Width, Thickness, Pitch, n € p / MZB2 ke” RC
Number (at. % UZ33) [ (in.) £ (in.) P (in.)
102 4.0 3.5 0.4 7.0 1.823 1.022 0.6698 0.9823 0.0182 1.204 0.764
103 8.0 1.823 1.022 0.7450 0.9748 0.0168 1.331 0.613
104 9.0 1.823 1.022 0.7973 0.9663 0.0160 1.413 0.508
105 0.6 6.0 1.823 1.032 0.4600 0.9908 0.0167 0.8434 1.185
106 7.0 1.823 1.032 0.5790 0.9861 0.0154 1.058 0.946
107 8.0 1.823 1.032 0.6655 0.9805 0.0147 1.210 0.773
108 9.0 1.823 1.032 0.7292 0.9737 0.0143 1.317 0.645
109 0.8 6.0 1.823 1.040 0.3965 0.9920 0.0138 0.7356 1.313
110 7.0 1.823 1.040 0.5142 0.9879 0.0134 0.9504 1.077
111 8.0 1.823 1.040 0.6052 0.9831 0.0131 1.113 0.894
112 9.0 1.823 1.040 0.6750 0.9773 0.0130 1.235 0.754
113 4.5 0.2 6.0 1.823 1.013 0.5272 0.9889 0.0501 0.9168 1.050
114 7.0 1.823 1.013 0.6850 0.9808 0.0348 1.199 0.734
115 8.0 1.823 1.013 0.7733 0.9711 0.0280 1.349 0.556
116 9.0 1.823 1.013 0.8282 0.9598 0.0243 1.433 0.446
17 0.4 6.0 1.823 1.021 0.3770 0.9933 0.0367 0.6723 1.352
118 7.0 1.823 1.021 0.5425 0.9887 0.0275 0.9716 1.020
119 8.0 1.823 1.021 0.6520 0.9831 0.0230 1.166 0.800
120 9.0 1.823 1.021 0.7270 0.9764 0.0204 1.295 0.649
121 0.6 6.0 1.823 1.031 0.2920 0.9947 0.0272 0.5315 1.523
122 7.0 1.823 1.031 0.4460 0.9913 0.0220 0.8131 1.213
123 8.0 1.823 1.031 0.5605 0.9871 0.0192 1.020 0.984
124 9.0 1.823 1.031 0.6455 0.9821 0.0176 1.7 0.813
125 0.8 6.0 1.823 1.040 0.2450 0.9953 0.0204 0.4433 1.617
126 7.0 1.823 1.040 0.3835 0.9925 0.0177 0.7091 1.339
127 8.0 1.823 1.040 0.4957 0.9890 0.0162 0.9147 1.114
128 9.0 1.823 1.040 0.5840 0.9848 0.0153 1.074 0.936