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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work. Neither the United
States, nor the Commission, nor any person acting on behalf of the Commission :

A. Makes any warranty or representation, expressed or implied, with respect to the ac-
curacy, completeness, or usefulness of the information contained in this report, or that the
use of any information, apparatus, method, or process disclosed in this report may not
infringe privately owned rights; or J

B. Assumes any liabilities with respect to the use of, or for damages resulting from the
use of any information, apparatus, method, or process disclosed in this report.

As used in the above, “person acting on behalf of the Commission” includes any em-
ployee or contractor of the Commission, or employee of such contractor, to the extent that
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I

PREFACE

On June 1, 1959, the Division of Reactor
Development undertook the task of establishing
a long-range program for civilian power reac-
tor development.

The scope of the study encompassed the:

1. Delineation of the specific objectives of
the over-all Atomic Energy Commission eci-
vilian power reactor program.

2. Delineation of the specific technical and
economic status of each reactor concept.

3. Evaluation of the economic potential of
each reactor type.

4. Preparation of a chronological develop-
ment program for each reactor concept.

5. Preparation of specific program recom-
mendations—based upon an analysis of the
results of the studies above.

6. Establishment of yardsticks for measur-
ing the rate and degree of development on
each reactor type.

The results of this work are to be used as a
basis for:

1. Policy review by the Commission.

2. Program direction from the Division of
Reactor Development to the Operations Of-
fices.

3. Authorization and appropriation requests
(fiscal year 1961 and subsequent budgets).

4. Evaluation of new concepts with respect
to program objectives and their integration
into existing programs.

5. Establishing criteria for measuring and
evaluating the progress of reactor programs.

6. Determining the relative degree of em-
phasis to place on various reactor systems.

This evaluation was limited to consideration
of large central station nuclear power applica-

tions. Programs for the development of
process steam, small power plants and other
civilian applications were not considered in
this study.

The results of the evaluation are presented
in a series of reports. This report (Part I)
summarizes the current technical and economic
status for each reactor concept in the Civilian
Power Reactor program, Part IT will be a
separate report entitled “Economic Potential
and Development Program.” Part ITT consists
of series of reports entitled “Technical Status”
for each reactor type. Part IV will be the
specific program recommendations for each re-
actor type.

This summary report (Part I) is based upon,
and summarizes the detailed information in
the technical status report (Part I1I).

The individual technical status reports (Part
I11) will be published by the Atomic Energy
Commission as TID-8518.

The Atomic Energy Commission requested
the assistance of the national laboratories and
industrial organizations to accumulate the tech-
nical and economic status of each reactor type.
This work was carried out under contract to the
Commission and under the supervision of AEC
personnel. The names and affiliation of the key
contractor personnel assisting in this work are
listed in Appendix L

The economic data initially reported by the
contractors reflected different design philos-
ophy, different pricing policy and in some
cases, a technology not consistent with the
Commission ground rules. The Commission

1



2 SUMMARY OF TECHNICAL AND ECONOMIC STATUS

therefore requested the architect engineering
firm of Sargent and Lundy to undertake, under
Commission contract and supervision, the task
of modifying these costs, where necessary, to a
consistent cost basis. This included the use of
comparative cost for similar equipment, such
as “like turbines” and components, the use of
the same percentages for overhead and indi-
rect costs, fuel cycle costs consistent with Atomic
Energy Commission specified fabrication cost
and irradiation levels. Sargent and Lundy
provided the Commission with revised cost
curves for each reactor type.* These curves
reflect the present cost differences between plants
which are due to the inherent technical charac-
teristics peculiar to the concept and to the stage
of technological development. The modified
cost curves shown in this report represent the
Commission’s estimate of the cost associated
with current technological status and do not
necessarily coincide with those presented by the
contractor. The procedure used and the cost
basis are shown in Appendix II.

Sargent and Lundy was asked by the Com-
mission to prepare a curve of power cost for
fossil fuel plants over the range of 25,000 to
325,000 KWE. They were also asked to esca-
late the cost of the fossil fuel through 1975.
The results of Sargent and Lundy’s work are
represented by the fossil fuel curves in this
report. The details of this work will be pub-
lished by the Commission early in 1960.

The total civilian power reactor program
costs have been obtained from budget and
cost records. These totals include the cost of
specific research and development and con-
struction for each reactor type, as well as the
cost of the general nuclear technology pro-
gram. Also included are the Atomic Energy
Commission and industrial costs associated
with each cooperative arrangement project.
No cost figures are included in this report
showing the investment of private industry in
non-cooperative arrangements projects.

This report is based on demonstrated tech-
nology. This somewhat penalizes a relatively
new concept in a comparison of current status.
However, this “relative position in time” dis-
advantage should be offset when the comparison
is made on the future potential. Nevertheless,
it must be recognized that the data available on
systems backed by operation and construction
experience are on a sounder basis than on those
systems that have not yet reached this stage in
the development sequence.

All major reactor concepts that are currently
being developed under the civilian reactor pro-
gram are included in this report. A number
of other concepts such as fluidized beds, spec-
tral shift, etc. are not included because they
are assumed to be “new concepts” with insuffi-
cient data presently available to qualify as
current technology.

*SI-1674, available from the Office of Technical Services, U.S. Department of Commerce, Washington 25, D.C.
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STATUS OF CIVILIAN POWER REACTORS

A composite curve showing the estimated
power generation cost of various types of ther-
mal converter reactors and coal fired plants vs.
size is presented in Figure 1. The cost data is
based upon a “reference design.” This refer-
ence design is representative of one that might
be built without additional research and devel-
opment using currently available technology.
Plant construction would require approxi-
mately 315 years. It would require an addi-
tional 3 years to reach equilibrium on the fuel
cycle. Therefore the cost associated with the
current technological status (as defined for this
report) would be realized in 1964 or 1965. The
status of each reactor type is summarized in the
following pages of this section.

1. Pressurized Water Reactors

a. Description

The pressurized water reactor is a hetero-
geneous fueled, thermal reactor that uses ordi-
nary water as moderator and coolant. The
system utilizes an intermediate coolant loop
between the reactor and turbine. The water
in the primary coolant loop is maintained un-
der high pressure to keep the bulk tempera-
ture of the coolant leaving the reactor below
the saturation temperature during normal op-
erating conditions. A simplified flow diagram
of the pressurized water reactor plant is shown
in Figure 2.

b. Technical Status

The basic technology of the pressurized wa-
ter concept was developed for Naval Reactor

Plants. Much of this technology in fuels and
materials has also served as the basis for the
rapid advance of other concepts such as the
boiling water reactor. No other reactor con-
cept has a comparable depth in technology and
operating experience. Sufficient research and
development and operating experience has been
performed to arrive at the following conclu-
sions on technical status:

(1) Physics. The basic physics of pressur-
ized water reactors is well known. The theory
of neutron moderation and transport has been
developed. Absorption cross sections in the
thermal neutron energy range have been meas-
ured for all materials of interest. Measure-
ments have been made over the entire energy
range of interest for fissionable and major
moderator and structural materials. How-
ever, accuracy and resolution leave much to
be desired. Considerable effort is now being
made to improve the accuracy and precision
of already measured values. A large numiber
of one and two dimensional multi-group diffu-
sion theory computer programs have been devel-
oped at many sites within this country. Several
transport theory computer programs have also
been developed. Simplified fuel depletion
studies have been developed and are in use.

The major reactor experiments applicable
to pressurized water power reactors have been
done on single region, water-moderated, rod
lattices.

At present, reactor physics experimental data
exist on:

(@). Alnminum clad UQ, of 1.3 percent
enrichment.
(b). Stainless steel clad UQ, of 2.7, 4.0,

5
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STATUS OF CIVILIAN POWER REACTORS 7

and 4.43 percent enrichment with water to

uranium volume ratios of 2.19, 2.93 and 3.87.

(¢). Two region critical experiments with
stainless steel clad and UO, fuel of 4.43 per-
cent and 2.7 percent enrichment with a wa-
ter to uranium volume ratio of 2.93.

(d). U-235 O,-ThO, lattice with U-233
substituted for U-235 in selected elements.
Work is currently under way on three-re-

gion critical experiments with stainless steel
clad UO; of 1.6, 2.7 and 4.43 percent fuel en-
richment. These experiments on multiregion
lattices will be of great assistance in studying
flat power distribution reactors.

Although there is a large and growing
amount of data on uniform UQ,-water lattices,
this information is often insufficient to opti-
mize precisely a practical reactor design. Prac-
tical reactors contain many more inhomogene-
ities (usually of a three-dimensional nature)
than have been present in most of the UQ,-
water experiments. The ability to handle in-
homogenity effects is important in predicting
criticality, control rod worth, temperature
coefficient and power distribution. Adequate
methods for dealing with this problem are be-
ing developed, but much work is still to be
done.

To date, control concepts such as use of
chemical control and burnable poisons have
been confined to small, high enrichment reac-
tors. Some information is available and ap-
plicable to the design of low enrichment pres-
surized water power reactors. Methods of
analysis for fuel cycling studies have been
developed, but in small detail.

The precise conditions for xenon oscillations
are not thoroughly understood. How this in-
stability can be avoided or what operational
methods are best to handle it are questions
that are only beginning to be answered by
building, operating, and experimenting with
large reactors which contain such instabilities.

Simplified methods of analyzing operational
transients and reactor accidents have been
developed at most reactor facilities. Experi-
mental data has been developed in the Special
Power Excursion Tests (SPERT) and the

Boiling Reactor Experiments (BORAX). De-
tailed explanations of the various phenomena
from the theoretical standpoint are not yet
available.

It is now apparent that a cold critical ex-
periment may leave an uncertainty of as much
as =3 percent Ak/k in the hot reactivity.
This is due in part to the inability of the sys-
tems to handle 2 and 3 dimensional inhomogene-
ities as a function of reactor temperature and in
part to the uncertainty in the detailed depend-
ence of the resonance integral of U-238 on tem-
perature and surface to mass ratio. The fuel
contribution to the temperature coefficient is
further complicated by the lack of precise infor-
mation on temperature distribution through-
out a reactor core.

(2) Fuel and Materials. Extensive devel-
opment work has been completed on UO.
fuels. This work has demonstrated UO; to
be dimensionally stable, easily fabricated,
chemically compatible for water systems, and
to possess acceptable retention properties for
fission gases. These properties have been in-
vestigated under severe radiation conditions
both as reactor fuels and in in-pile test loops.
Small sample tests at burnups of greater than
27,500 MWD/MT have been performed on
UO; rods at various heat fluxes. Recent loop
experiments (CRVM) at Chalk River have
demonstrated 60,000 MWD/MT irradiation of
UO; platelets. Fission gas retention has been
shown to be a function of UO, density. For
high density material (93-95 percent theoreti-
cal) experimental evidence shows adequate re-
tention to prevent development of excessive
internal pressure.

The physical properties of UO. have been
reasonably well established for the types and
grades of UQ, currently manufactured. How-
ever, a good correlation of measured physical
characteristics with fabricability has not yet
been established. The preparation of UO;
powders and the technology for fabrication of
high density (97 percent theoretical) sintered
pellets and platelets has been demonstrated al-
though it is not well developed.
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The major undesirable property of UO, for
fuel use is its low thermal conductivity. Work
is under way to investigate other compounds,
uranium carbides for example, that show some
promise of considerably better thermal con-
ductivities and perhaps adequate other prop-
erties.

The development of cladding materials for
pressurized water reactors in the past has been
primarily limited to the evaluation and devel-
opment of either stainless steels or zirconium
alloys. The feasibility of stainless steels from
the standpoint of fabrication, corrosion and
chemical compatibility, and resistance to radi-
ation damage has been established. The ma-
jor disadvantage of stainless steel is its rela-
tively high neutron absorption cross section
{about 2.7 barns).

The desire to develop a lower cross section
material for reactor use led to the extensive
development program for zirconium and the
development of the Zircaloys. Zirconium tech-
nology has been adequately developed to the
point of its practical utilization as a fuel clad-
ding material. At the temperatures of the
pressurized water reactor its further utiliza-
tion is hindered primarily by economic con-
siderations and to a lesser degree by the pro-
gressive nature of the corrosion that can occur
in case of a cladding defect in a water environ-
ment. Some work is under way to develop
new zirconium alloys, such as Zr-Nb or Zr-
Nb-Sn, that promise better strength charac-
teristics at elevated temperatures.

Development work is under way to estab-
lish aluminum alloys that may be satisfactory
for the environmental conditions of the pres-
surized water reactor systems. Alloys of Al
with some Ni show promise of improved cor-
rosion properties as do alloys containing trace
additives of Zr, Be, or Si. Suitable strength
characteristics at system temperatures have not
been attained for this type of material. Work
on sintered aluminum powder alloys currently
in progress shows promise of meeting strength
requirements, but corrosion resistance in high
temperature water environments is poor rela-
tive to Zircaloy or stainless steels.

The potential of Fe-Al alloys as a substi-
tute for stainless steel is under study. Strength
characteristics at elevated temperatures are
good, corrosion rates in water systems may be
acceptable, and compatibility with UQO, is
probably satisfactory below 1,500°F. The
cross section is lower than for stainless steel
(1.8 to 2.2 barn), but weldability is poorer.
More work is necessary to establish radiation
damage characteristics and methods of fabri-
cation prior to its use in a power reactor.

One way to indirectly extend core life and
to operate at higher burnups is to introduce
burnable poisons into the reactor core. This
helps to alleviate the control problem due to
the large excess of fuel. A number of de-
velopment programs are under way to inves-
tigate the feasibility of incorporating the burn-
able poisons in the cladding material. A typi-
cal system being considered is a dispersion of
B4C in zirconium alloys.

Hafnium has been developed as a control
rod material. The desirability of hafnium
for pressurized water reactor control rods is
well established and it will probably remain
the preferred material from a technical stand-
point. The continued use of hafnium, how-
ever, is limited by its availability for civilian
use and its relatively high cost. These items
have led to investigations of alternate mate-
rials.

Alternate control rod materials being studied
include boron dispersions, solid boron-carbide
in sealed containers, rare earth dispersions,
and Ag-In-Cd alloys. Experience has indi-
cated that Ag-In—Cd must be clad.

In general, the addition of boron to corro-
sion resistant materials has led to embrittle-
ment and impairment of corrosion resistance.
Solid boron-carbide in sealed or compartmented
containers shows promise and is actively being
investigated. Rare earth oxides have been used
for Army Package Power Reactor (SM-1) and
are being considered for use in the SM—2 re-
actor. These dispersions, however, are expected
to be expensive and will require cladding to ob-
tain corrosion resistance. The creep strength of




STATUS OF CIVILIAN POWER REACTORS 9

these alloys is also poor. Studies on Ag-In-Cd
have progressed to the stage where it has been
specified as the control rod material for re-
actors going into operation in 1960.

The primary system of pressurized water
reactors consists of the reactor vessel, steam
generator, pressurizer, main loop piping, and
valves. Past work has demonstrated the fea-
sibility of constructing these components of
corrosion resistant stainless steels. Difficulties
in maintaining components in a radioactive
environment and the desire to maintain a low
level of corrosion products in the circulating
system suggested the development of these
stainless steel systems. Initially systems were
constructed of the stabilized types (847 or
348), subsequent development has shown that
nonstabilized grades (304) having better weld-
ability are adequate for use in the pure water
environment of pressurized water reactors.

Stress corrosion is a potentially serious
problem in stainless steel systems. Metallur-
gical and chemical studies are in progress di-
rected toward the reduction of stress corro-
sion, reduction of crack susceptibility on weld-
ing, and the development of high strength
alloys that would permit the reduction of pipe
wall thickness.

(3) Heat Transfer and Fluid Flow. Con-
siderable analytical and experimental investiga-
tion has been performed on the thermal and
hydraulic problems of the pressurized water
reactor. The work completed is adequate to
justify the following design limits:

(a). Center fuel temperature less than
fuel melting point.

(5). No bulk boiling in the core during
steady state operation.

(¢). Fuel rod size limit such that the fuel
rod will remain intact during a loss of flow
accident.

Work is under way to extend the knowledge
of thermal and hydraulic behavior sufficiently
to justify relaxation of the current design lim-
itations. This work includes studies of tran-
sition boiling phenomena, the influence of flow
instability and flow redistribution during bulk
boiling on burnout, and improved effective

thermal conductivity determinations for UO;
under service conditions.

(4) Coolant Chemistry. A high degree of
water purity is required to minimize corro-
sion, net radiolytic dissociation, and radioac-
tivity resulting from transport of corrosion
and fission products from the core. Past work
has done much to define the nature of the
chemical problems and has developed ion ex-
change methods utilizing synthetic resins ca-
pable of maintaining water purity of one mil-
lion ohm-cm. in primary systems. Additional
work has demonstrated the feasibility of the
lithium-hydroxide system for continuously
maintaining pH control as well as for remov-
ing radioactive isotopes. Filtration and evap-
oration methods for removal of insoluble im-
purities have been investigated. The value of
H, overpressure in reducing corrosion of stain-
less steel has been established.

The factors influencing net radiolysis of
water have been established. The technology
of external catalytic recombiners has been de-
veloped to the point that suitable and highly
efficient (but not necessarily optimum) designs
for the recovery of nominal flows of radio-
lytic gas are available.

Extensive research and development has
been carried out on corrosion inhibition. Al-
kaline corrosion inhibitors have been developed
that show considerable beneficial effect but not
without accruing some disadvantages, espe-
cially in systems utilizing lithium.

The problem of decontamination and re-
moval of corrosion products from metal sur-
faces has received considerable study. These
investigations have led to the multisolution
(alkaline permanganate-ammonium citrate)
process for decontamination of stainless steel
which produces excellent results.

Work continues on the effect of high temper-
ature and radiation on corrosion inhibitors and
on the possibility of a combined corrosion in-
hibitor and soluble poison.

Research and development efforts have
shown that boric acid and possibly certain
borate salts show promise for use as chemical
poisons. Out-of-pile tests have shown no seri-
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ous corrosion problem for stainless steel and
Zircaloy under operating conditions of low
dissolved oxygen. With high levels of boric
acid and oxygen, as during refueling opera-
tions, the possibility of galvanic corrosion ex-
ists. Dissolved galvanic corrosion inhibitors
have been found to be effective.

Continuing work on gas recombination sys-
tems is directed toward the development of
internal recombination catalysts. The inter-
nal recombination system has potential advan-
tages, especially for systems which evolve very
large quantities of gas. Large gas evolutions
might be expected in systems utilizing solu-
ble poisons at high power.

Work on decontaminating agents is continu-
ing in an effort to develop a single solution
procedure that will permit reduction in solu-
tion waste volumes.

(5) Components and Auwxiliary Systems.
The development of reactor vessels for pres-
surized water reactors has been an evolution-
ary process since the origin of the concept in
1948. Developments of a manufacturing na-
ture have permitted the construction of pro-
gressively larger and thicker walled vessels.
Processes for cladding carbon steel and low
alloy vessels with 300 series stainless steel
have been improved. Both weld bead deposit
and spot welded plate cladding is in use in
addition to metallurgical bonded plate.

Extensive work was done to determine the
materials for the steam generator tubes. Stain-
less steel was selected because of its availability
and ease of fabrication. Several different
design configurations were developed by various
suppliers. These include the straight-through
tube design, the horizontal U-tube U-shell de-
sign, and the vertical U-tube configuration. All
of these designs have performed successfully.
Major development effort has been devoted to
the tube to tube-sheet welding and the cladding
of carbon steel water boxes and tube sheets with
stainless steel.

The major development work on hermeti-
cally sealed canned motor pumps was per-
formed on the Submarine Thermal Reactor
project. Work completed on the canned pump

includes the development of bearings capable of
operating in high pressure, high temperature
water, fabrication of thin stainless steel or In-
conel liners for rotor and stator, cooling of
motor windings, and high pressure electrical
terminal seals. The size and efficiency of the
canned pump has been steadily increased, cul-
minating in the Shippingport pressurized wa-
ter reactor pumps.

The development of a complete line of
valves suitable for pressurized water reactor
operation was performed during the Submarine
Thermal Reactor project. The main achieve-
ment was the construction of hermetically
sealed, hydraulically operated stainless steel
valves for all primary system services. Recent
efforts have been devoted to the design of con-
trolled leakage valves which permit conven-
tional construction and conventional motor
operators. A major construction development
has been the acceptance of cast material for
valve bodies and other pressure parts, thereby
effecting appreciable cost reductions.

Piping for pressurized water reactor sys-
tems has been of the seamless (extruded or
drawn) or hollow forged and bored type. The
welding of heavy wall stainless steel piping
has been extensively developed. Weldability
and weld cracking were found to be very sen-
sitive to material composition. A recent de-
velopment is centrifugally cast and hydro-
forged piping for large sizes. This manufac-
turing process has promise of reducing cost
and increasing the pipe size (diameter) that
could be fabricated.

Auxiliary systems for liquid and gaseous
waste disposal, coolant purification, emergency
cooling, fuel handling, ventilation, etc., are
necessary to all reactor systems. Safe design
criteria and feasible engineering techniques to
meet these requirements have evolved from
past work on both military and commercial
reactors.

(6) Reactor Safety. The pressurized water
reactor can be designed with a large negative
temperature coefficient of reactivity which
provides a degree of inherent safety. The
safety of the pressurized water reactor concept
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has been demonstrated by the considerable
operating experience on naval vessels, Shipping-
port, Army Package Power Reactor and others.

¢. Operating Experience

There is more operating experience avail-
able on pressurized water reactors than any
other reactor concept in the AEC program. A
summary of this experience is given below.

Submarine Thermal Reactor Mark I, the full-
scale land based prototype of the Nautilus,
attained initial criticality on March 381, 1953,
and operated at a very low power until late
May 1953 to obtain the initial necessary physics
and radiation shielding information. On May
31,1953, Mark I was placed in power operation
and full-design power was reached on June 25.
The nuclear plant met all design specifications.
It took about one month after first power gener-
ation for Mark I to operate smoothly at full
power.

The APPR-1 now known as the Stationary
Medium Power Plant No. 1 (SM-1) was the
first plant to be constructed under the Army
Nuclear Power Program. The SM-1 has ex-
perienced no instability problems. This has
been demonstrated by results of operation dur-
ing both planned and unplanned load changes.

The measured radiation levels have been
well within design limits and in most cases
they were conservative.

The Shippingport Atomic Power Station
reactor went critical on December 2, 1957, and
reached full power (60,000 KWE) on December
23. Testing has included two power runs of
more than 1,000 hours each as part of a Re-
activity Lifetime Test, and the seed fuel has
operated for approximately 5,100 effective full
power hours to date. The original design life
was 3,000 effective full power hours and is now
estimated to be 6,000 effective full-power hours.

The stability of Shippingport on loss of
load has been demonstrated.

Shippingport has had several mechanical
component difficulties. The stator in one of
the four main coolant pumps was cut cireum-
ferentially by the lower end of the rotor stack.

It is believed that operation of the pump at
low system pressure caused the stator can to
collapse.

During the early days of power operation,
spurious motions of some of the fail-as-is type
hydraulic valves occurred. A test was formu-
lated to determine the causes and the conclu-
sions were that two types of valve drifts were
encountered :

1. Valves drifted from the closed position
when the water flask was vented. Air is
normally directed into the top of the water
flask to operate the valves.

2. Valves bounced from both the open and
closed positions during the operation of
other hydraulic valves.

During initial plant operation it was found
that both of the self-actuated pressurizer
steam relief valves were leaking. Tests at
several pressures indicated that the leakage
may have been caused by thermal distortion
or warpage.

On February 8, 1958, leaks were discovered
in several tubes of one of the four steam gen-
erators between the secondary face of the in-
let end tube sheet and the first tube baffle.
Examination of the removed tube sections re-
vealed that failure was caused by stress cor-
rosion probably resulting from a combination
of steam blanketing and boiler water chemis-
try out-of-specification with respect to free
hydroxide. During initial plant operation,
excessive blowdown was required to reduce
silica concentration and at this time the boiler
water chemistry could not be maintained
within limits. To prevent steam blanketing
in the future, two additional risers were in-
stalled between the inlet tube sheet and the
first existing riser. In addition, sampling
lines were installed in the defective area to
determine the presence of a steam bubble and
chemical concentrations. Other changes in-
cluded modifications in the existing boiler sam-
pling connections, the addition of thermo-
couples, and changes in the boiler water
chemistry control to eliminate any possibility
of free hydroxide. The defective tubes were
successfully plugged with blind nipples and no
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difficulty has been experienced since the steam
generator went back into service on May 14,
1958.

Inspection of the turbine moisture separa-
tor in late November 1958 indicated that the
internals had been completely destroyed. Fur-
ther inspection at a later date revealed that
pieces of the turbine moisture separator were
lodged in the turbine low pressure blades.
The probable explanation for this failure is
excessive mechanical vibration.

In general, measurements of the radiation
intensities within the reactor plant container
at various power levels showed these to be
somewhat lower than predicted. A gradual
increase in proportion to length of plant op-
eration was observed for the first few months,
after which steady state levels were ap-
proached. The actual measurement during
operation and shutdown are listed in Part III
—Status of Pressurized Water Reactors.

The level of fission products in the primary
coolant has been higher than was expected on
the basis of observed levels of uranium con-
tamination in structural materials, although
the level is considerably below design levels.
On the basis of experimental evidence, it is
suspected that one or more defected TUO,
blanket rods exist.

The operating experience on pressurized wa-
ter reactors has demonstrated the feasibility
and operability of this concept as an inte-
grated system. Most of the difficulties have
been non-nuclear in origin and steps have been
taken to prevent similar occurrences in the fu-
ture. A graphic presentation of the operating
experience on APPR and the Shippingport
plant is shown in Figures 3 and 4, respectively.

d. Plants Under Construction

The pressurized water reactors under con-
struction that will provide valuable data to
advance the technology are shown in Figure 5.

e. Economics

A reference design has been made for the
pressurized water reactor based on the tech-
nical status summarized in this report. This

design was used as the bases for estimating
the cost at different plant ratings. The base
parameters for the reference design are as
follows:

SUMMARY OF PLANT CHARACTERISTICS—
PRESSURIZED WATER REACTOR PLANT

A. Heat balance:
1. Total reactor power, MW(t)___. 810.
2. Gross turbine power, MW(e)___ 213.
3. Net plant power, MW(e)___.___ 200.
4. Net plant efficiency, percent____ 24.8.
B. Turbine cycle conditions:

1. Throttle temperature, F_______ 480.

2. Throttle pressure, psig..___ .. 555.

3. Steam flow, lbs/hr_________.__. 3.03 x 10s.

4, Condenser back-pressure, in Hg.
A 1.5.

5. Final feedwater temperature, F_ 340.
C. Reactor description:
1. Reactor vessel:

a. Inside diameter, ft_._.______ 11.75.

b. Overall height, ft___________ 31.0.

c¢. Wall thickness, in_.____.___ 7.0.

d. Material . _ . _______________ SS clad CS.

e. Design pressure, psia____..__ 2,500.
2. Reactor core:

a. Active diameter, ft____._____ 8.6.

b. Active height, ft___________ 9.0.

c. Active core volume, ft3_____ 523.

d. Lattice arrangement______.._ square.

e. Lattice spacing, in_.______.__ 7.475.
3. Reflector or blanket:

a. Material__________________ H,0.

b. Radial thickness, ft_________ 1.5.
4. Fuel elements:

a. Fuel material . .____________ UO0,.

b. Clad material .. ____________ S8S.

¢. Fuel enrichment, percent..._ 3.34.

d. Fuel element geometry______ rods.

e. Cladding thickness, in___.___ 0.029.
5. Material inventories:

a. Fuel, metric tons__.________ 52.

b. Uranium, metric tons___..__ 41.7.

¢. U-235, initial-kg. . .________ 1,390.
6. Reactor control:

a. Method of control__________ rods.

b. No. of control elements_____ 36.

D. Plant performance data:
1. Primary coolant outlet temp.,

Foo 574.
2. Primary coolant inlet temp., F_ 533.
3. Reactor temp. drop.,, F_______ 41.
4. Primary system operating pres-
sure, psia_ . __.________._._ 2,200.
5. Primary coolant flow rate, lbs/
hr . a-. 53.1 x 10e.
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D. Plant performance data—Continued
6. Max. core heat flux, Btu/hr.-ft2_ 395,000.
7. Avg. core heat flux, Btu/hr.-ft2_ 86,180.
8. Max. cladding surface temp., F_ 636.

9. Max. fuel temp., F___________ 4,500.
10. Core coolant velocity, ft/sec___ 14.1,
11. Peak to avg. power ratio._.___ 4.55.
12. Core power density kw/ftd_____ 1,550.
13. Core specific power kwt/metric

ton-U___________________. 19,500
14. Fuel burn-up MWD/metric ton-
U (average) - . _________..___ 13,000.

The power cost for a 300 MWE plant extra-
polated from the above design is as follows:

Total capital cost $73,400,000
Mills/kwh _________ . 4.90
Fuel cyele cost—M/Kwh 3.81
Operation and maintenance cost—M/Kwh ___ .59
Nuclear insurance cost—M/Kwh ___________ .26

Total power cost—M/Kwh ______________ 9.56

The relationship of power cost vs. size is
shown in Figure 6.

These costs are representative of plants
that could be constructed with the current
technological status. However, these costs
could only be achieved after the period of time
required for plant construction and fuel cycle
equilibrium. The design parameters used are
close to optimum for a current status pres-
surized water reactor plant. A check point
can be obtained by a comparison with the
Yankee plant currently nearing completion of
construction. The estimated cost of Yankee
is $52,000,000 and the expected output is
134,000 KWE (2nd core). The expected capi-
tal cost is 871 $/kw or 7.43 m/Kwh for fixed
charges.

The layouts and other design data for de-
termining the economics is included in report
Sargent and Lundy 1674 and Appendix IT of
this report. A moisture separator efficiency of
95 percent and 4-35"" last stage buckets on the
turbine were used in the reference design. This
resulted in a 25 percent efficiency for the PWR
plant. The plant could be designed with dif-
ferent size last stage buckets on the turbine,
a more effective moisture separator, more feed
water heating, and obtain a 27.8 percent effi-

AND ECONOMIC STATUS

ciency. This would reduce fuel cycle cost and
increase turbine and plant cost. If the plant
is designed for 28 percent efficiency the fuel
cycle cost would be reduced approximately
0.4 M/Kwh and the capital cost would be in-
creased by approximately 0.2 M/Kwh result-
ing in a net decrease in power cost of 0.2
M/Kwh under the cost shown.

2. Boiling Water Reactors

a. Description

The boiling water reactor is a heterogeneous
fueled, thermal reactor that utilizes light wa-
ter as moderator and coolant. There are sev-
eral variations of the boiling water reactor
concept. These are: (1), the direct cycle sys-
tem, in which the water is boiled in the re-
actor pressure vessel and the steam is bled
directly to the turbine; (2), the dual cycle,
in which part of the energy from the reactor
forms steam which goes directly to the tur-
bine and part of the energy is transmitted by
hot water to a steam generator, where addi-
tional steam is formed to help supply the
turbine demand; and (3), the indirect cycle
which utilizes a steam generator between the
reactor and the turbine. The boiling water
reactor can utilize natural circulation (in some
size ranges), forced circulation, or a combi-
nation of natural and forced -circulation.
Steam can be separated either inside the re-
actor (smaller sizes) or externally. A simpli-
fied flow diagram of the dual cycle boiling
water reactor plant is shown in Figure 7.

b. Technological Status

The boiling water reactor has drawn heav-
ily on the technology developed for pressur-
ized water reactor systems. This is true espe-
cially in the areas of fuel and materials
development. Sufficient research and develop-
ment has been performed and operating ex-
perience been obtained to arrive at the follow-
ing technical status.

(1) Physics. The physics of boiling wa-
ter reactors is similar to that of pressurized
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water reactors although the system is compli-
cated by the presence of steam voids.

Most of the physics data has been largely
concerned with the overall behavior of boiling
water reactors and has been obtained from
the Boiling Reactor experiments, Special
Power Excursion Reactor Tests (SPERT),
and the Experimental Boiling Water Reactor.
These reactors have used either metallic or
ThO., fuels and therefore did not provide data
directly applicable to reactors loaded with low
enrichment UQ, Although several reactors
which wil be fueled with UQ, are under con-
struction, no reactor completely loaded with
this type of fuel has operated to date.

The presence of steam in a boiling reactor
introduces a variable in the analysis which is
not found in other reactor types. However,
by using the proper water-to-fuel volume ra-
tio, the desired void coefficient at a particular
operating condition can be obtained. For large
reactors, using oxide fuel, a water-to-UO; vol-
ume ratio of about two appears to be opti-
mum. For small reactors, a larger water-to-
fuel ratio is required to compensate for the
effect of greater neutron leakage due to the
void coefficient.

The presence of voids also affects the power
distribution by peaking the reactor power to-
ward the bottom of the reactor. However,
the voids also tend to flatten the power in"the
radial direction. Strategic radial positioning
of the control rods will reduce the overall
peaking factor, and the effect of the control
rods in flattening the power is a very impor-
tant parameter in steady state operation.

Control requirements of a light water boil-
ing reactor are somewhat different from a
nonboiling light water reactor of the same
size. The nonboiling reactor will have a lower
water-to-fuel ratio; and as such, will have a
larger reactivity change with temperature.
The lower reactivity change in the boiling
reactor is offset by the additional reactivity
requirements due to the steam coefficient of
reactivity. However, the conversion ratio in
the nonboiling reactor will tend to be higher,
and the reactivity loss with burnout will be

less. The net result is that boiling reactors
usually require slightly more total control
than nonboiling reactors, although the re-
quired control will depend very strongly on
the reactor design. Control of the boiling
water type reactor is made difficult by the fact
that the void coeflicient tends to oppose the
steam demand changes.

During the past several years, an extensive
program has been undertaken at Bettis and
Brookhaven to measure the properties of
slightly enriched uranium metal and UQO; light
water moderated lattices. These data, which
are room temperature measurements, permit
evaluation of theoretical methods used to de-
termine lattice parameters.

Experimental measurement of reactivity ef-
fects and reactor control characteristics of op-
erating power reactors have been reported only
on the Experimental Boiling Water Reactor
(EBWR) and Boiling Reactor Experiment
No. IV (BORAX-IV) reactors. Since EBWR
uses platetype, metallic uranium alloy fuel
elements and BORAX-IV uses a ThO.-UO,
mixture with a very high water to fuel ratio,
it is not possible to make direct use of the
experimental information in a rod-type UO,
core.

Despite the apparent lack of information,
initial criticality can be predicted to within 2
to 3 percent Ak for simple fuel elements, such
as rod clusters with a water-to-fuel ratio of
about 2 or slightly greater. The reported er-
ror in EBWR criticality at startup, based on
calculations (no critical experiments were con-
ducted) was 3.39 percent Ak. A similar de-
gree of calculational error was attained for the
total worth of control rods. This indicates the
necessity of critical experiments for large cen-
tral station boiling water reactors.

The advent of two-dimensional, multigroup
diffusion theory has aided in removing a good
many of the geometric uncertainties. There-
fore, for rod-type fuel arranged in a similar
fashion to the cold critical experiments used
in determining lattice parameters, it is rea-
sonable to expect little or no deviation for the
initial criticality.
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Although there is a large and growing
amount of data on uniform UQ;—water lattices,
this information is often insufficient to opti-
mize precisely a practical reactor design.
Practical reactors contain many more inhomo-
geneities (usually of a three-dimensional na-
ture) than have been present in most of the
UOQO.-water experiments. The ability to han-
dle inhomogeneity effects is important in pre-
dicting criticality, control rod worth, temper-
ature coefficient and power distribution. Ade-
quate methods for dealing with this problem
are being developed, but much work remains to
be done.

The calculation of void and temperature co-
efficients suffers from lack of direct experimen-
tal measurement. However, cold critical
mockups of void coefficient are in reasonably
good agreement with theory (about 10 per-
cent) for EBWR experiments. The tempera-
ture coefficient calculations for BORAX-IV
are a factor of 2 lower than the measured val-
ues in the temperature range from 65-270°F,
at 420°F,

The experimental measurements of flux and
power distribution in EBWR and BORAX-
IV indicate a close correlation with calcula-
tions. On the other hand, there is no em-
pirical knowledge of the operating void
distributions.

The EBWR—BORAX-IV data indicate
the type of power distribution expected in a
boiling reactor. However, the EBWR is rela-
tively small (4-foot diameter and height) and
the BORAX-IV was even smaller, so that a di-
rect extrapolation of the power distribution
to a large core is not possible.

No boiling reactor has operated to a long
burnup, although some of the fuel in EBWR
has been irradiated to a maximum of 3,300
MWD/MT. No theoretical calculations of re-
activity changes occurring in an operating
reactor have been compared with the meas-
ured changes.

The BORAX, SPERT, and EBWR experi-
ments have furnished valuable information on
the effect of increasing operating pressure and
decreasing the thermal conductivity of the fuel

elements. For example, until very recently,
a maximum of 2 percent Ak in voids has been
used as a design criterion to avoid instabili-
ties. This usage was based on the early metal-
lic fuel experiments. However, in the
BORAX-IV experiment, using oxide fuel,
6.9 percent Ak in voids was achieved with no
instability.

(2) Fuels and Materials. The most widely
accepted fuel material for boiling water reac-
tors is UQz This is due to its excellent cor-
rosion resistance in water as well as its
radiation damage resistance. In-pile tests
(samples) indicate that low enrichment UO.
fuel is radiation damage resistant to burnups
greater than 27,500 MWD/T. It is relatively
inert in hot water, retains fission products to
a large degree, and its compatible with zircon-
ium, stainless steel, and aluminum cladding.
U0, pellets can be fabricated in various forms
with densities of approximately 95 percent of
the theoretical maximum. The thermal con-
ductivity of UQ. is low; typical data have
indicated an average value of approximately
1.0 BTU/hr-ft-°F. at operating temperatures.

Three cladding materials are being used in
boiling water reactors: aluminum, zirconium,
and stainless steel. Aluminum-nickel alloys
have shown increased water corrosion resist-
ance, but at present their long term integrity
is questionable at temperatures exceeding
400°F. Zirconium and zirconium alloys have
been developed to the point where these ma-
terials are being used as fuel cladding and
core structural material in boiling water re-
actors. Good strength and water corrosion
resistance properties have been reported for
temperatures as high as 660°F. The low neu-
tron absorption cross section of zirconium off-
sets its high cost relative to stainless steel.
Stainless steel has been used extensively in
reactors and has excellent corrosion and
strength properties. In direct cycle boiling
reactors, there has been little evidence of ra-
dioactive cobalt buildup in the steam loop be-
cause of corrosion of stainless steel structural
components. In forced circulation loops and
where an indirect cycle is used, reactors using
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stainless steel for fuel cladding may show sig-
nificant accumulation of radioactivity. This
may be minimized by the use of low-cobalt
stainless steel.

Three types of control rod materials have
been developed and are being used in water
reactors—boron-stainless steel, hafnium, and
rare earth oxides. These materials show excel-
lent resistance to hot water corrosion. Boron-
stainless steel is being used in most civilian
power reactors because of the high cost and
limited supply of hafnium; otherwise, hafnium
would be preferable inasmuch as it does not
suffer isotopic depletion or radiation damage.

(3) Heat Transfer and Fluid Flow. Most
of the research and development to date on
heat transfer and fluid flow has been centered
on natural circulation boiling system. Data
are adequate to establish reactor design cri-
teria but are not sufficient for obtaining the
optimum performance necessary to yield the
most economic design.

Neglecting stability requirements, heat trans-
fer performed is limited by the center melt-
ing temperature of the fuel (5,000°F. for
UO;:) and by the maximum surface heat flux
allowable at a particular flow velocity and
subcooling, before burnout occurs. Present
economic studies have indicated that a UOQ.
fuel pellet size of approximately 0.4 to 0.5-inch
O.D. should be used. A typical Zircaloy-2
clad, 0.45-inch O.D. pellet could operate at a
maximum heat flux of approximately 400,000
BTU/hr-ft? with a centerline temperature of
4,900°F.; this is based on an average UO,
thermal conductivity of 1.0 BTU/hr-ft-°F.
This value of heat flux is well below estab-
lished burnout heat fluxes for typical boiling
reactor operating conditions.

One of the unknown areas in boiling water
reactor technology exists in steam volume
fractions and more specifically the velocity of
steam relative to the velocity of water. How-
ever, sufficient work has been done to predict
core performance.

The knowledge of the mechanism and fac-
tors influencing the separation of steam from
steam/water mixtures is incomplete. The need

for more information on steam/water separa-
tion becomes more acute as the sizes, pressure,
and power density of boiling reactors are
increased.

Natural circulation velocities up to 10 ft/sec
have been obtained in non-nuclear laboratory
experiments using a 4-foot heated length of
l-inch diameter pipe having an 8-foot long,
2-inch diameter, riser above it. Geometries,
more nearly like those used in actual reactors,
give velocities which are much lower but still
adequate for small cores.

Hydraulic stability has been shown to be a
function of exit steam volume fraction, pres-
sure and system geometry. Analytical meth-
ods have been developed to predict the hy-
draulic stability of a boiling water system.
These have been checked by transfer function
measurements on small reactors; however, more
work is required in this area.

A considerable amount of experimental data
has been accumulated on burnout in water-
cooled reactors. This data has been developed
primarily on pressurized water systems but is
applicable to the boiling water reactor. The
current typical design limit is approximately
1.0X10* BTU/ft>-hr for boiling water re-
actors.

(4) Coolant Chemistry. The areas of prin-
cipal concern to date have been moderator de-
composition and effects of “crud” produced by
corrosion. Most of the experimental data
available has come from the operation of the
EBWR.

Virtually no experimental work has been
done on the effects of oxygen in the steam of
EBWR, but two years of operation indicate
that the presence of 20 cc (STP) of oxygen
per Kg of steam has no gross deleterious ef-
fect on construction materials in steam piping,
turbine, or condenser.

The net decomposition observed is due to
liquid phase recombination of H, and O be-
ing hindered by the stripping of these gases
from the liquid to the vapor phase by the
steam bubbles. Argonne National Laboratory
has reported that by bubbling CO;. through
water under gamma-irradiation, the recombi-
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nation is completely inhibited and the water
decomposes at the maximum theoretical rate.

In the EBWR at 20 Mw (thermal) and 600
psi, Oz is produced at a rate of about 9 liters/
min. The calculated rate of formation, as-
suming no recombination, would be three times
this amount. Since experimental evidence in-
dicates that very little recombination of H,
and O, occurs in the steam phase, it must be
concluded that only about one-third of the
radiolytic gases are stripped from the water
by the steam.

It has been found that if H, is added to the
reactor feedwater at a rate such that the H,
concentration in the core is 45 cc/kg, the ra-
diolysis is inhibited to such an extent that O,
concentrations in the steam fall to less than
0.4 cc/Kg of steam at 20 Mw and 600 psi.

In systems containing only steels and Zir-
caloy, it is known that operation at pH 10-11
is effective in preventing crud deposition. In
systems containing Al, this high pH could not
be tolerated and either Al must be avoided or
some other suitable inhibitor be found.

(8) Components and Auxiliary Systems. In
general, boiling water reactors have been able
to use components and auxiliaries already de-
veloped for conventional steam plants or for
non-boiling water reactors. However, the
“conventional equipment” is often the major
cause of operational delays and plant malfunc-
tions. Specific developments have been re-
quired because of the water activity, water
decomposition, and corrosion of materials in
saturated steam.

Materials and technology are available for
the design and construction of pressure ves-
sels for T00°F. and 1,500 psi operation in di-
ameters of up to 15 feet. Corrosion of stain-
less clad vessels has not presented a problem
as yet.

In the field of control rod drives, many types
of drives have been developed—screw jack,
magnetic jack, rack and pinion, hydraulic—
all of which can be made to operate satisfac-
torily. Some bottom-mounted drives appear to
suffer from buildup of radioactive crud which
settles to the bottom of the thimbles, making

maintenance more difficuit. Methods of min-
imizing this problem in future reactor designs
are being evolved.

Instrumentation for reactors has been de-
veloped rapidly by the electronics industry,
and commercial units are readily available.
More work is needed to increase the reliability
of these instruments, since many scrams have
been caused by false signals or inadequate
equipment. The greatest need for instrument
development is in the in-pile measurement field
where the reactor environmental conditions
have seriously limited the type of materials
which can be used.

Detection of even a minor fuel failure can
be accomplished in a boiling reactor by moni-
toring the exhaust gases leaving the condenser
for the fission product, xenon 135. Location
of the particular fuel element which has failed
is difficult. More development effort is re-
quired toward this end.

(6) Reactor Safety. Boiling water reactors
which have large steam expansion volumes
above the core have been shown to be inher-
ently safe against plausible reactor excursions.
Possibilities of metal-water reactions have
been virtually eliminated by the use of oxide
fuel, which does not undergo an exothermic
reaction. The fuel clading (zirconium, alumi-
num, or stainless steel) can enter into a metal-
water reaction. However, the possibility of
such a reaction occurring is remote, since con-
ditions normally required for such a reaction
(fine dispersal of the molten material into the
water) are not readily attainable.

¢. Operating Experience

In the short life span of BORAX-I, a large
number of excursion type tests and a small
number of steady-state boiling experiments
were run. These tests demonstrated that boil-
ing water reactors could operate stably and
had a high degree of inherent safety due to
shutdown by void formation. Fluctuations in
power of the order of 15 percent were noted,
but no instability tendency was detected. Be-
yond approximately 1.5 percent k.. in voids,
a pattern of oscillations was established which
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led to unstable operation or “chugging” when
about 2.5 percent ks was held in voids at at-
mospheric pressure. Operation at higher pres-
sures increased stability. The reactor oper-
ated stably at about 1,200 kw, 135 psig.

A final experiment, which resulted in the
self-destruction of BORAX-I, was made by
adding approximately 4.0 percent ke in 0.2
seconds with the reactor water initially at room
temperature. The power during this test in-
creased on a period of 0.0026 seconds and
reached a maximum of 18,000 megawatts. It
is significant to note that relatively little dam-
age to the equipment outside the pressure ves-
sel or to the control rod drive mechanisms
above the vessel occurred.

Examination of the debris around the re-
actor showed that a large fraction of the fuel
plate material had been melted. However, it
is not known whether an explosive chemical
reaction occurred between the molten metal
(Al and U) and the water. If such a reac-
tion did occur, it was far from complete, as
evidenced by the large quantity of unoxidized
aluminum fuel fragments.

BORAX-II was similar to BORAX-T but
had a core approximately twice the size of
BORAZX-T and a pressure vessel for operation
of the reactor at 300 psig.

This reactor was only operated for a short
time in 1954 and 1955, during which time tests
similar to those conducted on BORAX-I were
made at atmospheric and at 300 psig pres-
sures. The tests served to further indicate that
stable steady-state boiling operation at power
densities suitable for power reactors could be
obtained with pressurized, boiling water re-
actors. Stable operation under steady-state
boiling was obtained in BORAX-II, pressur-
ized to 300 psig, with a power density of ~ 27
kw/liter of core (765 kw/ft3) with up to 3.2
percent k.. in voids. The stable reactor be-
havior during the tests led to the installation
of a turbine generator plant with the reactor.

BORAX-III was essentially the same as
BORAX-II with new fuel elements and a tur-
bine generator added. The BORAX-III
power plant was successfully operated at max-

imum power levels of 16 MWT and 3.5 MWE
and represented the first boiling water reac-
tor to generate electric power. The reactor
plant operated stably at all pressures from
atmospheric to 300 psig.

BORAX-IV was the BORAX-III reactor
plant with a new core substituted for the
BORAX-IIT core. The new core consisted of
fuel elements using ThO,-UO, fuel canned
in aluminum and bonded with lead. Primary
emphasis in the experimental program of this
reactor was given to obtaining more detailed
data on the stability and safety of boiling
water reactor plants. Transient and steady-
state power runs similar to the previous
BORAX experiments were made and reactor
transfer function measurements were made
using oscillator techniques. At atmospheric
pressure, this reactor was found to be unstable
at a power level of 4.57 MWT with 1.5 percent
kee held in voids. As the pressure was in-
creased to 322 psig, stable operation was
achieved up to 20.5 MWT with 6.9 percent
kece held in steam voids.

Maximum power densities were: 19.6 KW/
liter of core (555 KW/ft?) at atmospheric
pressure with 1.5 percent ke¢ held in voids
and 45 KW/liter (1,275 KW/{t?) at 300 psig
with 6.9 percent k., held in voids.

In addition to steady-state and transient op-
erating data, BORAX-IV provided informa-
tion on radiolytic decomposition and experi-
mental data on the contamination of the re-
actor coolant loop due to fuel clad failures.
These fuel clad failures were detected in Feb-
ruary 1958 by the sudden increase in activity
in the turbine room to 70 mr/hr. Following
further reactor operation with the failed ele-
ments, activity levels of 400 mr/hr were noted
in the turbine room and 8,000 mr/hr in the hot
well. Examination of the BORAX-IV fuel
elements later indicated that at least 17 ele-
ments had failed. These failures were at-
tributed to leaks caused by the collapse of the
aluminum into the void space above the oxide
pellets after repeated thermal cycling in the
reactor. It is significant that operation with
the failed fuel elements, although causing a
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relatively high activity level in the plant dur-
ing operation, caused no significant contami-
nation of the turbine and little increase in the
gross activity of the water. The radioactivity
in the turbine was very low when the reactor
was shut down. This observation would indi-
cate that mostly gaseous fission products were
released by the oxide elements.

Surface activities at various points in the
BORAX-IV plant were measured while the
reactor operated with the failed fuel elements.
The results of these measurements indicated
no serious activity problem existed.

The Experimental Boiling Water Reactor
at Argonne National Laboratory is a complete
experimental nuclear power generating station
designed to provide operating and design
data on boiling water reactors suitable for
power generation.

The radiation levels in the EBWR plant
have indicated that a direct cycle boiling wa-
ter reactor could be operated without undue
activity at the turbine and that normal main-
tenance was not a problem.

On three occasions failure of the bearing in
the feed-water pump occurred. This is a prob-
lem of pump design rather than a difficulty
peculiar to a nuclear plant.

Frequent difficulty with “sticking” of the
control rods was experienced during the early
operation of the EBWR. This problem is as-
sociated with “crud” accumulation in the rod
seal housing at the bottom of the reactor ves-
sel. It has been largely corrected by substi-
tuting bushings made of softer material.

(Crud accumulation in the control rod
thimbles results also in a high activity level in
the immediate vicinity of the control rod
thimbles. Activity levels of the order of 65-70
r/hr have been reported. This would prob-
ably not be a major problem if provisions had
been made for flushing the control rod thim-
bles.

Difficulties were experienced with the Ho—O;
catalytic recombiner during the early opera-
tion of the EBWR. Frequent explosions of
the hydrogen-oxygen mixture have been expe-

rienced. This system is now operating satis-
factorily.

Failure of the stem of the turbine trip throt-
tle valve occurred. A combination of im-
proper operating procedures and incorrect de-
sign of the stem were given as reasons for the
failure.

A turbine blade failure, not associated in
any way with nuclear phenomena was expe-
rienced. Servicing operations were carried out
on the slightly radioactive (about 2 mr/hr)
machine in a conventional manner.

A leak was detected in a tube of the main
condenser. At reduced power level no diffi-
culty with activity was involved in plugging
the defective tube.

The majority of operating problems that
have been experienced, except for the control
rods, were on the so-called conventional equip-
ment in the plant. There have been no sig-
nificant problems that were nuclear in origin.

With the pressure control by-pass valve sys-
tem there has been no difficulty in synchroniz-
ing the power outputs of the reactor and the
load of the turbine generator. Operation has
also indicated that manual operation of the
reactor without the by-pass valve in service
can be accomplished to handle slow load
changes on the turbine.

Three sets of planned defective fuel element
(holes in the cladding) experiments have been
run in EBWR on ThQ, ceramic fuel enriched
with 10 percent fully enriched UO,. The re-
sults from these tests were:

Only fission product gases were evolved to
any significant extent, and the rate of release
was much less than 1 percent of the production
rate of fission gas.

No increase over normal readings was reg-
istered by any radiation monitor measuring
gross activity in the vicinity of plant com-
ponents except during power increases. The
fact that a cladding defect existed was read-
ily detected, however, by scintillation counters
which selectively measured Xe-135 activity in
off-gases from the main condenser. Short
bursts of activity were also registered on
gamma monitors in the vicinity of the air
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. ejectors when reactor power level increases

were made. The bursts were evidently due to
expulsion of fission gas from the oxide ele-
ment due to volumetric expansion of gas as a
function of temperature. At constant power
level, there is no such expulsion tendency, and
fission gases escape by a much slower diffusion
process. The amount of fission product activ-
ity released in this way is small compared
with the N-16 normally present in the steam
and therefore does not contribute significantly
to the gross radioactivity.

Samples of reactor water taken from above
the element containing the defected specimen
showed no increased counting rate either due
to radioiodines or to delayed neutrons, when
compared to similar samples taken from above
fuel elements containing no defected specimen.

One defected sample was placed close to No.
3 control rod. When this rod was moved to
increase the flux in the specimen, a burst of
activity was recorded on the gamma monitor
at the air ejectors. Movement of any of the
other eight rods did not affect monitor read-
ings. This indicates that defects in the close
vicinity of a control rod could be detected by
proper manipulation of that rod.

During almost 4 months’ steady operation
during Test No. 2, no accumulation of any fis-
sion product could be detected in the turbine
or steam pipe. The details of these tests are
given in the Boiling Water Reactor Status Re-
port. (See Part III.)

The Vallecitos Boiling Water Reactor
(VBWR), which is owned and operated by
the General Electric Company, is a boiling
water reactor generating steam which is uti-
lized directly in a turbine generator. The re-
actor operates a nominal pressure of 1,000 psig.
The plant is designed as a test plant.

The reactor is licensed to operate at 30 MWT
and the turbine generator is rated at 5,200
KW. Excess steam is bypassed to the con-
denser.

Because of the high operating pressure
(1,000 psig), a very high power density was
achieved in this reactor without excessive

steam voids. An average power density of
about 50 KW/liter of core was obtained at 30
MWT operation with about 1.75 percent ke
held in steam voids. Because of the thin fuel
elements used in this reactor (0.025 inch) and
the large separation of fuel plates (0.49 inch),
this corresponds to a power density of ap-
proximately 58 KW/liter of coolant. The pos-
sibility of obtaining stable operation at power
densities of greater than 100 KW/liter of core
with natural circulation is anticipated with
this thin, fully enriched fuel element.

Radiolytic decomposition of the water de-
creased with the higher operating pressure, as
was found in comparing the decomposition
rates of BORAX-TIV at 300 psig and EBWR
at 600 psig.

At the highest power operation, radiation
levels in the turbine building were 6 mr/hr or
less except in the vicinity of the condenser,
and 15 mr/hr at the high pressure end of the
turbine. This again substantiates the previous
data obtained from EBWR and BORAX-IV
which indicated that although some activity is
present in the direct steam system, little if any
shielding is required.

Measurements of the steam void content from
the hottest element indicated that at 20 MWT
approximately 35 percent by volume of steam
was contained in the coolant. Assuming sta-
hle operation at 80 MWT, it was calculated
that about 72 percent by volume of steam
would be in the coolant from the hottest chan-
nel.

The fuel element in this reactor has a ther-
mal time constant of about 0.06 second, which
is much faster than that obtained with oxide
fuel. Tt is expected that more stable steady
state operation will result when an oxide fuel
is used in combination with the higher operat-
ing pressure.

The Argonne Low Power Reactor (ALPR),
now known as the Stationary Low Power Re-
actor No. 1 (SL~1), is a natural circulation,
light-water-moderated and cooled boiling re-
actor which operates at 300 psig, 420°F. and



26 SUMMARY OF TECHNICAL AND ECONOMIC STATUS

produces 3,000 KWT of heat. The plant gen-
erates a gross electrical output of 300 KW and
provides 400 KW of space heat.

The SL~1 began full power operation in Oc-
tober 1958 and has operated satisfactorily with
one notable exception. The failure of an oil
seal in the deep well pump supplying the re-
actor make-up water resulted in the introduc-
tion of a significant quantity of oil into the
reactor primary system. As a consequence, the
demineralizers were rendered useless and exten-
sive contamination of the fuel plates, core struc-
ture, reactor vessel and piping occurred. The
oil-contaminated water has been removed and
the system cleaned to the greatest extent pos-
sible. The detrimental effects of this incident
upon overall plant performance, if any, will
not be known for some time.

In general, because of the special design as-
pects of this reactor and its use of highly en-
riched fuel, very little data will be forth-
coming of a nature suitable for extrapolation
to more economic power reactors. However,
operating history of the components will be of
value.

The operating experience on boiling water
reactors has been mostly on small experimen-
tal plants. The results of this experience ap-
pear satisfactory but experience is needed with
large boiling water reactor plants. The op-
erating experience of the BORAX reactors
and EBWR are shown in Figure 8 and Figure
9, respectively.

d. Schedule

The boiling water reactors under construc-
tion that will provide valuable data to ad-
vance the technology are shown in Figure 10.

e. Economics

A reference design has been made for a boil-
ing water reactor based on the technical status
summarized in this report. This design was
used as the basis for extrapolating the cost to
different plant ratings. The plant character-
istics for the reference design are as follows:

SUMMARY OF PLANT CHARACTERISTICS—

BOILING WATER REACTOR PLANT

A. Heat balance:

1. Total reactor power,
MW ().

2. Gross turbine power,
MW(e).

3. Net plant
Mw(e).

4. Net plant efficiency,
percent.

power,

B. Turbine cycle

conditions: primary

1. Throttle 540
temper-
ature,

F.

2. Throttle 950
pres-
sure,
psig.

3. Steam
flow,
1bs/hr.

4, Condenser back-
pressure, in. Hg A.

5. Final feed 565
water
temper-
ature,

F.

1.44X 108

C. Reactor description:

1. Reactor vessel:
Inside diameter, ft_
Overall height, ft__
Wall thickness, in__
. Material__________
. Design pressure,
psia.
2. Reactor core:
a. Active diameter, ft_
b. Active height, ft___
¢. Active core vol-
ume, ft3.
d. Lattice arrange-
ment.
3. Reflector or blanket:
a. Material__________
b. Radial thickness,
ft.
4. Fuel elements:
a. Fuel material_____
b. Clad material_ ____
¢. Fuel enrichment,
percent
d. Fuel element ge-
ometry.
e. Cladding thickness_

o po TP

690.
212.
200.
29.0.

secondary

460

460

1.21X10°

1.5.

405.

12.25.

44.0.

5.675.

S8 clad CS.
1,500.

10.5.
9.75.
845.

square.

rods.

0.030.
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C. Reactor description—Continued
5. Material inventories:
a. Fuel, metric tons. . 66.5.

b. Uranium, metric 52.3.
tons.
¢. U-235, initial-kg__ 785.
6. Reactor Control:
a. Method of control. rods.
b. No.of control ele- 84.
ments.
D. Plant performance data:
1. Primary coolant out- 545.3.
let temp., F.
2. Primary coolant inlet 505.
temp., F.
3. Reactor temp. drop., 40.3.
F.
4. Primary system oper- 1,015,
ating pressure, psia.
5. Primary coolant flow 1.43X 108,
rate, lbs/hr.
6. Avg. core heat flux, 97,700.
Btu/hr.-ft2.
7. Max. core heat flux, 277,000.
Btu/hr.-ft2.
8. Max. cladding surface 585.
temp., F.
9. Max. fuel temp., F___ 4,500
10. Core coolant velocity, _________.
ft/sec.
11. Peak to avg. power 2.92.
ratio.
12. Core power density 817.
kw/ft3.
13. Core specific power 13,200.
kwt/metric
ton—TU.
14. Fuel burn-up MWD/ 11,000.

metric ton—U
(average).
The power cost of a 300 MWE boiling wa-
ter reactor plant extrapolated from the above
design is as follows:

Total capital cost $78,900,000
M/KWH __ . ___ 5.26
Fuel cycle cost—M/KWH 347

Operation and maintenance cost—M/KWH __ .61
Nuclear insurance cost—M/KWH ______.______ 27
Total power cost—M/KWH ____________ 9.61

The relationship of power cost vs. size is
shown in Figure 11.

Those costs are represzntative of plants thar
could be constructed with current technology.

AND ECONOMIC STATUS

However, these costs could be achieved only
after the plant construction was completed and
fuel cycle equilibrium had been attained. The
layouts and other design data for determining
the economics is included in report Sargent and
Lundy 1674 and Appendix IT of this report.

The cost data is based on a boiling water
reactor utilizing a dual cycle arrangement.
This type plant was extrapolated to the smaller
sizes in order to show a consistent cost curve.
In all likelihod a natural circulation—direct
cycle plant would be used in smaller sizes at
better economics than those indicated on the
curve. It is currently thought that the capi-
tal cost could be reduced if a direct cycle was
practical in the large plant sizes. No advan-
tage was taken for this potential cost improve-
ment although it could probably be done with
current technology.

A reference cost point would be the pub-
lished figures on the Italian Ponta Fuime Plant
(SENN) reactor which are $48,000,000 or 320
$/KW (6.4 M/Kwh).

3. Organic Cooled Reactor

a. Description

The organic cooled reactor is a heterogeneous
fueled, thermal reactor utilizing an organic
material as the coolant. The reactor is nor-
mally moderated by the same fluid utilized as
a coolant, however other moderator materials
can be used. The heat is removed from the
fuel by the organic coolant and transmitted to
a steam boiler, where steam is formed to drive
the turbine. A simplified flow diagram of the
organic cooled reactor plant is shown in Fig-
ure 12.

b. Technical Status

Sufficient research and development work
has been done to arrive at the following tech-
nical status:

(1) Physics. The physics of organic mod-
erated reactors is similar to that of water re-
actors since the principle means of neutron
energy degradation is by scattering collisions
with hydrogen. Sufficient information 1is
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POWER GENERATION COSTS
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known from data on water critical experi-
ments, the Organic Moderated Reactor Experi-
ment (OMRE), on prototype water reac-
tors, and from the organic experimental work
to extrapolate data that would be representa-
tive of a large power reactor. However, with
any large hydrogenous moderated power sys-
tem, xenon stability may be a problem. The
precise conditions for xenon oscillations are
not thoroughly understood. How this insta-
bility can be avoided or what operational
methods are best to handle it are questions
that are only beginning to be answered by
building, operating, and experimenting with
large reactors which contain such instabilities.

The physics of more sophisticated multire-
gion cores and cores in which power flattening
techniques are used are not as advanced and
additional physics work is required to con-
firm the designs.

(2) Fuel and Material Properties. Initial
fuel work was directed toward the develop-
ment of low alloy metal fuel which would ex-
hibit radiation stability for reasonable expo-
sures. From these studies and developments
has evolved the U-3.5 wt% Mo + 0.1% Al
alloy. These alloys have been operated up to
3,300 MWD/MT without distortion. The
problems of predicting the upper limits of
burnup for U-Mo fuel is difficult because of
lack of test experience. It may be possible to
achieve a maximum of 11,000 MWD/MT in
an organic reactor at the operator temperature
compatible with aluminum cladding.

Recent work on organic reactor fuel elements
has been devoted to an investigation of UO.
clad with aluminum powder metallurgy
(APM) materials. Tests to date indicate that
these cladding materials exhibit significantly
higher strength than aluminum alloys at ele-
vated temperature, exhibit satisfactory radia-
tion stability, are compatible with UQ,, do not
suffer from porosity, can be fabricated into the
desired shapes, and can be joined satisfactorily
utilizing welding techniques. More work
needs to be performed on end closures and in
general on aluminum powder metallurgy. As
of this date, full-size prototype fuel elements

of UO, APM materials have not been fabri-
cated nor has full-scale in-pile testing been
started.

(8) Heat Transfer and Fluid Flow. Lim-
ited tests on heat transfer in the organic
cooled reactor indicated that the current lim-
its are =~ 500,000 BTU/ft>-hr for burnout.
This results in a limit of ~ 235,000 BTU/ft2-
hr maxmmum design value and = 60,000
BTU/ft>-hr average for forced convection
systems.

Correlations of heat transfer data have been
obtained from limited duration tests over the
range of surface temperatures from 600° to
900°F. These tests have indicated that under
suitable conditions of forced convection heat
transfer, the surface condition and temperature
of the organic is stable.

The current status dictates aluminum clad-
ding material whose physical properties limit
the bulk coolant temperature to approximately
600°F.

Based on a maximum high boiler content
(HBC) of 30 percent, nonboiling, the organic
makeup would be 25 1b/TMWD based on 4
percent gamma energy absorbed in the modera-
tor.

The determination of the true burnout heat
flux is complicated by the fact that the or-
ganic, under reactor operating conditions, is a
completely miscible variable mixture of or-
ganic compounds.

Limited nucleate boiling data has been ob-
tained with one run of 1,500 hours which in-
dicates there is an initial decrease in heat
transfer coefficient but that after 900 to 1,000
hours, the coefficient stabilizes at a value ap-
proximately 10 to 12 percent below the initial
value.

Additional work in all phases of forced
convection and boiling heat transfer, includ-
ing the accurate determination of burnout
heat fluxes, must be completed prior to the
operation of large organic cooled power re-
actors. Forced convection appears to prevent
fouling or deposition of carboniferous mate-
rial on the fuel elements.

Heat transfer is low compared to water
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(about one-fifth) and sodium systems; hence,
a high surface-to-volume fuel element design
is required. The system has a low specific
power and a low power density.

(4) Coolant Chemistry. Considerable infor-
mation has been developed in recent years on
the physical and chemical properties of or-
ganic compounds. To date the investigations
have been limited primarily to the polyphenyls,
benzene derivatives. Information is available
for both unirradiated and irradiated material.
The compourtd currently favored is Santowax
R. This has a liquid density of 0.83 gm/cm?®
at T00°F and a thermal conductivity of 0.064
BTU/hr-ft2-°F at the same temperature.

Organics have low vapor pressures, low in-
duced activities, and low corrosion rates with
standard materials of construction. An exces-
sive radiolytic decomposition rate may result
in high coolant makeup costs. More irradia-
tion tests at high temperature and high reac-
tor power levels are needed to determine long-
term effects.

Decomposition may result in fouling of the
material especially with nucleate boiling. Tests
indicate that the coolant decomposition rate—
and thus the coolant makeup cost—decreases
with increasing high boiler (pyrolytic decom-
position products) concentration.

(5) Component and Auailiary Systems.
Many components utilized in the organic sys-
tem are of standard manufacture and have
been utilized for several years in the petro-
leum industry. These items require little
or no modification to be acceptable. How-
ever, it should be noted that in a nuclear plant
1t is often the “conventional equipment” which
is the major cause of operational delays and
plant malfunctions.

Process system design results to date have
been obtained primarily in laboratory scale
mockups. Mockups of the Piqua systems are
now being completed for testing and evalua-
tion. A magnetic jack control rod has been
developed and successfully tested.

(6) Safety. Organic moderated reactors
have large negative temperature coefficients,

negative void coefficients, and negative power
coefficients.

The physical properties of the coolant are
such that there is negligible corrosion of either
reactor or fuel materials if water and other
deleterious impurities are kept out; there are
no exothermic chemical reactions between the
coolant, fuel, or water; there is low induced
radioactivity; and the system operates at low
pressures due to the low coolant vapor pres-
sure. However, the presence of organic com-
pounds is a potential fire hazard.

Disposal of the high boiler residue is a
problem.

¢. Operating Experience

The only operating organic cooled reactor is
the Organic Moderated Reactor Experiment
which achieved criticality in September 1957.
Initial criticality was followed by a few
months of low power tests and physics meas-
urements. Full power operation began in
February 1958. The operation of the reactor
has demonstrated the organic radiation de-
composition rates that can be expected, the
low induced activity, the low corrosion rates,
and the technical feasibility of designing and
operating organic cooled reactor plants.

Sustained power operatiéon began February
1, 1958. Between February and September 15,
1958, 765 MWD of power operation was accu-
mulated during a series of tests to determine
the radiolytic and thermal decomposition rates
and the heat transfer properties of the coolant
moderator under a variety of operating condi-
tions. During this period, tests were con-
ducted at high boiler concentrations (HBC)
of approximately 12, 30, and 40 percent, and
a bulk coolant temperatures of 600°F (316°C)
and 750°F (399°C). The fuel-plate surface
hot-spot temperature was maintained at T50°F
(899°C) during the majority of this period.
Decontamination of the coolant and new
buildup of decomposition product concentra-
tion to 30 percent were continued from Sep-
tember 15 through November 24, 1958. The
accumulated reactor power increased to 950
MWD during this period. The reactor was
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then shut down for complete cleanup and re-
moval of inorganic particulate matter which
had accumulated in the system, as well as in-
stallation of the second core loading. The op-
erating experience of OMRE is shown on Fig-
ure 13.

d. Plants Under Construction

At present the only organic cooled reactor
under construction is the City of Piqua plant, a
unit rated at 11.4 MWE. The Piqua plant is
scheduled to go into operation the latter part
of 1961. Steam is to be produced at 450 psia
and 550°F with a reactor coolant outlet tem-
perature of 575°F and a maximum fuel ele-
ment surface temperature of 750°F. The
operation of the Piqua plant will supply valu-
able information on process system perform-
ance, plant control and stability characteris-
tics, and further information on coolant and
fuel element performance.

An Experimental Organic Cooled Reactor
is scheduled for initiation of construction in
fiscal year 1960. The Experimental Organic
Cooled Reactor will have test loops to enable
simultaneous evaluation of several different
organic coolants with and without inhibitors.
Facilities will also be included to allow for
extensive tests and optimization of design of
fuel elements and components which are found
to limit power level of organic cooled power
demonstration reactors. The size and power
level will be sufficient to allow irradiation of
new fuel elements in quantities large enough
to provide a statistical evaluation of the per-
formance of the fuel elements.

A schedule for the Organic Moderated Re-
actor Experiment, Piqua, and the Experimen-
tal Organic Cooled Reactor are shown on
Figure 14.

e. Economics

A reference design has been made for the
organic cooled reactor based on the technical
status summarized in this report. This design
was used as the basis for estimating the cost
at different plant ratings. The base parame-
ters for the reference design are as follows:

SUMMARY OF PLANT CHARACTERISTICS—
ORGANIC COOLED REACTOR PLANT

A. Heat balance:
1. Total reactor power, MW (t)__. 260.
2. Gross turbine power, MW(e)__ 79.
3. Net plant power, MW(e)______ 75.
4. Net plant efficiency, percent_._ 28.5.
B. Turbine cycle conditions:

1. Throttle temperature, F_______ 550.
2. Throttle pressure, psig________ 585.
3. Steam flow, lbs/hr____________ 9.36 X 108,
4, Condenser back-pressure, in. 1.5.
Hg A.
5. Final feed water temperature, 360.
F.

C. Reactor description:
1. Reactor vessel:

a. Inside diameter, ft.________ 11.0.
b. Overall height, ft__________ 51.0.
¢. Wall thickness, in_________ 3.5.
d. Material .. ._______________ CS.
e. Design pressure, psia_______ 300.
2. Reactor core:
a. Active diameter, ft_.______ 9.5.
b. Active height, ft___________ 9.5.
e. Active core volume, ft3_____ 674.
d. Lattice arrangement.___.____ triangular.
e. Lattice spacing, in_._______ 6.
3. Reflector or blanket:
a. Material __________________ Santowax R.
b. Axial thickness, ft_________ _.___________
c. Radial thickness, ft________ 0.75.
4. Fuel elements:
a. Fuel material . . ___________ U.3.5 w/o Mo.
b. Clad material . .. __________ Al
c. Fuel enrichment, percent___ 1.6.
d. Fuel element geometry.____ cylinder.
e. Cladding thickness, in__.___ 0.035.
5. Material inventories:
a. Fuel, metrictons__________ 41.4.
b. Uranium, metric tons_ _____ 41.
c. U-235, initial-kg.. . . _.___. 656.
6. Reactor control:
a. Method of control_._______ rods.
b. No of control elements.____ 19.

D. Plant performance data:
1. Primary coolant outlet temp., 575.

F.

2. Primary coolant inlet temp., F_ 490.

3. Reactor temp. drop., F_______ 85.

4. Primary system operating pres- 150.
sure, psia.

5. Primary coolant flow rate, 19.8X108.
lbs/hr.

6. Avg. core heat flux, Btu/hr.-ft2_ 28,000.

7. Max. core heat flux, Btu/hr.-ft2_ 112,000.

8. Max. cladding surface temp., F. 750.
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D. Plant performance data—Continued
9. Max. fuel temp., F

10. Core coolant velocity, ft/sec_ .. 15 (max.).

11. Peak to avg. power ratio______ 4.0.

12. Core power density kw/ft3_____ 386.

18. Core specific power kwt/metric 6,340.
ton—U.

14. Fuel burn-up MWD/metric 4,500.

ton—U (average).

The reference design for the organic cooled
reactor is at 75 MWE due to the fact that
more design data was available for the smaller
plant sizes. This will probably have some
effect on the relative scaling factor (less accu-
rate in larger sizes) used for the organic re-
actor cost curves as compared to the slope of
the cost curves on the other reactor which used
a large reference design.

The power cost for a 300 MWE plant extra-
polated from the above design is as follows:

Total capital cost—$66,000,000______ 439 M/Kwh
Fuel eycle cost (U-83% w/oMo.)_._ 5.72 M/Kwh
Operation and maintenance*______ 1.09 M/Kwh
Nuclear insurance cost.__________ 0.25 M/Kwh

Total __.____ o ___ 11.45 M/Kwh

*Includes organic make up cost based on 1314 ¢/#.

The relationship of power cost vs. size is
shown in Figure 15.

The above costs are representative of plants
that could be constructed with the current tech-
nological status. However, these costs could
be obtained only after the time required for
construction of a large plant has elapsed. The
only technology currently available for the
organic cooled reactor in the area of fuel is the
U-3% w/o Mo. with aluminum cladding.
Fuel exposure limitations in the reactor en-
vironment are such that a large 300 MWE
plant of this type would probably not be con-
structed. There are no large organic-cooled
reactors of this type under construction to use
a check point on the estimated cost in this
report.

The plant arrangements and other data for
determining the economics is included in Re-
port Sargent and Lundy 1674 and Appendix II
of this report.

4. Sodium Graphite Reactors

a. Description

The sodium graphite reactor is a hetero-
geneous fueled, graphite moderated, sodium
cooled thermal reactor. The reactor system
has two coolant loops between the reactor and
the turbine. Radioactive sodium circulates in
the first loop, removing the heat from the fuel
and transmitting the energy through a heat
exchanger to the secondary loop. The non-
radioactive secondary sodium transmits the
heat to a steam generator where superheated
steam is formed to drive a turbine. A simpli-
fied flow diagram of the sodium graphite re-
actor plant is shown in Figure 16.

b. Technical Status

Sufficient research and development work has
been done to arrive at the following conclu-
sions on technical status:

(1) Physics. Physics experiments have been
made on static measurements on subcritical
lattices and static and dynamic experiments
on the Sodium Reactor Experiment (SRE).
The fuel geometry on the sodium graphite re-
actor, consisting of multirod clusters, makes
theoretical predictions of the flux distribution
difficult. A considerable amount of informa-
tion on intracell flux distributions has been ob-
tained from a series of exponential experi-
ments on lattices containing both Th-U alloy
and slightly enriched uranium fuel (See report
NAA-SR 3096). The results of these measure-
ments are useful in predicting critical masses,
conversion ratio, and fuel disadvantage factors
in sodium graphite reactors.

A related effort in subcritical experiments
consists of measurements on single fuel ele-
ments in a graphite matrix, in the thermal
column of a research reactor. These experi-
ments yield essentially the same data as can
be obtained from a full exponential experi-
ment but with somewhat reduced accuracy.
They are useful as an inexpensive means of
screening possible fuel geometries. A critical
experiment capable of mocking up large (18-
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‘ inch diameter) assemblies became operational

in late 1959.

The important sodium graphite reactor ex-
perimental physics information obtained to
date has been acquired with the SRE ; the extra-
polation to larger areas have yet to be demon-
strated. Experimental measurements of the
isothermal temperature coefficient, control rod
worths, and low power flux patterns has been
made. The reactor oscillator technique has
been utilized to obtain the reactor transfer
functions at power levels ranging from zero to
full power. From these data, the steady-state
power coefficient and its associated time con-
stants have been determined. In addition, the
reactor oscillator and noise analysis techniques
have been utilized to obtain the value for the
prompt neutron lifetime. The results of these
experiments show the prompt neutron lifetime
to be 0.525 milliseconds, the time constant of the
graphite to be 600 seconds, the time constant
of the fuel to be 9 seconds, and the apparent
overall heat transfer coefficient between the
moderator and sodium to be 180 BTU/hr-
ft>—°F.

The reactor oscillator has shown the SRE
to be an inherently stable reactor at all power
levels and at all frequencies above 5 x 10~ cps.
No measurements were performed below this
frequency; any instability below 5 x 10~ cps
has no practical significance to a power re-
actor because of its very long period. The
determination of the power coefficient provides
experimental information which will be of
great use in predicting the stability of future
sodium graphite reactors. The general agree-
ment between the measured parameters, while
oscillating at power, and those determined
by theoretical methods give evidence of the
ability to create a mathematical model upon
which a theoretical analysis of reactor stabil-
ity may be effected.

Measurements to determine the long-term
reactivity changes have been performed and
an empirical relation has been developed for
the prediction of these changes. The measure-
ments have been made using fuel elements

whose exposures range from 100-1,000 MWD/
T.

(2) Fuel and Materials. A number of low
alloy metallic uranium elements have been ir-
radiated in the SRE. Even at the relatively
low center temperature reached in the SRE
(1,100°F) these materials have generally been
demonstrated to be unsatisfactory for extended
exposure. The only exception to date is the
U-115, Mo cast alloy, which has shown good
dimensional stability under SRE conditions at
low burnup.

Additional tests of metallic uranium and
thorium-uranium alloys have been made in the
Materials Testing Reactor (MTR). In the
MTR tests, the temperature range on the
uranium specimens was 900 to 1,300°F at low
burnup. The thorium-uranium alloy specimens
(Th-10 w/o U irradiated at 1,000°F) have
indicated that good dimensional stability may
be expected up to 11,000 MWD/T. With the
possible exception of thorium-uranium alloy,
tests have generally proven metal fuels to be
unsatisfactory for the advanced sodium graph-
ite reactor in which center temperatures above
1,400° are required.

TUO; has been examined for application to
sodium cooled reactors, and an experimental
19-rod element has been inserted into the SRE.
Extensive effort on UQ, at other sites has in-
dicated good radiation stability at high burn-
up at low surface temperatures. Because of
the very low thermal conductivity (= 1 BTU/
hr-ft-°F) of UQO,, it is of limited interest to
high performance sodium systems. In order
to take advantage of the heat transfer char-
acteristics of sodium, a fuel element should be
capable of providing heat fluxes of 1 to 3 mil-
lion BTU/hr-ft? to high temperature sodium.
The surface of the element should operate at
temperatures in excess of 1,200°F.

Uranium mono-carbide with a melting point
of 4,300°F and a thermal conductivity of about
14 BTU/hr-ft-°F is being intensively investi-
gated for use in sodium cooled reactors. Only
limited information is presently available on the
stability of the carbide under high tempera-
ture irradition. Two capsule tests in the
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MTR have been completed. In the first of
these, the carbide was irradiated to about
1,000 MWD/T at 1,600°F central and 1,200°F
surface temperatures with no apparent change
in the specimen. The second specimen was ir-
radiated to 6,000 MWD/T with a center tem-
perature of 1,600°F (with peaks to 1,900°F).
This specimen showed some cracking and
spalling but no severe density change. This
specimen contained slightly more carbon (5
percent) than stoichiometric (4.8 percent).
Fission product retention was excellent in both
specimens. The uranium carbide development
program has compiled preliminary data on
compatibility with Na and NaK, thermal
shock, some physical properties, and consid-
erable arc-melting fabrication experience.
Reactivity considerations limit the amount
of sodium in the reactor core and thermal
stress and thermal efficiency considerations
tend to limit the sodium temperature rise
through the core. In order, then, to operate
at a high specific power, sodium velocities of
approximately 25 ft/sec through the core are
required. Therefore, the conditions that a
sodium-cooled fuel element must withstand are
those of high surface temperature, high heat
flux, and high sodium velocity. Carbide fuel
offers promise of meeting these requirements.
Problems of irradiation damage, irradiation
induced outgassing, thermal stress, and mod-
erator canning require more consideration.
(8) Heat Transfer and Fluid Flow. Heat
transfer experiments with liquid metals have
been actively prosecuted since 1948, with the
inception of the Navy sponsored (GENIE)
program at Knolls Atomic Power Laboratory.
Simultaneously, a general liquid metal heat
transfer research program was initiated at both
Knolls Atomic Power Laboratory and Mine
Safety Appliance, Inc. This information was
developed to provide analytical information for
core heat transfer purposes and liquid-metal-
to-liquid-metal heat exchanger designs.
Concurrent with these efforts sponsored by
military programs, heat transfer experiments
aimed specifically at Experimental Breeder Re-
actor-1 (EBR-I) conditions and requirements

were in progress at the Argonne National
Laboratory.

Heat transfer work at Atomics International
commenced in 1954 as a part of the research
and development program supporting the SRE
construction. Actual heat transfer work was
limited to specific engineering applications,
such as heat removal from frozen sodium seals,
both static and rotating.

Liquid metal system hydraulic experiments
were undertaken as a part of the Submarine
Intermediate Reactor (SIR) development pro-
gram, which extended from 1948 to 1956.
Dimensionless parameter correlations of liquid
metal behavior up to temperatures on the order
of 850°F have been derived. It is considered
that sufficient hydraulic and fluid flow in-
formation has been developed to support rou-
tine design of liquid metal heat transfer
systems and equipment. A large area of un-
certainty still exisits, however, in the field
of natural convection under low flow condi-
tions. “Stagnant” liquid metal, unfortunately,
does not remain stagnant. Internal convection
circulation loops are very easily set up, be-
cause of the high thermal conductivity, high
film coefficients, and moderate density change
of liquid metal with temperature. Effects
which are both unexpected and startling fre-
quently crop up even when carefully designed
liquid metal systems are operating. Because
the behavior of these fluids is not as yet com-
pletely understood, there is a continuing need
to perform both scale model and full scale
experiments. Loop-type experiments on model
and full scale components have been in prog-
ress at Argonne National Laboratory since
1949, and at Atomics International since 1954,
to develop and demonstrate satisfactory per-
formance of system components in liquid metal
cooled reactor systems. During the period
from 1950 to 1956, similar experiments were
undertaken by Oak Ridge National Labora-
tory, as a portion of the Aircraft Reactor Ex-
periment was liquid metal cooled.

(4) Coolant Chemistry. Sodium exhibits
excellent compatibility with most metals and
ceramics, including both cladding and fuel
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materials. The corrosion rates of steels, zir-
conium, uranium and uranium alloys, thorium
and thorium alloys, uranium carbide, etc., are
extremely low in pure sodium below 1,200°F.
Data above 1,200°F is lacking.

No decomposition products need be consid-
ered, as sodium is an elemental substance and
transmutation to magnesium 24 by neutron
absorption is extremely slow. Difficulties with
sodium chemistry stem from impurities rather
than the metal itself. Oxygen, carbon, lith-
ium, and calcium are representative impuri-
ties which exist in small quantities. Devel-
opment of analytical techniques to determine
quantitatively the amount of these impurities
present is in its infancy. The difficulties stem
from the chemically active nature of liquid
metals, which require that they be handled un-
der an inert atmosphere which may itself not
be pure.

High temperature liquid metal chemistry
and technology was initiated in 1948 by the
Knolls Atomic Power Laboratory, Oak Ridge
National Laboratory, and Argonne National
Laboratory. Handling of molten liquid met-
als at temperatures up to 1,200°F was inves-
tigated, with the bulk of interest at that time
lying around 850°F. Means of removing oxy-
gen from sodium and sodium-potassium al-
loys were developed. These early develop-
ments involved “cold traps” to precipitate the
oxide at lower temperatures than existed in
the process system. “Hot traps” for final sys-
tem oxygen cleanup were developed by Atom-
ics International in 1956.

Analysis for oxygen in sodium has always
been difficult due to lack of confidence that the
sodium sample was not contaminated during
removal. Laborious techniques, chiefly mer-
cury amalgamation schemes and high tempera-
ture distillation methods, have been developed
for quantitative analysis of oxygen as sodium
oxide. Other impurities in sodium have not
proved troublesome at temperatures up to
1,000°F with helium and argon inert gases as
cover. Nitrogen apparently does not react with
sodium, nor does it dissolve in any significant
amount in pure sodium. Evidence of nitrid-

ing in nitrogen cover systems has been occa-
sionally reported. Tentative information in-
dicates that, quite possibly, transport of
nitrogen in liquid metal systems is due to im-
purities such as carbon, lithium, and calcium.
The exact role of these impurities is not yet
understood.

Experiments in all of these laboratories
indicate that, up to about 1,000°F, mass trans-
fer is not a problem. Above these tempera-
tures, mass transfer seems to appear. Trans-
port of radioactive atoms may eventually
prove a nuisance in accessibility to liquid
metal reactor primary systems after shut-
down. No effects such as plugging of small
pipes and orifices by deposition of mass trans-
fer products is expected on the basis of the
evidence now at hand.

Sodium appears to be a noncorrosive sub-
stance. The product of a sodium water re-
action, sodium hydroxide, is, of course, ex-
tremely corrosive when in a water solution.
This is of importance in the secondary sys-
tem where possible contact with boiler water
may occur due to a steam generator failure.
All the evidence accumulated at Knolls Atomic
Power Laboratory, Argonne National Labora-
tory, Oak Ridge National Laboratory, and
Atomics International since 1952 indicates that,
if sodium is reasonably free of oxide, it is
essentially inert to the usual materials of con-
struction in high temperature systems. These
materials are the austenitic stainless steels and
most high strength ferritic alloys. Some de-
carbonization of ferritic steels has been de-
tected by Atomics International; this tendency
to carbonize or decarbonize can be effectively
combatted by adjusting the chromium content
of the metal.

(5) Components and Auwxiliary Systems.
The development of liquid metal components
had its start in the SIR (Navy) program.
Most of this information is classified, and
therefore cannot be discussed in this publica-
tion. The unclassified work which has been
performed at Argonne National Laboratory in
support of the experimental breeder reactor
program, and at Atomics International, in sup-
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port of the sodium graphite reactor program,
has provided the following experience in the
design and manufacture of liquid metal heat
transfer components.

(a) Pumes. Liquid metals lend themselves
to use of electromagnetic pumps, and these
have been developed to a rather high degree.
These pumps are, however, expensive and their
efficiencies .leave something to be desired (44
percent). Argonne National Laboratory and
Atomic Power Development Associates, in co-
operation with pump vendors, have developed
and tested so-called liquid-metal-bearing
pumps, in which the liquid metal being pumped
provides a “pressure pad” type of bearing
lubrication at the impeller. This type of pump
has performed well on test, and is specified for
the Enrico Fermi Power Plant reactor instal-
lIation and part of the Experimental Breeder
Reactor No. II (EBR-II) plant. Freeze-
seal pumps with organic (tetralin) cooling are
incompatible with sodium systems.

(b) Varves. Liquid metal valves are unique
in their requirements for extremely high tem-
perature operation. Some form of stem seal-
ing is necessary. Two current methods have
been developed to a point of feasibility. One
is the bellows seal which takes the place of the
stuffing box at the operating shaft. A second
type of stem sealing is the freeze seal. Each
of these types is in use, in the sodium reactor
experiment and in EBR-I. Across-the-seat
leakage remains a problem.

(¢) Hear ExcHanee EqQuipmenT. The heat
exchanger information is meager and some-
times inappropriate for the design of liquid
metal heat exchangers, both liquid-metal-to-
liquid-metal and liquid-metal-to-water. Con-
tinuous development of liquid metal heat ex-
changers on widely fluctuating scales of ef-
fort has been under way since 1948. Sudden
transients are rapidly reflected in the mate-
rials which make up the heat transfer appara-
tus in a sodium system. Thermal stresses re-
sult and conventional equipment, with less
attention paid to thermal transients, often
suffers when subjected to liquid metal service.
A family of heat exchanger concepts has been

developed over the past few years, but no
heat exchanger equipment has yet been built,
which is truly oriented to liquid metals, al-
though some has been conceived and designed.
The Fermi plant embodies possibly the most
advanced liquid metal-to-liquid-metal heat ex-
changers yet devised, and these appear to re-
flect most of the criteria believed necessary for
successful fabrication of this type of equip-
ment. A cheap reliable sodium steam genera-
tor is not presently available.

(d) Preine anp ComproNENT HEATING. Be-
cause of the elevated melting point of most
liquid metals (208°F in the case of sodium)
it is necessary to preheat the system and com-
ponents prior to initially filling, or refilling
after draining. The schemes for doing this
are simple and require no further develop-
ment, only design for a particular application.

(e) ControLs AND CoNTROL MECHANISMS.
The use of “thimbles” is possible in low pres-
sure reactors. This permits the use of control
mechanisms which are not exposed directly to
flowing sodium. Upon withdrawal of the rod,
no poison is introduced into the thimble, and
the control rod effect is maximized. A major
disadvantage associated with thimble type con-
trol rods is dissipation of the heat generated
in the rod by neutron capture.

Control and safety rod drive mechanisms are
simple and can be devised satisfactorily in
various ways. The low pressure of the sys-
tem permits the use of a simple mechanical
seal when necessary, and elaborate means for
containment of a high pressure, radioactive
system are unnecessary.

(f) InsTRUMENTATION.  Reliable sodium
process information, such as level, flow, tem-
perature, and pressure is available for sys-
tems at temperatures below about 900°F.
Above this temperature difficulties associated
with high temperature insulation begin to ap-
pear. It appears that there is no obstacle to
the use of electromagnetic flow meters at
1,200°F in the near future, but considerable
development remains before level indicators
and pressure gages can be expected to per-
form reliably in this temperature range. Pos-
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sibly the most pressing immediate need in this
regard is an accurate pressure gage, which
could also be used as a flow indicator in con-
nection with a differential pressure cell. No
such instrument is currently available.

(g) Inerr Gas Hanoring. The chemically
reactive nature of most liquid metals in oxy-
gen creates a demand for an inert gas atmos-
phere whenever a free surface exists in the
reactor system. These inert gas atmospheres
are low pressure systems, generally less than
10 psi gage, and present a problem only in-
sofar as gas makeup is concerned. Noble gases,
such as helium, have been used to date. Frag-
mentary evidence from the SIR program indi-
cates that nitrogen is a satisfactory substitute
for the more expensive and rarer helium at
temperatures up to 1,000°F. Experiments are
currently in progress at Atomics International
to verify the satisfactory performance of nitro-
gen at temperatures above 1,000°F. Other
users of sodium systems are planning to use
argon as a cover gas.

(h) MAINTENANCE oF SYSTEM COMPONENTS.
The chemically reactive nature of liquid met-
als makes removal and maintenance of me-
chanical components which have been immersed
in coolant somewhat more difficult than if the
coolant were not a chemically reactive sub-
stance. Techniques of removing sodium-coated
components into plastic bags purged with an
inert atmosphere have been developed. Pri-
mary and secondary mechanical pumps are
handled this way in a routine fashion when
radioactivity has decayed away. Some im-
proved system concepts and components which
lend themselves to direct maintenance have
been demonstrated in mockups. An example
is the “overflow” sodium-cooled reactor system
under study by Atomics International.

(6) Reactor Sarery. The only operating
sodium graphite reactor, the SRE, has been
demonstrated to be extremely stable. Oper-
ating experience has shown that very little
control rod movement is required when oper-
ating at full power under automatic control.
The small, overall temperature coefficient of
reactivity renders unnecessary large amounts

527911 0—60—4

of control for the temperature rise to oper-
ating conditions. This reduces the excess re-
activity and the number of control rods
required. The negative, prompt, fuel tempera-
ture coefficient produces the stability of the
reactor. The total steady-state power coeffi-
cient is negative at all power levels where there
1s a constant temperature difference across the
core, and is negative at power levels above 5
MW and a constant flow of 1,400 gpm. Be-
low 8 MW, the steady-state power coefficient
is positive because of the moderator. However,
the long time constant of the moderator (600
seconds) implies that any instability would be
of a very low frequency and presents no con-
trol problem of any consequence. The analyses
of the reactor transfer function obtained with
the pile oscillator have firmly established that
the SRE is completely stable in the entire range
of frequencies investigated (0.0005 to 20 cps)
at all power levels.

Hazards analyses of sodium graphite reactor
systems have revealed that this reactor type is
particularly insensitive to the “runaway” ex-
cursion. In this situation the worst result is
partial melting of the fuel elements and rapid
shutdown of the reactor. There are no ma-
terials in the reactor which provide a source of
chemical energy for explosive accidents and no
large storage of energy as in a high pressure
coolant.

A more hazardous accident is the improba-
ble one in which a small amount of excess re-
activity is inserted over an extended period of
time with no corrective action taken, an ex-
cursion properly termed a “walkaway” inci-
dent. The hazard in this type of accident
arises from the possibility of boiling the so-
dium contained in the upper coolant plenum
to the extent of reaching sodium vapor pres-
sures which could rupture the primary cooling
system. A considerable amount of information
is required on heat transfer to sodium vapor,
Doppler coefficient as a function of tempera-
ture and other areas of uncertainty before a
completely realistic analysis of the “walka-
way” accident can be made.

On the basis of information obtained to date
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from operation of and experiments on SRE,
the sodium graphite reactor is unusually sta-
ble and easy to operate in a safe manner.

¢. Operating Experience

The operating experience of a sodium-graph-
ite reactor has been limited to the SRE. There
is, however, operating data on the SIR (Sea
Wolf) and the EBR-I that has provided data
on sodium cooled systems though the reactors
were of a different type, ie., intermediate and
fast spectrum reactors respectively. The SRE
began initial power runs in July 1957. The
pertinent experience obtained with SRE is as
follows:

The intermediate heat exchanger has not
performed according to specifications. A log
mean temperature differential of 90°F at full
power is required rather than the design value
of 60°F. Thermal circulation of sodium within
the shell has been observed, leading to after-
scram stresses. Difficulties have been experi-
enced with the freeze seal pumps. Some bel-
lows-sealed valves have failed at the bellows.
Initial cold trap design was of insufficient ca-
pacity; redesigned equipment is now installed
and is capable of removing any amount of oxide
so far introduced into the system. The most
significant equipment problem was a high stress
condition which existed around core tank noz-
zles after scram. This conditions has been cor-
rected by installation of eddy-current brakes
which limit post-scram convective sodium flow
and reduce thermal transients in the nozzle
vicinity to an acceptable value. No other
equipment problems of a nonroutine nature
have been experienced.

Load following. The SRE has been oper-
ated as a load forcing, rather than a load fol-
lowing machine. However, test transients of
up to 20 percent power increase per minute
have been induced and successfully followed
manually with the reactor.

The transient convective sodium flow fol-
lowing scram has been the principal problem
encountered to date. Thermal convective flow
is most difficult to compute accurately during
design of a liquid metal system, and a means

for controlling the post-scram flow was not
initially incorporated into the SRE system.
Later installation of this equipment has elimi-
nated this major transient problem. The re-
actor itself has proven exceptionally stable
and easy to control under transient conditions.

Fission product gases have been detected in
the inert gas atmosphere above the top pool
of the SRE. Quantitative measurements of
this activity have so far proved impossible due
to the low level of activity; detection has been
by gamma ray spectrometer only.

Expansion of the unalloyed uranium fuel
has apparently occurred in the most highly
irradiated (center) sections of the central fuel
elements. The 10 mil clearance between fuel
slug and cladding has been closed by fuel ex-
pansion. A maximum of 4 mils distortion of
the cladding has been observed after 1,100
MWD/MT irradiation.

The life of the SRE core was terminated by
failure of the fuel cladding of a number of
elements. The cladding failure was discovered
at the end of power run 14 on July 26, 1959,
and has been attributed to local overheating
of the fuel element rods caused by obstruction
or blockage of coolant passages by foreign mat-
ter in the primary coolant system. Based on
preliminary information, the mechanism of
the cladding failure was the formation of an
iron-uranium eutectic.

The main obstacle to quick repair of the
sodium system is awaiting decay of the sodium
24 activity. By advance scheduling of down-
periods, it has been possible to minimize the
outages necessary to permit decay. Other work
requiring the reactor to be subcritical or just
critical is scheduled for the decay period. Ac-
cess to the primary system may be expedited
by draining the radioactive sodium back to the
shielded fill and drain tanks. If urgently re-
quired, access can be had to the piping gal-
leries about 5 days after shutdown. Nor-
mally, a decay period of about 10 days is
allowed.

System and component designs based on im-
proving those areas which have been somewhat
troublesome can be expected to further sim-
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plify maintenance procedures in future so-
dium cooled reactor systems. The operating
experience of the SRE is shown on Figure 17.

d. Plants Under Construction

A sodium graphite reactor plant of 75 MWE
is presently under construction at Hallam,
Nebr. The Hallam Nuclear Power Facility
(HNPF) consists of a 254 MWT sodium
graphite reactor and the associated equipment
for generating and delivering 800 psig, 825°F
steam to a turbogenerator.

The reactor is sodium cooled, graphite mod-
erated, and will use slightly enriched uranium
10 w/o molybdenum alloy as a fuel for the
first core. Structurally, the arrangement of
the reactor, similar to the SRE, is known as a
“tank-type”, “canned moderator” to distin-
guish it from other proposed sodium graphite
reactor configurations.

The schedule for the SRE and the Hallam
plant is shown on Figure 18.

e. Economics

A reference design has been made for so-
dium cooled graphite moderated reactor based
on the technical status summarized in this re-
port. This design was used as the basis for
estimating the cost at different plant ratings.
The base parameters for the reference design
are as follows:

SUMMARY OF PLANT CHARACTERISTICS
SODIUM GRAPHITE REACTOR PLANT

A. Heat balance:
1. Total reactor power, MW (t)____ 240,
2. Gross turbine power, MW{e) . ._ 80.
3. Net plant power, MW(e)______ 75.
4. Net plant efficiency, percent____ 30.8.

B. Turbine cycle conditions:

1. Throttle temperature, F_______ 850.
2. Throttle pressure, psig-_._..____ 785.
3. Steam flow, lbs./hr____________ 7.19X 108,
4. Condenser back-pressure, in. 1.5.
Hg A.

5. Final feed water temperature, F_ 300.
C. Reactor description:
1. Reactor vessel:
a. Inside diameter, ft__________ 19.0.
b. Overall height, ft___________ 34.0.

C. Reactor description—Continued

1.

6.

[IL]

10.
11
12.
13.

14,

15.

16.

17.

Reactor vessel—Continued

. Plant performance data:
1.

Primary coolant outlet temp., 945.
F.

. Primary coolant inlet temp., F. 607.
. Reactor temp. drop., F_______ 338.

. Primary system operating atmos.
pressure, psia.
Primary coolant flow rate, 8.44 X 108,
Ibs./hr.
Avg. core heat flux, Btu/hr.— 121,000.
ft2.
. Max. core heat flux, Btu/hr.— 302,000.
ft2,
. Max. cladding surface temp., 1,000.
F.
Max. fuel temp.,, F___________ 1,260.
Core coolant velocity, ft./sec__ 11.4 max.
Peak to avg. power ratio______ 2.5.
Core power density kw/ft3_____ 124.
Core specific power kwt/metric 7,270.
ton-U.
Secondary sodium outlet 895.
temp., F.

Secondary sodium inlet temp., 557.
F.

Secondary sodium flow rate, 8.01X108.
Ibs./hr.
Fuel burn-up MWD/metric 3,000.

ton-U (average).
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¢. Wall thickness, in. . ________ 0.75.
d. Material__________________ S8S.
e. Design pressure, psia_ . _____ 50.
. Reactor core:
a. Active diameter, ft_________ 13.4.
b. Active height, ft___________ 13.5.
c. Active core volume, ft2_______ 1930.
d. Lattice arrangement________ hex.
. Reflector or blanket:
a. Material .. ________________ Graphite.
b. Axial thickness; ft__________ 2.
¢. Radial thickness, ft_________ 2.
Fuel elements:
a. Fuel material . _____________ U-10 w/o Mo.
b. Clad material .___._________ SS.
¢. Fuel enrichment, percent____ 2.85.
d. Fuel element geometry______ rods.
Material inventories:
a. Fuel, metrictons___________ 36.7.
b. Uranium, metric tons_.______ 33.
c. U-235, initial-kg_____._____ 940.
Reactor control:
a. Method of control__________ rods.
b. No. of control elements_____ 31.
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POWER GENERATION COSTS
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The power cost for a 300 MWE plant ex-
trapolated from the above design is as follows:

Total capital cost is—$90,900,000..... 6.05 M/Kwh
Fuel cycle cost (3,000 MWD/MT_. 7.68 M/Kwh
Operation and maintenance ______ .70 M/Kwh
Nuclear insurance ______________ 29 M/Kwh

Total power cost______________ 14.72 M/Kwh

The fuel material for the sodium-graphite
reactor used in the reference design is U-10
w/0 Mo The fuel exposure is limited by the
swelling effect which is a function of the per-
cent atom burnup and.fuel temperature. An
analysis of the swelling rate vs. percent burn-
up and temperature for the U-10 w/o Mo. in-
dicates a sharp increase in the swelling rate
at approximately 1,180°F. The reference plant
(basically the Hallam Reactor) for current
status was designed with a fuel center line
temperature of approximately 1,260°F. This
temperature placed a severe restriction on the
percent burnup obtainable. This resulted in a
maximum fuel exposure at 1,260°F. of 7,000
MWD/MT max. and 3,000 MWD/MT avg.

As a result of the analysis on fuel exposure
at different temperatures on the U-10 w/o0 Mo.
and its relationship to economics, a new pre-
liminary design was made for the sodium
graphite plant.

The centerline temperature of the fuel was
reduced to 1,130°F. The specific power of the
core was decreased by the addition of more
fuel and the enrichment increased to provide
more reactivity for burnup. The fuel rod size
selected was 0.33””. Hot channel factors were
calculated for the new core design. The avail-
able data on U-10 w/0 Mo. indicated that a
fuel burnup of 1.75 atom percent (=~ 20,000
MWD/MT) max. can be obtained at 1,130°F.

The base parameters for the new design are
as follows:

SIGNIFICANT DESIGN PARAMETERS—

300 MW SGR
Thermal power, MW _____ e 884
Electrical power:
Gross, MW __ _________ . ____ 315
Net, MW_______ ... 300

Reactor coolant:

Sodium inlet temperature, © F_______ oo 607

Sodium outlet temperature, © ¥___________ 945
Reactor core:

Height, ft______________________________ 15

Diameter, ft_.__________._____________.__ 1714
Number of elements:

Fuel ___ __ .- 276

Control. _._________ e 31

Souree_______ .. 1
Fuel element:

Rods perelement_______________________ 61

Fuel slug diameter, in_ __________________ 0. 33

Radial sodium bond, in_____________.____ 0.01

SS cladding thickness, in_._.________._____ 0.01

Fuel area, in?_ _ . __________________ - 5.2

Process tube I.D.,in_______________ - 4. 52
Sodium flow area, in?___________________ 9. 49
Max. fuel temperature, ° F______________ 1,130
Core data:
Fuel loading, Kgof U.__________________ 65, 300
Pu production, gm Pu/Kgof U___________ 4. 55
Initial enrichment, afo U-235____________ 3. 89
Final enrichment (at discharge), a/o U-235. 2. 67
Fuel exposure (average), MWD/MT______ 11, 000

The power cost for a 300 MWE sodium
plant based on the modification above are as
follows:

Capital o 6.11 M/Kwh
Fuel cycle cost 412 M/Kwh
Operation and maintenance ________ .70 M/Kwh
Nuclear insurance ________________ 29 M/Kwh

Total power cost___.____________ 11.22 M/Kwh

The power costs vs. size for the sodium
graphite plant is shown in Figure 19. This
power cost is based on a more optimum (still
consistent with current status) core design
than was used for the Hallam Reactor.

The plant layouts and other design data for
determining the economics is included in re-
port Sargent and Lundy 1674 and Appendix
IIT of this report.

5. Gas-Cooled Reactors—Enriched Fuel

a. Description

The enriched uranium gas-cooled reactor
currently under construction in this country is
a graphite moderated slightly enriched UO.
fueled stainless steel clad reactor. Helium is
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used as the coolant. The reactor heat is re-
moved from the fuel by the helium coolant
and is transmitted to a heat exchanger where
steam is formed to drive the turbine. A sim-
plified flow diagram of the gas-cooled reactor
is shown in Figure 20.

b. Technical Status

The major effort in the United States on
civilian gas-cooled reactor has been on par-
tially enriched fueled reactors. The technol-
ogy of enriched fuel, gas reactors has not yet
been demonstrated. However, the technology
on the natural uranium fueled reactors in the
United Kingdom plus the work on enriched
fuel in this country is sufficient to establish the
following conclusions on technical status:

(1) Physics. 'The physics of gas-cooled re-
actors is based upon experience obtained with
natural uranium systems and critical experi-
ment data. Normalization to enriched system
has been made through experiments conducted
at the Hanford plant. Sufficient information
is available to calculate these systems with a
good degree of reliability.

Enrichment up to about 2 percent permits
compactness of the fuel lattice and results in
higher power densities. Reactivity lifetimes
for 2 percent enriched systems are in excess of
15,000 MWD/MT. ZEconomic estimates have
been made based on 7,300 to 10,000 MWD/MT.

Less experimental data are available on tem-
perature coefficients than for natural uranium
systems. However, the coefficients are easier
to calculate and of less importance in enriched
systems,

Fuel elements tend to be strongly divided
leading to cluster-type geometries. Consider-
able progress has been made in calculating the
fine structure of the heat production and re-
moval within these clusters. These computa-
tions are normalized against experiments
which have been made in the United States,
United Kingdom, France and Sweden.

(2) Fuel and Materials. All present designs
contemplate using UOQO, since it is the best
known ceramic fuel. Most of the experimen-

tal data available in this country on UO, per-
formance is for water cooled systems however
extensive data on UO; for gas reactor is avail-
able in other countries. The environment,
most particularly the surface temperatures and
central temperature of the UQ,, strongly in-
fluence its performance. Accordingly, experi-
mental data on gas-cooled reactor fuel elements
is lacking. The Experimental Gas Cooled Re-
actor (EGCR) is designed to operate with a
UO, stainless steel clad (20 mill) element
from 7,500 to 10,000 MWD/MT at a gas tem-
perature of 1,050°F. Typical maximum clad
surface temperatures are in the range 1,400~
1,800°F. While no swelling occurs in UO,
under irradiation even at burnups in excess of
50,000 MWD/MT, gaseous fission products dif-
fuse from the lattice at rates sensitive to tem-
perature. This is particularly important in
gas-reactors where the typical fuel element
failure is postulated to result from excess fission
product gas pressure. The temperature at which
fission product gas production catalyzes fuel
element failure is not well known. This is a
function of many variables including the fuel
element design.

(8) Coolant Chemistry. Helium is used as
a coolant rather than carbon dioxide in order
to avoid the carbon dioxide graphite chemi-
cal problem on reactors where the graphite
operation temperature would be 500 to 600°C.

Helium is chemically inert and compatible
with the fuel and moderator materials
throughout the temperature range of interest.
Gaseous impurities may be present, however,
whose concentrations must be kept below spec-
ified limits to prevent corrosive attack on the
graphite, fuel cladding and other structural
materials.

With gas cleanup practices now available, it
is possible to operate helium in contact with
graphite at temperatures of 1,100°F.

(4) Components and Awwiliary Systems. It
is in this area that the greatest unknowns ex-
ist for helium-cooled systems. Components of
adequate integrity and performance exist for
CO,. Adequate components for helium have
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yet to be developed. A realistic method of
determining helium leakage is not known.
Full-scale temperature and pressure experi-
ments on blowers, valves and piping are not
yet completed. A charge-discharge machine
for helium-cooled reactors would have prob-
lems similar to those for COs-cooled systems
except greater leak tightness. Lubrication at
temperatures of 500-600°F and in a high ra-
diation field may prove very difficult.

(5) Safety. The containment requirement
for the gas-reactor has not yet been deter-
mined.

¢. Current Plant Design Parameters

The technology of this reactor concept is not
sufficiently developed to warrant construction
of a large central station power plant at this
time. Therefore no design parameters are
given in this status report. An experimental
plant (EG-CR) that is currently in an ad-
vanced stage of design, work on this project
will develop information upon which a large
plant design may be based.

d. Operating Experience

No operating experience is currently avail-
able with slightly enriched gas cooled power
reactors for civilian power application. There
is considerable operating experience available
on a natural uranium-fueled system, which is
applicable to the enriched system.

e. Schedule

The anticipated construction schedule of the
enriched fuel gas-cooled reactor is shown in
Figure 21.

f. Economics
No cost data is given in this report on en-

riched fuel, gas-reactors.

6. Fast Breeder Reactor

a. Description

In a fast reactor, no deliberate attempt is
made to moderate the fission neutrons, and

most fissions are caused by neutrons with en-
ergy greater than 0.1 MEV. This results in
the use of high density fissionable material in
small cores, a large number of fissions in fer-
tile materials, conversion ratios greater than
unity and low flexible reactivity requirements.
Present reactors utilize two coolant loops be-
tween the reactor and the turbine. The heat
is removed from the fuel by the liquid metal
coolant in the first loop and transmitted
through a heat exchanger to the second closed
loop. The circulating secondary fluid in the
second loop transmits the heat to a boiler
where steam is formed to drive the turbine.

A composite curve showing the reference de-
sign power generation cost of breeder reactors
and coal fired plants vs. size is presented in
Figure 22.

A simplified flow diagram of the fast breeder
reactor plant is shown in Figure 23.

b. Technical Status

Sufficient research and development work has
been done to arrive at the following conclusion
on technical status:

(1) Physics. Critical experiments have
been run for moderate size U-235 fueled reac-
tors and calculated critical masses have been
determined within a few percent. Reactivity
coefficients have been verified by differential
experiments.

The worth of control materials for Experi-
mental Breeder Reactor-2 (EBR-II) and
Enrico Fermi Power Plant have been deter-
mined. These data are sufficient for reactors
under construction.

The following important types of deficien-
cies currently exist in the physics area:

(@) Alpha for plutonium in the 0.1 MEV.
range is not known to within a factor of two.
This is important to both breeding ratio and
control.

(b) The cross sections for Pu-240 and Pu-
241 are not well known.

(¢) The reactivity coefficients for large Pu
fast reactors will not be well known until cer-
tain special critical experiments are run. This
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applies to the coolant temperature coefficient
in particular. Additional codes may be nec-
essary to achieve satisfactory methods of cal-
culating these coefficients.

(2) Fuels and Materials. The area which
requires the most development for fast reac-
tors is the fuel cycle. In this area, the fast
reactor has good potential but the present
costs are high. High burnup or a cheap and
simple fuel cycle is desired.

Data are available on the irradiation sta-
bility of U-10 w/o molybdenum and fission
metallic fuel alloys. The data indicate a cur-
rent limit of 2 percent total atom burnup at a
maximum fuel temperature of 1,100°F. Ex-
tensive work has been completed on cermet
fuel elements with successful achievement of
25 percent uranium burnup in the dispersed
phase. This type of fuel element with fertile
material as the matrix can give a high breed-
ing ratio of about 1.5. However, with an in-
ert matrix, such as stainless stel, the breeding
ratio is around 1.0. Unfortunately, the only
extensive data available to date are on the
cermet with stainless steel matrix. There is
also meager but encouraging information on
ceramic elements. Work is required on plu-
tonium fuels, methods of accommodating
growth, and cladding materials for high tem-
perature operation.

Low burnup of the fuel is the immediate
and major problem area. This adversely af-
fects the breeding ratio because of the quicker
through-put. The high fuel inventory results
in a low specific power.

(3) Heat Transfer and Fluid Flow. The
basic heat transfer characteristics of liquid
metal coolants, particularly sodium, are excel-
lent. Due to the excellent heat transfer film
coefficients, heat transfer is not a limiting fac-
tor in the fast reactor system. More data are
needed in some specific areas such as the effect
of thermal shock on fatigue strength of mate-
rials and the effect of oxide and other films
on the behavior of some fuel elements.

Because the fluid flow behavior can be cor-
related with that for other fluids, such as wa-
ter, the general information available is ade-

quate. Special problems need further inves-
tigation. Some of them are: (a) The nature
of fog formation in the cover gas, (3) removal
of vapor in vapor traps to prevent plugging
for gas lines, and (¢) flow distribution for
unique geometries. For a fuller discussion of
the heat transfer properties of sodium see the
discussion on the status of sodium graphite
reactors.

(4) Coolant Chemistry. As a result of the
operation of large systems, such as the Sea
Wolf, the general behavior of sodium coolant
systems has been determined and is considered
to be excellent. This plant operated with no
sign of sodium corrosion or mass transport in
the sodium system, and it is felt that operation
below 1,000°F. has been satisfactorily demon-
strated. Further information is desired on
some special materials and on operation with
a cover gas such as nitrogen.

Mass transport of carbon is of concern above
1,000°F if certain materials like 214 percent
Cr. 114 percent Mo steel are used. This is
a problem associated with diffusion of carbon
out of the C'r-Mo steel and absorption by stain-
less steel.

More economical methods of purifying so-
dium, particularly of oxygen, is required. Im-
proved purity inspection is required. An AEC
program is currently under way to develop the
technique for oxygen removal. The problem
of detecting ruptured fuel elements has not
been solved and requires immediate attention.

In general, the basic behavior of sodium has
been excellent. It is a rather new coolant;
therefore, the myriad of chemical analyses
which have been developed for water have not
yet been developed for sodium. Although ex-
cellent work has been done on Na-H,O and
Na-air reactions, further tests should be car-
ried to a more quantitative conclusion.

(5) Component and Auxiliary Systems. Op-
eration of EBR-1, the Sez Wolf. the 1/10
scale model of EBR-II, and individual com-
ponent tests have demonstrated that high tem-
perature, compact reactors cooled with a cool-
ant which reacts with air can be successfully
operated. It has been demonstrated that re-
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actor mechanisms can be operated in sodium
and sodium vapor and that heat exchangers
can be designed for radioactive sodium service.

For the Enrico Fermi plant, Atomic Power
Development Associates developed a single
walled, once-through-type steam generator.
Long-term performance tests are desired. Eco-
nomically reliable steam generators for sodium
cooled reactor systems are not currently proven.

The maximum operating temperature to
which sodium can be successfully handled with-
out corrosion in standard materials of construc-
tion has not been established: it is believed to
be about 1,200-1,300°F. Reactor systems which
have been operated or which are under con-
struction have been limited to 900°F., except
for the short time SRE demonstration at
1,000°F.

For a fuller discussion of sodium components
see the sodium graphite reactor current status
section.

(6) Reactor Safety. The inherent charac-
teristics of fast reactors which are of peculiar
importance to their safety are as follows:

(@) The lack of any moderator results in a
short prompt neutron lifetime. This increases
the damage potential of a prompt excursion if
enough reactivity were suddenly introduced to
make the reactor prompt critical. However,
this type of reactor does not require large
available excess reactivity.

(5) The short time constant for heat trans-
fer gives a close coupling of reactivity response
which prevents the reactor from getting on
short periods.

(¢) The strong reactivity effect of core dis-
tortion and the large temperature gradients
commonly encountered make possible prompt
positive power coefficients and tendencies to-
ward power oscillations unless core distortion
is controlled. This is being done in reactors
being built.

(d) Owing to the large amount of fissionable
material present, an agglomeration of the core
due to melting could result in a critical reas-
sembly and subsequent energy release. This is
prevented by design of a so-called meltdown
section.

The safety problems of the fast reactor were
highlighted due to the behavior and the melt-
down of EBR-I during special physics tests.

The early demonstration of a prompt posi-
tive power coefficient in the EBR-I led to
speculation that some inherent characteristic of
fast reactors was at fault. Although not as
yet conclusively proven, recent experiments
have yielded circumstantial evidence that core
distortion was at fault. If this is the cause,
then there are no inherent fast reactor charac-
teristics which make it less safe than other
power reactors.

Extensive work is being carried out on re-
actor safety associated with the characteristics
attributed to fast reactors. The problem re-
ceiving most attention is meltdown and super-
criticality and consequent energy release asso-
ciated with nonmoderated systems with high
concentration of fissionable material. The re-
sults to date have been encouraging, but analy-
ses have not been extended to plutonium sys-
tems nor to larger reactors.

¢. Operating Experience

The operating experience on fast reactors is
limited to Experimental Breeder Reactor No. I
(EBR-I).

Operation of this reactor, which was the first
reactor to produce power, began in December
1951. As a result of its operation, the principles
of operation of a fast reactor cooled with so-
dium were successfully demonstrated. Con-
siderable information on reactor physics was
obtained. Plans are now under way to load
the reactor with plutonium.

EBR-I was placed in operation in 1951.
During the lifetime of the first core (Mark I)
the major emphasis was on steady operation to
obtain breeding information as quickly as pos-
sible as well as information on the engineering
behavior of the system. Under certain start-up
conditions certain operational anomalies were
observed. These occurred only under extreme
operating conditions and were totally absent
during routine operation.
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The introduction of the second core (Mark
IT) was accompanied with an experimental
program that increased operational anomalies.
These consisted of oscillations in power level
when the sodium flow rate was drastically re-
duced, and the appearance of a positive tem-
perature coefficient under start-up conditions,
with very short flux doubling periods and with
zero or no coolant flow. In one experiment in
which the doubling period had been reduced to
approximately 0.3 seconds, a delay in scram-
ming the pile permitted the temperature to
overshoot so that the uranium became heated
above the temperature (roughly 725°C), at
which the uranium-iron eutectic forms and the
center of the core melted, forming this eutectic.
The core was allowed to cool from the time of
the incident in November until June of the fol-
lowing year before an attempt was made to
remove it from the reactor. From an analysis
of the core it appeared that in a meltdown of a
sodium-cooled fast core, the core tends to dis-
assemble itself, reducing the reactivity and
power level.

In conclusion, the EBR-I Mark II core had
an instability at low coolant flow rates and a
positive temperature coefficient for zero flow
and for start-up periods.

The third EBR-I core, Mark III, has a more
rigid core as well as a modified coolant flow
pattern. The operating experience of EBR-I
is shown in Figure 24.

d. Plants Under Construction

The following plants are currently under
construction:

EBR-II is a 60 MWT (16,500 MWE) fast
reactor with an integrated pyrometallurgical
reprocessing plant. It is now being constructed
at NRTS and is expected to go critical late in
1960 or early in 1961. The fuel elements are
1/6 inch in diameter fissium alloy which is
sodium bonded to stainless steel tubes. Con-
trol is by fuel movement. The major com-
ponents and the fuel elements have been dem-
onstrated by separate tests. This plant will be

operated on a recycle basis and ultimately with
plutonium fuel.

Enrico Fermi Power Plant Reactor. This
developmental reactor is designed for initial
operation at 304 MWT (94 MWE). The so-
dium temperatures are 550°F entering and
800°F leaving the reactor for initial operation
and 600°F entering and 900°F leaving the re-
actor for final operation at high power outputs.
The fue] elements are 1/6 inch diameter 10 w/o
Mo-U alloy which is metallurgically bonded to
zirconium. Aqueous offsite reprocessing will be
used. The primary system of the plant is es-
sentially complete, the preliminary operation of
mechanisms has begun. The erection and pre-
liminary operation has proven to be satisfac-
tory. The primary system will be operated
with dummy fuel elements as a non-nuclear test
facility for 1 year with sodium at plant tem-
peratures. This test is expected to confirm
mechanical and hydraulic operation of the pri-
mary system and to demonstrate its integrity.
The plant is expected to go critical in the fall
of 1960. The operation of this plant and the
EBR-II plant should demonstrate the feasi-
bility and practicality of these plants operating
on U-235.

Foreign Fast Reactors. The British have
constructed and placed in operation a reactor
of the same size as EBR-II. The Russians are
operating one 5 MW reactor for fuel develop-
ment and have started the design of a larger
reactor.

The schedule for the fast breeders under con-
struction is shown in Figure 25.

e. Economics

A reference design has been made for the
sodium-cooled, fast breeder reactor, based on
the technical status summarized in this report.
This design was used as the basis for estimat-
ing the cost at different plant ratings. The
base parameters for the reference design are as
follows:
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SUMMARY OF PLANT CHARACTERISTICS

STATUS OF CIVILIAN POWER REACTORS

FAST, SODIUM COOLED REACTOR PLANT

A. Heat balance:

1. Total reactor  power,
MW(t).

2. Gross  turbine  power,
MW (e).

3. Net plant power, MW.(e)..._

4. Net plant efficiency, per-

cent.

. Turbine cycle conditions:
1. Throttle temperature,

. Throttle pressure, psig
. Steam flow, lbs/hr____
. Condenser

in. Hg A.

H> W0 N

F___

back-pressure,

5. Final feed water tempera-

ture, F.
. Reactor description:
1. Reactor vessel:
a. Inside diameter, ft.
b. Overall height, ft__

c. Wall thickness, in._____

d. Material_________

e. Design pressure, psia____

2. Reactor core:

a. Active diameter, ft_____

b. Active height, ft___
c. Active core volume

L

d. Lattice arrangement_ ___

e. Lattice spacing, in.
3. Reflector or blanket:

a. Material . ________

b. Axial thickness, ft_

c. Radial thickness, ft
4. Fuel elements:

a. Fuel material_____

b. Clad material_____

¢. Fuelenrichment, percent._

d. Fuel element geometry_._

5. Material inventories:
a. Fuel, metric tons__

b. Uranium, metric tons. __
c. U-235, initial-kg_ ______

6. Reactor control:
a. Method of control.

b. No. of control elements_

D. Plant performance data:

1.

2.

3.

Primary coolant outlet
temp., F.

Primary coolant inlet
temp., F.

Reactor temp. drop, F____

Primary system operating
pressure, psia.

Primary coolant flow rate,
Ibs/hr.

440.
160.

150.
34.2.

780.
850.
1.46 X 108,
1.5.

380.

14.5.
36.2.
2.

S8.
6000.
3.0.
2.54.
17.75.

square.
2.693.

dep. U-10 w/o Mo.

1.17.
2.4.

U-10 w/o Mo.
S8,

93.

rods.

0.509.
0.463.
430.

rods.
10.

900.
600.

300.
atmos.

16.4 X 108,

63

D. Plant performance data—Continued
6. Avg. core heat flux, btu/ 675,000.

hr.-ft2.

7. Max. core heat flux, btu/ 1,167,000.
hr.-ft2.

8. Max. cladding surface 1,000.
temp., F.

9. Max. fuel temp., F_______ 1,050.

10. Core coolant velocity, ft/ 31.2.
sec.

11. Peak to average power 1.44
ratio.

12. Core power density, kw/ 21,500.
fts.

13. Core specific power, kwt/ 947,000.
metric ton-TU,

14. Secondary sodium outlet 850.
temp., F.

15. Secondary sodium inlet 550.
temp., F.

16. Secondary sodium flow 16.4 X 108,
rate, lbs/hr.

17. Fuel burnup (average)_.__ 1% atom percent.

The power costs for a 300 MWE, sodium
cooled plant extrapolated from the above de-
sign 1s as follows:

Total capital cost—$76,485,014 ______ 510 M/Kwh
Fuel cycle cost ________________ 710 M/Kwh
Operation and maintenance ______ 79 M/Kwh
Nuclear insurance _.______________ 26 M/Kwh

Total o __ 13.25 M/Kwh
The relationship of power cost vs. size is

shown on Figure 26,

The above costs are representative of plants
that could be constructed with the current tech-
nical status; however, these costs could only be
achieved after the period of time required for
construction of a large plant and equilibrium

reached on the fuel cycle.

based on a reactor designed for U-235 fuel

(U-10 w/0 Mo.).

A check point can be ob-

These costs are

tained by a comparison with the Enrico Fermi
plant, currently nearing completion of con-
struction. The estimated (AEC estimate)
capital cost is $53,500,000 and the expected
output is 143,000 KWE. The expected capital
cost is $374/KWE or 7.49 M/KWH for fixed
charges. The layouts and other design data
for determining the economics is included in
report Sargent and Lundy 1674 and Appendix
II of this report.
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POWER GENERATION COSTS
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7. Thermal Breeder Reactor—Aqueous
Homogeneous

a. Description

Two-region circulating-fuel reactors are con-
sidered to be the most promising aqueous
homogeneous thermal breeder power reactors.
The preferred type has a dilute (less than
0.03m) solution of uranyl sulfate, predomi-
nately fissionable uranium, in D»O in the core.
The ThOs, slurry is in the blanket. Preference
is based on the greater potential of the solution-
core reactor for combining high conversion
ratio and high specific power to achieve an
efficient breeder. Fuel solution and slurry are
circulated through the reactor and steam gen-
erators, where non-radioactive steam is pro-
duced to drive a turbogenerator. The reactor
plants require remote maintenance of primary
systems and auxiliaries. “On-site” processing
appears to be desirable for large power sta-
tions.

b. Technical Status

A central station plant of this concept could
not be built based upon current technology.
However, sufficient technical work has been
done to arrive at the following conclusions on
tchnical status:

(1) Physics—The physical and nuclear char-
acteristics and the adjustment of fuel concen-
trations in homogeneous reactors are sufficiently
simple that critical experiments have been limi-
ted to startup experiments on Homogeneous
Reactor Experiment-1 (HRE-1), Homo-
geneous Reactor Experiment-2 (HRE-2) and
several small research reactors. Reactor statics
calculations are made by use of two-group
methods in which the constants are based on
data obtained from other programs. Agree-
ment between calculated and measured critical
concentrations has been good in small reactor
experiments and should be even better as the
size increases.

Neutron balances and breeding ratios have
been calculated by both modified two-group
and multigroup methods. An important uncer-

tainty in the calculations has been in the value
of #, the number of neutrons emitted per
neutron absorbed in the fuel. The best value,
based on recent careful measurements, is about
2.29 + .02/-.01. This should allow a breeding
gain of 0.1 and doubling times of about 15
years.

(2) Fuels and Materials. Investigation of
fuels and materials both in- and out-of-pile, in-
cluding the development of equipment for those
studies, has constituted one-third to one-half of
the research and development program. Stud-
ies of potential fuels have led to selection of
uranyl sulfate solutions and thoria slurries as
being the most promising. Most of the criteria
have been established for use of stainless steel
as the general container material and Zircaloy
2 as the core-tank material. Titanium has been
established as a potentially superior container
material.

(a) SoLution FuEkrs. Solubility relation-
ships have been investigated for uranyl sulfate
in both H,O and D;O. The studies are being
continued to establish details of the phase dia-
grams for the five-component reactor core fuel,
U0;—CuO-NiO-S0;-D,0(H,0), in the region
0 to 0.04 m in TO;, CuO, and NiO and 0 to 0.20
m in SO;.  Copper is present in the fuel to cat-
alyze the recombination of radiolytic gas, and
nickel is a soluble corrosion product.

Hydrolysis occurs at high temperature and
the hydrolysis products separate from the bulk
solution as precipitates, which may or may not
contain appreciable uranium (depending on the
concentration region), or as a heavy liquid phase
which is enriched in all metal constituents.

Dilute solutions in which the molar ratio
U044+ Cur++ Ni+

HSO, )
precipitation of solids to at least 300° C and

the second liquid phase temperature is above
320° C. The temperature at which instability
occurs is raised by adding sulfuric acid to
decrease the ratio. There is little difference
between the solubilities in H,O and in D,O.
Decomposition of the water is the only ob-

is 0.5 are stable against
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served effect of reactor radiations on dilute
uranyl sulfate solutions. At low temperature
D, and D;0; are produced, and uranyl peroxide
precipitates from solutions at power densities
above 1 KW/liter at 100°C. At power reactor
temperatures, peroxide decomposes very rap-
idly and the products are radiolytic gas, D,
and O,. Copper sulfate is an effective catalyst
for recombining the gases in solution to reduce
the hazard and the problems of handling large
quantities of gas. Concentrated solutions have
been irrradiated at the power densities that
would be produced in large reactors, but facili-
ties have not been available for doing this with
the dilute fuels.

(b) Tuorrvm Oxipe SuspEnsions. In the
absence of a suitable thorium solution, suspen-
sions or slurries of thorium oxide in water are
being developed as reactor fuels.

Flow studies have established that the yield
stress increases with increasing concentration
and decreasing size of particles of a given
shape. Current production material must be
larger than two to three microns to obtain the
desired 0.1-1b/ft? yield stress in blanket slur-
ries. Slurries must be kept in turbulent flow to
maintain homogeneity. Velocities of 2 to 8 ft/sec
are necessary to obtain fully turbulent flow in
pipes. Heat transfer and fluid flow behavior
of slurries in turbulent flow are those of a
Newtonian fluid with the same physical prop-
erties. In laminar flow slurries are non-New-
tonian having properties similar to Bingham
plastic.

Irradiation of slurries for a few hundred
hours at power densities below 10 KW/liter,
representative of the average power density in
a blanket system, has shown no obvious effect
on slurry properties. Longer tests at higher
power densities are required to provide defini-
tive data.

Deuterium and oxygen are produced by
irradiation of slurries also. Molybdenum oxide
and palladium catalysts are being tested in-pile
and out-of-pile and have recombined the gases
satisfactorily in-pile at power densities of
about 10 KXW/liter. Considerable additional

work is required to establish their suitability
for use in a reactor.

(¢) Corroston. Corrosion of stainless steel,
Zircaloy 2, and titanium in uranyl sulfate fuel
solutions has been studied extensively. It has
been established that ASA type 347 stainless
steel is a satisfactory material for containing
the dilute fuel solutions in the heat-removal
and auxiliary systems of a homogeneous reac-
tor if (1) the excess acid is less than 0.22 m or
possibly 0.08 m, (2) the velocity is less than
25 ft/sec, (3) the temperature is below 150°C
or above 250°C but below the boiling point,
(4) there is enough oxygen in solution to stabi-
lize the uranyl ion, and (5) the chloride con-
centration is less than 2 ppm.

Below 150°C the corrosion rate is less than
2 mpy (mils per year) and independent of
velocity. Above 250°C and with flows below a
critical velocity the metal corrodes less than
1 mil in forming a protective film, and then
there is essentially no corrosion as long as the
film is intact. Above the critical velocity the
film does not form or once formed is eventu-
ally removed and rates of 100 mpy are com-
mon. The intermediate temperature range is
a transition region in which heavy scales that
are only partially protective form. Corrosion
rates are 5 to 50 mpy. The rates and their
dependence on velocity increase with rising
temperature; critical velocities are low. Very
few parts of a homogeneous reactor operate
continuously in the intermediate temperature
range. Stainless steel is used if the velocity
is low and a short service life is acceptable, but
titanium is the preferred material for those
parts.

Increasing the acidity lowers the ecritical
velocity and increases the corrosiveness of the
fuel. Oxygen depletion results in reduction of
the uranyl ion, hydrolytic precipitation of the
reduced uranium at high temperature, and an
increase in acidity. A concentration of 50 ppm
of dissolved oxygen is sufficient, but 500 ppm
is maintained in engineering systems to pro-
vide against depletion in crevices and stagnant
regions. Boiling depletes the fuel of oxygen.
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Chloride concentrations must be kept low to
prevent stress-corrosion cracking of the austen-
itic stainless steel.

Experience in in-pile loops and in HRE-1
and HRE-2 indicates that fission product radi-
ation in the fuel circulating systems and the
auxiliaries has no important effect on corrosion.
A few hours of high corrosion, tentatively at-
tributed to oxygen depletion, during the first
low-power operation of HRE-2 has been fol-
lowed by several thousand hours at rates less
than 0.5 mpy.

No important difference has been found be-
tween type 347 SS and other austenitic stain-
less steels. Titanium and zirconium are not
corroded appreciably by uranyl sulfate solution
fuels at much higher acidity, flow velocity, and
temperature than can be used with stainless
steels. Corrosion of zirconium is very severe
in fuel solutions which are contaminated by
small amounts of fluoride.

Corrosion in slurry systems is a combination
of corrosion by water and erosion by slurry
particles. Austenitic stainless steels appear to
be satisfactory container materials for oxygen-
ated slurries at velocities as high as 20 ft/sec
and at all temperatures and slurry concentra-
tions of interest if the design of the equipment
and size or shape of the slurry particles are
properly controlled. Careful design to prevent
flow separation is important. Irregularly
shaped particles with sharp corners must be
smaller than 5 microns. The upper limit on
size of spherical particles is not known.

Stress-corrosion cracking has been trouble-
some in some parts of slurry systems. The
tolerable chloride concentration has not been
established. Inconel and low-alloy steels which
are highly resistant to chloride-induced crack-
ing are promising substitutes for stainless steel.
Zircaloy 2 and titanium are highly vesistant
to stress-corrosion cracking and to corrosion
and erosion by oxygenated slurries under
sever flow conditions. Hydriding of Zircaloy
has been experienced with hydrogenated slur-
ries when exposed to highly turbulent flow of
mixtures of slurry and vapor.

Zircaloy 2 is presently the only material

which is sufficiently good in corrosion resist-
ance, mechanical properties, and low neutron-
absorption cross sections to be useful for the
core tank of a breeder. Exposure to fissioning
solutions has been shown to increase markedly
the corrosion rates of Zircaloy 2 and other
materials. Corrosion rates of 11 mpy at 250°C
and 40 mpy at 300°C have been estimated for
the core tank of the target breeder in fuel solu-
tion. The estimates are based on the correla-
tion of results of many tests over wide ranges
of conditions; facilities are not available for
performing tests with dilute fuel solutions at
the high power densities of a large breeder.
Tests have shown that zirconium-niobium al-
loys may be more corrosion-resistant than Zir-
caloy 2.

Preliminary tests in autoclaves indicate that
corrosion of Zircaloy 2 is increased by ex-
posure in fissioning slurries. The effect ap-
pears to be less important than that found
with solution fuels.

(d) CueEmicaL Processing. Krypton,xenon,
and iodine are removed from the core fuel
continuously by boiling a portion that is cir-
culated between the reactor high-pressure and
low-pressure systems. Iodine can be separated
from the vapor by reaction with silver in a
packed column or absorption in water in a dis-
tillation column. The vapor is then condensed,
and the gases that are left are absorbed on
carbon until they decay. Processes involving
silver and carbon beds have been demonstrated
on HRE-2; efficiency of the iodine removal
process is still being determined there.

Most of the fission and corrosion products
have been shown to be only slightly soluble in
fuel solutions under reactor conditions, and a
method based on hydroclones (hydraulic cy-
clone separators) was developed for removing
the solids. A hydroclone plant has been oper-
ated in conjunction with HRE-2. The low
solubility of fission and corrosion products has
been demonstrated, but only about 10 percent
of the solids have been removed by the hydro-
clone. Most of the solids deposited on pipe
walls and separated in regions of low flow in
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the reactor systems. Means are being sought
for increasing the effectiveness of the hydro-
clone plant. Nickel and manganese, from the
corrosion of stainless steel, and fission-produced
cesium will not precipitate from fuel solution
until concentrations have been reached which
could result in fuel instability or significant
loss of neutrons. It is expected that the pro-
cessing rate will be determined by the rate of
buildup of corrosion products. The amount of
uranium processed daily should be so small
that the solution can be combined with the
blanket slurry and processed in a Thorex plant.
Uranyl peroxide precipitation and electrolytic
methods for processing larger amounts of solu-
tions rapidly in D,O have been demonstrated
in laboratory. In HRE-2, the first batch of
fuel required processing after a few hundred
hours; the second has been used for more than
5,000 hours.

Methods are being sought for rapid removal
of uranium and fission products from thoria
without destroying the slurry particles, but at
present it is necessary to convert the oxide to
a solution of thorium nitrate in H,O and proc-
ess by solvent extraction in a Thorex plant.
Simple methods which should be easily adapt-
able to remote handling have been developed
for converting the uranyl nitrate product to
uranyl sulfate in D,O.

Thoria is presently produced from thorium
nitrate in a pilot plant by precipitating thorium
oxalate, decomposing the oxalate in a furnace
at 300°C, firing the resulting oxide in the
range of 800 to 1600°C, and dispersing the dry
product in water. Cubes or platelets with
average size controlled in the range 1 to 5
microns are produced. Uranium has been in-
corporated in the thoria in U/Th ratios from
0.005 to 0.33 in the development of slurry fuels
for the core of the alternative breeder. Methods
of making spherical particles and of converting
the nitrate directly to oxide are being devel-
oped. The processes must be adapted to remote
handling for recycling long-irradiated thoria.

(4) Components and Awuxiliary Systems.
The component development work has been di-

rected primarily toward equipment for use in
the Homogeneous Reactor Experiment (HRE-
1) and the Homogeneous Reactor Test (HRE-
2). Although the HRE-2 has both a core sys-
tem and a blanket system, most of the com-
ponents in the two systems are identical and
are designed for use with solutions rather than
suspensions.

Since suspensions, or slurries, have not been
used in either of the reactor experiments, the
slurry equipment problems have received less
attention than corresponding solution prob-
lems. Much of the solution technology can be
applied to slurries, although additional diffi-
culties such as the settling tendency of slurries,
their less ideal fluid-flow behavior, and their
erosiveness must be taken into consideration.

(a) Pressure Vesser. The HRE-2 reactor-
vessel assembly presented a number of special
design and fabrication problems. Since it was
desired to test a model of a power breeder core,
Zircaloy 2 was selected as material for the
core tank, which is 32 inches in diameter and
5/16 inch thick. The main pressure vessel, 60
inches in inside diameter and 4.4 inches thick,
was constructed of carbon steel with a cladding
of type 347 stainless steel. Because of uncer-
tainties in the long-term irradiation damage of
carbon steel, the pressure vessel was surrounded
by a stainless steel, water-cooled blast shield
which will stop any possible missiles from the
reactor vessel. Thermal radiation from the
pressure vessel to the blast shield permits the
pressure vessel to operate at close to an opti-
mum temperature distribution from the ther-
mal-stress standpoint.

(b) Sorution Pumes. Pumps are required
in aqueous homogeneous reactors to circulate
solutions and slurries at 250-300°C and 2,000
psi pressure, at heads of up to 100 psi. The
two main considerations for these pumps are
that they must be absolutely leak-free and must
have a long maintenance-free life. At this time
the hermetically sealed canned-motor centri-
fugal type pumps are considered capable of
meeting these requirements. They consist of a
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centrifugal pump of standard hydraulic de-
sign and an electric-drive motor, built in an
integral unit.

(¢) Sorurion StEamM GENERATORS. The per-
formance of steam generators required for
homogeneous reactor service, measured in terms
of absolute leaktightness during long-term op-
eration, considerably exceeds that of similar
units in conventional plants. Primary efforts
in assuring leaktightness for an extended
period of time have been expended in develop-
ment of adequate fabrication techniques, in-
spection of raw materials and fabricated parts,
and inspection and testing of the finished unit.
No problems with leaks have been encountered
in the small heat exchangers for HRE-1 and
HRE-2 which were manufactured by use of
those techniques. At the present time, failure
of a steam generator in a homogeneous reactor
would require that the entire unit be replaced.
This would be expensive and would lead to ex-
cessive shutdown time if failures were frequent.
Methods to detect and repair leaks in place are
in a preliminary stage of development.

(d) Svurry Fuer SystEms. The develop-
ment of HRE-2 scale equipment for slurry re-
actors is less advanced. Slurries have been
circulated in many loop tests under a variety
of conditions. Two tests were for 3,800 hours
each. Severe wear of Graphitar-Stellite bear-
ings and stainless steel impellers in the circu-
lating pumps was experienced in those tests.
An improved pump with aluminum oxide bear-
ings and a Zircaloy impeller has operated for
2,800 hours with no significant wear. No com-
pletely satisfactory solution has been found for
the problem of erosion of throttling valves and
check valves in high-pressure feed pumps. Im-
provements have been made in the hydrody-
namic design of reactor vessels for slurries, but
not enough testing has been done to establish
whether a satisfactory design has been achieved.

(5) Safety. Effectiveness of the negative
temperature coeflicient in controlling the reac-
tor has been demonstrated in HRE-1 and

HRE-2. It has been concluded that control
rods are not required in the reactors. The
kinetics of a variety of reactors have been in-
vestigated by calculation, and experiments have
been done in HRE-1, HRE-2, and in the
“water-boiler” reactors. Criteria have been
established for stability against divergent oscil-
lations in power produced by the interaction of
the nuclear and mechanical systems of a circu-
lating-fuel reactor. Methods have been devel-
oped for calculating the power, temperature,
and pressure behavior of a circulating-fuel re-
actor in relation to a step increase or rate of
increase of reactivity. The kinetics studies
have been used to establish criteria for design
of reactor pressurizer and pressure-relief sys-
tems.

¢. Current Design Parameters

The technology is not sufficiently developed
to currently construct a central station power
plant; therefore no design parameters are
given in this status report.

d. Operating Experience

There is no operating experience on a ther-
mal breeder reactor as such. HRE-1 was not
potentially capable of breeding, and the failure
of the Zr-2 core tank on HRE-2 prevented
any attempt at breeding with that system.
However, the operating experience with both
HRE-1 and HRE-2 is pertinent to the devel-
opment of thermal breeder reactor technology.
Both reactors employed uranyl sulfate solution
in the core and D,O in the blanket. No re-
actor has operated with slurry fuels in core or
blanket.

(1) In 1950 construction of Homogeneous
Reactor Experiment (HRE-1) was undertaken
to investigate the nuclear and chemical char-
acteristices of a circulating-fuel reactor at tem-
perature and power sufficiently high for pro-
duction of electricty from the thermal energy
released. The reactor was designed to deliver
1,000 KW of heat from fuel solution at 482°F
and 1,000 psia, yielding, after heat exchange,
steam at a saturation pressure of about 200 psia.
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Fuel was a solution of uranyl sulfate in H,O.
The reactor core was an 18-inch diameter stain-
less steel sphere, reflected with D,0.

The reactor was operated for about 24
months beginning in April 1952. Liquid was
circulated for about 4,500 hours; the reactor
was critical a total of 1,950 hours and operated
above 100 KW for 720 hours. The maximum
power attained was 1,600 KW, and a total of
600 MWH of heat was produced. HRE-1 was
dismantled in the Spring of 1954 to be replaced
by HRE-2.

Operation of the reactor demonstrated:

(@) nuclear and chemical stability at aver-
age power densities as high as 32
KW/liter,

(b) safe handling of the highly radioac-
tive fuels at high pressure and tem-
perature,

(¢) effectiveness of the negative tempera-
ture coeficient in regulating the nor-
may reactivity fluctuations and in con-
trolling power surges that result from
large rapid additions of reactivity,
making regulating and safety rods
unnecessary,

(d) control by control of fuel concentra-
tion and release of steam to turbine,
making shim rods unnecessary |,

(¢) safe handling of radiolytic gas and
use of copper as a homogeneous cata-
lyst to recombine the gas.

Although the reactor was not designated for
maintenance, the fuel circulating pump and
feed pump were replaced several times, and
some other work was done in radiation fields
as high as 2,000 r/hr by use of improvised
shielding and long-handled tools and without
exposure of personnel beyond accepted toler-
ances. The work was difficult and even simple
operations took a long time. At the end of the
operation the reactor was partially decontami-
nated, and the reactor and shield were dis-
mantled by similar methods.

(2) During operation of HRE-1 it be-
came evident that a second reactor experi-
ment should be run before attempting to con-

struct a full-scale homogeneous power reactor.
HRE-2 was built to provide a facility for in-
vestigating the engineer problems of operating
and maintaining fluid-fuel reactors and the
longer term effects of operation on fuels and
materials. Basic design criteria were: a 32-
inch-diameter core contained in Zircaloy-2
and reflected by a D,O blanket to permit op-
eration at 250 to 300°C' with a 10 g u per liter
liter solution of uranyl sulfate in D,O as the
fuel. Cost considerations led to the specifica-
tion of 5,000 KW (thermal) for the power.
Although the average specific power in the core
was only 17 KW/liter, this was considered
acceptable since operability at 30 KW/liter had
been demonstrated in HRE-1.

The reactor was designed to operate at 2,000
psia. Equipment and systems were designed to
take advantage of experience with HRE-1 and
to test ideas that were being proposed for
power reactors. Maintenance and containment
were primary considerations in the design.
Primary equipment and auxiliaries were
housed in a steel tank which is welded closed
and maintained at 15 atm abs when the reactor
is operating. Provision was made for sub-
merging the equipment in water to provide
shielding so that most operations could be done
with simple long-handled tools. Special shields
and tools were provided so that some opera-
tions could be done dry.

First nuclear operation was in December
1957. Between then and August 1, 1959, fluids
were circulated for a total of 5,750 hours, 3,420
hours critical, in generating 5,720 MWT of
heat, and operation is continuing. A maxi-
mum power of 6.3 MW was reached during the
first week of high-power operation. A hole
was melted in the core tank after 30 minutes
at 6.3 MW. Subsequent operation has been
with fuel in core and blanket at power levels
as high as 5.3 MW but mostly at 3.5 MW and
below in investigation of fuel instability.

Experience with HRE-2 has shown that me-
chanical components can be developed which
will permit long uninterrupted operation of a
complete reactor system. Since the core-tank
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incident the reactor has been operated in four
tests of 800 to 1,100 hours duration. Mainte-
nance was required between tests, but in no
instance was a test terminated by an equip-
ment failure.

The ability to construct completely leaktight
systems by care in fabrication and inspection
and to keep the systems tight and the highly
radioactive fluids contained have been demon-
strated in 115 years of operation.

Major difficulties experienced with HRE-2
have resulted from an unsatisfactory hydro-
dynamic design of the core coupled with the
high-temperature instability of the fuel. In
addition to the hole in the core tank, damage
to corrosion assemblies, thermocouples, and
diffuser screens in the core has provided evi-
dence of severe overheating of some metal sur-
faces. This experience has led to renewed
emphasis on core design and hydrodynamic
studies in the development programs.

The hydroclone plant has operated satisfac-
torily but has removed only 10 to 20 percent of
the fisson—and corrosion—product solids which
have been produced.

Determination of fuel inventory and analysis
of abnormal behavior have been difficult. Ad-
ditional and improved instruments for measur-
ing flows and fuel concentrations are required
to obtain completely satisfactory process con-
trol.

Experience with HRE-1 and HRE-2 has
established that remote maintenance of the
radioactive equipment is an extremely impor-
tant consideration in the design of homogene-
ous reactors. Methods presently in use on
HRE-2 are generally satisfactory for small
experimental reactors. Advances in present
techniques, such as inspection and repair of
large components and possibly the development
of remote cutting and welding methods, will be
required to provide satisfactory methods for
large power reactors.

e. Economics

No economic data is given in this report on
the aqueous homogeneous reactor concept.

8. D,O Moderated Power Reactors
a. Description

Heavy water moderated power reactors in-
clude a variety of concepts employing natural
or partially enriched fuel, pressurized or boil-
ing D,0, and a pressure tube or pressure vessel
type of construction. Alternative coolants in-
clude gas or D,0.

The variation of the concept which has the
most advanced current technology is the D,O
moderated and cooled, pressurized reactor of
the pressure vessel type. This reactor utilizes
solid, heterogeneous natural uranium metal
fuel elements clad with Zircaloy—2 in a uni-
form single-region core. DyO is circulated
through the reactor to remove the heat from
the fuel, the heat is transmitted through a heat
exchanger to form steam to drive a steam tur-
bine. This concept is based upon the tech-
nology of pressurized H,O moderated and
cooled reactors and the D,O moderated produc-
tion reactors at Savannah River.

A composite curve showing the power gen-
eration cost of natural uranium and recycle
reactors and coal fired plants vs. size is pre-
sented in Figure 27. A simplified flow diagram
of the heavy water moderated reactor plant is
shown in Figure 28.

b. Technical Status

No large central station power plants of this
reactor type have been constructed. The mini-
mum size limitation on natural uranium fueled
power reactors is set by neutron economy con-
siderations. This leads to the consideration of
slightly enriched fueled prototypes of concepts
potentially capable of operation on,natural ura-
nium fuel in a larger plant size. At present it
is not possible to determine what version of the
heavy water reactor, pressurized or boiling,
pressure tube or pressure vessel is technically
and economically most attractive. Technical
status consist primarily of development work
completed and under way in support of vari-
ous experimental and demonstration power re-
actor construction projects and applicable pro-
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duction reactor technology. The following
technical facts may be drawn from this work:

(1) Physics. Nuclear properties of a wide
variety of cold-clean natural uranium lattices
in a DO moderator have been measured. The
type of core lattices for which bucklings have
been measured include D,O-cooled assemblies
of uranium metal plates, uranium metal rods,
uranium metal tubes, and uranium oxide rods,
as well as gas-cooled assemblies of uranium
metal plates. However, most of these experi-
ments were made with moderator temperatures
below 95°C. Other important physics para-
meters of typical power reactor lattices of
natural uranium in heavy water have been
measured. These measurements included such
items as the worth of control rods, the effect
of H,O contamination of the D;O moderator,
the fast fission factor, the neutron age, flux
distribution, etc. In addition, correlations
were derived from the experimental data for
calculating resonance integrals and resonance
escape probabilities for fuel elements of ura-
nium oxide as well as of uranium metal. All
of the measurements were made in either the
Process Development Pile (PDP) or the sub-
critical experimental facility (SE) at the
Savannah River Laboratory.

Most of the measurements discussed in the
preceding paragraph were made at tempera-
tures below 95°C. In order to extend the
range of the experimental physics work to
moderator temperatures as high as 215°C, the
pressurized exponential facility (PSE) was
built. The unit was put into operation during
the first half of 1959.

Additional physics information is required
to advance the technology of D.O moderated
reactors sufficiently to permit construction of
the more promising concepts. This work would
include:

(@) A thorough survey of the properties of
oxide-fueled lattices.

(b6) Measurement of the nuclear properties
of lattices moderated with hot D,O.

(¢) Measurement of the nuclear properties
of the more promising conceptual designs by

fairly accurate mockups of the reactor lattices. '

(d) Careful analysis of the transient re-
sponse of each reactor concept to sudden
changes in temperature, load, or reactivity.

(2) Fuel and Materials. A major area in
which research must be done before any heavy
water reactor concept can be successfully con-
structed is in fuel element fabrication and the
determination of irradiation behavior.

Although extensive testing of prototype fuel
elements has been under way and much testing
of Zircaloy has been done, the following list
summarizes the major areas in which consider-
able research and development effort may be
fruitful:

(@) Irradiation testing of prototype metallic
fuel elements is necessary in order to prove
their adequacy to withstand long periods of ex-
posure to neutrons under conditions compar-
able to those expected in the power reactor
designs.

(5) The irradiation testing of pressure tubes
and their joints with other materials is highly
essential for reliable design of all pressure
tube reactors. The mechanical and hydraulic
testing of these items, out-of-pile, would also
be of much worth. In addition, development
of a low-cost high-quality fabrication process
for the pressure tubes and their joints would
assist significantly in reducing the cost of sev-
eral promising reactors. Thermal stress condi-
tions are a particularly important considera-
tion in a pressure tube design.

(¢) Corrosion testing of fuel elements, pres-
sure tubes, housing tubes, and other important
components of the reactor should be done in
order to assure the safe operation of a given
design.

An extensive program has been in progress
to fabricate low-cost fuel elements and com-
ponents suitable for use in D,0O-cooled power
reactors. Primary interest has been on ura-
nium metal fuel elements, but oxide elements
are also being developed as an alternative to
the metal fuel. The metal was selected in
preference to the oxide as the fuel for initial
development, in spite of better irradiation sta-
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' bility and corrosion resistance of the oxide,

because of the generally higher reactivity,
lower cost and better known fabrication proc-
ess of the metallic fuels.

The potentially low cost coextrusion process
was applied by Nuclear Metals, Inc. to the
manufacture of Zircaloy-2 clad tubes of U-2
w/o Zr. A “production” run of about a dozen
tubes was successfully carried out. Numerous
corrosion tests in hot water have been made of
this fuel, with and without intentional defects.
The fuel is deemed to be suitable from a cor-
rosion viewpoint for a D,O-cooled power re-
actor.

Extruded zirconium and Zircaloy com-
ponents are being fabricated by Harvey Alumi-
num Company. Very promising results were
obtained in the manufacture of thin-walled,
ribbed housing tubes of Zircaloy-2.

One of the most important phases of the re-
search and development program on fuels for
D.0O-moderated power reactors involves the
irradiation testing of prototype reactor fuel
elements. The ability of uranium metal to
adequately withstand long exposures to neutron
irradiation was tentatively verified at low tem-
perature. In order to irradiate significant
numbers of full-size fuel elements of high
temperature, the design and construction of
the Heavy Water Compongnts Test Reactor
(HWCTR) is underway.

(8) Heat Transfer and Fluid Flow. The
major experimental work in this field to date
has been with subcooled liquid coolant. In
order to determine the safe limits of operation,
of various reactor fuel elements that are cooled
by a boiling fluid, it will be necessary to under-
take an experimental program on boiling heat
transfer burnout.

An experimental study of heat transfer burn-
out of water-cooled tubular assemblies of the
type designed for the du Pont concepts of
liquid DyO-cooled power reactors was com-
pleted at the Heat Transfer Research Facility
of Columbia University. The range of vari-
ables of this study was limited to the particu-
lar range that is applicable to the du Pont

power reactors. A study was also conducted
of the vibration phenomenon that was en-
countered in some of the burnout experiments.
The results of the experimental study were
used to compute the safety factor on heat
transfer burnout for the liquid-water-cooled
assemblies of the power reactor designs and
of the HWCTR.

Full-scale flow tests of the liquid-cooled fuel
elements of the du Pont power reactors have
been run at the Savannah River Laboratory.
The corrosion, erosion and vibration character-
istics, as well as the customary pressure-drop-
versus-flow behavior, of these fuel elements
are still being determined.

(4) Coolant Chemistry. The chemistry of
heavy water is in an advanced state of devel-
opment due to the extensive work done in this
area at Savannah River. Studies of resin life-
time at high temperature and impurity-re-
moval effectiveness are needed.

(5) Component and Auxiliary Systems. The
most important work in this area will involve
the construction of prototype refueling ma-
chines.

Development of high-integrity mechanical
components such as pressure tubes, and heat
exchangers is required. Special precautions
must be taken to make the entire system leak-
proof, including the turbine in a boiling water
system, and to prevent the loss of heavy water
during refueling operations.

(6) Safety. Considerable theoretical study
of the transient behavior and the responses of
the reactor to unusual incidents (i.e., changes
in reactivity, temperature, etc.) were studied,
particularly for the hot moderator pressure
vessel reactor and the HWCTR. It was
shown that the hot moderator reactor and
the HWCTR are to a great extent self-
regulating and that such unusual incidents
would cause no difficulty in control. A thor-
ough analysis of the safety of the experimental
reactor, the HWCTR, was completed.

Experiments which were carried out to con-
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firm the safety aspects of the Canadian power
reactor schemes included a series of tests in
which pressure tubes were ruptured to deter-
mine the effect on the enclosing calandria tubes
and adjacent tubes.

c. Operating Experience

To date, construction has begun on only one
D,0O-moderated power reactor, the Atomic En-
ergy Canada Limited Nuclear Power Demon-
stration Reactor, NPD-2. No experience has
been gained as yet in the operation of any D,0O-
moderated power reactor. However, there is
considerable experience available on the opera-
tion of D,0-moderated production and experi-
mental reactors, such as the Canadian NRU and
NRX reactors and the U. S. Savannah River
production reactors. A short history of the
experience with heavy-water-moderated reac-
tors follows.

The production reactors have given operat-
ing experience that should be helpful to the
designers of a D,O-moderated power reactor.
For example, these reactors circulate large
quantities of DO at moderate temperatures
and pressures through heat exchangers, valves,
pumps, etc., and the annual loss of DO has
been only about 3 percent per year, based on
the total D,O in the system.

The D;0 isotopic purity of the moderator at
Savannah River has been maintained at above
99.7 percent via a distillation procedure. The
inleakage rate of HyO has been in the range of
6 lbs/day requiring 6,000 lbs/hr of low pres-
sure steam for its removal. Because the pres-
sure in a D,O-moderated power reactor will be
higher than in a production reactor, the H.O
inleakage would be expected to be smaller. On
the other hand, the higher D,O pressure will
probably affect D,O losses adversely. Other
moderator problems, including radiolytic de-
composition and entry of ionic contaminants,
have been easily kept under control. Tritium
in the moderator presents a minor health
hazard when this material is spilled, but the
usual protective devices, such as gloves and
aprons, are generally sufficient to allow safe
working in the area.

In addition to this experience with heavy ’

water moderator, some experience has been ob-
tained with each of the cooling mechanisms
that are being suggested for the D,O-moder-
ated power reactors. Several liquid-water-
cooled and boiling-water-cooled reactors have
been built and operated successfully in the
United States and Canada. Among the water-
cooled reactors are the Hanford and Savannah
River production reactors, Shippingport power
reactor, Materials Testing Reactor and the
Canadian NRU and NRX; among the boiling-
water reactors are the Experimental Boiling
Water Reactor and Vallecitos Boiling Water
Reactor. Experience in the United States with
gas cooling has been gained with the Oak Ridge
X-10 and Brookhaven piles. Experience with
sodium cooling has been gained in the operation
of the graphite-moderated Sodium Reactor Ex-
periment. The greatest amount of experience,
however, has been with liquid-water cooling.

Thus, much of the experience with heavy-
water-moderated production reactors is appli-
cable to power reactors moderated with the
same fluid. However, there are still sufficient
differences between the production and power
reactors, especially in the fuel elements and
materials of construction, to require a signifi-
cant amount of research and development
effort.

Thé chief problem is related to the higher
temperatures required for economic power re-
actors. Power reactors require a temperature
of at least 400°F and preferably, considerably
higher. If the reactors are cooled with D0,
this high temperature requirement forces the
designers to employ pressures of 500-1,500
Ibs/sq in—a not too difficult item in itself, but
when coupled with the fact that zirconium is
almost the only material of construction that
can be used for the pressure tubes entering the
reactors, the problems are increased several
fold.

Another major difference is in the cladding
of the fuel. All production reactors in the
Western group of nations currently use either
aluminum or magnesium for this service.
Neither of these materials is very corrosion
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resistant in 200°C water. Zirconium is being
used as the cladding in most of the power re-
actors that are cooled with either D,O or H,O.
Again new technology must be and is being
developed.

d. Plants Under Construction

At present there is no D,O moderated, natu-
ral uranium fueled power reactor under con-
struction in this country.

Canada is now building a 20 MWE power
reactor that will be moderated with heavy
water and is planning to build a 200-EMW
reactor. Several pilot and test reactors of a
similar type are under construction, both in
this country and abroad. Two of these plants
are not for the purpose of producing electric
power, but the experience gained by their con-
struction and operation will be applicable to
the advancement of the technology. A brief
description of these plants is given below:

(1) Heavy Water Components Test Reactor
(HWCTR). The HWCTR is a pressurized
D;O moderated and cooled reactor facility at
60 MWT with no electrical output. The re-
actor will utilize U-Zr fuel. The reactor is
rated at 1,500 psig and 290°C maximum. The
plant is being designed by E. I. du Pont for
the AEC. Construction has been started.

(2) Plutonium Recycle Test Reactor
(PRTR). The PRTR is a DO moderated and
cooled pressure tube type reactor facility rated
at 70 MWT with no electrical output. Plant
construction started in March 1959.

(8) Carolinas-Virginia Nuclear Power Asso-
ciates (CVNPA). The CVNPA reactor is a
D20 moderated and cooled pressure tube type
reactor rated at 60.5 MWT (17 MWE). The
fuel for this reactor will be slightly enriched
UO,;. The steam conditions are 605 psia and
480°F. The plant is being designed and con-
structed by Westinghouse Electric Corporation
and Stone and Webster. Construction is sched-
uled to start in March 1960. A schedule for
the plants and facilities under construction is
shown in Figure 29.
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(4) Nuclear Power Demonstration Reactor
(NPD-2). The NPD-2 is a DO moderated
and cooled horizontal pressure tube prototype
power reactor rated at 20 MWE gross, being
built in Canada. It will use natural UQ, fuel
pellets clad with Zr-2. The reactor is con-
trolled, to meet the requirements of the turbine,
by adjusting the level of the moderator. The
D;O coolant will leave the reactor at 530°F
and pressure of 1,050 psi, just sufficient to keep
it from boiling. Construction is underway and
scheduled for completion in June 1961,

e. Economics

A reference design has been made for the
D,O-moderated reactors based on the technical
status summarized in this report. The design
was used as the basis for estimating the costs
at different plant ratings. The base para-
meters for the reference design are as follows:

SUMMARY OF PLANT CHARACTERISTICS
HEAVY WATER REACTOR PLANT

A. Heat balance:
1. Total reactor power, MW(t)____ 860.
2. Gross turbine power, MW(e) - 214.
3. Net plant power, MW(e)______ 200.
4. Net plant efficiency, percent____ 23.2.
B. Turbine cycle conditions:

1. Throttle temperature, F_______ 366.
2. Throttle pressure, psig.________ 150.
3. Steam flow, lbs./hr____________ 3.03 X 108
4. Condenser back-pressure, in 1.5.

Hg A.
5. Final feed water temperature, F. 251.
C. Reactor description:
1. Reactor vessel:

a. Inside diameter, ft__________ 14.7.
b. Overall height, ft___________ 34.0.
c¢. Wall thickness, in._________ 4.5.
d. Material . ________________. SS clad CS.
e. Design pressure, psia________ 850.
2. Reactor core:
a. Active diameter, ft____._____ 12.
b. Active height, ft____________ 15.
¢. Active core volume, ft®._____ 1,700.
d. Lattice arrangement________ Triangular.
e. Lattice spacing, in__________ 6.5.
3. Reflector or blanket:
a. Material . _________________ D,0.
b. Axial thickness, ft__________ 1.
¢. Radial thickness, ft_____..__ 1.
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C. Reactor description—Continued
4. Fuel elerrents:

a. Fuel material______________ nat-U metal.
b. Clad material __. . ______.____ Zr-2.
¢. Fuel enrichrent____________ nat.
d. Fuel elerent geomwetry______ cylincers.
e. Cladding thickness, in,______ 0.030.
5. Material inventories:
a. Fuel, mwetric tons__________. 27.2.
b. Uraniumw, mwetric tons_______ 27.2.
c. U-235, initial-kg__ .. _______ 188.
d. Moderator, lbs. (incl. cool- 5.5 X 105
ant).
6. Reactor control:
a. Method of control__________ rods.
b. No. of control elements___ __ 26.

D. Plant performance data:
1. Prirary coolant outlet temp., 480.

F.
2. Primary coolant inlet temp., 414.
F.
3. Reactor temp. drop., F_______ 66.
4, Prirrary system operating 750.

pressure, psia.

5. Primary coolant flow rate, lbs./ 39.6 X 108.
hr.
6. Avg. core heat flux, Btu/br.- 335,000.
ft2.
7. Magx. core heat flux, Btu/hr.- 777,000.
ft2.
8. Max. cladding surface temp., 575.
F.
9. Max. fuel tewrp.,, F___________ 880.
10. Core coolant velocity, ft/sec___ 15.
11. Peak to avg. power ratio______ 2.32.
12. Core power density kw/ftd_____ 506.
13. Core specific power kwt/mretric 31,600.
ton-U.
14. Fuel burn-up MDW/metric 3,960.
ton-U.

The power cost for a 300 MWE plant extra-
polated from the above design is as follows:

Total capital cost—$108,000,000______ 7.05 M/Kwh
Fuel eyele cost_o o _______ 4.22 M/Kwh
Operation and maintenance cost_.__. .93 M/Kwh
Nuclear insurance cost____________ 30 M/Kwh

Total power cost______________ 1250 M/Kwh

The relationship of power cost vs. size is
shown in Figure 30.

The above costs are representative of plants
that could be constructed with current status;
however, they could only be achieved after the
period of time required for the construction of

a large plant. The low coolant pressure and
the resulting low steam conditions, the pressure
vessel type reactor construction, and the metal-
lic fuel used in the reference design were
selected to remain as consistent as practical
with the definition of current status i.e., based
on demonstrated technology.

The plant layouts and other design data for
determining the economics are included in re-
port Sargent and Lundy 1674 and Appendix IT
of this report.

9, Gas-Cooled Reactors—Natural Uranium

a. Description

Gas-cooled reactors employing natural ura-
nium fuel may be graphite moderated or DO
moderated. The technology of the graphite
moderated version has been highly developed
in the United Kingdom and in France. The
British reactors employ natural U metal fuel
elements clad with Magnox alloy, and CO;
as coolant. The core is enclosed by a pressure
vessel, from which hot CO, is circulated to a
second pressure vessel within which feed water
heating, steam generation, and superheating
are accomplished. The cooled CO; then re-
turns to the reactor. A simplified flow diagram
of the gas-cooled reactor plant is shown in
Figure 20.

b. Technical Status

(1) Graphite Moderated. The most ad-
vanced technology for graphite moderated
natural uranium fueled gas-cooled reactors has
been developed in the United Kingdom for the
Calder Hall-CEGB series. There are no plants
of this type under construction or planned in
the United States, although designs are avail-
able. The technical status of this concept may
be summarized as follows:

(a) Prysics. Analytical and experimental
physics, including critical experiments, were
carried out in the United Kingdom develop-
ment program sufficiently to establish the feasi-
bility of operation. It is now possible to take
adequate account of refinements required for
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core optimization. The reactivity lifetime is
presently calculated to be 5500 MWD/MT.
All economics to date have been premised on
3,000 MWD/MT which has been demonstrated
on a few rods and which is conservative from
the reactor physics point of view. The United
Kingdom expects to achieve 3,000 MWD/MT
in the second cores of Berkeley and Bradwell,
and in first core at Hinkley Point. Detailed
lattice calculation procedures are well in hand
to account for effects of burnup, changing neu-
tron spectrum, growth of Pu and fission prod-
ucts up to 3,000 MWD/MT and fine structure
constants within fuel elements. There are very
extensive experiments in the United States,
United Kingdom, and France to normalize the
calculational procedures. Moderator coeffi-
cients of such systems become positive after an
exposure which is dependent on the moderator
temperature. This positive coefficient repre-
sents an operating problem but not a hazard
since it is a slow coefficient.

(b) FueLs axp Mareriats. Unalloyed U
metal is capable of exposures up to 3000
MWD/MT at temperatures below the alpha-
beta transition in the United Kingdom reac-
tors. Bowing of fuel elements, originally en-
countered in early Calder Hall operation, was
eliminated by structural restraint. Problems
of uranium swelling under thermal cycling and
fission gas retention have not been completely
eliminated, although fuel element failures in
operation have been very low. Magnox as a
cladding is well understood both with respect
to production technology and performance. It
is compatible with CO, up to 645°C. The
newest Magnox has the necessary ductility to
accommodate the necessary U expansion which
seems to resalt from thermal cycling. It should
be noted that even the cast U which the United
Kingdom produces does suffer growth under
thermal cycling due to strains.

Thin-walled stainless steel which might be
considered for such reactors is available on a
custom basis in various countries, notably
United States, United Kingdom, and France,
in wall thickness down to 2.5 mils. It is not

a commercial product, and its technology and
practice are not well enough established at this
time to make it a useable cladding. The
French gas cooled reactors use magnesium.
The temperature limitation on the system
arises from the need to hold down the central
U temperature, the grain growth and cavita-
tion problems.

Graphite is well understood for service in
such reactors.

(¢) Hear TransFeEr axp Frum Frow. In
order to maintain a gas temperature as high
as possible, consistent with a specified limit
on center line temperature, the temperature
drop between the fuel and the gas must be
minimized. Extended fuel surface areas (fins)
are used on the fuel cladding for gas reactors.
Temperature rises of 350-400°F are employed
in the British reactors, based on mixed mean
inlet and outlet coolant temperatures. Cur-
rent experimental work is concerned only with
refinement of details. Pressure drops have
been optimized with respect to heat transfer
by full-scale and double-scale channel tests.
Such tests permit making detailed measure-
ments to develop correlations between types
of extended surface pressure drop and Rey-
nolds number. Orificing, flow shaping via fuel
element hangers and spacers, and varying the
channel size as a function of radial position
are all well understood experimentally.

(d) CooranT CueEmisTrY. Either carbon di-
oxide or helium can be used as the coolant in
such a system. The major limitation of CO.,
i.e., compatibility with graphite, is not a prob-
lem below 950°F. Since the system temperature
is set considerably below this figure by the U
metal alpha-beta transition temperature inside
the fuel, the low cost, wide availability of
CO, makes its use preferable to He for this
application.

The purity specifications on the CO, are
fairly stringent but can be met in practice as
has been amply demonstrated. Additions of
the order of one per cent CO to the CO, will
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minimize the burnout or oxidation of the
graphite in the hot regions of the reactor. It
would also minimize the effect of water im-
purities in CO, on the oxidation problem of
both the graphite and the cladding materials.
It has been found that this small addition of
CO does not increase the deposition rate of
carbon in the cold spots of the system.

(e) CoMPONENTS AND AUXILIARY SYSTEMS.
There is such a large body of practical expe-
rience in these areas that all the necessary de-
sign and operational problems appear to have
been solved. There are still many design
choices and matters of taste which for a given
reactor will influence the final cost, but the
reactors can be made to operate satisfactorily
on the basis of available technology. An ex-
ception may be that charging and servicing
under load have not been completely demon-
strated. There are now four such machines
under construction, each differing from the
others in detail. Each appears to represent a
satisfactory solution to the problems. The
first machine will be completely tested in late
1959.

An apparent limitation on the maximum
size of these reactors due to the reactor ves-
sel should be noted. Pressure vessel materials
currently in use in the United Kingdom are
low alloy steel, mild steel, and boiler plate
from 2 to 314 inches thick on diameters up to
70 feet. An upper limit on vessel thickness
in the United Kingdom is imposed by the re-
quirements of field welding, inspection, and
stress relief. Maximum thickness of econom-
ically-sized sections which can be formed on
existing industrial equipment is also a limiting
factor. This limit, originally 2 inches, is now
set at 81% inches. In France, gas cooled re-
actor containment vessels have been fabricated
of pre-stressed concrete with a steel liner as well
as steel pressure vessels. Since natural ura-
nium fueled reactors appear to have reached
the upper limit of power density for a given
coolant pressure, the vessel fabrication limits
also limit the generating capacity of a single
reactor plant.

(f) Reacror Sarery. Natural uranium
fuel graphite moderated gas cooled reactors
are characterized by low power densities and
specific powers. The provision of adequate
shutdown cooling and emergency coolant
power supply in the event of normal power
supply failure is adequate assurance against
core meltdown. Stored (Wigner) graphite
energy release is not a factor in these reactors
due to the closed coolant system, the higher
reactor operating temperature, and the exten-
sive instrumentation employed. The Wind-
scale incident therefore is not applicable to gas
cooled power reactors. It has not been con-
sidered necessary to contain these systems in
the United Kingdom.

(2) DO Moderated. The technical status
of this ¢oncept is not sufficiently advanced that
a plant could be constructed without pre-
operating research and development. A suf-
ficient amount of work has been done to justify
the construction of a slightly enriched experi-
mental prototype plant of 50 EMW as a basis
for a 325 EMW full scale natural U fuel plant.
Technical status for this concept consists pri-
marily of applicable graphite-moderated gas-
cooled reactor technology, and development
work completed or under way in support of the
East Coast Nuclear Groups-Florida West Coast
Nuclear Group (ECNG-FWCNG) 50 EMW
prototype by General Nuclear Engineering
Corporation.

(a) Puysics. The estimated performance
of the Be-clad Zr pressure tube D:O moder-
ated system proposed by General Nuclear Engi-
neering Corp. cannot be confirmed without ad-
ditional development work.

Temperature coefficients of the heavy-water
system are all negative.

Heavy water is a sufficiently better moder-
ator than graphite from the neutron economy
point of view that a possibility exists of de-
signing a UO, fueled reactor for operation on
natural uranium. The balance in favor of
one or the other is presently dictated by the
fiscal policy of charges levied by the AEC for
D,O on the one hand and enriched U on the
other.
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(b) FueLs anp MaTteriaLs. The behavior
of Zr pressure tubes for period approaching
20 years in an irradiation field is unknown.
Experiments now under way will give the re-
quired information. Present practice in the
selection of a zirconium tube thickness is to
make conservative allowance for the uncer-
tainty in the long-term corrosion and irradia-
tion effects on zirconium.

Beryllium metal appears to be an important
material on which work in the last 18 months
has provided new ideas and data. It is po-
tentially a promising alternative but has not
been completely evaluated.

(c) Sarery. Although higher specific pow-
ers can be obtained in these systems, the very
strong negative coefficients provide an addi-
tional safety factor. There is less experience
with these systems on which to evaluate safety
aspects than in the graphite moderated con-
cept, however they appear to be safe for the
same reasons mentioned above.

¢. Operating Experience

Operating experience has been obtained on
graphite moderated natural uranium fuel gas
cooled power reactors since May 1956 in the
United Kingdom. It should be noted that this
experience is on the early designs (Calder Hall
type) which were limited to lower specific
power, fuel element surface and coolant tem-
perature, and thermal efficiency than the cur-
rent technology (CEGB) designs.

A significant amount of information on fuel
element performance is available. Fuel ele-
ment performance is limited by thermal stress,
creep, and corrosion of the cladding to a
greater extent in gas-cooled reactors than in
lower temperature reactors using liquid cool-
ants. The fuel elements are also exposed to
more severe flux gradients. This, coupled
with the lower heat transfer characteristics of
the gas coolant, leads to asymmetrical temper-
ature distributions in the fuel element and
consequent distortion. Also, “hot spot” tem-
peratures may be several hundred degrees

higher than the bulk coolant temperatures.
Proper design of the individual fuel elements
and assemblies is the major factor in maxi-
mizing permissible exposure.

Operating experience on Calder Hall “A”
Reactors 1 and 2, Calder Hall “B” Reactors 1
and 2, Chapel Cross “A” Reactor 1, and Mar-
coule Reactors G2 and G3, has shown a high
degree of reliability. The only known fuel
element ruptures have been easily managed in
every case without excessive exposure or shut-
down time. Fuel element failures to date
have not been due to causes usually attrib-
uted to the limitations of natural uranium
fuel. The bowing problem noted under fuels
and materials was caused by increased creep
under irradiation. This has been remedied by
long braces on the fuel element which mini-
mize its unsupported length.

In the 80,000 fuel elements manufactured for
the Calder Hall reactor as of July, 1958, ap-
proximately 40,000 had been operated with
only 15-20 failures indicated during opera-
tion. Post operative examination of 40 addi-
tional elements indicated a failure rate of 1 to
4 in 5,000. Complete metallurgical examina-
tion of 12 elements showing abnormal radia-
tion indicated “cold end” failures due to leak
paths in the Magnox clad induced by creep
strains resulting from uranium growth due to
preferred orientation. Only 4 or 5 failures
(1 in 10,000) were caused by manufacturing
defects, which were primarily porosity or in-
cipient weld cracks. There were no failures
due to manufacturing defects in the first re-
actor loading at Calder Hall.

d. Plants Under Construction

No natural fueled gas-cooled reactors are
under construction in the United States. The
following plants are under construction in the
United Kingdom:

No. of
No. of Turbo-

Station Reactors generatore Net MWE
Berkeley ____________ 2 4 280
Bradwell ___________ 2 6 300
Hunterston __________ 2 6 300
Hinkley Point _______ 2 6 500
Trawsfynnydd _______ 2 4 500
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Berkeley and Bradwell, scheduled for com- C. Reactor description—Continued
pletion in 1961, are in the most advanced con- 2. Reactor core—Continued
struction stage. See Figure 29 for informa- c. Active core vol-  57,000.

N N (L ume, ft3,
tion on the ECNG-FWCNG plant. d. Lattice arrange-  square.
. ment.
e. Economics e. Lattice spacing, 8.
A reference design has been made for the in.
hit derat gn led t ith 3. Reflector or blanket:
graphite moderated-gas cooled reactor wi a. Material Graphite.

natural uranium fuel, based on the United 4. Tuel elements:

Kingdom experience. This design was used a. Fuel material __ __ U-metal.
as the basis for estimating the cost at different b. Clad material_ .. Magnox.
plant ratings. The base parameters for the c. Fuel enrichment.._ nat.
. d. Fuel element finned rods.
reference design are as follows: geometry.
e. Cladding thick- 0.020.
SUMMARY OF PLANT CHARACTERISTICS ness. _
Go8 COOLED REACTOR PLANT 5. Material inventories:
a. Fuel, metric tons__ 274,
A. Heat balance: b. Uranium, metric 274.
1. Total reactor power, 830. tons.
MW (t). c. U-235, initial-kg___ 1,970.
2. Gross turbine power, 240. 6. Reactor control:
MW(e). a. Method of control_ rods.
3. Net plant power, 200. b. No. of control 100.
MWi(e). elements.
4. Net plant efficiency, 24.1. D. Plant performance data:
percent. 1. Primary coolant out- 710.
B. Turbine cycle let temp., F.
conditions: High- Pressure Low- Pressure 2. Primary coolant in- 323.
1. Throttle 650 450. let temp., F.
tempera- 3. Reactor temp. drop., 387.
ture, F. F.
2. Throttle 500 100. 4. Primary system op- 200.
pressure, erating pressure,
psig. psia.
3. Steam 1.77 X 108 7.85 X 105 5. Primary coolant flow 28.3 X 108
flow, rate, lbs/hr.
lbs/hr. 6. Avg. core heat flux, 56,000.
4. Condenser back- 1.5. Btu/hr.-ft2.
pressure, in. HgA. 7. Max. core heat flux,  96,000.
5. Final feed water 260. Btu/hr.-ft2.
temperature, F. 8. Max. cladding sur- 730.
C. Reactor description: face temperature,
1. Reactor vessel: F.
a. Inside diameter, 70. 9. Max. fuel temp., F___ 1,200.
ft. 10. Core coolant velocity,
b. Overall height, ft__ ft/sec.
c. Wall thickness____ 3.0. 11. Peak to avg. power 1.72.
d. Material__________ c.s. ratio.
e. Design pressure, 500. 12. Core power density 14.6.
psia. kw/ft3
2. Reactor core: 13. Core specific power 3,030.
a. Active diameter, 50. kwt/metric ton-U.
ft. 14. Fuel burn-up MWD/ 3,000.

b. Active height, ft___. 29. metric ton-U.
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The power cost for a 300 MWE plant is as
follows:

Capital cost—$114,000,000 _________ $7.60 M/Kwh
Fuel cycle cost 335 M/Kwh
Operation and maintenance ______ 61 M/Kwh
Nuclear insurance ______________ .33 M/Kwh

Total power cost ____________ 11.89 M/Kwh

The relationship of power cost vs. size is
shown on Fig. 31.

The above costs are representative of cur-
rent technology in the United Kingdom, con-
verted to U.S. economics. The fuel cycle costs
are based on a package cost of 50 $/kg. of U
as purchased from the United Kingdom. This
price includes all fuel cycle cost with the ex-
ception of shipping cost. The costs are quoted
at 300 MWE to show the relationship with
U.S. reactors in that size range. The eco-
nomics of gas cooled reactors are more favor-
able in larger sizes. The technology is avail-
able for plants in the size range of 500 MWE.
The plant layouts and other design data for
determining the economics is included in report
Sargent and Lundy 1674 and Appendix II of
this report.

10. Plutonium Recycle Program

a. Description

Plutonium fuel work is applicable to most
of the thermal reactor concepts discussed in
this report. Plutonium recycle work encom-
passes the following areas: (a) where plu-
tonium is used as an alternate to U-235 as a
means of fuel enrichment, especially in reac-
tors or complexes of reactors for which the
availability of U-235 is limited, and (3)
where plutonium is used in conjunction with
enriched or depleted uranium as reactor fuel.
The plutonium recycle program was started
late in 1956 with the objective of developing
the technology necessary for the safe and eco-
nomical recycling of plutonium. The primary
emphasis is on fuel eycles for thermal, hetero-
geneous reactors, but with appropriate cog-
nizance taken of the interaction between vari-

ous thermal converter and breeder cycles. Cur-
rent work is oriented toward accomplishing
the following goals:

() New and improved knowledge regard-
ing the physics quantities necessary for the
accurate prediction of performance and effi-
cliency of plutonium bearing fuels.

(b) Inexpensive, stable plutonium fuel ele-
ments.

(¢) Inexpensive uranium fuel elements that
are compatible with plutonium enrichment.

(d) Effective, inexpensive separation meth-
ods for recovery and recycle of plutonium.

(e) Determination of optimum plutonium
recycle applicability and economic feasibility.

Two major experimental facilities are under
construction to facilitate development and dem-
onstration of recycle technology. The Plu-
tonium Fabrication Pilot Plant (PFPP) is an
experimental fuel fabrication facility, specially
designed for working with plutonium. Com-
pletion is expected in 1960. The Plutonium
Recycle Test Reactor (PRTR) is designed for
irradiation of plutonium-bearing fuel and in-
vestigation of operating characteristics of re-
cycle systems. The reactor is a heavy water
moderated and cooled, pressure tube type rated
at 70,000 kilowatts thermal power, to be placed
in operation in 1960. The reactor, while op-
erated at reasonably high temperatures, in-
cludes no power recovery facilities. It in-
cludes provisions for special pressurized loops
for study of advance fuel concepts and is de-
signed for accommodating changes in reflector
material, reactor coolant, and periodic replace-
ment of the entire reactor core structure.

A summary of the work completed to date
in the existing facilities at Hanford is given
below.

b. Fuel Cycle Analyses

Fuel cycle studies have been carried out to
investigate the economics of recycling pluton-
ium fuel in power reactors. The work involves
correlation of reactor performance data with
over-all fuel cycle costs to determine the value
of plutonium in a variety of situations. An
extensive series of computer programs, or
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codes, has been developed for the IBM-709
machine to enable rapid calculation using de-
tailed physics parameters and economic fac-
tors. For recycle operation with natural ura-
nium feed (self-sustaining recycle in a single
reactor) a relationship was developed between
fuel exposure level and the multiplication con-
stant koo required to supply leakage, xenon
and control losses. This information provides
a quantitative measure of the value of plu-
tonium in extending fuel lifetime.

Other analyses showed that plutonium en-
richment may be more valuable when applied
to reactor systems without the constraint of
self-sustaining recycle. Thus, improved utili-
zation of plutonium may be obtained in a
combination of two reactors, one producing
plutonium and feeding it to a separate reac-
tor optimized for plutonium enrichment. This
stems from the fact that for cases with low
neutron leakage (geometrically large reactors)
plutonium enrichment provides a higher fuel
cycle burnup than does U-235. On the other
hand, for small reactors, e.g., keo=1.3, U-235
may be a more valuable fissionable material
than plutonium.

A similar study of a reactor combination
comprising a thermal reactor and a fast
breeder indicated that it would be beneficial if
the Pu-239 formed in the fast breeder blanket
were to be supplied to a high-conversion-ratio
thermal reactor. The mixture of plutonium
isotopes resulting from irradiation of Pu-239
in the thermal reactor would be advantageous
in fueling the core of the fast breeder. Shorter
doubling times may result.

For some types of thermal reactors, the use
of plutonium of selected isotopic composition
has been shown to result in a very long lived
fuel, due to the dual role of Pu-240 as a fer-
tile material and a burnable poison.

e. Physics

In addition to the physics effort devoted to
fuel cycle analysis and to PRTR design, basic
physics work included the following items:

Low energy fission cross section measure-
ments on Np-237 and Am-241 have been com-

pleted. High purity samples of Pu-240,
U-234, and U-236, and a sample of Pa-231
have been prepared for subthreshold fission
cross section measurements. Fission cross sec-
tions have been measured in a sample of 96.6
percent Pu-241 in the range of 0.1 ev to about
20 ev. A spectrometer for studying slow neu-
tron differential scattering cross sections has
been put into operation,

The Physical Constants Test Reactor has
been used to measure lattice parameters of rod-
clusters of UO; and of mixtures of plutonium-
aluminum alloy and UO, rods. C(alculations
of epithermal multiplication of lattices contain-
ing only plutonium bearing fuel have been made
as a function of the isotopic composition.

Nuclear safety studies have been conducted
for the manufacture, storage, and transport of
plutonium bearing fuel elements. Special plu-
tonium bearing fuel elements have been fabri-
cated preparatory to obtaining further critical-
mass data.

d. Fuel Element Technology

Studies have been made on both ceramic and
metallic core fuels. Improved and potentially
low cost methods of core fabrication, core clad-
ding, and fuel element assembly have been de-
veloped for a variety of fuel types. Efforts
have concentrated on fuel elements of the rod
cluster type as well as on three-component
nested tubular designs.

Plutonium-aluminum alloys for metallic core
fuel elements have been prepared by adding
metallic plutonium to molten aluminum in pot
furnaces. A cryolite process has been further
developed in which Pu-Al alloy is made at
lower cost by heating mixtures of PuQ,, Al
and cryolite.

Extrusion techniques have been developed to
produce fuel element cores for use in rod clus-
ter fuel element designs, and drawing and
swaging methods have been investigated for
unbonded, Zircaloy-2 jacketing of these cores.
Coextrusion methods have been developed for
fabrication of aluminum alloy clad Pu-Al
rods. Development is continuing on methods
better suited for highly exposed plutonium,
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such as the direct casting of Pu-Al core ma-
terials into aluminum, stainless steel, or Zir-
caloy sheathing, using air or mechanical pres-
sure injections. Initial work with aluminum
as a stand-in for plutonium has produced sat-
isfactory castings as long as eight feet with
densities up to 96 percent of theoretical.

Compositions of Al—1.65 w/o Pu, Al-12
w/o Si—1.65 w/o Pu, and Al-—8 w/o Pu clad
in Zircaloy-2 have been irradiation tested to
high exposure, with satisfactory performance
demonstrated.

Basic studies on PuQ; and PuQO;-UQ; sys-
tems have included determination of sintering
characteristics, melting points, and conditions
of solid solution formation. Small-scale ir-
radiations of Zr-2 clad PuQ.-UQ, have been
conducted without incident.

Extensive use is being made of piloting fu-
ture work on plutonium-uranium ceramic
fuels by studies of UQ, systems. UQ. pow-
ders for ceramic core fuel elements have been
studied to determine the effects of powder pre-
treatment prior to core fabrication. It was
found that the sinterability of UQ, powder
can be greatly enhanced by ball milling and
air elutriation of the powders or by the use of
additives such as TiO, or Nb.Oj5. Studies are
in progress to determine the thermal conductiv-
ities of irradiated and unirradiated UQ,. Pre-
liminary studies have already been made of
compounds such as UC and UN for core
materials,

Cold swage fabrication of UO, fuel rods has
been under intensive development, mainly with
Zr-2 cladding but to a lesser extent with stain-
less steel and aluminum cladding as well.
Quality of Zr-2 tubing, UO, powder selection,
and swaging techniques were defined as im-
portant variables. More than 80 irradiation
tests of swaged specimens have been conducted
without failure. Hot swaging processes have
been developed. Preliminary results are prom-
ising.

Vibration compaction studies on graded UO,
powders have shown that densities of 85-90
percent of the theoretical are attainable. This
technique is being exploited directly for core

fabrication and also as a simplifying prelim-
inary step in swage fabrication. It is espe-
cially attractive for eventual application to
plutonium bearing fuels where a minimum of
direct handling is desired.

In studies of the high temperature behavior
of UO, systems, cylindrical specimens of un-
sintered UO, powder packed to a density of
only 35 to 40 percent of theoretical have been
irradiated. During irradiation the UQ, pow-
der sintered and relocated to give a density of
about 80 percent of the theoretical and a gran-
ular structure suggestive of recrystallization
from a melt. However, extensive reactor ex-
periments revealed that melting did not occur.

Several improved welding techniques have
been developed for making high integrity clo-
sures on Zircaloy-2 cladding. One, of unusual
interest, involves use of an electron beam heat-
ing technique.

e. Materials Development

The successful vendor fabrication of 95 Zir-
caloy pressure tubes culminated development
of extrusion and tube reduction techniques
over the past several years. Each tube passed
a detailed examination for dimensional toler-
ances and surface imperfections, plus being
pressure tested. Approximately 30,000 feet of
Zircaloy-2 fuel jacket tubing has been deliv-
ered and inspected. Specifications and test
procedures have been developed to insure sat-
isfactory performance under reactor operating
conditions. A welding process for attaching
spacer ribs to thin wall Zircaloy tubing has
been developed and demonstrated to be fea-
sible.

Techniques for etching and autoclaving Zir-
caloy process tubes and fuel jackets have been
developed to determine corrosion resistance
and establish fuel element integrity. The proc-
ess found best thus far consists of etching in
nitric-hydrofluoric acid solution, followed by
an aluminum nitrate bath, water rinsing, and
exposure to steam at 400°C and 115 psi.

Studies have been made to establish the con-
ditions under which hydriding of Zircaloy oc-
curs, and its effects on the properties of the
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metal. It was shown that hydrogen pickup by
Zircaloy can occur in the corrosion process.
The ductility of Zircaloy samples with known
hydrogen content has been measured at low
strain rates.

Corrosion testing of aluminum progressed
satisfactorily, with emphasis on those alloys
containing small amounts of nickel, iron, and
titanium. Autoclave corrosion tests of Pu-Al
alloy indicated good corrosion resistance of
350°C for the as-cast material; worked alloys
were considerably less resistant.

f. Chemical Processing

Research and development studies have been
conducted on several chemical processing
schemes for recovery and recycling of plu-
tonium and uranium from spent fuel.

The applicability of the Zirflex process
(ammonium fluoride-ammonium nitrate) for
dissolution of Zircaloy fuel cladding has been
confirmed. Pertinent process variables have
been defined in pilot plant studies under ten-
tative flow sheet conditions. Available radio-
metallurgy and chemical processing facilities
have been shown to be capable of processing
Plutonium Recycle Test Reactor (PRTR) fuel
by the Zirflex process at Hanford.

An anion exchange process has been devel-
oped for recovery of high purity plutonium
from aqueous nitrate solutions of low enrich-
ment or natural uranium. Two cycles of an
anion exchange, incorporating fluoride wash-
ing, will give complete decontamination of plu-
tonium from fission products. Permutit SK
resin has been found to possess an adequate
combination of radiation stability and ex-
change capacity for this application.

Studies on advanced pyrochemical process-
ing methods have shown that a basis exists for
separation of uranium and plutonium by chlo-
rine or phosgene dissolution of mixed oxides
in molten alkali chloride. Uranium oxide dis-
solves at a faster rate than does plutonium
oxide. In addition, it was discovered that
zinc reduces uranyl chloride in salt solution
but apparently not plutonyl chloride.

The distribution of uranium and plutonium
between metal and salt phases in the alu-
minum-aluminum chloride-potassium chloride
system has been investigated. It was shown
that a separation factor of at least 100 may
be obtained per equilibrium stage. The be-
havior of other actinide elements in this metal-
salt system has been studied and distribution
coefficients have been measured at 725°C.






IV

STATUS OF GENERAL ENGINEERING RESEARCH AND
DEVELOPMENT

(Nuclear Technology)

The information in this section is a sum-
mary of the significant results of the engi-
neering and development programs to date
supporting the civilian power reactor pro-
gram. This material does not include the
results of the support work for the military
programs. The subjects covered in this sec-
tion are:

1. Fuels.

2. Cladding Materials.

3. Fuel Fabrication.

4. Irradiation Testing.

5. Fuel Reprocessing.

6. Components.

7. Environmental Investigation and Effluent

Control.
. Physics,
Safety.

© o

1. Fuels

There are two basic types of fuel under
development for civilian power reactors. These
are metallic uranium and ceramic fuel mate-
rials. The metallic fuel is subdivided into two
groups, i.e., unalloyed uranium and uranium
containing alloys to improve the material prop-
erties. The ceramic fuel is also divided into
two groups, i.e., oxides and non-oxides.

A summary of the current status of the
above fuels and materials is given in the fol-
lowing paragraphs:

a. Metallic Fuel

The major limitation in the use of metallic
tfuels for civilian power reactors is irradiation

induced swelling at the temperatures desired
for central station plants. This swelling is
not unique to any one fissionable or fertile
metal; it occurs in uranium, thorium, plu-
tonium, and their alloys. Until more is known
of the swelling phenomenon, no theoretical
predictions are possible concerning limiting
burnups and operating temperatures.

Metallic fuel is highly corrosive in water
and it is necessary to utilize large amounts of
alloying materials in water reactors to achieve
even moderate corrosion resistance. This af-
fects the nuclear properties of the fuel mate-
rial. Protective cladding is used to prevent
corrosion of the metallic fuel in water re-
actors.

Because of their high uranium density, metal-
lic fuels are more desirable for fast reactors than
ceramic fuels. However, present metallic fuels
do not appear to have adequate resistance to
high temperature swelling at desired burnups.

Metal fuels which will perform satisfactorily
in gas-cooled reactors are not now available.
Such materials would have desirable charac-
teristics inherent in metals, but it appears un-
likely that they would be as satisfactory as
ceramic fuels of slightly enriched uranium.

Fission gas accumulation causes excessive
swelling of uranium at temperatures over
750-930°F (400-500°C). This severe temper-
ature limitation, coupled with the poor heat
transfer characteristics of the gas coolant, is
so limiting that all present long range plans
for gas-cooled reactors using known technol-
ogy contemplate the use of ceramic fuels.

91
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Basic studies on irradiation induced swelling
of fissionable metals and alloys are currently
underway. Until more is known of the swel-
ling phenomenon, no predictions are possible
concerning fuel life.

Many binary and ternary uranium alloys
have been investigated to determine if a nom-
inal addition of some metal would markedly
improve the properties thus permitting the
alloy to be used under conditions much more
severe than feasible with unalloyed uranium.
Typical additives examined include silicon,
chromium, molybdenum, zirconium, and nio-
bium. These alloys are referred to as alpha
uranium alloys.

Primary reasons for additives are: (1) to
refine the grain size to minimize radiation in-
duced surface bumping, (2) to make the ura-
nium more amenable to heat treatment for
removal of preferred orientation, (3) to im-
prove aqueous corrosion resistance, (4) to
minimize growth and swelling during irradi-
ation, and (5) to improve the elevated tem-
perature mechanical properties, while not sac-
rificing too many neutrons due to poisoning
and dilution.

None of the alpha uranium alloys investi-
gated to date appears to sufficiently improve
the corrosion properties so that it could be
considered a logical candidate as a fuel in
water-cooled power reactors.

Alloys receiving considerable attention are
the U-2 w/o Zr and U-1 to 5 w/o Mo in the
cast, wrought, and powder compacted condi-
tions. Irradiation data on their resistance to
swelling is contradictory, ranging from results
indicating a great deal of resistance to other
cases where the alloys were no better than
unalloyed uranium. It is apparent that the
irradiation behavior of these alloys is very
dependent upon fabrication and heat treat-
ment.

It is conceivable that one or more of the
alloys currently being investigated could op-
erate satisfactorily in an organic-cooled reac-
tor, providing the resistance to swelling is suf-
ficiently improved. Use of these alloys in
water-cooled, sodium-cooled, or gas-cooled re-

actors appears less attractive, assuming high
operating temperatures and substantial burn-
ups.

The stable and metastable uranium classes
of alloys were developed in an attempt to elim-
inate radiation induced dimensional instability
due to preferred orientation, minimize radia-
tion induced swelling, improve the corrosion
resistance in aqueous or other media, and to
utilize fuels of lower enrichment than have
been used in military reactor cores. Under
radiation, the metastable alloys convert slowly
to the stable class.

The U-10 w/0 Mo and some of the uranium-
fissium alloys are among the materials of this
group still receiving serious consideration as
civilian power reactor fuels. Radiation en-
hanced changes in the metastable states, swell-
ing, loss of corrosion resistance, difficulties
in fabrication, and excessive dilution accom-
panied by loss of neutrons have been princi-
pal causes for discontinuing work on the other
alloys of this group.

The U-10 w/o Mo alloy appears satisfac-
tory as a fuel if an approximate upper opera-
tional limit of 1,100°F (595°C) and 0.7 a/o
burnup is established. The temperature limit
i1s particularly important since there is evi-
dence that cycling above this temperature re-
sults in gross swelling. There is uncertainty
about the swelling behavior of this alloy aris-
ing largely because of insufficient data. The
poisoning effect of Mo requires increased ura-
nium enrichment. Metal fuels need peak tem-
peratures greater than 1.250°F (675°C) to
reduce fuel costs. For sodium-cooled systems
at temperatures of about 1,200°F (650°C)
there would be a compatibility problem with
the steel cladding since the iron uranium eutec-
tic forms at approximately 1,350°F (730°C).

b. Ceramic Fuels

The major advantages of oxide fuels in wa-
ter systems are (1) the potential for reaching
very high burnups without excessive volume
changes, (2) resistance to corrosion in a water
reactor environment, (3) low parasitic neutron
absorption cross section, and (4) adaptability
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to fabrication by relatively simple techniques;
however, the oxide fuel is not as adaptable to
simple fabrication as metal fuel.

The technology of UQ, is fairly well known,
and mixtures of UO; and a second oxide have
been investigated with the view of improving
one or more of the properties. In contrast,
many of the properties of PuO, are unknown,
and its potential as a fuel material has not
been established.

Oxide fuel materials can be used safely in
reactor environments where corrosion by wa-
ter would limit the use of other fuel mate-
rials. The high melting points of the oxide
fuels permit use at high temperatures. Ura-
nium dioxide, as an example, has a melting
point of about 5,000°F (2,700°C), has no
harmful phase transformations, and is chemi-
cally stable to most reactor environments,

Irradiation studies on UQ; fuel samples
have been made to burnups exceeding 50,000
MWD/T. Experimental studies of irradia-
tion behavior of oxides to various burnups
indicate that volume changes are negligible
during irradiation. Thus, compared to metal
fuels, oxides show an outstanding ability to
maintain dimensional stability under extended
exposure at high temperatures. Defected UO.
and ThO,-UQ; mixed crystal fuel elements
irradiated to heat fluxes of several hundred
thousand BTU/hr-ft? in pressurized water
were found to release solid fission products at
rates far below similarly defected metal fuel
elements,

UQ, is an acceptable fuel material for water-
cooled reactors and probably will not be super-
seded in the foreseeable future by another fuel.
It is also a material on which a great deal of
information has already been obtained.

One general feature of ceramic fuels is ex-
treme brittleness, and low thermal conductiv-
ity. Both factors result in susceptibility to
thermal stress failure when used as reactor
fuel elements. For this reason, ceramic fuels
except BeO and graphite semi-homogeneous
elements require structural support from the
cladding. The low thermal conductivity also
tends to limit the use of these fuels to reac-
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tors which do not require a fuel having a high
specific power.

Although the technology of UQ, is fairly
well known, information is still lacking con-
cerning the thermal conductivity of the mate-
rial under irradiation and the burnup limits
to which UO; can be irradiated. The oxide
fuels, having low thermal conductivity, oper-
ate at high central fuel temperatures, and cen-
tral melting or void formation is thought to
be the limiting factor. Also lacking are en-
gineering data concerning the high tempera-
ture mechanical properties such as ductility,
temperature limits due to volatility and cen-
ter melting.

There is some uncertainty with the oxide
fuel concerning the power output capability
of the clad fuel element. In a few experi-
ments in which very high heat fluxes were
obtained, central melting of the fuel definitely
occurred and was thought to be the cause of
failure; in other cases, a zone of coarse-grained
UO, was formed around a central void. This
has been interpreted by some, but not all, ex-
perimenters as indicative of melting, and as
representing a condition which must be
avoided. This opinion is not universally held,
and it is possible that the central temperature
could be increased beyond present limits.

The burnup limits of oxide fuel in metal
cladding are not yet defined. Although oxide
fuel is known to release fission gas at greater
rates than metal fuels, quantitative data on
the release of gaseous fission products from
UO; as a function of density, burnup, tem-
perature, and time are meager and sometimes
contradictory.  Statistical data as to the
buildup of fission gas pressure, the frequency
of clad failures, and the amount of activity
released to the coolant is not available for long
irradiations of full scale fuel elements under
reactor operating conditions,

Non-oxide ceramic fuels are of interest in
order to improve on some of the properties
inherent to UQ,. These materials are in the
early stages of scientific investigation. In
many cases physical properties are unknown,
and only limited laboratory quantities have
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been synthesized. The general characteristics
being sought include high uranium density,
high melting point, low neutron cross section,
high thermal conductivity, radiation stability
and fission gas retention at high temperature
and long burnup. The largest current effort
is on uranium monocarbide. .

The carbides, nitrides, sulphides, phosphides,
and some of the aluminides have a higher
uranium atom density than UQ,;. These ma-
terials also have high melting points, are free
from harmful phase transformations, and
have thermal conductivities intermediate be-
tween uranium metal and the dioxide. Ura-
nium monocarbide is the only non-oxide ce-
ramic fuel material on which any irradiation
data of consequence has been obtained. These
data, although limited, indicate that at mod-
erate irradiation temperatures uranium mono-
carbide decreases in density at a rate some-
what less than that observed in uranium metal
fuels, and at elevated temperatures it appears
to be superior to metal fuels in resisting swell-
ing. The volume change under irradiation is
not exaggerated at surface temperatures up to
1,200°F (650°C); however, the quantitative
extent of this volume change has not been
determined, nor have there been enough tests,
or tests at high burnup, to have proved the
usefulness of UC as a fuel material.

The monocarbide of uranium has a melting
point of 4,485°F (2,475°C) is chemically sta-
ble, and is compatible with some reactor cool-
ants such as sodium. Its thermal conductivity
is close to that of uranium metal. This would
make it applicable as a fuel for high tempera-
ture reactors with high specific power. UC
has been found to be pyrophoric in powder
form, and will react with water. This factor
could make the material unsuitable for use in
water reactors.

The work in the field of non-oxide ceramic
fuel materials, with the exception of UC, is
primarily concerned with materials prepara-
tion and the evaluation of pertinent physical
and mechanical properties. As this work is
in an initial laboratory stage, there is no cur-
rent application of these materials for fuels.

Uranium monocarbide appears to have prop-
erties that make it well suited for use in
sodium-cooled reactors. Little work has been
done on UC up to the present time; the prin-
cipal data were developed in fiscal year 1959.
The development work included determination
of the thermal conductivity, fabrication by arc
melting and casting, corrosion in Na and NaK,
and irradiation damage. Two irradiations
have been made with burnups of 1,000
MWD/T and 6,000 MWD/T. The prelim-
inary results were excellent.

2. Cladding Materials

Materials considered for fuel element clad-
ding include aluminum, magnesium, zirconium
alloys, stainless steels, niobium and some of
its alloys, special materials such as tantalum,
yttrium, and beryllium, and ceramic cladding.

a. Aluminum

Aluminum alloys have been extensively used
in low temperature water cooled production
reactors. Substantial development work has
been completed to produce an aluminum alloy
capable of operating in water in the range of
600-650°F (315-345°C). Out-of-pile tests in
water, where the pH is held to 3 to 4 by addi-
tion of phosphoric acid, have given very good
results in the temperature range of interest.
However, in-pile data at the above tempera-
tures with alloys, such as X-8001 (2S aluminum
plus 1 percent nickel) are of limited value due
to insufficient data.

Limited work indicates that aluinum alloys
can be used as cladding in organic cooled re-
actors at temperatures to 800°F (425°C), pro-
viding that strength is not a major factor. The
aluminum powder metallurgy products con-
taining Al,O3 have been cursorily investigated.
Substantial work on end closures, the effect of
welding on metal properties as well as corro-
sion characteristics during irradiation, must
be completed before their worth can be as-
sessed.
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. b. Magnesium

Magnesium alloys such as Magnox (mag-
nesium plus 0.1 percent beryllium) have been
used in British gas cooled reactors. All known
magnesium alloys have unsatisfactory high
temperature properties and since the United
States is not currently interested in relatively
low temperature gas cooled reactors, there is
no incentive for magnesium alloy development.

¢. Zirconium

Zirconium and zirconium alloys, such as
Zircaloy-2 (zirconium plus 1.5 percent tin,
0.1 percent iron, 0.1 percent nickel, 0.05 percent
chromium) and Zircaloy—4 (Zircaloy-2 less
nickel), are being used in water and sodium
cooled reactors. Principal drawbacks of these
materials are limited high temperature me-
chanical properties, inadequate corrosion re-
sistance in high temperature steam above
680°F (360°C), high cost of fabricated shapes.

d. Stainless Steel

The stainless steels suffer from the major
disadvantage of high thermal neutron absorp-
tion cross section. This necessitates additional
enrichment or the use of very thin clads.
Nevertheless, these materials are being used in
water cooled, gas cooled, sodium cooled, and
organic cooled reactors because of their
strength, fabricability, weldability and rea-
sonable cost. Potential problems include: (1)
progressive deterioration of mechanical prop-
erties at extended neutron exposures; (2) in-
tergranular oxidation in gases at high tem-
peratures; (3) “green rot” in reducing carbon
monoxide atmospheres; (4) possible mass
transfer; (5) formation of reaction layers or
a low melting uranium-iron eutectic, in case
of localized overheating with metal fuels; and
(6) compatibility with UC at elevated tem-
peratures has not been well established.

e. Iron-Aluminum

The more ductile iron-aluminum alloys
should be considered as cladding materials be-
cause of superior oxidation resistance, seem-

ingly good aqueous corrosion resistance, and a
slightly lower neutron absorption cross sec-
tion than the stainless steels. The iron-alu-
minum alloys should be possible replacements
for stainless steel in water, organic, or sodium
cooled reactors and in gas cooled reactors pro-
viding the temperatures do not exceed 1,000-
1,200°F (540-650°C). Due to the limited data
available, operational limits and applications
cannot be well established. Little is known in
this country regarding fabrication, irradiation
behavior, and long time corrosion resistance.

3. Fuel Fabrication

The experience that has been obtained on
fuel fabrication technique for different mate-
rials is summarized below.

a. Unalloyed uranium

The extensive use of unalloyed uranium in
production reactors led to the development of
the technology of uranium fabrication which
can be compared to that for more common
materials.

Most methods of fabricating uranium metal
involve casting of ingots or large dingots, and
working to final sizes by forging, rolling, or
extrusion.

b. Alloys with a Uranium, Thorium, or Plutonium
Base

Extensive fabrication experience is not
available for most fuel alloys. An exception
is the Zr-low U alloys used in a special ap-
plication where cost is not as important a fac-
tor as for civilian power reactors.

Alloys most likely to be used in power re-
actors are high strength, high temperature ma-
terials such as U-Mo and U-Nb alloys. The
relatively high strength of these alloys at ele-
vated temperatures presents some problems in
fabrication.

Thorium alloys have not been used exten-
sively with the exception of the Th-U alloy
used in the Sodium Reactor Experiment.

Plutonium alloys for civilian power reac-
tors hold considerable promise. The first re-
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actor fuel fabrication experience in this field
is presently being acquired by Hanford Atomic
Products Operation. A U-1.8 w/o Pu alloy is
being fabricated by casting, followed by extru-
sion. The problems connected with plutonium
alloys are those of criticality and of toxicity,
which require glove box operation.

There is considerable discussion about suit-
able types of fabrication methods for remote
operation. Little question exists as to the
eventual importance of remote fabrication, but
the time at which remote fabrication will be-
come part of the fuel cycle is unresolved.
Problems in remote fabrication of recycled
fuels are considerably more complex than those
associated with plutonium.

¢. Ceramic Fuel Materials—UQ;, Pu0:, and ThO:

Uranium dioxide is used more than any
other ceramic material as fuel in civilian power
reactors. Present costs of fabricating UO,
fuels are higher than metallic fuels. Only the
fabrication of small pellets by cold pressing
and sintering has approached the production
stage.

The production of UQO. powders presents
several problems such as:

(1) The influence of the powder produc-
tion technique on the further fabrication steps
such as pressing, sintering, and extruding of
the finished fuel. Because of this problem,
pronounced variations have occurred between
different batches of powder made by the same
process.

(2) Material enriched in U-235 presents
special problems because of criticality. With
enrichments up to 3.5 percent this problem
is not too limiting and such material can be
processed continuously. Material with an en-
richment of 3.5 percent to 5 percent falls in an
intermediate class with considerable increase
in cost. Enrichments over 5 percent produce
severe criticality problems and a large increase
in processing costs.

(3) The fabrication of fuel element shapes
from the UQ; powders is presently quite ex-
pensive. The only large scale experience has
been obtained in the production of small pel-

lets, up to about 14 inch in diameter having
a length to diameter ratio of slightly more
than 2. These are made by a cold pressing
operation followed by high temperature fir-
ing. The small diameter of these pellets is
dictated by reactor considerations. The ef-
fect of diameter of pellets on cost has not
been well established. Larger pellets repre-
sent smaller numbers per given weight but
need longer sintering times. The short length,
which contributes to a large degree to the
high cost, is a fabrication limitation peculiar
to the cold pressing method. The sintered
pellets have some variation in length and
diameter.

(4) Other fabrication processes for UOQO,
not having some of the limitations of the pel-
let process have been suggested. Of these
only -swaging (which will be discussed later)
has received serious experimental efforts.

Work on fabrication of PuO, is very lim-
ited because facilities are only now becoming
available.

d. Uranium Carbide

The fabrication of massive UC is presently
the major problem facing eventual users. Ura-
nium monocarbide can be produced by reac-
tion of carbon with uranium metal or UQ,, but
problems exist in producing an exact stoi-
chiometric product. Uranium monocarbide is
pyrophoric in the powder form. However, this
pyrophoricity diminishes with fabrication.
Compacts formed from powdered material are
usually in the range of 65 to 75 percent with
possibly as high as 85 to 90 percent of theoretical
density.

Melting and casting of UC appear to yield
an acceptably dense product which behaves
well under irradiation. The casting method
presently used consists first of arc melting and
remelting small buttons. Several buttons are
then remelted together and bottom poured into
a mold. At present the largest melts are 3
inch in diameter and 6 inch long. No casting
methods are presently known which offer
promise of rapid development into low cost,
large scale production methods.
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e. Bonding

Critical aspects of any clad are its method
of attachment to the fuel core, the nature of
the bond formed, and its behavior during ir-
radiation. A partially bonded fuel element
may be worse than one totally unbonded, due
to localized overheating.

All present UO, fuels are unbonded to the
cladding. Such fuels are used in the blanket
of the Shippingport reactor and in Consoli-
dated Edison Thorium reactor, the Dresden
Nuclear Power Station reactor, and the Ad-
vanced Boiling Water Reactors.

The present technique for assembly consists
of inserting UQ, pellets into tubes of Zir-
caloy-2, stainless steel, or aluminum and weld-
ing on end caps. Because of the requirement
for high integrity, the end cap welding has
presented some difficulties.

The Experimental Breeder Reactors, Nos. I
and IT, the Fermi Reactor Blanket, the Sodium
Reactor Experiment, and the Hallam Nuclear
Power Facility reactor are examples of fuel
elements having a liquid metal bond.

The main problem remaining is that of re-
producible wetting of the fuel and cladding
by the liquid metal where small clearances
exist between fuel and cladding. Because of
the higher temperatures needed for fabrication
and inspection, sodium technology is more
difficult than NaK technology. The main ad-
vantage of liquid bonding is that close dimen-
sional tolerances for components are not nec-
essary. Excess volume is also available for
the swelling of metal fuel. Assembly and dis-
assembly of fuels can be done easily. The first
remotely operated fuel fabrication facility
(EBR-II) will combine a simple melting step
with liquid metal bonding.

Presently used fuels incorporating a diffu-
sion bond and mechanical deformation include
all roll bonded plate elements such as EBWR,
Shippingport seed, and all extrusion clad rods
and tubes such as Fermi and EBR-I.

Cast, wrought, or powder metallurgy cores
are used. Cladding components are tubes,
rods, or plates which can normally be obtained

commercially. In some cases the fuel is cast
directly into the cladding components.

The fabrication of diffusion bonded ele-
ments made by mechanical working consists
of the assembly of the extrusion billet or roll
pack followed by deformation at elevated
temperature.

There is relatively limited irradiation in-
formation on the behavior of such bond lay-
ers at U-Ni-Al, U-Zr, and U-Zr-Nb. Avail-
able data are insufficient to determine the
limits of such bonds at high temperatures and
burnups.

Fuel fabrication by diffusion bonding and
mechanical deformation has the advantage of
relatively low cost and produces a high quality
bond.

4. Irradiation Testing

New and untried reactor fuel materials must
be tested under conditions of radiation and
temperature which simulate those it would
experience as an operating fuel element. Other
characteristics such as corrosion resistance, me-
chanical strength, and good thermal conduc-
tivity are of considerable importance, but the
ability of the proposed fuel material to re-
sist undesirable irradiation-induced changes
will almost invariably form the final basis for
its acceptance or rejection as a possible reactor
fuel.

Evaluation of the irradiation characteristics
of a proposed fuel is one of the most expen-
sive materials tests in existence. For exam-
ple, a relatively simple irradiation test involv-
ing the use of an uninstrumented capsule
containing three or four fuel specimens may
cost several thousand dollars. If heaters and
thermocouples are added to the capsule for
temperature control, the cost of the test may
run from $20,000 to $40,000. For typical cap-
sule tests the total time required to procure
the experimental material, fabricate the speci-
mens, perform the irradiation, and complete
the post-irradiation examination may range
from 8 months to 2 years. More complex ex-
periments requiring loops may result in ex-
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penditures ranging up to $1,000,000 or more.
The time required to design and fabricate the
loop, procure the experimental fuel materials,
and obtain the required experimental informa-
tion, may take 2 years or longer.

The two most important parameters which
can be controlled during irradiation are fuel
temperature and burnup.

The present unsatisfactory status of the art
of fuel burnup determination is a source of
serious concern to groups engaged in experi-
mental fuel irradiations. Much of the signifi-
cance in the results from such experiments is
lost if uncertainties exist regarding the fuel
burnup.

a. Loops

Fuel element testing loops containing the
coolant of interest have been heavily relied
upon to furnish information on the irradia-
tion behavior of fuel element-coolant combi-
nations. These tests can provide conditions
closely simulating those to be experienced in
reactor operation. Among the most important
information supplied in a well-engineered loop
test is the following: (1) irradiation behavior
of a prototype or full-scale fuel element of
interest at the reference operating temperature,
burnup level, and heat flux; (2) compatibility
of the fuel cladding and the coolant at refer-
ence temperatures, flow rates and heat fluxes;
and (3) behavior of the coolant in the ex-
pected radiation, pressure, and temperature
environment.

b. In-Pile Tests

Capsules provide a relatively simple means
for altering the test fuel environment from
that of the reactor whose neutrons are uti-
lized. Although somewhat restricted in ap-
plication by lack of forced convection cooling,
these devices have proven quite useful. Cap-
sule tests, as well as loops, suffer in utility
from lack of high temperature sensing de-
vices and suitable structural materials appli-
cable for ceramic and cermet fuels.

The main disadvantage associated with in-
pile irradiation testing is that the test ele-

ment is usually not cooled separately from
the reactor core.

c. Test Reactor Facilities

The majority of fuel irradiation tests re-
quire thermal neutrons. Most tests in the
United States at the present time are being
conducted in the Materials Testing Reactor
(MTR) or Engineering Test Reactor (ETR),
although several other smaller test reactors
are also being used. In addition, privately-
financed test reactors are becoming available.

Almost all locations in MTR and ETR that
are available for capsule irradiations are de-
signed to accommodate capsules with an out-
side diameter of 1.125 inches with lengths up to
approximately 30 inches. This diameter is
adequate for uninstrumented capsule work.
However, it severely taxes the ingenuity of the
experimenter wishing to instrument capsules,
for example, to measure and control sample
temperatures during irradiation. TLead wires
from instrumented capsules require valuable
space in each reactor that could otherwise be
used by uninstrumented capsules.

ETR is designed to accommodate through-
type loops. The design of MTR on the other
hand is such that most of the loops in the
reactor are restricted to beam hole locations,
and hence must be of the bayonet type. In
general, because of the more uniform flux field,
most experimenters prefer locations which ac-
commodate through loops. Demand for these
locations exceeds the supply.

A major shortcoming of the available test
reactors in the United States is the lack of
experimental space in the 10'* range of ther-
mal flux in which a flat flux field of several
feet is available. The steep flux gradients in
MTR and ETR are a severe handicap to the
experimenter who wishes to irradiate a num-
ber of samples to identical burnups.

Essentially no facilities exist for irradiation
of experimental fuel materials in a fast flux.
Although EBR-T is being used for such work
to a limited extent, it can be accomplished
only by replacing standard fuel elements with
experimental assemblies of identical shape and
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‘ dimensions. Also, the flux levels are low and

the core size is small. At best, irradiations
of fast reactor subassemblies or plutonium-
rich specimens in thermal fluxes are make-
shift experiments and frequently are of doubt-
ful significance.

d. Hot Cells

The lack of adequate hot cell facilities con-
tinues today to be the rate determining step,
in in-pile experimentation. Test samples can
be produced at a much higher rate than they
can be examined in the limited hot cell facili-
ties available. More hot cells equipped to do
ordinary analytical laboratory work are re-
quired.

e. Advanced Testing and Research Reactors

A program is under way on research and
test reactor development, up to the point of
critical experiments, if needed to establish
concept feasibility. Further work on particu-
lar concepts is being determined on a specific
project basis.

Continuing plans of the AEC for high flux
research and testing reactors have required a
well-integrated and rather specific research and
development program on reactors of this type.
A recent Argonne National Laboratory study
estimates that reactors of the MTR type can be
built to achieve fluxes of 5 x 105 neutrons/cm?-
sec for less than $15,000,000. Argonne Na-
tional Laboratory studies, including critical
experiments, are continuing to determine the
advantage of the flux trap reactor concept for
reactors in the 10% flux range.

The reactors emphasizing the flux-trap con-
cepts have been under study for some years.
At present conceptual designs are complete
and a number of detailed engineering studies
are under way.

A specialized Beam Research Reactor has
been under study at Brookhaven for about
two years. This reactor will have an epi-
thermal flux within the core of greater than
10" neutrons/cm?-sec, and will be uniquely
valuable for cross section research.

Development of Bulk Shielding type reactors
with aluminum elements is complete. Some
work is under way on a similar core with stain-
less steel elements.

f. New Concepts

New concepts are supported up to the point
where technological feasibility is established
and the work can be projectized with confi-
dence that a reactor system can be built suc-
cessfully. For instance, work is under way
at Los Alamos Scientific Laboratory on the
molten plutonium fueled, sodium cooled I.os
Alamos Molten Plutonium Reactor Experiment
(LAMPRE) reactor. The molten plutonium
reactor technology being established in the work
on LAMPRE reactor will provide a first step
toward a high burnup, high breeding ratio fast
reactor. Within the limitations in present
metallurgical knowledge it is possible to con-
clude that eutectic alloys of plutonium with
iron, nickel, or cobalt can reduce the melting
temperature of the fuel from that of plutonium-
239 (640°C) to a value in the vicinity of 400 to
450°C, and that ternary and quaternary alloy-
ing agents will further lower these melting
temperatures by a few percent. A structural
material must be fabricable and resistant to
corrosion by the fuel alloy and the coolant.
At present, tantalum appears to be one of
the best container materials. LAMPRE, a 1
MW reactor experiment is scheduled for opera-
tion early in 1960.

The high temperature gas cooled reactor
technology being established in the work on
the proposed 2 MW thermal reactor designated
TURRET is a part of the AEC—Bureau of
Mines cooperative program on using nuclear
energy for coal gasification. However, the
TURRET reactor will also provide most useful
information on the operating problems encoun-
tered in a contaminated reactor coolant loop.
The TURRET development program is pres-
ently centered around a helium cooled reactor
operating with outlet temperatures of 2,000 to
2400°F. and at a static system pressure of
about 500 psi.
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5. Chemical Reprocessing

Chemical reprocessing is defined as the con-
version of irradiated fuel elements into prod-
ucts suitable for refabrication of fuel, prod-
ducts returnable to the AEC for credit, and
waste products which can be safely stored.
Chemical reprocessing is justified whenever
material can be recovered for a credit greater
than the cost of reprocessing.

The present status of reprocessing develop-
ment can best be presented by discussing the
three general approaches currently being fol-
lowed. They are: (1) Aqueous processes with
multiple dissolution facilities or “headends”;
(2) Uranium hexafluoride volatility processes;
and (3) Integrated “closed cycle” processes in
which a reactor and processing plant are built
and operated as a single unit.

The first two processes, the aqueous and
volatility, are essentially competitive, each of-
fering certain advantages but both being ca-
pable of achieving decontamination factors of
the order of 107. The third approach is spe-
cialized according to the particular require-
ments of the specific reactor with which it is
associated. In general, the latter approach is
not capable of attaining decontamination fac-
tors higher than 10 to 100, but due to the na-
ture of the reactor design this is not a handi-
cap, since direct (manual) fuel refabrication
is not required. An equally important con-
sideration is the possibility that certain fuel
systems will, due to their very nature, require
semi-remote or remote refabrication anyway.
This circumstance arises in the Th-17-233 fuel
cycle, and also with U-Pu when Pu recycle
is considered. During irradiation Th, U, and
Pu build up isotopes which are not separable
in ordinary chemical reprocessing. These iso-
topes in turn give rise to daughter activities
which remain as contaminants even in the
purified U, Th, and Pu and make the mate-
rials too hot for other than at least semi-
remote refabrication. This gives rise to ad-
ditional expense and also to the suspicion that
completely remote refabrication methods may
be no more costly, while also eliminating the

need for decontamination other than that lit-
tle required for maintenance of reactivity.

At present, the Commission has “proved”
technology applicable to the reprocessing of
only three basic fuel compositions: (1) Pure
uranium clad with aluminum; (2) Uranium-
aluminum alloy clad with aluminum; and (3)
Uranium-zirconium fuels having less than 2
percent total uranium by weight (exemplified
by the Submarine Thermal Reactor (STR)
Mark I and II cores). Technology is not
considered “proved” until it has been demon-
strated on at least a pilot plant scale with
irradiated fuel. The vast majority of reac-
tor designs now under consideration for ci-
vilian power purposes involve fuel elements
having different compositions from the above,
and for these adequate processing technology
is at best in an advanced stage of cold pilot
plant development.

a. Aqueous Processing

Aqueous processes are by far the most ad-
vanced in development due to experience
gained in U and Pu production programs.
For this reason, they are being applied to re-
processing the civilian fuels which will be
produced in the near future. The accompany-
ing table lists the current status of aqueous
processes under development.

The basic concept involved in aqueous proc-
esses is the reduction of solid fuel elements to
an aqueous solution followed by continuous
solvent extraction separation of contained fis-
sionable materials from each other and from
dissolved fission products and structural mate-
rials. Long experience with solvent extraction
techniques for aluminum-clad uranium and
uranium-aluminum fuels has been gained at
Hanford, Savannah River, Idaho Chemical
Processing Plant, and Oak Ridge National
Laboratory. Dissolution of these fuels in
HNO, followed by solvent extraction in the
nitrate system has allowed construction of
process equipment from relatively inexpensive
stainless steels. With the extreme diversity of
fuel compositions (e.g., zirconium, niobium,
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AQUEOUS REPROCESSING METHODS
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PROCESS TYPE REAGENT CONTAINER APPLICATION StATUS REMARFS AND
LIMITATIONS
Purex____.____ DJ NaOH, HNO;_._| 309-Nb 8S___ .. Al clad U or Production_ . _| Ni in X-8001
UO0.. dissolved by
NaOH.
Thorex-.______ TD | HNO;-F--Hg___| 309-Nb 8S_____ Al clad Th or Pilot Plant. _ .
ThO,.
25 e TD | HNQ;-Hgt+____| 309-Nb 8S_____ Al clad U-Al or | Production. ..
Pu-Al
STR_________. TD HF-Cr,Or—_.___ Monel _________ Zr clad U-Zr____| Pilot Plant___| Limited to 2
percent U in
Zr.
SIR__._.._.__ TD | H,80,, HNO;___| Carpenter-20....| S8 clad UO,- Laboratory *»__| Corrosive waste,
MgO.
Darex_.___.._._. TD | HCI-HNO,._.... Titanium_______ S8 clad UO,-SS | Laboratory b__| Clad enters
or UQ,. waste.
Darex-.___.___ DJ HCI-HNO;, Titanium____.__ S8 clad ThO,. . _| Laboratory.__
HNO;-F—
Zirflex. . _ . __-_ DJ NH,F-NH,NO;, | 309-Nb SS._____ Zr clad UO,, Laboratory P__| Fines and pre-
HNO;. U-Zr or U- cipitates must
Zr-Nb. be handled.
Sulflex_ .. _..__ DJ H,S0,, HNO;___| Nionel or 88 clad UO, or | Laboratory b__| Initiation prob-
Hastelloy-F. ThO,. lem.
Niflex___..____ TD | HF-HNO;s______ Hastelloy-F_____ SS or Zr clad Laboratory.___.| Corrosion prob-
UO0.. lem.
PRDC_______. TD | HF, HNOs- 309-Nb SS______ Zr clad U-Mo___| Laboratoryb_.
AL(NOy);.
Hallam_._____ DJ H,S0,, HNO;- Nionel or SS clad U-Mo_._| Laboratory ..
Fet++, Hastelloy-F.
Zircex_..._.___ DJ HCl gas, HNO; | ?______________ Zr clad UO,____. Laboratory___| Corrosion.
Zircex...___...{ TD | HClgas________ e Zr clad U-Zr, Laboratory___| Corrosion.
U-Zr-Nb.
Shear-Leach___|______ HNO; ... 309-Nb SS___.__ 88, Zr or Nb Laboratory . .-
clad, UO,,
ThO; or UC.

DJ =dejacketing.

s=Plant built not yet operated.

TD=total dissolution.

chromium, nickel, molybdenum, graphite, car-
bide, etc.) being developed or considered for
power reactors, aqueous nitrate systems alone
do not suffice. This is due to the fact that the
newer and more diverse fuel compositions re-
quire more corrosive dissolution reagents, and
such reagents are likewise often highly corro-
sive to stainless steel equipment. The “multi-
ple headend” concept then arose, in which it
was envisioned that fuels could be combined
into groups having similar dissolution chem-
istries, the dissolver solutions being converted
to a pure nitrate system for the subsequent

b= Pilot plant under construction or planned.

standard solvent extraction. Experience has
shown that capital costs for single headend
gystems are high ($500,000—$3,000,000). It
has therefore been the goal of research and
development to minimize the number of head-
ends required to handle the gamut of proposed
fuel types.

(1) Mechanical Dejacketing. There are
many basic designs of reactor fuels, e.g., me-
tallic clad pins, rods, plates, and ceramics. By
appropriate mechanical methods, it is often
possible to separate difficulty soluble clad-
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dings from the more easily dissolved metallic
or ceramic cores, thus avoiding the use of
highly corrosive chemicals for cladding dis-
solution. This technique also allows separa-
tion of cladding materials from the highly
radioactive fission product wastes, potentially
simplifying possible future specific fission
product separations and minimizing high
level waste handling problems.

Sectional wedging, abrasive disc sawing,
fuel jacket derodding, and shearing are being
studied as possible techniques for disassem-
bling and decladding fuel elements. Results
to date indicate that the mechanical approach
is feasible and that the economics of the op-
eration may be satisfactory. Several of the
machines in advanced stages of development
are currently being constructed for cold test-
ing. TIf successful they will be tested with
actual irradiated fuels. Problem areas re-
quiring resolution are dependability of opera-
tion, ease of maintenance, and over-all eco-
nomics.

(2) Uranium-Aluminum Fuels. Workable
aqueous processes have been demonstrated for
this class of fuels. The technology is well es-
tablished, and though continued process im-
provements are under development, the major
cost improvements to be expected will prob-
ably be realized from continuous large ca-
pacity plant operation and from improved
waste treatment and storage methods.

(8) Thorium Fuels. A modified solvent
extraction flow-sheet has been developed for
reprocessing thorium containing fuels. The
technique, known as the “Thorex” process, in-
volves dissolution of the fuel (after declad-
ding) in concentrated HNOQO; catalyzed with
NaF, followed by solvent extraction cycles for
Th and U-233, plus an additional ion exchange
cleanup cycle for U-233. Evaluation of the
Thorex process has been completed with Th
irradiated to levels as high as 8,500 grams/ton
using both long-cooled (400 day) and short-
cooled (30 day) material. Decontamination
specifications were met for both Th and U-233

when processing 400-day cooled fuel, but prod-
uct losses in solvent extraction operations were
not considered satisfactory. In the process-
ing of 30-day cooled Th, decontamination spec-
ifications were met for U-233, but were not
met for Th. Process improvement studies
have been continued. It is currently planned
to process Th containing fuels such as the
Consolidated Edison and Elk River fuels by
the Thorex process.

As discussed earlier, radioactive growth of
daughter activities in Th and U-233 subse-
quent to high decontamination Thorex proc-
essing may well dictate closed cycle process-
ing with remote refabrication for the Th-U233
fuel cycle over the longer range.

(4) Zirconium-Niobium Clad and Alloy
Fuels. The Submarine Thermal Reactor
(STR) Mark T and IT cores of this general
type have been successfully processed. The
technology used was developed specifically for
these fuels and is limited in application to
fuels having a maximum overall U composi-
tion of approximately 2 percent. The U com-
position limitation of the process seriously
limits its applicability to power reactor fuels,
and the highly corrosive dissolution medium
required (concentrated HF) makes eventual
development of a more optimum and economic
process necessary.

The Zirflex process in which zirconium al-
loy materials are dissolved in NH,F-NH,NOQO;
shows great promise. This process is of par-
ticular interest in that the system, though cor-
rosive, can be contained in standard process
equipment with tolerable corrosion rates. For
this reason it has been chosen for initial in-
stallation and pilot plant testing of Zr declad-
ding. Construction of this headend in a Power
Reactor Fuel Reprocessing Pilot Plant is now
underway. Studies to date also indicate prom-
ise for Zirflex application to integral alloy
dissolutions.

In the longer range “Zircex” process anhy-
drous HC1 is reacted directly with metallic
fuel constituents, leading to the separation of
the volatile Zr('l, or NbC1. This process al-
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lows separation of cladding and/or alloy met-
als from fission products which, as noted
above, is desirable from a waste storage view-
point. Unit operations data have been ob-
tained on both dejacketing of UQ, fuels and
integral attack on alloy fuels. The dejacket-
ing step now appears to be technically fea-
sible. Direct reaction of HCl in the gas phase
with massive quantities of zirconium alloy has
led to severe reaction heat removal problems.

Also under study is the gas phase reaction of
zirconium alloy material submerged in a chem-
ically inert bed, fluidized with a gas contain-
ing anhydrous HCl. This approach is at-
tractive in that it appears to alleviate the heat
removal problem, though a number of engi-
neering problems still require resolution.

A “high HNO;-low HF” process is under in-
vestigation as a dissolution procedure, espe-
cially for integral dissolution of highly alloyed
fuels as, for example, the PWR core. It is
hoped that fluoride concentration can be con-
trolled to decrease severe corrosion.

To summarize, the processing picture rela-
tive to Zr alloy type fuels is much brighter
than it was one to two years ago. Newer
processes being developed tend to reduce the
severity of the corrosion problem, and it now
seems possible that a process can be developed
which will be compatible with some of the
equipment used with other fuel processes.
However, serious problems still remain to be
resolved, particularly in the area of mixed al-
loys (Zr, Nb, Mo, etc.) and in the treatment
and disposal of process wastes.

(5) Stainless Steel Clad and Alloy Fuels.
The “Darex” process is of wide applicability
to both military and civilian power reactor
fuels. In this process, which is in an ad-
vanced stage of development, stainless steel
fuels are dissolved in dilute aqua regia (HCl-
HNO;) followed by distillation separation of
the highly corrosive chloride ion and conver-
sion to the nitrate system. Continuous disso-
lution has been demonstrated on a cold engi-
neering basis, and integrated loop testing in-
volving dissolution, chloride stripping, rectifi-

cation, and HNOQO; evaporation for feed prepa-
ration is in progress. A pilot plant demon-
stration of the Darex head-end is now in the
design stage and hot operation is scheduled
for fiscal year 1962. Titanium is the construc-
tion material.

An alternate to mechanical dejacketing or
Darex dissolution of stainless steel clad fuels
is the “Sulfex” process. Here, the stainless
steel clad is dissolved in H,SO, in a Nionel
or Hastelloy-F vessel. The principle problems
in this approach are passivation of stainless
steel, maintenance of low fuel losses to the
decladding solution, and proof of suitable Ni-
onel or Hastelloy-F fabrication techniques.
Design and construction of a hot pilot plant
are currently underway.

Several years ago a process was developed,
and a hot pilot plant headend was constructed,
for reprocessing Submarine Intermediate Re-
actor (SIR) fuel. The process involved inte-
gral dissolution of the stainless steel clad—
U0,-MgO fuel in H,SO,, followed by sufficient
HNO, dilution to allow the use of standard
solvent extraction technology. Carpenter 20
steel was used for process vessels. This tech-
nique has only limited applicability for treat-
ment of diverse fuel types in comparison with
Darex, and is therefore felt to be of dubious
long range value. The existing facilities will
be operated, however, in fiscal year 1960.

Use of mixed HNO;-HF is also being inves-
tigated as a process for decladding UO, clad
in stainless steel. Its major advantage is that
several dissolver construction materials may
be serviceable not only for this dissolution
reagent but also for the Zirflex reagent used
for Zr dissolution. This might for the first
time permit dissolution and treatment of the
two major classes of fuel materials in a com-
mon system.

To summarize, technology for the reproc-
essing of stainless steel fuels of the types cur-
rently under consideration has not been dem-
onstrated in hot pilot plant operation, though
it has reached the stage where processes are
being engineered for hot testing.
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(6) Uranium Carbide and Graphite Fuels.
Development of reprocessing technology for
these types of fuels is at a very preliminary
stage.

b. Volatility Processing

In volatility processing, U fuels are fluori-
nated to produce UFg¢ and the fluorides of the
fission products and alloying metals. UF§, be-
ing much more volatile than the other fluo-
rides, can be readily separated by fractional
distillation or adsorption-desorption processes.
Volatility processes are capable of attaining
fission product decontamination factors of 107,
‘comparable to those of present aqueous meth-
ods. Potential cost advantages of volatility
vs. aqueous techniques result from the reduced
number of costly process steps required to ob-
tain the final product and also from the ap-
proximate 30-fold reduction in the volume of
high level wastes produced.

The BrF; process has been studied exten-
sively for application to low enriched fuels.
A hot pilot plant has been operated, success-
fully processing fully-irradiated 75-day cooled
Hanford material. Fission product decontam-
ination was excellent. This method is not of
great interest currently in that it is applicable
only to bare U metal, and volatilization of
Pu was not achieved. The work was of great
significance, however, in that it demonstrated
the feasibility of volatility separation.

Technical feasibility of the fused salt volatil-
ity process has also been demonstrated in hot
pilot plant operation by actual reprocessing
of the irradiated fused salt fuel from the
Aircraft Reactor Experiment. The process
involved melting the salt mixture (NaF-ZrF,-
UF,) and converting the UF, to UFs with
gaseous F,. U decontamination and recovery
were again excellent. Fused salt studies have
been extended to include dissolution of highly
enriched metallic fuels (e.g., PWR core type).
Pilot plants are currently being modified to
allow process testing with irradiated civilian
reactor fuels. The major effort is currently
being concentrated on the testing of container
materials for molten salt operations. The

most promising materials appear to be low-
carbon nickel and a “graphite-lined frozen-
salt wall” vessel.

Extensive experience in fluidization tech-
niques has led to the study of the “aqueous
dissolution-fluorination” (ADF) concept. In
this concept reactor fuels dissolved by conven-
tional aqueous techniques are fed directly to
a fluidized bed fluorinating unit. It is possi-
ble that UF can be distilled directly (leaving
a calcined waste similar to that desired in
aqueous waste processing), thus eliminating
aqueous solvent extraction and subsequent
steps. Work to date has been limited to U-Zr
fuel of the PWR core type which has been
moderately successful.

Development studies are currently under
way to investigate the control of highly exo-
thermic reactions between metallic fuel ele-
ments and reactant gases (e.g., HF, HCl, F,,
etc.) by means of a fluidized bed inert to the
reactant gases. Laboratory studies to date
have been highly successful in controlling the
reaction of anhydrous HCl with U-Zr alloy
fuel elements. This work is of potential sig-
nificance as a possible multipurpose headend
for volatility processes.

A method being investigated for reprocess-
ing U-Zr alloy and other metal fuels involves
dissolution of the metal in a liquid NO.~-HF
system. To date, preliminary laboratory work
has been done.

Laboratory work is being continued on the
difficult problem of separating plutonium hexa-
fluoride (PuFg) from low enriched, volatility
processed fuels. It has been established in the
laboratory that PuFg can be produced at rea-
sonble rates and at low enough temperatures
to be of process significance and that the ma-
terial can be maintained and handled for rea-
sonable periods of time.

To summarize, certain volatility techniques
have been proved in limited pilot plant opera-
tions to be competitive with aqueous solvent
extraction methods in product recovery effi-
ciency and fission product decontamination.
The approach holds significant for reduced
processing costs.




. ¢. Closed Cycle Processing

“Closed cycle” processes, though frequently
referred to as only another variety of chemical
separations, represent in actuality an entirely
new approach to the whole civilian reactor
fuel cycle. In this approach it is recognized
that the basic concept underlying much of to-
day’s fuel cycle development, namely high
decontamination of spent fuels followed by
manual refabrication of fuel elements, may
not be as applicable in the civilian power pro-
gram as in the military program from which
it was derived. However, the closed cycle
concept presents severe technical difficulties
and unless reasonable economics can be shown
it will have its greatest application to cer-
tain advanced reactor types in which fuel in-
ventories are large (e.g., fast reactors) or
which employ Pu recycle or the Th-U-233 fuel
system.

(losed cycle processes, more commonly
known as “Pyrometallurgy” or “Low Decon-
tamination” processes, are those in which all
operations in the fuel cycle from decontami-
nation through re-enrichment and refabrica-
tion are performed remotely in a facility
closely integrated with a specific reactor. For
closed cycle processes fission product decon-
tamination factors of 10-100 are adequate (as
compared with 107 for aqueous and volatility
processes), since partial removal of fission
product poisons is sufficient when manual han-
dling is not required.

A processing facility integrated with the
EBR-IT reactor is now under construction at
National Reactor Testing Station. The facil-
ity is being designed to reprocess EBR-II core
material on a continuing basis and to demon-
strate a process for the blanket. The sodium
bonded (core) fuel pins will be mechanically
removed from the assembly, mechanically de-
clad, refined by melting and oxidative drossing,
and after fuel addition will be refabricated
into fuel elements remotely. Recovery of Pu
from the blanket using molten magnesium
extraction or fractional crystallization from
cadmium is also under study. The major
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process steps have been demonstrated at full
EBR-II plant scale with 0.1 percent of the
activity level anticipated and on a laboratory
scale with high fission product activity. Ma-
jor chemical problems under investigation
include optimization of conditions for fission
product drossing, development of suitable
process container materials, and scrap and
crucible recovery techniques. It should be
emphasized, however, that the mechanical
problems of transport, fabrication, inspection
and self-maintenance are also major areas re-
quiring development. This can be seen by
visualizing the difficulties in handling mate-
rials much hotter than present reprocessing
feeds, chemically treating and refabricating
them, and then inspecting them to precise di-
mensions, all with machinery that must be
maintained remotely with no possibility of any
human re-entry into the operating areas. It is
significant that the responsible development
people are quite optimistic.

Conventional oxide drossing techniques are
not capable of removing fission products less
electropositive than U and Pu (e.g., Ru, Rh,
and Mo). A new process originally aimed at
removal of these less electropositive elements
now appears to be a possible alternate proc-
essing approach. In this process (Pyrocad-
mium) the U-Pu alloy is dissolved in molten
cadmium after which, by lowering the tem-
perature, the intermetallic compound UCd,; is
precipitated and filtered, leaving the fission
products behind in the Cd solution. Pu can
be precipitated or not as desired. This tech-
nique holds great promise as a closed cycle
process, and considerable effort is being ex-
pended in this direction,

(Closed cycle research is also being under-
taken with Th-U fuels. Applicable processes
under investigation include arc melting, elec-
tro-refining, Mg-Ag extraction, and Pyrozinc.
Considerably more work will be required be-
fore it is possible to evaluate the relative mer-
its of any of these concepts.

An extensive program is also being con-
ducted to develop a closed cycle process ap-
plicable to UOz-ceramic fuel systems. Cold
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and low level process studies have indicated
that a relatively simple process involving cy-
clic oxidation-reduction operations yields an
oxide product with satisfactory properties.
This program is being continued with empha-
sis on hot cell studies to determine the effect
of multiple and high fuel burnup irradiations
on the process. This technology is of interest
in the PRTR program and also has a signifi-
cant potential for the UOs-ceramic fueled
power reactors. In many of these systems,
Pu recycle is being considered and the closed
cycle has certain potential advantages as stated
above.

Very preliminary investigations are in prog-
ress on the development of closed cycle proc-
esses for UC and graphite type fuels.

In summary, the first full-level, closed cy-
cle experiment is well underway. The EBR-II
facility, scheduled for hot operation in 1961,
is expected to allow resolution of mechanical
problems to be expected in such complicated
remote operations. Subsequent evaluation of
closed cycle concepts should be easier in light
of the experience gained.

d. Waste Treatment

The major waste disposal problem arising
from reactor operation is associated with fission
products in the irradiated fuels. Fission prod-
uct efluents from chemical reprocessing opera-
tions vary in volume and composition depend-
ing upon the characteristics of the fuel being
processed and the type of process used. In
general, aqueous reprocessing techniques result
in relatively large waste volumes, which to date
have been concentrated and stored in under-
ground retention tanks. This method has been
safe and adequate as an interim measure,
though it is not suitable for ultimate disposal
because the useful life of tanks is not known
and must be assumed to be relatively short as
compared with the 500 to 800 year hazard of
the fission products. Thus the long term stor-
age cost cannot be determined accurately.

The first approach in the development of
ultimate disposal methods has been to minimize
volumes by converting the wastes to solids

while at the same time making them less mobile.
Several methods have been investigated. Cal-
cination of aqueous wastes to dry solids in a
fluidized bed at 400° to 500°C is the technique
most advanced at this time. A hot pilot plant
is currently under construction which will al-
low demonstration of the process with aqueous
aluminum nitrate wastes. This facility is
scheduled for operation in 1960. A number of
severe problems associated with the extremely
high levels of radioactivity involved will re-
quire resolution. The treatment of off-gases
from fluidized bed operations is a serious prob-
lem, involving not only de-entrainment of mi-
cron and sub-micron size particulates by factors
of 108, but also the equivalent separation of
volatilized and subsequently condensed radio-
active ruthenium oxide particulates. Heat re-
moval from the stored Al,O; solid wastes is
also a problem. While experience to date in
the operation of pilot plant equipment with
solutions containing spiked quantities of actual
ICPP wastes indicates that these problems can
be resolved, only significant scale operation on
a hot basis with actual waste solutions will
prove the technical feasibility of the process.
Handling of wastes containing corrosive ions
such as F-, Cl-, and SO, presents severe prob-
lems both when considering tank storage or
in the development of ultimate disposal tech-
niques. Chemical complexing of fluoride ion
with AI(NOj); has been employed in tank
storage of STR (Zr containing) wastes, but
the stainless steel tanks required are costly,
and as of this date minimum estimated tank
life is only ten years. Preliminary programs
are being conducted to investigate and develop
processes to separate and highly decontaminate
bulk solids (Al, Zr, Nb, and stainless steel
components) from fission products to aid ul-
timate utilization and/or disposal. It is an-
ticipated that technology developed in the
calcination program can be extrapolated or
modified to complement work in this area. It
should be noted again that development of the
reprocessing schemes themselves is aimed at
minimizing subsequent waste problems.
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Little development effort has yet been ex-
pended on the disposal of volatility and closed
cycle process wastes., These wastes are pro-
duced as solids and as such storage problems
may be minimized. Techniques for disposal
of contaminated equipment from closed cycle
plants are now under investigation.

Gaseous radioactive fission products are re-
leased during dissolution of irradiated reactor
fuels. A process has been developed and op-
erated extensively for the removal of I-131.

To summarize the status of waste treatment
and disposal, current practice is to reduce aque-
ous waste volumes by evaporation, and to store
the concentrates in underground tanks. A pro-
gram to calcine aqueous aluminum nitrate waste
solutions to dry oxides is in the late stages of
development, with hot process demonstration
scheduled to start in 1960. Alternate processes
which complement and/or compete with the
above methods are in early stages of develop-
ment.

e. Economics

Recognizing that private industrial develop-
ment of atomic power presupposed a method
of estimating all significant fuel cycle costs,
the Commission devised a “conceptual plant”
capable of processing those industrial fuels
then anticipated, thus filling in the last gap in
the civilian fuel cycle. Inasmuch as none of
these fuels had yet been prepared and little or
no research had been done on the specific prob-
lems involved, the plant was designed on a
purely conceptual basis. Recognizing the in-
exact nature of the total plant estimate it was
not felt reasonable to attempt to differentiate
conceptual cost differences that might arise
from one fuel to another and, therefore, within
the limits of uncertainty of the estimates, a
standard daily charge was chosen for all fuels
considered. This charge ($15,300/day with
minor adjustments) is recognizably lower than
present estimates of possible private industrial
plant charges which would be required if con-
ventional industrial pricing policies were used
in the light of the small loads of widely diverse
fuel types found in the civilian power industry
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today. The Commission, however, which will
actually process these fuels in ewisting facilities
will be able to take advantage of its large ca-
pacity plants and recover full costs even at
these prices. Additional capital funds are
needed only to modify or add certain special
equipment. With increasing nuclear power
construction underway it is felt that within
5 to 15 years adequate fuel loads will be avail-
able to permit private industrial plant con-
struction and industrial pricing policy to be
compatible with the existing Atomic Energy
Commission price structure. When this occurs,
the AEC will discontinue its current commer-
cial work in this field.

As presently provided, the costs of processing
are determined primarily by size of batch to
be processed, because this quantity determines
the number of days that the conceptual plant,
operating at a fixed capacity, must work on the
batch. Fuel enrichment affects processing costs
directly (on a unit weight basis), because
higher enrichment fuels necessitate lower plant
capacity if criticality control is to be main-
tained. To the extent to which inert alloying
or cladding materials are introduced into the
conceptual solvent extraction system, capacity
for fissionable material is also reduced, thus
increasing processing days and total batch
costs. All of these influences on charges are
reasonable in the light of potential industrial
practice. (Charges for new civilian fuels which
were not considered in the original conceptual
design will be determined as above with an in-
cremental charge based on new or special
equipment not initially provided. Tt is ex-
tremely difficult to project reprocessing costs
more accurately at this time. It is well-known,
of course, that increasing fuel burnup will
significantly decrease the affect of processing
costs on over all fuel cycle mills/KWH.

6. Components

The information included in this Section
summarizes the status of the technology in re-
actor instrumentation and control, heat trans-
fer, and reactor components.
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a. Out-of-Core Instrumentation

(1) Neutron-flux sensors for environments
up to 570°F are commercially available.

(2) A neutron indicator scheme recently ex-
amined by Oak Ridge National Laboratory
consists of a moving chamber and positioning
servo. Flux values are read out in terms of
chamber position. An advantage of this scheme
is the ability to indicate flux values over a
10 decade range as compared to the 6 decade
range of conventional sensors.

(3) Work is currently underway to develop
and test a neutron sensitive microwave wave-
guide system. This sensor, if proven feasible,
will permit the monitoring of the average flux
around the periphery of a reactor under all
flux-distribution conditions. It is anticipated
that a sensor of this type will be useful in tem-
perature environments above 1,000°F.

(4) Several attempts have been made to de-
velop a neutron-flux indicator based on ther-
mometry. The advantages of this type of sen-
sor are its ruggedness, low impedance output,
and self-generating signal. Savannah River
has successfully developed and operated a “neu-
tron thermometer” employing a fissile material
as heat source and reactor coolant as heat sink.
The Savannah River work is being extended
to develop a sensor that is fast enough to op-
erate in a reactor control or protective circuit,
and is designed to operate in a 1,000°F en-
vironment.

Battelle Memorial Institute has developed a
similar neutron thermometer based on the heat
balance principle. The merit of the Battelle
Memorial Institute thermometer is its ability
to compensate for gamma heating in the sensi-
tive element ; the disadvantage is the long time
required for taking a measurement.

b. In-Core Instrumentation

(1) Miniature neutron-flux monitoring sen-
sors are commercially available for operation
at 650°F and 1,000 psi. These are ion cham-
bers 14 inch in diameter. Small in-core flux
sensors employing both fission heating and
gamma heating have been used at Savannah
River in temperature environments up to 200°F

for long periods of time. Savannah River has
also had success with the use of activated
wires which may be withdrawn at will, al-
though this method is cumbersome and time
consuming. Another development by Battelle
Memorial Institute has been described under
out-of-core instrumentation.

(2) Coolant flow meters employing turbines
have been used extensively at Argonne Na-
tional Laboratory. Currently available turbine
flow meters are designed to operate in a 500°F
environment. Argonne National Laboratory is
investigating the hot-wire anemometer as a
possible replacement for turbine flow meters.
Turbine type coolant flow meters have been
run out-of-pile in NaK at 1,500°F at Oak Ridge
National Laboratory.

(3) Temperature indicators employing ther-
mocouples have been used successfully up to
650°F in reactor cores. Failures due to me-
chanical breakage have been experienced where
rigid fabrication specifications were not ob-
served. Resistance thermometers have not been
extensively used in cores. However, Argonne
National Laboratory plans to make investiga-
tions in this field. Particular attention should
be paid to the thermometry of UQ, near its
melting point, but no reliable in-pile tempera-
ture measurements exist above approximately
3,000°F.

(4) Pressure indicators for measuring tran-
sient pressure changes in the coolant channels
between the fuel plates or fuel pins of boiling
water reactors are not available; however,
SPERT I uses instrumentation to measure the
integrated pressure change within a single fuel
element assembly. Argonne National Labora-
tory plans to investigate the development of
improved in-core pressure sensing devices.

(5) Moderator void indicators have been
tested in cold loops; however, little success has
been shown. Argonne National Laboratory is
considering sonic systems for this service. It
has been demonstrated that coolant void frac-
tion can be inferred from measurements made
of the alternating current component of noise
in ion chambers inserted near boiling coolants.
G. E. Vallecitos, in conjunction with Knolls
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Atomic Power Laboratory, performed the
demonstration.

(6) Coolant level and density indicators
based on sonic systems are under development.
These sensors are designed to operate in
1,000°F environments and will be able to dis-
criminate between froth and liquid.

(7) Fuel element failure detectors have been
under investigation for several years. Oper-
able systems have been developed for the Ship-
pingport, Chalk River, and MTR reactors.
The most reliable schemes appear to be those
employing delayed neutron detection and
gamma ray spectometry.

c. Connecting Cables

(1) Special signal cables for flux monitors
have been developed. These cables employ
quartz fiber insulation and should be capable
of operation at 1,000°F. For low temperature
environments, polystyrene insulated cables are
satisfactory. SiO, insulated cables are believed
to be adequate for temperatures of about
2,000°F.

d. Control-Rod Actuators

(1) Electric powered actuators of the mag-
netic-jack type, harmonic drive type, rack and
pinion type, and ball and screw type have been
successfully developed and tested extensively
up to 600°F. Scram times reported for these
actuators range from 50 to 750 milliseconds,
depending on the amount of spring loading in
the device. Commercial versions of all these
types are available.

For higher temperature operation the mag-
netic-jack type appears to offer the greatest
promise. In this type of actuator, the drive
mechanism consists of a support tube, four sets
of stationary electromagnet coils, an annular
fixed armature, and an annular movable arma-
ture. The movable armature can be moved up
or down a short distance (about 0.1 inch) be-
tween end stops by energizing either lift coils
or pulldown coils. By energizing either the
grip or hold coils, the rod segments are mag-
netically attracted and held against the inner
bore of the movable or fixed armatures, re-
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spectively. In this manner, the rod extension
is gripped by the movable armature to be
moved and held stationary by the fixed arma-
ture while the movable armature is returned
for another step. In addition to moving in
discrete steps, the control rod may be released
at any position in its travel by de-energizing
the coils.

There are several advantages inherent in a
magnetic-jack rod actuator. It is relatively
simple in design and can be fabricated at low
cost. Most parts are either simple coils or can
be made of standard seamless tubing. Fab-
rication consists entirely of simple machining
and welding of these shapes. In addition,
there are no parts to lubricate. Other impor-
tant advantages of the magnetic jack are a
clear loading face and the elimination of shaft
seals. The actuator can be used in any water
or organic cooled reactor, wet or in a thimble.

Atomics International has designed and
tested a magnetic-jack actuator for Piqua that
can be placed in toto inside a core tank and
operated immersed in a 700°F coolant. A pro-
totype has been operated in air at room tem-
perature at rod speeds up to 25 in/min lifting
a 50-pound load, and 14 in/min with a 300-
pound load. Maximum scram times during a
prototype test in 550°F Santowax R has been
725 milliseconds. Endurance tests have run
as long as 260 hours during which 2,020 scrams
have been made.

The cost of magnetic jacks presently runs
from $1,100 per unit (in quantities of 10) for
the Argonne National Laboratory design lift-
ing a 220-pound load, to $20,000 per unit (in
quantities of 10) for the Westinghouse design
lifting a 400-pound load.

(2) Hydraulic control-rod actuators are not
in wide spread use at present. This type of
design will be used in Dresden to operate in a
600°F environment. It incorporates a piston
stabilizer in the form of detents along the path
of travel.

e. Control System

(1) Transfer Functions. Techniques for
measuring reactor transfer functions for both
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thermal and fast reactors have been developed
to a high degree of refinement by Argonne
National Laboratory. From these measure-
ments, mean neutron lifetimes and reactor sta-
bility under various operating conditions can
be determined.

(2) Experimental neutron-flux distribution
measurements employing oscillating control
rod techniques made at Savannah River in-
dicate that this method shows promise for ob-
taining power flattening information in power
reactors where in-core instrumentation is not
possible. Further work in this area is being
planned.

(3) Electronic systems for both control and
protective functions have recently reached a
high degree of refinement through the use of
transistor circuitry and magnetic amplifier
circuitry. The most advanced design are those
employing self-checking features

f. Heat Transfer

(1) Gas Cooled Heat Transfer. Helium
temperatures up to 2,300°F at 250 psig have
been maintained for an appreciable length of
time, and temperatures up to 2,500°F have been
attained for a short time, in a simulated re-
actor loop with heat transfer to the gas taking
place in a bed of unfueled graphite spheres.
Helium purity has been maintained, but satis-
factory operation of the helium compressor
has been a problem.

A considerable amount of investigation of
high temperature heat transfer in gas systems
is under way. This includes studies of heat
transfer and pressure drop phenomena at tem-
peratures up to 4,000°F in flow channels of
various shapes, measurement of thermal con-
ductivities for helium and other gases at high
temperatures, and adequate means of high tem-
perature measurement in gas streams.

Preliminary experimental work in methods
of increasing the mass heat transport capa-
bility of gas by use of finely divided solids
carried in suspension has resulted in attain-
ment of high gas heat transfer coefficients,
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indicating that the gas-suspension cooled re-
actor concept may be promising.

(2) Ligquid Cooled Heat Transfer. In the
area of water coolants, investigations are un-
derway with respect to (a) boiling heat trans-
fer and burnout under various conditions,
(b) core hydrodynamics, and (c) means of
stimulating increased heat transfer by vortex
flow, ultrasonics, electric fields, ete.

Investigations are underway to determine
heat transfer characteristics for (a) light and
heavy liquid metals in heat exchangers, and
(b) direct heat exchange between immiscible
liquids such as water and mercury.

Work is underway to determine means of
calculating heat flux in superheated liquids.

g Components

(1) Gas System Components. In the field
of components for high temperature gas cooled
reactors, a recent survey of the availability
and specifications of current equipment indi-
cates that there is little, if any, commercially
available to meet the needs of helium cooled
reactors. It is believed that a considerable
amount of development must be undertaken to
provide satisfactory mechanical components
such as compressors, heat exchangers, valves,
etc.

(2) Pressure Vessels. Investigations are
underway with respect to materials, fabrication
and welding techniques, stress corrosion phe-
nomena, and fatigue in reactor pressure vessels,
which are directed toward improved design and
more economical manufacture of these com-
ponents.

Investigation of thermal cycling at coolant
vessel wall surfaces will be started soon to
study the causes and means of avoiding de-
terioration of pressure vessel and heat ex-
changer surfaces and fuel element cladding
caused by turbulent eddies.

There is a need to investigate techniques for
remote inspection and testing of reactor pres-
sure vessels after long service in a radiation
environment.
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7. Environmental Investigations and Effluent
Control

The environmental investigation and effluent
control program has as its major objectives the
safe management and disposal of various types
of radioactive wastes, the quantitative deter-
mination of the behavior of these radioactive
effluents in the environment and the develop-
ment of engineering criteria associated with
the environmental aspects of nuclear technology
operations.

Low-level wastes for which treatment and
disposal systems have been developed are those
generally in the microcuries per gallon con-
centration range and are those generally asso-
ciated with laboratory and research activities,
light-water coolants in reactors, and isotope
use.

The handling and disposal of solid or pack-
aged low and intermediate level wastes (up to
the order of a curie per package) has also been
successfully carried out by such operations as
bailing and land burial.

Storage systems for high-level wastes, pri-
marily those evolved from the chemical re-
processing of irradiated fuels (concentrations
up to hundreds of curies per gallon) have beén
in successful operation for more than 10 years,
but are not equated with final disposal. Cap-
ital costs for such storage facilities range
from about 30-40¢ per gallon to $2.00 per gal-
lon depending on the chemical composition of
the wastes. Storage costs for waste from Zr
fuel may go up as high as $5.00 per gallon.

The current development projects included in
the program are divided into four categories as
follows:

(@) Environmental investigations.

() Low and intermediate level radioactive

waste studies.

(¢) High-level radioactive waste studies.

(d) Gaseous and particulate waste studies.

a. Program Activities

Environmental and sanitary engineering ac-
tivities involve work essentially in two major
areas: (a) radioactive waste handling and ulti-

mate disposal and (b) environmental studies as
related to the safe handling and disposal of
radioactive materials. An equally important
phase of the sanitary engineering program is
the establishment of technical working relation-
ships with federal, state, and local agencies and
private industry in the areas of radioactive
waste disposal and related environmental prob-
lems.

These activities have resulted in the promul-
gation of an extensive research and develop-
ment program in the above areas in order to
assure that the disposal of radioactive materials
from nuclear energy operations will not dele-
teriously affect the health and safety of the
public and its environment.

b. Environmental Studies

The program in environmental studies is re-
lated to the controlled discharge and dispersal
of radioactive wastes to nature. Because the
wastes are evolved and discharged in all pos-
sible physical forms, i.e., liquid, solid, and
gaseous, there is prime concern with safeguard-
ing man and his resources from direct and in-
direct effects of the radioactivity via air, water,
soil and food routes of transmission. Each in-
dividual waste discharge must be considered
unique, because of differences either in the form
or constituency of the wastes or in the receiv-
ing mass of air, water or soil. (As examples,
the meteorological diffusibility at the National
Reactor Testing Station differs markedly from
that at the Shippingport reactor site (as do the
gaseous effluents) ; the stream dilution capabili-
ties of the Animas River in New Mexico differs
from those of the Mohawk River in New York,
etc.). This program is aimed at obtaining the
scientific data needed to assess the safe capacity
for radioactive wastes of both local and re-
gional environments.

Experience during the past several years has
shown an ever increasing use of the air, ground,
and surface water environments for disposal of
certain low and intermediate level wastes. The
quantitative assessment of specific environments
to receive radioactive effluents is being investi-
gated through cooperative agreements with the
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U.S. Public Health Service, U.S. Geological
Survey, and the U.S. Weather Bureau and by
contract with Harvard University, Knolls
Atomic Power Laboratory, and the Oak Ridge
National Laboratory. Hanford, the Savannah
River Plant, Idhao and other Atomic Energy
Commission installations have done similar
work.

Assessing the environmental hazards associ-
ated with high level waste disposal in terms of
the geologically significant periods of time dur-
ing which they continue to be hazardous is a
complex engineering problem. This is a par-
ticular problem in evaluating the feasibility of
disposal into salt formations or deep wells and
in evaluating the degree of fixation and non-
leachability of radioactivity in sinters, ceramics,
or glasses.

The U.S. Public Health Service has initiated
studies to determine the fate of specific radio-
nuclides in streams below Knolls Atomic Power
Laboratory, Shippingport, and Savannah River
operations. Data to be obtaimed will provide
a quantitative assessment of environmental
dilution or concentration factors available in
receiving streams and aid in the establishment
of engineering and operating criteria for the
continuing, safe disposal of low-level liquid
wastes. In these studies considerable effort has
been devoted to the development of precise
radiochemical techniques for the measurement
of specific isotopes such as cesium, strontium,
and tritium in stream concentrations less than
drinking water standards. This analytical
technology is required before an accurate as-
sessment by field survey can be made of waste
dispersal operations from the sites mentioned
above.

In another cooperative study, a comprehen-
sive industrial waste survey of uranium milling
operations on the Colorado plateau is being
conducted by the U.S. Public Health Service.
Extensive stream investigations and in-mill
surveys have been carried out at several repre-
sentative mills in order to determine the char-
acteristics of wastes from different uranium
processing methods and their effects on the
receiving stream environment. An interim re-

port has been received which indicates that the
Durango, Colorado, mill is causing a certain
degree of pollution in the Animas River by the
discharge of radium-bearing wastes in excess
of maximum permissible concentrations. Re-
sults of the over-all Colorado Plateau survey
will determine whether extensive engineering
development work will be required to provide
design criteria for a complete radium waste
processing and disposal system for the uranium
milling industry.

The fate of radioactivity in tidal estuaries in
connection with the nuclear ship program is
being investigated jointly by the U.S. Coast
and Geodetic Survey and the Chesapeake Bay
Institute (Johns Hopkins University). The
purpose of this study is to determine the be-
havior of contaminants in coastal environ-
ments as introduced by nuclear propelled ships,
1.e., either from the controlled discharge of op-
erational wastes or by an incident involving an
accidental release of radioactivity. Properties
of the marine environment which influence:
(@) the movement and dispersal of radioactive
material, (5) the geochemical exchange of the
material with suspended inorganic material and
bottom sediments and (¢) the reconcentration
of activity into the marine biota—are being in-
vestigated to develop basic information which
will allow the prediction of the safe rate of
release of radioactive materials to any selected
marine site as well as the consequences of a
major accidental release. New York Harbor
was chosen as the site for the first field study
and it is planned to utilize applicable data de-
veloped at this location in model studies of other
harbors. The Coast and Geodetic Survey is
conducting the field survey program involving
sample collection and salinity, temperature, and
current velocity measurements; Chesapeake
Bay Institute is utilizing the data in calcula-
tions on the rates of diffusion in the Harbor as
well as conducting laboratory studies on geo-
chemical exchange and biological uptake of
activity under simulated estuarine conditions.

Sea disposal is being seriously questioned by
certain state agencies and many administrative
problems involving licensee operations in this
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area are being encountered. Quantitative in-
formation needs to be gathered continually to
assess possible effects of these operations from
an environmental standpoint. Preliminary in-
vestigations of both the Atlantic and Pacific
disposal areas have revealed no readily detect-
able deleterious conditions. Because of in-
creased interest by both waste disposers and
regulatory agencies, the Committee on Ocea-
nography of the National Academy of Sciences
at the request of the Atomic Energy Commis-
sion and other sponsoring Government agencies
has studied the feasibility of using a number of
in-shore disposal areas off the Atlantic and Gulf
Coasts. Oceanographic studies are being ini-
tiated to develop operating criteria and regula-
tions for insuring safe disposal of low-level
wastes at sea.

Investigations are being carried out by the
Stanford Research Institute on the feasibility
of establishing a land burial area to service the
western states area. At the same time, the U.S.
Geological Survey is obtaining detailed geo-
hydrologic information on areas in New York
and Pennsylvania and Oak Ridge as a step to-
wards the establishment of a northeastern
burial ground facility.

¢. Low and Intermediate Level Waste Studies

These studies are directed towards the devel-
opment of improved systems for the handling,
treatment and disposal of low and intermediate
level liquid wastes.

Ground disposal of these wastes has been
practiced at Hanford, Oak Ridge National
Laboratory, and Savannah River Project. The
efficiency and safety of this disposal method re-
quires continuous analysis and evaluation. The
rate of vertical and horizontal movements of
waste liquids through different soil formations
is being determined. In soil disposal opera-
tions at Oak Ridge the only radionuclides that
have reached monitoring points are Ru-106
and the complexed ions of Co-60 and Sh-125
and these concentrations have been several
orders of magnitude below acceptable limits.
To obtain a better understanding of our ground

disposal operations, fundamental studies have
been initiated at the University of North Caro-
lina on the physical-chemical reactions between
radioactive ions and natural earth materials.
At Hanford, studies are being conducted on the
determination of ion exchange capacity and re-
placement reactions between minerals and cer-
tain radioisotopes. The application of specific
minerals such as calcite for Sr-90 removal and
clinoptilolite for Cs-137 is being investigated
as a means of decontamination for low and in-
termediate level wastes.

Studies on the effectiveness of conventional
water treatment processes, for the removal of
long-lived isotopes (Sr-90 and Cs-137) from
low-level liquid wastes are being conducted at
the Oak Ridge process waste water treatment
plant. The removal of strontium and the rare
earths has been increased to 95 percent with in-
creased dosages of lime and soda ash while the
introduction of an illitic type of clay mineral
has improved cesium removal efficiencies to 85
percent.

At the University of California an investiga-
tion of the dispersal of low-level wastes in
shallow reverse wells is being made. The rate
of movement of radicactive fronts under
straight injection conditions is being deter-
mined and similar observations are being made
under the conditions of injection and pumping
a well simultaneously.

d. High-Level Waste Studies

The Sanitary Engineering program in devel-
oping systems for ultimate disposal of high-
level wastes is charted along two promising
courses: (1) fixation or immobilization of the
fission products in clay, glass or ceramic struc-
tures and (2) direct discharge to selected, geo-
logic formations such as salt formations or
deep, permeable strata which will isolate the
wastes for their period of radioactive hazard.
Feasibility studies (on paper) and laboratory
experiments, especially in the fixation approach,
have indicated promising chemical interactions
to be used and have overcome many obstacles.

Currently, emphasis of the development pro-
gram is directed towards expanding the feasi-
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bility of laboratory studies to pilot plant scale
engineering studies on both the fixation and
direct disposal approaches. Construction has
started on a 60 gph conversion-to-oxide (alumi-
num nitrate wastes) plant at Idaho Chemical
Processing Plant utilizing a fluidized bed. At
Hanford, laboratory studies on radiant heat
spray calcination on production type fuels has
been promising. Work has now been initiated
on power reactor fuel wastes. A larger scale
experimental unit is being planned. Labora-
tory studies on the development of new ceramic
mixtures with Purex wastes are being con-
ducted for use in a self-sintering experiment at
Oak Ridge National Laboratory. On the direct
disposal approach more laboratory work has
been accomplished on utilization of salt struc-
tures than on the other possible geologic forma-
tions. Structural capabilities of halite (salt)
formations, chemical compatibility of Purex
and acid aluminum nitrate type wastes with
halite and formation impurities, and calcula-
tions involving the dissipation of heat gener-
ated by decaying fission products within salt
formation cavities have been carried out.

The engineering design for a field test to de-
termine the feasibility of disposing of high-
level liquid wastes into salt formations has
been completed. A subcontract has been nego-
tiated by Oak Ridge National Laboratory with
the Carey Salt Company of Hutchinson, Kans.,
to conduct the field experiment in an unoccu-
pied section of their mine. Two cavities (7.5
x 7.5 x 10 feet) have been excavated and auxili-
ary test equipment, including electrolytic heat-
ers for simulating fission product decay heat,
has been installed. Synthetic chemical proc-
essing wastes with no radioactivity will be used
in the first tests, which are expected to run for
two years. Information on the structural in-
tegrity of salt cavities, ion migration, tempera-
ture gradients both inside and outside of the
cavity, possible migration of the waste cavity
itself and gas production rates will be obtained
in this initial field test program. The first tests
will begin in September 1959.

Development work on the other direct dis-
posal approach, ie., injection of high-level

wastes into deep porous formations is being
conducted along lines recommended by a special
American Petroleum Institute study group.
Laboratory studies on deep well problems such
as plugging, formation fluid and reservoir com-
patibility with the wastes, heat dissipation and
corrosion have been initiated at Oak Ridge.
Methods of controlling adsorption and precipi-
tation near an injection well were investigated
by laboratory studies of the cesium and stron-
tium uptake relations in clay slurries, inter-
stitial precipitation, and sorption on feldspars,
quartz, limestone, and clay minerals. The for-
mation of precipitates on neutralization of acid
wastes can be controlled with citric or tartaric
acid. Complexing the waste introduces some
corrosion problems but preliminary tests sug-
gest that this can be controlled with inhibitors.
An associated complementary attack on the
final disposal problem, involving either high
efficiency removal of specific nuclides or sepa-
ration of inert salts from fission product waste
mixtures is being investigated on a laboratory
scale.

e. Gaseous Eflluent Studies

The program in treatment of gaseous effluents
is planned to keep ahead of developments in
the industry. At one time small particulate
contaminants presented a difficult air cleaning
problem. Equipment and facilities such as high
efficiency filters, deep bed sand and fiber filters,
and iodine and rare gas removal units have
been developed and built as a result of con-
certed effort by plant operators, the Stack Gas
Problem Working Group and the U.S. Weather
Bureau. In short, a difficult problem was
brought under control.

During the immediate future, research and
development work will be directed toward im-
proving efficiencies and capabilities of air clean-
Ing systems, developing high capacity iodine
removal equipment and equipment for filtration
of particulates at high temperatures (above
1,000°F). For example, the Harvard Air
Cleaning Laboratory is developing an inexpen-
sive method for the removal of iodine from
reactors after an incident, or from the opera-
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tion of chemical processing plants. The iodine
collector consists of a copper gauze (“Chore
Girl”, a housewives’ kitchen aid) which is silver
plated. Both copper and silver are excellent
elements for reacting with gaseous iodine.
Since copper oxidizes in service, it is silver
plated to provide additional protection against
an iodine release. The silver iodide formed
fixes the material at a low flow resistance,
thereby making it possible to incorporate this
simple device in existing air cleaning systems
without adding any appreciable fan or air
mover load. These iodine reductors can pro-
vide suitable protection in reactor containment
vessels.

The U.S. Weather Bureau continues to pro-
vide meteorological consultant services in con-
nection with reactor site evaluation. Meteor-
ological assistance is also provided to all
Atomic Energy Commission installations on
engineering and operating problems and basic
research is being continued on the dispersal of
atmospheric wastes and on turbulent diffusion.
Research activities are directed toward a bet-
ter understanding of the diffusive character-
istics of the lower atmosphere, which may be
translated into practical use for engineers and
operators at atomic energy installations. For
example, the useful application of meteorology
to power reactor facilities is exemplified in the
operation of the pressurized water reactor at
Shippingport, Pa. Data collected to date on
all standard meteorological parameters, as well
as temperature gradient measurements, has
provided a basis for quantitatively assessing
the limitations of the site because of the high
frequency of inversion conditions. In this
connection, a three-dimensional wind flow
study, using meteorological balloons and
smoke as tracers, was conducted to measure
vertical velocities and trajectories of the air
currents in the area. This project, which was
carried out during stable atmospheric condi-
tions, furnished vertical motion data that was
unattainable by other methods. Information
obtained has been utilized in the establishment
of emergency planning procedures for the
pressurized water reactor.

8. Physics

There are, in general, two kinds of physics
activities which affect reactor work, (1) the
determination of the values of fundamental
constants which can strongly influence the
course of reactor design, and (2) the improve-
ment in the knowledge of the values of reac-
tor constants which result in increasing accu-
racy in predictions of performance of specifie
reactor designs. An example of the former
class is the determination of the eta of U-233
—aunless this number is sufficiently larger than
2.00 there would be no point in attempting to
design and construct a thermal breeder reac-
tor. Typical of the second class is the preci-
sion measurement of the cross section of the
fission product Xe-135 which permits a more
exact specification of the performance require-
ment of the control system for a high powered
thermal reactor.

The activities discussed in this section are:
reactor statics studies, control rod studies, re-
actor kinetics studies, fundamental neutron
physics, shielding and technical publications.

a. Reactor Statics

Static reactor physics studies utilize critical
and subcritical lattice assemblies to determine
such things as the initial fuel loading and size
of various reactor types, their neutron econ-
omy, neutron spatial distribution and energy
distribution, the relative power distribution,
the worth of control materials, and the varia-
tion of reactivity with temperature voids, de-
pletion or breeding of fissionable materials, and
fission product poison buildup.

Reactor lattice studies on low enrichment
uranium metal systems have been under way
on light water moderated systems for several
years. Some work has been done on heavy
water moderated systems, and recently more has
been started. Some work is being done on
organic moderated systems.

Reactor lattice studies have recently started
on low enrichment uranium oxide rods in light
water and on thorium oxide, uranium-235 ox-
ide rods in light water.
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Criticality measurements on idealized geom-
etries, such as bare spherical tanks of fuel so-
lution, are performed to check out theoretical
methods of analysis.

b. Control Rod Studies

The present situation in the theory of con-
trol is as follows: for a reactor not bearing
a great degree of similarity to reactors al-
ready studied experimentally it is possible,
with the use of elaborate computing machine
programs and data from critical experiments
on the reactor lattice under consideration, to
calculate control system strength to an accu-
racy of a few percent. The use of simplified
calculation methods with no critical experi-
ments can at best give results accurate to +50
percent in the control strength. The use of
elaborate computing machine programs and
data from critical experiments on reactor lat-
tices similar in some respects to the lattice
under consideration leads to accuracies that
are dependent on the degree of similarity of
the experiments to the case at hand. For the
past year an intensive program of theoretical
and experimental studies has been under way.
This program has as its objective the devel-
opment of simplified calculational methods and
certain input data which can be applied to a
wide range of power reactors and produce re-
sults accurate to a few percent.

¢. Reactor Kinetics

Controlled variations in neutron flux are
discussed under this heading of Reactor Ki-
netics. Violent changes such as occur in po-
tentially dangerous transients are studied un-
der the Atomic Energy Commission’s reactor
safety program.

Rapid flux transients are being produced
by injecting pulses of neutrons from acceler-
ators into reactor lattices and samples of mod-
erator materials. These experiments are study-
ing neutron thermalization, diffusion, and the
energy distribution of neutrons leaking from
moderators and reactor lattices.

Slugs of thorium metal are being irradiated
in the MTR and removed periodically for

testing. In tests made during such removals,
the amounts of thorium converted to U-233,
and the changes in the absorption cross sec-
tion due to fission product buildup, etc., are
being determined by reactivity measurements
in a nearby critical facility, the Reactivity
Measurement Facility.

d. Fundamental Neutron Physics

Experimental measurements are continuing
on the fundamental physical constants of the
fission process, and on the behavior of neu-
trons through their life cycle, from birth in
fission to leakage, or moderation, thermal dif-
fusion and absorption.

The theoretical capability of a thermal re-
actor to breed more fissionable material than
it consumes is determined largely by eta, the
ratio of the number of fast neutrons produced
to the number absorbed in the fissionable iso-
tope. Experimental values of eta have been
determined for the more common fissionable
isotopes, including even plutonium—241. How-
ever, the fraction of the neutrons available for
breeding is so small that any appreciable un-
certainty in the experimental value of eta for
a particular isotope has a strong effect on esti-
mates of breeding rates. Therefore, an in-
tensive effort has been made to reduce the
uncertainty in eta for uranium-233, the most
promising thermal breeder material. It is now
possible to say with confidence that eta for
U-233 is quite close to 2.29 and is being deter-
mined to an accuracy of within 1 percent and
perhaps better.

An experimental program is under way and
some results are available on the energy spec-
tra of gammas from fission, including both
prompt gammas emitted by the fission prod-
ucts at short times after fission.

As reported originally at the June 1959 meet-
ing of the American Nuclear Society, recent
work on the slowing down of fission neutrons
at Argonne National Laboratory has greatly
improved the agreement between the experi-
mental and theoretical neutron slowing down
distributions in water.
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The process of thermalization in which the
neutron slows down from energies slightly
above thermal to energies at which it is in
thermal equilibrium with the moderator, is
under intensive study. There are experiments
now under way that will make direct meas-
urements of the energy distribution of neu-
trons leaking from moderator materials, and
determine how such energy distributions vary
with moderator temperature.

By injecting a pulse of neutrons into bodies
of neutron moderator and observing the rate
at which the leakage flux decreases with time,
it is possible to determine, for a moderator,
the thermal neutron diffusion coefficient.
Studies utilizing this technique are under way
in beryllium, graphite and water.

Neutron cross section measurements are sup-
ported largely by the Research Division of
the United States Atomic Energy Commission.
However, other Divisions, such as Military
Application, Production, and Reactor Devel-
opment also support programs intended to ob-
tain measurements needed in their particular
fields. For instance, the Reactor Development
program supports measurements needed for
civilian or military power reactors, research
reactors, and test reactors.

Two types of cross section measurements
are being made: differential measurements
and integral measurements. In the former,
the cross section is measured as a function of
neutron energy by exposing a sample to mono-
energetic neutrons. In the latter, an average
cross section is determined by exposing a sam-
ple to the energy distribution of neutrons in
a reactor core.

Considerable emphasis is being given in the
differential fission cross section measurements
to the fissionable materials, including uraninm-
233 and plutonium-241. Where resonances are
observed in the epithermal region, they are
being analyzed to obtain resonance level pa-
rameters. Capture and inelastic scattering
cross sections are being measured in the fast
neutron region, and total, absorption, activa-
tion and scattering cross sections are being
measured in the epithermal and resonance neu-
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tron reactions. Inelastic scattering at and
near thermal energy is being studied because
at these low neutron energies moderator atoms
begin to show chemical binding effects.

In the high energy region of interest to the
fast reactor program, work on uranium-234
and -236, and plutonium-241 and -242 will
place particular emphasis on energy resolution
in order to define the inelastic scattering lev-
els in competition with fission.

Integral cross section measurements are be-
ing supported at Argonne National Laboratory,
Phillips Petroleum Company, and Oak Ridge
National Laboratory. At Argonne National
Laboratory, a Van de Graaff accelerator is be-
ing used as a pulsed neutron source to make
absorption cross section measurements in wa-
ter solutions of absorber materials. ORNL is
using a pulsed Van de Graaff for time-of-
flight neutron studies for differential cross
sections in the KEV region. A fast chopper
is being used for differential cross sections up
to tens of ev.

The highly sensitive Reactivity Measurement
Facility is being used in conjunction with the
Materials Testing Reactor to make otherwise
impossible measurements on intensely radioac-
tive samples immediately after they are re-
moved from the testing reactor.

e. Techniques of Reactor Analysis

Experimental data and advanced theoretical
methods are being utilized to refine the tech-
niques of reactor analyses. On occasion these
analytical techniques are translated into codes
for use on lLigh speed computers. Typically,
the CORNPONE code, which treats neutron
slowing down quite rigorously, is being ap-
plied to various clean ecritical systems for
which criticality conditions have been meas-
ured.

Theoretical work is under way on the en-
ergy distribution of neutrons diffusing between
moderator regions at different temperatures.
Theoretical analyses of resonance capture for
various fuel element geometries is under way
with due consideration to neutron scattering,
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energy losses in the fuel and interaction be-
tween adjacent fuel assemblies.

f. Shielding

Experimental measurements are supporting
the development of techniques for shield analy-
ses. Neutron and gamma energy and spatial
distributions are being measured in shields as
a function of distance from radiation sources.

g. Reactor Physics Constants Center

In addition to reporting individual experi-
ments and calculations in AEC reports and in
the technical literature, new reactor physics
information and the pertinent nuclear data are
being collected, digested and disseminated in
an organized way by the Reactor Physics Con-
stants Center at Argonne National Laboratory.

9. Reactor Safety

The objective of the reactor safety program
is to develop an understanding of the abnormal
behavior of reactors, components, and support-
ing facilities through a systematic research
program.

The Reactor Safety Program includes ex-
perimental and theoretical research into
known and postulated reactor hazards for all
major reactor types that have been built or
will be developed as part of the Commission’s
reactor development program. It includes
studies and experiments in three major areas:
Reactor Hinetics, Hazardous Chemical Reac-
tions, and Reactor Containment. It also in-
cludes research into preventive safety measures
and the development of safety features and
devices intended to further assure protection
of the public health and safety. The status of
the Reactor Safety program is provided in
the following paragraphs.

a. Reactor Kinetics

The program for the study of reactor kinet-
ics has been carried out under the Special Power
Excursion Reactor Tests (SPERT) and Kinetic
Experiment on Water Boilers (KEWB) proj-

ects. SPERT, which represents the major
effort under this program, concerns itself with
the experimental investigation of parameters
which influence the transient behavior of hetero-
geneous reactors. KEWB work was directed
to the study of homogeneous reactors. By care-
fully selecting experimental parameters which
are of importance in dynamic behavior it be-
came possible to derive mathematical models
which generally describe the dynamic charac-
teristics of all chain reacting systems. Largely
as a result of the SPERT work, but also because
of contributions from the kinetic studies with
KEWB, and BORAX, reactors, a satisfactory
description of the general features of excursion
behavior is now available when self-shutdown
effects are taken into account. The general ap-
plicability of present theory to power reactors
remains to be confirmed. This will require
additional experimental work at higher power
levels and on different reactor systems. Such
work will permit the development of detailed
theories of the shutdown processes for each
reactor system together with a means for deter-
mining the nature of the shutdown processes
from static measurements and the performance
of a limited number of mild transients. A
more detailed account of the present status of
reactor kinetic technology is provided in the fol-
lowing summary of work which takes into
account experimental as well as theoretical
effort.

SPERT I, an open tank nonpressurized wa-
ter reactor, has been in operation since July
1955. The major contributions to the reactor
kinetics program are derived from the analy-
sis of the experiments conducted with it.
SPERT II, which will be completed early in
1960, will permit transient tests under condi-
tions of flow and pressurization to 300 psig.
Its principal use will be to provide a compari-
son on the effects of neutron lifetime due
to different moderator and reflector materials
including heavy water. SPERT III, which
is designed for kinetic tests to full pres-
surization (2,500 psi), achieved criticality in
December 1958. Work done to date includes
plant check-out, critical experiments, and en-
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gineering tests under pressurized conditions.
Systematic transient testing is scheduled after
the completion of the engineering tests. A
pool type facility, SPERT IV, will begin op-
eration in the fall of 1960.

SPERT 1 experiments have been conducted
on a total of five cores having widely differing
void coefficients and thermal properties. Alu-
minum clad enriched uranium alloy plate type
elements were used in the first four cores and
variations in core characteristics were brought
about by varying the plate spacing or by in-
sulating the plates with a plastic coating.
Present work, which is nearing completion,
involves tests with a stainless steel core which
initially had been used in the Army Nuclear
Power Program (Army Packaged Power Reac-
tor). Pile oscillator studies have recently been
initiated in SPERT 1 to permit a comparison
between the information obtained as a result of
transfer function analysis and the knowledge
already available from the transient test work.

The experimental work on the first SPERT
I aluminum core included step, ramp and sta-
bility experiments in sufficient detail to per-
mit a general evaluation of the properties of
the system for various types of accidents. The
initial objectives of repeating and extending
the BORAX experiments and the comparison
of ramp and step accidents were essentially
fulfilled by these tests. The extensive data
on this core also served as a reference point
in determining the influence of various param-
eters on dynamic behavior. Experiments on
the five cores having widely differing void
coefficients constituted the first phase of the
general program of determining the effects of
individual reactor parameters.

The principal analytical work performed
during this period has been on the analysis of
ramp rate and step transient tests conducted
with the five SPERT I cores. The analysis
of ramp rate transients has provided an ac-
curate and generally applicable method for
relating ramp accidents to step accidents so
that the two situations can be treated as a
single problem. It may soon be possible to
place the treatment of accident initiation on

a realistic basis by incorporating a limit on the
reactivity addition rate explicity into hazards
analyses.

The analysis of step transients has provided
simple mathematical models which not only
correlate most of the features of the experi-
mental data on the first five SPERT cores,
but which also predict the behavior character-
istics of reactors of many other types (KEWB,
GODIVA, AND TRIGA). Since these mod-
els reveal the influence of various reactor pa-
rameters explicity (e.g., different reactivity
coefficients and prompt neutron lifetimes) the
general power burst properties of a system
can be stated at the outset if these parameters
are known. Conversely, the nature of the in-
ternal processes and the corresponding dy-
namic properties of a reactor can be inferred
with considerable accuracy from the observed
behavior of a few transient bursts. This means
that the applicability of many of the experi-
mental and analytical results should extend
beyond the class of heterogeneous water mod-
erated reactors.

Theoretical work has also been performed on
oscillatory behavior and the characterization
of the initial power burst. Work on oscilla-
tions resulted in a feedback equation with
three different constants which are related to
the thermal, hydrodynamic and other proc-
esses occurring within the reactor. The the-
ory provides a means of predicting the oscil-
latory behavior of the power from. the time
constants of the detailed processes and a
method of determining the values of the con-
stants from the analysis of transient data. It
has been shown that whenever the constants
were less than a certain value, undamped os-
cillations could not occur.

Other work on the analysis of initial power
burst behavior, has shown that some of the
properties of a power burst in a reactor are
independent of either the feedback mechanism
or the pile kinetics, and may be described
quantitatively with no assumption other than
that the pile kinetic equations are nonlinear.
The theory refers primarily to the shape of
the burst and is applicable chiefly to the fas-
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ter transients observed in SPERT, KEWB,
AXND BORAX.

KEWB, a 50 kilowatt homogeneous re-
search reactor, was constructed to provide
transient test data applicable to liquid fuel
systems and has been in operation since July
1956. The objectives of the experimental and
analytical studies were to investigate and reach
an understanding of the kinetic behavior of
aqueous homogeneous reactors. Principal at-
tention during the kinetic tests has been given
to the following parameters: amount and rate
of reactivity insertion (to a maximum of 4
percent delta K), initial core pressure and
temperature, void volume in the core vessel,
and initial power.

The dynamic response of the reactor to re-
activity inputs which give rise to transients
with stable reactor periods down to two milli-
seconds, has been examined and considerable
data have been accumulated. Qualitatively,the
behavior of this reactor is now quite well under-
stood. The knowledge required to accurately
predict the behavior of homogeneous reactor
systems of different design is, however, not yet
available. Although significant progress to-
ward the latter objective has been made, par-
ticularly of late, the basic obstruction in the
attempt to predict the dynamic behavior of
this reactor type is the inability to account for
the microscopic origin and subsequent growth
of gaseous voids in the fuel solution. This phe-
nomenon was shown, by analysis of the experi-
mental results, to indisputably account for re-
actor shutdown in the most severe excursions,
while ironically producing a major source of
hazard. Shutdown of the reactor results from
expansion of the fuel solution which enhances
neutron leakage and thus lowers the multipli-
cation of the assembly. The expansion re-
quired in transients resulting from large re-
activity inputs is accomplished principally by
the production of radiolytic gas within the
solution. This expansion occurs so rapidly that
a pressure wave is impressed upon the reactor
core vessel. Since containment of fission prod-
ucts is the prime consideraiton in hazard evalu-
ations this pressure wave cannot be tolerated if

the magnitude is such that the integrity of the
core vessel may be compromised. Hence, it is
necessary to understand thoroughly the details
of the generation of these gaseous voids—their
origin, their growth history, and their charac-
ter at all times during their evolution. With-
out this information the analysis of potential
hazards of homogeneous reactors must rest
largely on empirical data, which allows virtu-
ally no latitude in application of the data to
systems other than the equivalent of the test
prototype.

It is expected that the solution of the radio-
lytic gas problem as a shutdown mechanism
will be aided by completion of tests with the
present spherical core and continued investiga-
tions with a core of cylindrical geometry. Tests
with the cylindrical core are scheduled to be-
gin in fiscal year 1960. It is not anticipated
that the work done with the present low power
systems will be applicable to a full understand-
ing of the kinetics of homogeneous power re-
actors which operate at high pressure and tem-
perature. Plans for extending the KEWB
program into the power reactor region were
initiated. However, due to the stretchout and
delays which are expected in the development
of homogeneous reactor systems for power pro-
duction, no such program is presently contem-
plated.

Regarding the status of reactor safety work
outside of the SPERT and KEWB activities,
the following statements can be made. Con-
siderable work throughout the reactor field on
the high power transfer function with feedback
specifically included has brought this phase of
work to an advanced state of development. For
fast reactors, extensive theoretical studies have
been carried out. Except for the GODIVA
experiments, only a limited amount of experi-
mental excursion work has been performed and
this was with EBR-1. Extensive transfer
function measurements and analyses have been
performed with this reactor. Many isolated
experiments, such as those conducted with the
TRIGA reactor, contribute to the general fund
of knowledge but do not have specific applica-
tion to presently important classes of reactors.
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For example, very little work has been done on
organic and sodium graphite systems which are
generally presumed to be “safer” than pressur-
ized water systems.

An important part of the reactor kinetic
studies is the understanding and assessment of
the consequences of accidehts. A correspond-
ingly large theoretical effort has been expended
in the industry on this problem but the experi-
mental reactor program has been limited to the
one BORAX destructive test and the EBR-1
core meltdown.

The nonreactor criticality problems that arise
in the fabrication, transportation, storage, and
chemical processing of fissile material have not
been overlooked but the approach has been
from a restricted point of view consisting
mainly of theoretical calculations and measure-
ments of static nuclear properties of various
arrays of material. There has, in addition,
been much experimental work on measurements
of static nuclear properties of solutions which
is particularly applicable to chemical process-
ing problems. However, no dynamic studies
have been made.

b. Hazardous Chemical Reactions

(1) Metal-Owxidation — Ignition  Studies.
Many spontaeous ignitions of uranium, zir-
conium, thorium, and plutonium have occurred.
The frequency of these explosions is high
enough to constitute a serious hazard. A sum-
mary of the research work undertaken to study
this phenomena is as follows:

The properties of zirconium were studied in
an effort to determine those factors affecting
pyrophoricity. The studies were empirical,
with emphasis on determination of the hazards
involved in manufacture, shipping, storage, and
handling. Results of impact, friction, and high
velocity shock waves indicated that zirconium
distillation residues have the same order of
magnitude sensitivity level as TN'T, which is
fairly insensitive.

Present work is directed to a carefully con-
trolled systematic study of the variables in-
volved in metal-oxidation — ignition studies.

The effects of temperature pressure, metal
purity, metallurgical history, gas composition,
type of oxide film, thermal conductivity, speci-
fic area (degree of subdivision), temperature
gradient, and mass, represent some of the fac-
tors under experimental investigation.

Three basic types of experiments have been
conducted on the materials of interest. The
first is isothermal oxidation at various tem-
peratures. The effect of each of these factors
can then be investigated in turn to determine
those which significantly speed up the oxida-
tion process. The second is determination of
the ignition temperature by programming a
furnace for a certain temperature rise per
minu‘e and determining the temperature at
which the sample ignites. This ignition tem-
perature can also be correlated with the proba-
bility of spontaneous ignition and the effect of
parameters studied. The third is the study of
burning rates, or the rate at which an ignition
front proceeds along a strip of metal after it is
ignited at one end. The rate at which it pro-
ceeds can then be used to determine the effects
of the parameters studied. To illustrate the
thoroughness of these studies, the effects of 1,
2, and 4 a/o additives on zirconium isothermal
oxidation have been studied for over 25 addi-
tives. The present status on the various ma-
terials may be tabulated as follows:

Ignition and burning experiments on ura-

nium are almost complete,

Isothermal oxidation studies up to 300°C
were completed. At this temperature ther-
mal cycling becomes a problem.

Isothermal oxidation studies on zirconium
have been completed.

Ignition temperature studies are underway
and the emphasis has been placed on the
effect of additives to powders. Propaga-
tion rate studies are nearing completion.

Work on thorium and plutonium remains to
be done. Studies of irradiated materials
will begin after completion of the pluto-
nium work.

The possibility that zirconium carbide and
zirconium hydride are the initiating agents
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for zirconium explosions is also being in-
vestigated. The oxygen concentration re-
quired to spontaneously ignite zirconium
at various temperatures constitutes one of
the principal parameters in this task.

(2) Metal-Water Reactions. In the event
of a core meltdown in a water cooled reactor,
a very high chemical energy release could re-
sult from one or both of the following events:
(@) reaction of the cladding with the coolant
releasing hydrogen, and (b) reaction of liber-
ated hydrogen with oxygen to form an ex-
plosive mixture.

It can be shown that the chemical energy
which can be released from these reactors is
greater than the nuclear energy released dur-
ing a reactor excursion. A number of research
tasks were initiated to study the nature and
mechanism of metal-water reactions. The
status of these tasks follows:

Studies with aluminum have shown that the
reaction between aluminum and water below
1,200°C' is negligible. Experiments with zir-
conium and Zircaloy 2 showed essentially no
reaction at their melting points.

Another task concerned the investigation of
damage caused by extremely rapid steam for-
mation "produced by a thermal transient.
Steam explosions were initiated by the rapid
electrical heating in water of copper, zirco-
nium, silver, iron, and aluminum. Only in
the case of zirconium was the steam explosion
followed by evidence of a metal-water reac-
tion. These tasks provided insufficient infor-
mation for thoroughly understanding and pre-
dicting metal-water reactions and additional
work was started.

Present work will emphasize both labora-
tory and in-pile experiments. In the labora-
tory tests, the metal-water reactions have been
approached as nonisothermal reactions. Since
there is no single experimental technique which
can accurately provide the data needed, the
closest approximations will be used. The
methods chosen are melting of wires by con-
denser discharge in steam or water and using
solenoid valves to allow rapid steam contact

with a molten metal sample heated in vacuo. ‘

In-pile tests using nuclear heat to melt down
a fuel element in an autoclave to obtain cor-
relations of the laboratory studies will be per-
formed in the Transient Test Reactor Facility.

The only experiments run to date have been
the condenser discharge studies of 0.060-inch
wires for zirconium, aluminum, uranium and
stainless steel. At temperatures up to the
melting point of zirconium oxide, the pressure
and temperature rise was extremely rapid.

One task which is nearing completion con-
cerns both the study of chemical kinetics of
metal-water reactions and the analysis of nu-
clear excursions to determine conditions which
favor a metal-water reaction. Materials con-
sidered in this study were sodium, aluminum,
and zirconium. Accomplishments have in-
cluded theoretical and experimental determi-
nation of the maximum rate of reaction pos-
sible between liquid metal and water vapor.

(3) Fission Product Release Program. The
amount of activity in the core of a reactor
after it has reached high burnup levels is large
enough to have serious consequences to a wide-
spread area if totally released and uniformly
distributed. Furthermore, very little is known
about the percentage of gases and particulate
matter released and the conditions affecting
release. As a consequence, engineers must de-
sign containment shells and core vessels which
would be safe in the event of this total release,
and safeguards in general are predicated on
what may be an overly conservative estimate.

Prior to the initiation in 1957 of experimen-
tal programs for the determination of fission
product release at Qak Ridge National Labora-
tory, it had been necessary for reactor engi-
neers to assume 100 percent release of the fis-
sien products formed in the core. The imme-
diate objective in the early stages of this work
was to obtain data on the release phenomena
so as to determine what assumptions of activity
release were realistic. The program, until now,
has therefore concentrated on measuring the
activity release of relatively low burnup ma-
terial by slow meltdowns (ca. two minutes).
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These exploratory experiments have been
performed with aluminum Geneva type (dis-
persion) fuels, Army Package Power Reactor
type (SS-UQO,) fuels, High Temperature Reac-
tor Experiment fuels, Materials Testing Reac-
tor type (uranium-aluminum) fuel, Submarine
Thermal Reactors type (uranium-zirconium)
fuel, and Shippingport Reactor type (UO.-
zirconium) fuels.

The results of these experiments have shown
that there is some retention by the melt of fis-
sion product gases, which is very strongly de-
pendent on the melting temperature, and on
the time of heating to melt. The variation in
total fission product release has been from ap-
proximately 10 to 95 percent.

This first stage of the program is now essen-
tially complete, and the second stage, system-
atic studies of the important parameters, will
begin on or about September 1, 1959. The
future plans are outlined in another section
of this report.

In addition to the Oak Ridge National
Laboratory studies, the following unclassified
work has been done and may be of interest.
It may be noted that in all these experiments
the accident postulated is the loss of coolant
accident; the nuclear excursion accident has
not been considered.

One task concerned fission product release
from a uranium-zirconium PWR type fuel as-
sembly. Of the major constituents, 42-58
percent of the xenon, and as much as 25 per-
cent of the iodine were released. This quali-
tatively agreed with the Oak Ridge National
Laboratory studies.

Field release tests of fission products are
currently under study in a separate task.

Oxidation tests together with simultaneous
release of fission products using irradiated
natural uranium fuel material constitute still
another task.

Lastly, pyrometallurgical processing studies
are underway at Argonne National Laboratory.
Because of the lack of experimental data on
fuel meltdowns, the pyro-processing work at
Argonne National Laboratory has been fol-
lowed closely, since the variables which affect
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fission product release in this process will prob-
ably be important in catastrophic fuel melt-
downs.

c. Containment

Containment costs are estimated to be about
10 percent of the total cost of a nuclear power
plant so that any increase of knowledge, which
would justify a significant reduction in safety
factors, could reduce capital costs.

Vapor containment shells are employed to
assure retention of radioactive fission products
even if they are released from a power reactor
in the unlikely event of a maximum credible
accident.

In computing the maximum energy that
must be restrained, practice varies somewhat,
depending upon the type of reactor. However,
it is usual to combine the following sources:
(1) the initial nuclear energy release, (2) a
possible chemical energy release (such as a
metal-water or metal-gas reaction in the core),
and (3) the thermal and mechanical energy
stored in the reactor coolant. Under the worst
conditions, the reactor vessel itself is consid-
ered to have been ruptured in some fashion so
that the coolant spills into the building and
the released energy generates a pressure on the
outer containment shell. An adiabatic transfer
of energy is frequently assumed but a signifi-
cant reduction in pressure is possible in some
cases by considering the transfer of heat to
components within the building.

The vapor container itself is designed for
the calculated pressure according to Section
VIII, Unfired Pressure Vessels, of the Boiler
Code issued by the American Society of Me-
chanical Engineers. This code limits the de-
sign stress to roughly one-fourth of the ulti-
mate tensile strength of the material. The
large safety factor of containment systems
arises from the pessimistic assumptions in the
postulation of the accident and the low design
stresses allowed by the Boiler Code.

As a conservative measure, the design is
often made to withstand an equivalent amount
of energy released from an explosive since the
rapid loading from explosives usually does a
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greater amount of damage. Scale models have
been built and tested with explosives in some
instances in order to verify the adequacy of
structures. Special blast and missile shields
are employed on occasion to absorb the ex-
plosive energy and prevent damage to vulner-
able items either from blast or from missiles
generated in the accident. Concrete lining of
vapor shells can be used both as radiation
shielding and protection against missiles.

The present technology is deficient, not from
the standpoint of safety, but in the overdesign
that is now necessary due to lack of more accu-
rate information on: (1) possible accidents,
(2) the loads generated, and (3) the response
of structures to the loads.

The total amount of energy release and the
variation of the rate of release with time repre-
sent two major unknowns in the loading phase
of the containment problem. It is, of course,
possible to obtain bracketing values as is the
present practice; however, more accurate
knowledge may make it possible to decrease
the strength of containment structures with no
sacrifice in safety.

Even if the timewise loading on the reactor
pressure vessel were known, there is still not a
great deal of information on the dynamic rup-
ture strength of pressure vessels under rapid
loading. Greater knowledge in this field would
make it possible to predict the rupture loads
more accurately and also to compute the
amount of energy dissipated in the rupture.

For the majority of incidents, it is doubtful
whether shock waves will be generated. How-
ever, present data are not sufficient to rule out
the possibility of this type of loading and blast
phenomena are studied as an upper limit.
Shock wave theory has made tremendous
strides within the last 15 years, due largely to
the advent of supersonic flight and atomic
bombs but it still remains a young science. Im-
proved knowledge is needed in shock propaga-
tion in various materials and the properties of
these materials under shock loading. The be-
havior of some simple structures to shock
loading can be calculated reasonably well but
these structures seldom occur in problems of

practical interest and it is therefore necessary
to resort to experiments, either on models or
full scale structures.

Only very small leak rates can be tolerated
from containment structures due to the neces-
sity of preventing the release of excessive
amounts of radioactivity. These leak rates are
so low that their measurement becomes a sig-
nificant problem both in instrumentation and
technique. Special precautions are needed in
measuring average temperatures since they
affect leak test results. Improved and less
time-consuming techniques are needed. Raw
data on the permeabilities of different building
materials are also scarce.

Statistical information on occurrences of
failures, ruptures, and other types of accidents
is very meager. A full reporting of such inci-
dents could be extremely helpful in advancing
the state of knowledge but acquisition of such
information shall probably continue to be
difficult.

It is likely that model testing will continue
to be the prime source of god data on the
probable behavior of a prototype structure.
Some energy sources are available for generat-
ing various pressures as a function of time but
their development needs to be continued to
obtain a greater variety.

Schemes for absorption and dissipation of
energy appear to be one of the most advanta-
geous means of reducing the cost of contain-
ment. Heat sinks, crushable materials, and
absorptive linings need to be studied in more
detail.

The following programs have been under-
taken to establish a more realistic basis for
containment design. The work can be roughly
separated into the following categories: (1)
dynamic and static rupture of pressure vessels,
(2) blast transmission, (3) blast loading of
vapor containers, (4) mechanics of penetration
and fragmentation, (5) earthquake loading,
(6) leak testing of steel vapor containers, and
(7) leak testing of conventional building struc-
tures. The following work is currently under-
way:
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One task concerns the performance of funda-
mental experiments on the static and dynamic
rupture of simple cylindrical shells.

Earlier studies under this task have been
made on (a) the energy absorbed in crushing
of wood and celotex in a blast shield and (?)
the behavior of a reactor installation for a
postulated release of energy. In the latter
study, an upper limit on the motion of a re-
actor shield plug has been obtained by assum-
ing that all the energy release was converted
to air pressure for driving the plug. It is esti-
mated that the actual motion of a plug would
be a great deal less due to energy absorption
by the coolant which was neglected in the sim-
plified theory.

Another task involves general investigations
into the problems of blast generation, trans-
mission, and attenuation. Theoretical studies
have been made of the chemical energy release
and the generation of steam in a reactor excur-
sion. General investigations are being made in
blast theory which should lead to improved
methods of calculation. Theories of internal
dynamic loading and yielding of simplified
structures are also under study.

Another study concerns internal blast load-
ing on vapor containers. Initial studies were
made on a sphere because its simple geometry
made it possible to develop a theory for com-
parison with experimental results. Tests within
the elastic range, for which the theory was
valid, showed good agreement, considering the
complexity of the problem.

There is some discussion on the applicability
of model scaling laws for structural deforma-
tion in the plastic range. Cantilever beams
have been loaded in the plastic range by blast
waves and the evidence indicates that the
mode] scaling laws can be used for engineering
purposes even with large permanent deforma-
tions. Work has rcently been done on loading
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of a sphere in the plastic range. The effect on
stresses in the tanks resulting from such sup-
porting media as water and earth is now being
studied.

Fragmentation of material and penetration
of steel plates by rods is being studied as a
separate task. Control rods and similar struc-
tures are efficient penetration devices when
propelled longitudinally since they present a
large mass behind a small frontal area. Pene-
tration tests were initiated for rod velocities
up to 400 feet per second which is roughly the
maximum velocity expected from any accident.
The metallurgical condition of the steel has
been found to have a large influence on the
penetration resistance of the plate even though
ultimate strength and ductility of the material
is otherwise the same. Energy sources are
being developed from explosives and pyro-
technics for use in testing small models where
various pressure-time loadings are needed.

The difficulties arising from the earthquake
loading of reactors have been studied as still
another task.

Some work has been done on methods for
calculating the vapor pressure inside a con-
tainment shell due to the adiabatic release of
pressurized water. Tables and charts have
heen prepared.

Work is underway to investigate the per-
meability of building walls, panels, and con-
struction materials. This task will also con-
cern the study of methods for leak testing of
industrial buildings.

A preliminary study of underground con-
tainment has been made by the Division of
Construction and Supply of the Atomic En-
ergy Commission. The costs are estimated to
be 3 to 7 percent higher than the total cost for
a plant constructed above ground with conven-
tional steel vapor shell containment.
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CIVILIAN POWER REACTOR PROGRAM COSTS

Charts have been prepared to show the total
cost, trends and emphasis of research, develop-
ment and construction for the Civilian Power
Program for the period fiscal year 1950
through fiscal year 1959. These totals show
the actual dollars spent in each project activity
and the total dollars spent in nuclear tech-
nology. However, there is one very important
feature which cannot be expressed in such a
specific cost presentation, i.e., the benefits de-
rived from one activity (where the costs are
charged) are applicable to other activities.
For example, the core material zirconium was
developed and charged largely in the Naval
Reactors Program. To a lesser degree, there
were zirconium development costs in the gen-
eral nuclear technology program and the
pressurized water Shippingport Atomic Power
Station costs. The Boiling Water Reactor
program, Sodium-Graphite Reactor program
and any other reactor concept utilizing zirco-
nium have benefited significantly and directly
from these successful zirconium development
programs without cost. The same is true of
other materials and components throughout the
Commission’s total program such as UQ,, so-
dium technology, components, instrumentation,
etc.

Cost reports on Nuclear Technology pro-
grams were reviewed back through fiscal year
1950 to accumulate costs expended solely for
civilian power reactor development. It was
not always clearly indicated just what activity
was the primary benefactor from a general de-
velopment program. In those areas such as
hot cells where they were built for joint use
of the military programs and civilian pro-
grams, the costs were not included.

Another large cost area that has not been
included in this report are the costs of build-
ing the Materials Testing Reactor and Engi-
neering Test Reactor and Idaho Chemical Proc-
essing Plant. Any costs of irradiation services
and fuel processing directly chargeable to a
civilian power reactor are included.

No cost totals are included in this report
showing the investment of private industry in
noncooperative arrangements or nuclear devel-
opment programs.

Figure 32 shows annual costs and the rela-
tive expenditure growth of the Atomic Energy
Commission’s research, development and con-
struction program coupled with the Coopera-
tive Arrangements program in which industry
costs on specific power reactor projects are
included. (See legend for total.) This figure
includes the division between research and de-
velopment expense and capital (construction)
costs,

Figure 33 shows the same annual totals as
are shown in Figure 32, however, they are
broken down by the cost of AEC Nuclear
Technology, AEC Experimental Program,
AEC Cooperative Arrangements Cost and In-
dustry Cooperative Arrangements Cost. This
figure shows the gradual shift in emphasis to
the Cooperative Arrangements program. The
legend explanation for Figure 33 is as follows:

AEC Experimental Projects Costs include
all direct design, research, development and
capital costs expenditures for Civilian Power
Reactors and support facilities within the fol-
lowing project activities:

1. Pressurized water.

2. Boiling water.

3. Homogeneous.
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Fused salt.
Liquid metal fuel.
Fast breeder.
Sodium graphite.
. Organic cooled and moderated.
. Plutonium recyecle.
10. Heavy water.
11. Gas cooled.
Contributions and/or investments by private
organizations also included in these totals are,
as follows:

Atomics International—SRE ________ $ 2.80 million
75 million
Westinghouse Electric—Shippingport__. .50 million
Duquesne Power—Shippingport ______ 17.50 million

Total $21.55 million

AEC Nuclear Technology Costs include all
general design, research, development and capi-
tal cost expenditures carried out in support of
all civilian power reactor projects and those
leading to the establishment of a new power
reactor project. The various categories include
physics, coolants, heat transfer, instrumenta-
tion and control, shield development, manuals
and data books, reactor safety, fuels and other
core materials, separations systems and waste
systems.

Any cost associated with the Materials Test-
ing Reactor (MTR), Engineering Test Reactor
(ETR) or the Chemical Processing Plant
(CPP) at the National Reactor Testing Sta-
tion have not been included. It is recognized
the Civilian Power Reactor program and in-
dustry benefit from these facilities; however,
the prime justification and users of these facili-
ties are the military reactor programs. Simi-
larly, any other smaller facility, such as hot
cells, that was not built exclusively for civilian
use has not been included.

Under the Power Demonstration Reactor
Program the Commission enters into coopera-
tive arrangements with utilities and nuclear
industry firms for the development and con-
struction of nuclear power reactors. Costs as-
sociated with these arrangements are shown in
Figure 34.

Costs to the AEC under these arrangements
include the direct research, development and
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construction costs, as appropriate, for the fol-
lowing Cooperative Arrangements:

Yankee Atomic Electric. . _____ R&D only.
Enrico Fermi_________________ Ré&D only.
Consumers Public Power______ R&D and construction.

Rural Cooperative Power As- Ré&D and construction.
sociation.

City of Piqua, Ohio___________ R&D and construction.
Chugach Electric Association_.. R&D only.
Northern States___.__________ R&D only.
Carolinas-Virginia NPG_______ R&D only.
Florida NPG’s.__.___________ R&D only.

There were no costs reported through fiscal
year 1959 on the Philadelphia Electric ar-
rangement. Not included in the totals shown
was any waiver of fuel use or heavy water use
charge.

Costs borne by the nuclear industry and/or
utilities under these arrangements include all
research, development and construction costs
through fiscal year 1959 reported by the private
organizations under contracts with AEC in the
Cooperative Arrangements program :

Yankee Atomic Electrie.______ R&D and construc-
tion.
Enrico Fermi_________________ R&D and construc-
tion.
Consumers Public Power. _____ Construction only.
Rural Cooperative Power As- Construction only.
sociation.
Chugach Electric Association R&D only.
(NDA).
Northern States. . ___________ R&D and construc-
tion.
City of Piqua, Ohio____._..._._ No costs reported
through June 30,
1959,
Carolinas-Virginia NPG_.___.__ R&D only.
Florida NPG’s___________.__._ R&D only.
Philadelphia Eleetrie..________ No costs reported
through June 30,
1959.

Figure 34 shows the cumulative costs of re-
search, development and construction for each
major activity in the Civilian Power Reactor
program. This chart shows where the empha-
sis of the Commission’s program has been
placed between fiscal year 1950 and fiscal year
1959,

The costs related to each reactor classifica-
tion is shown in Figure 35.
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CIVILIAN POWER REACTOR
RESEARCH & DEVELOPMENT & CONSTRUCTION

CUMMULATIVE COST FOR EACH REACTOR CLASSIFICATION
FY 1950 through FY 1959

@ THERMAL CONVERTER REACTOR - Program Objectives Nos. 18 2 - TOTAL $284 MILLION

PRESSURIZED WATER ccccococscencccacscess 172.3

SODIUM GRAPHITE «+scvcesesesssassasasese 6.7 PROGRAM OBJSECTIVES

1. ACHIEVEMENT OF NUCLEAR
sgwn GENERATION COSTS
......... sesscssssecescccnt . 7.51 MILLS PER KWH IN

BOILING WATER 36.7 OF TSI MILLS PER

2 ACMIEVEMENT OF NUCLEAR
eeeeessiierennatiesiens POWER GENERATION COSTS
ORGANIC COOLED 17.1 OF 6.57 MILLS PER KWH IN
THE U.5.A. BY 1975,

GAS COOLED (Enriched) *seeeeseseccncescacs _j 1.2

@ BREEDER REACTORS - Program Objectives Nos. 28 3 - TOTAL $175 MILLION

\ . 2 BOVE,
FAST BREEDER *¢rveeccccccsccccsascorense 88.3 OBJECTIVE NO. 2 AS ABOVE
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THERMAL BREEDERS AQUEOUS «+vseceese 86.2 ABLE DOUBLING TIME.

@ NATURAL URANIUM/RECYCLE REACTORS - Program Objectives Nos. 2 & 4 - TOTAL $32 MILLION

PLUTONIUM RECYCLE TEST REACTOR -+ 7.6
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@ ADVANCED DESIGN - TOTAL
$2.0 MILLION

@ NUCLEAR TECHNOLOGY - TOTAL
$175 MILLION

SEPT. 1, 1959
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APPENDIX 1

Organization and Key Personnel

The organizations and the key personnel who
prepared the detailed technical status reports

Organization
General Nuelear Engineering Corporation
(Combustion Engineering, Inc.)

Atomic Power Development Associates, Inc__

{
{

Atomies International Division, North JRobert Dickinson
American Aviation, Inc.
Atomics International Division, North

American Aviation {
Westinghouse Electric Corporation__._.___ {
Oak Ridge National Laboratory
Oak Ridge National Laboratory

The above personnel were ably assisted by
many capable members of their own organiza-
tion. Some of the information contained in
the reports was supplied by other organiza-
tions, such as Argonne National Laboratory,
Alco Products, Inc., the Martin Company, Bab-

John M. West
Frank Bevilacqua
Alfred Amorosi
John Yeviek_ . __________________

Ray Beeley_.._________________.__.
William Parkins_._._ - _._______.__
Robert Wilson
William E. Shoupp
Ted Stern
Robert Charpie
R. Beecher Briggs. . _______________
E. I. du Pont de Nemours & Company.__. Dale Babcock

on which this summary was based are listed be-
low:

Reactor Report area

}Boiling water

|

}Sodium-graphite

Fast breeder

} Organic

}Pressurized water

Gas-cooled
Aqueous homogeneous
Heavy water

cock and Wilcox, Allis Chalmers, Nuclear De-
velopment Corporation of America, Sargent
and Lundy, Atomic Energy of Canada Litd.,
Los Alamos Scientific Laboratory, General
Atomics, United Kingdom Atomic Energy
Authority.
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APPENDIX II

Cost Backup Material (Summary)

The nuclear cost data on which the curves in
this report are based is divided into three cate-
gories. These are capital cost, fuel cycle cost
and operation and maintenance cost. In gen-
eral the cost breakdown, the system design
parameters, and rationale for these costs are
included in report Sargent and Lundy 1674.
The cost breakdown and performance data for
the coal-fired fuel plants are included in SL-
1564. A brief summary of the ground rules
and the basis for the cost calculations follows:

I. CAPITAL COST (NUCLEAR PLANTS)

To maintain as much consistency as possible,
Sargent and Lundy utilized the following basic
assumptions in determining capital costs:

1. The design parameters were based on cur-
rent technology.

2. Uniform costs were used throughout, with
appropriate differences for size, for those com-
ponents of the power plants that had the same
design specifications, such as turbine-gener-
ators, condensers, heat exchangers, buildings
and structures, etc. N

3. Provision for service and auxiliary facili-
ties were made on a common basis between
reactor concepts.

4. Uniform construction periods for each re-
actor size were established to determine interest
cost during construction.

5. Cost estimates for all reactor types were
prepared with the same estimating practices.

Basic flow diagrams and general arrange-
ment drawings were prepared for each reactor
type, based on data in the status reports. Esti-
mates were made based on this data, using
Sargent and Lundy’s normal estimating prac-
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tices and using uniform costs, where applicable,
in the different reactor type cost estimates.
Assumptions upon which interest costs were
based follow:

INDIRECT COST PERCENTAGES (BASED ON
325 MWE PLANT)

General and administrative ex- 12.5 percent of direct

penses. cost.
Engineering, design and inspec- 14.6 percent of direct
tion. cost plus general and
administrative costs.

Startup cost based on 4%
months of operating cost:
Contingencies_ _____________ 10 percent of direct
and indirect.
Interest during construction*_ 8.1 percent of total
cost.

*Based on 6 percent simple interest rate on money and an estimatea
expenditure curve over the 36 months’ construction period.

The capital-cost portion of all power cost
estimates were based on 14 percent annual fixed
charges and 80 percent capacity factor.

II. FUEL CYCLE COST (NUCLEAR
PLANTS)

Fuel cycle cost estimates were made for three
different core sizes for each reactor type with
the exception of the gas reactor where suffi-
cient information was not available to justify
an attempt to show cost over the size range.
Also, the Sodium Graphite reactor 11,000
MWD/MT avg. fuel exposure was calculated
for the 300 MWE station only and extrapolated
to the 200 MWE and 75 MWE sizes. Complete
data on the 3,000 MWD/MT avg. fuel exposure
for Sodium Graphite reactors is available on
the 75, 200, and 300 MWE stations.




The component parts included in the fuel
cycle costs are as follows:

1. Purchase of fuel assemblies and control
elements, including spares. The purchase price
covers the cost of the following:

a. Conversion of the starting source and
fissionable material (enriched UFg, depleted
UFg, some form of natural uranium, thori-
um, U-233 or plutonium) into the desired
chemical, physical and metallurgical form.

b. Fabrication of the material into the
proper size and shape.

¢. Cladding, sheathing, or otherwise hous-
ing fuel components, providing hardware
and fittings, assembling parts into units
ready for loading into the reactor.

d. Quality control analyses, inspection,
handling and shipping between various
points in fuel processing steps.

e. Material losses, cost of scrap recovery
and rework.

f. Use charge for fissionable material dur-
ing fabrication.

g- Purchase of the source material, if
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natural uranium, depleted uranium or thori-
um is used.

2. Payment for burnup of leased fissionable
material.

3. Payment of the 4 percent per year use
charge for special nuclear material.

4. Payment of shipping charges for trans-
porting irradiated fuel from reactor site to
chemical reprocessing plant.

5. Payment for reprocessing and chemical
conversion which is required to convert irradi-
ated fuel to decontaminated and pure forms of
UF¢, plutonium metal, uranyl nitrate solution
of U-233, and thorium nitrate solution (if
thorium is to be recovered).

6. The above charges are reduced by the
credit received for the net amount of pluto-
nium or U-233 produced in the nuclear ma-
terial and delivered to the reprocessing plant.

7. The working capital necessary to keep the
fuel cycle operating. The cost of working
capital was assumed to be 6 percent of the
amount of money in working capital.

The average fuel burnup and fabrication
costs used are as listed in Table 1, following:

TABLE 1
Reactor type Fuel Clad Average exposure Fabrication cost $/kg U
(MWD/MT)
BWR____________ UO0g. o oo Zr . 11, 000 140
PWR____________ UOgo o oo l_l S8 . 13, 000 110
OCR_____.___.___ U-3%wjoMo-0.1 Al ________ Al . 4, 500 60
SGR.____________ U-10w/oMo._ .. __._._______ S8 . 11, 000 110
(function of rod size)
FBR____ .. _.__._. U-10w/oMo_____.__________ Zr (%' Pins)________ 15, 900 480
FBR__.__._..__. Depleted U-2.75 w/o Mo | SS___._ | ___.... 45
(Blanket).
DO.... . . (Nat)y U-Zr_________________ Y/ S 3, 960 - 50
GCR___._________ (Nat) U ____ Magnox____________ 3, 000 50

The fixed cost data for the fuel cycle is as
follows:

1. Reprocessing cost based on $15,300/day
(8 + MT of U).

9. AEC schedule for UF, cost.

3. Shipping cost (irradiated fuel)
$/kg.

12.45

4. Conversion of uranyl nitrate solution to
UF=5.60$/kg.

5. Conversion of plutonyl nitrate solution to
Pumetal=1.50$/gm.

6. Buyback of Pu (credit) = 12 $/gm.

The inventory cycle was calculated for each
reactor type. The use charge was based on
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fuel inventory not the fuel loading. The de-
tailed fuel cycle costs are included in report
Sargent and Lundy 1674.

III. OPERATION, MAINTENANCE AND IN-
SURANCE COST (NUCLEAR PLANTS)

A. Operation and Maintenance. Estimates
of operation and maintenance cost were pre-
pared for a 75, 200 and 300 MWE size for each
reactor type. The estimates were based on in-
formation available from Shippingport, Yan-
kee, Indian Point, Enrico Fermi, and Dresden,
and an analysis of the operation requirements
for the various reactor types. The ground
rules used in establishing operation and main-
tenance costs were as follows:

1. At this stage of development, operating
and maintenance cost for nuclear plants will be
higher than conventional plants of correspond-
ing net kilowatt capacity. This is due essen-
tially to the radiological and biological aspects
of nuclear plants with their attendant safety
problems together with lack of any extended
operating experience on which to base judg-
ment to achieve operating economies.

2. In considering the items making up the
total cost per KWH of a nuclear plant viz,
plant investment charges, fuel costs, and oper-
ating and maintenance costs, the latter item of
operating and maintenance represents a rela-
tively small proportion of the total cost, being
in the order of 10 percent. This cost relation-
ship merits a somewhat simplified approach in
normalizing operating and maintenance costs.

3. Operating and maintenance costs were
broken down into:

a. Supervision and engineering labor.

b. Station labor.

¢. Fringe benefits, applicable to payroll.

d. Operating supplies, maintenance ma-
terials, and services

e. Extraordinary items. These are items
applicable to a particular type of reactor
such as the makeup of heavy water in a
D,0 moderated reactor, organic liquid in an
organic cooled reactor plant, helium in a gas

cooled reactor or special maintenance and
operating techniques associated with radio-
active sodium and other liquids.

B. Insurance Cost (Nuclear Plants). Insur-
ance costs for nuclear plants are substantially
higher than for conventional plants. This is
due essentially to lack of insurance experience
and the liability potential, both on-site and
off-site, to property, personnel and the general
public resulting from a nuclear incident which
conceivably would release radioactive contami-
nates. The insurance coverage falls into three
categories:

1. An all risk nuclear property insurance for
which the rate is in the order of 35¢ per $100
of insurance coverage.

2. Nuclear liability insurance for which an
insurance pool of $60,000,000 has been set up
by mutually owned and stock holder-owned in-
surance companies. The reactor owner is re-
quired to take out $150,000 per megawatt of
thermal capacity of this type of insurance
coverage before the plant is eligible for gov-
ernment indemnity insurance. The maximum
amount of insurance coverage is $60,000,000 at
an annual premium of $260,000. The rates for
this nuclear liability or so-called third party
insurance are as follows:

Annual
Amount Rate/million premium
First $1,000,000___ __________ $40, 000 $40, 000
Next 4,000,000__________.___ 20, 000 80, 000
Next 5,000,000 ____________ 8, 000 40, 000
Next 10,000,000_ __ __________ 4, 000 40, 000
Next 20,000,000_ __ __________ 2, 000 40, 000
Next 20,000,000_ - - ___.______ 1, 000 20, 000
$60,000,000_ _ - __ ____________.___.___ $260, 000

3. Government indemnity insurance at the
rate of $30 per MW thermal with a maximum
coverage of $500,000,000. The details of the
operation and maintenance and insurance cost
is included in report Sargent and Lundy 1674.

IV. COAL-FIRED COSTS

The coal-fired plant cost data included in
this report was based on the following data:
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Plant Size—MWEmnet_ ___________________ 25 60 100 200 325
Pressure—psig_. . _____ . _____.______ 850 1,250 1, 450 2, 000 2, 000
Temp. Initial/Reheat—F____ . ____________ 900 950 1, 000/1, 000 1,050/1,000 1, 050/1, 000
Back Pressure—HgA_____________________ 1.5 1.5 1.5 1.5 1.5
Heat Rate—BTU/KWH __________.._______ 11, 980 11, 066 10, 063 9, 550 9, 471
Capital Cost $/ KWE (net) .________________ 296 221 199 178 166
Power Generation Cost @ .8 LF.
Fixed charges @ 14 percent__ ___._________ 5.91 4. 41 3. 97 3. 57 3. 31
Fuel cost—35¢/108 BTU _.____________._____ 4. 19 3. 87 3. 52 3. .34 3. 31
O&MCosto ... 1. 04 .75 . 67 . 50 .37
Total Power Generation Cost M/|[KWH
@ 35¢/10 BTU.__________ ... 11. 14 9. 03 8. 16 7. 41 6. 99
@ 25¢/10BTU______ . ___________________ 9. 94 7.93 7.15 6. 46 6. 04

The details of the coal-fired plant costs are included in report Sargent and Lundy 1564.
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Explanation of Terms Used in Definition of Objectives

The explanation of terms and the reasoning
behind the selection of specific numbers and
dates used with the objectives are listed below:

Equivalent station design basis is to be in-
terpreted as (1) the same gross electrical out-
put, since a nuclear plant may require a differ-
ent amount of auxiliary power than a fossil-
fueled plant; (2) the same site characteristics
(not necessarily the same acreage), i.e., soil
conditions, cooling water temperature and
transportation; (3) fossil-fueled plant to have
normal, modern turbine conditions, i.e., not to
exceed 2,000 psia 1,050°F/1,000°F reheat; (6)
turbines to be rated at same exhaust pressure
(1% inch Hg A).

High energy cost area is a relative state-
ment; however, it is necessary to arbitrarily
select a specific figure in order to compare the
technological development of nuclear plants
against a specific goal. There are areas in this
country where the fuel cost exceeds 35 cents/
million BTU’; however, this fuel cost was
arbitrarily selected as a minimum high fuel
cost area.

The specific power generation cost for fossil-
fueled plants to be used as a target for the
1968 objective is a 325,000 KWE net (348,150
KWE gross) plant rated at 2,000 psia 1,050°F/
1,000°F reheat at 115” Hg Abs. The capital
cost (single unit/station) is $166/KWE Net or
3.31 M/KWH, fuel cost (35 cents/million
BTU’s of 3.81 M/KWH, operation and main-
tenance cost of 0.37 M/KWH. Total power
cost is 6.99 M/Net KWE based on 1959 cost.
No escalation is included. It is assumed that
proper escalation and cost increases will be
added to the plants (nuclear and fossil-fueled)
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for the dates on which the comparison is to
be made.

The target date of 1968 is an arbitrary date
based on the best apparent compromise be-
tween current status of nuclear technology, a
reasonable budget estimate and a strong desire
to achieve competitive nuclear power at the
earliest date.

The budget limit (dollars available) will in-
fluence the number of reactor types to be pur-
sued for each program objective. However,
the earliest date at which a reactor type may
become economically competitive is limited by
the status of the technology and the construc-
tion time. For example, increasing the budget
by a factor of two would not reduce the time
required to develop a concept to maturity by a
similar amount. This is especially true of
those concepts competing for economic power
by 1968.

A low energy cost area was arbitrarily se-
lected as 25 cents/million BTU’s, based on the
same plant conditions as described under high
energy cost areas. The power generation cost
for a plant installed in this area would be
6.04 M Net KWH (based on 1959 cost). A
nuclear plant that could provide power at 6.04
M Net KWH would be competitive in all but
the extreme low cost areas in the United
States. The target date of 1975 for a nuclear
plant that could compete in low energy cost
was arbitrarily based on two generations of
plants (314 years construction time each) after
the first objective (1968) was realized.

The development of breeder reactors, recycle
reactors and natural uranium fueled reactors
has been set as a fundamental program objec-
tive. This is due to the uncertainties in future
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fuel reserves, national emergencies and the de-
sire to maintain world leadership in the devel-
opment of nuclear power for civilian applica-
tion. :

A lower size limit of 25,000 KWE was set
for evaluating thermal converter type reactor

plants, so that the comparison could be made
between fossil-fueled, steam turbine type plants
and nuclear plants. Below this range the
nuclear plant would also have to compete with
the diesel plant, internal combustion plants and
other types of prime movers.

U.S. GOVERNMENT PRINTING OFFICE: 1960 O—527911





