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1. INTRODUCTION

1. As part of its activities in connection with the development of nuclear power, and in
response to the resolutions adopted by the General Conference [1 ], the Agency has been
undertaking a continuing study of the technology and economics of small and medium sized
power reactors, particularly with reference to the needs of the less-developed countries.
The information gathered as a result of the opportunity afforded by the United States of
America to follow the development of some of the small power reactor projects in that
country [2 ] is summarized in this report.

2. In discussions with officials of USAEC for the purpose of working out a program that
would enable the Agency to make the best use of the offer by the United States Government,
the Secretariat indicated that it was interested in obtaining essential data on the following:

(a) The Elk River 22 Mwe boiling-water reactor with a coal-fired superheater;
(b) The Piqua 11.4 Mwe organic-moderated reactor;

(c) The BONUS 16. 2 Mwe boiling-water reactor with integral superheat;

(d) The Pathfinder 62 Mwe boiling-water reactor with integral superheat;

(¢) The SSPWR 20 Mwe pressurized-water reactor; and

(f) The ELPHR 40 Mwth pressurized-water reactor for process heat and
desalinization.

3. The Agency also expressed a desire to be kept informed about the progress of cer-
tain other projects such as the Hallam nuclear power facility (HNPF), the high tempera-
ture gas-cooled reactor (HTGR) at Philadelphia, and the improved cycle boiling-water
reactor (ICBWR) at Michigan.

4, On each of the reactor projects listed above, information was requested from USAEC
on the following:

(a) Basic design features with emphasis on design objectives;

(b) Construction experience;

(c) Safety of reactors {(design, siting, containment, hazard reports);

(d) Fuel cycle (fabrication of fuel elements, fuel handling, fuel
management and shipping for reprocessing);

(e) Training of the operating staff;

(f) Start-up;

(g) Cost data;

(h) Operation and maintenance experience; and

(i) Integration of the nuclear plant within the existing power network,

5. It was decided that the Agency's staff would first study all available reports on the
projects and then gather further information on matters not covered by the reports but of
special interest to Member States. This is being done by two staff members of the Secre-
tariat who visit at appropriate intervals the reactor sites and hold discussions with the
officials of USAEC responsible for directing the projects, and with reactor designers and
manufacturers, building and construction contractors, and representatives of utility com-
panies.

[1] GCUD/RES/27, GC(II)/RES/57 and GC(IV)/RES/86.
[2] See also document GC(V)/161.
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6. It was recognized that because of differences in the time schedules for the completion
of individual projects, their execution as a whole would be spread over three to four years
and at any particular time during that period the Agency would be particularly interested in
these projects which were then at an active stage of development.

7. The present report deals mainly with the Elk River, BONUS, Piqua and Pathfinder
projects, and briefly with some others. It is mostly concerned with a discussion of basic
design features, safety, experience in construction, training of personnel, and the cost,
operation and maintenance of the reactors. A list of selected references has been provided
in each case,

8. USAEC has extended the fullest co-operation to the Agency's staff; reactor designers
and the utility companies concerned have also been most helpful in providing necessary in-
formation. In order to carry out the program more effectively USAEC has designated a
project officer for the transmittal of technical information and relevant material who is
directly in touch with a counterpart in the Secretariat,
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II. INFORMATION CONCERNING THE PROJECTS AS A WHOLE
A, General
9. The small power reactor projects in the United States are part of the Civilian Power

Reactor Program for the development of nuclear power.

A list of nuclear power plants in

the range of 1-75 Mwe under construction or planned is given in Table 1 below.

Small power reactor projects in the United States

Table 1

Reactor Type Output Location Criti- Owner/Operator
cal in
Saxton PWR 3.3 Mwe Saxton, Pa. 1961 Saxton Nuclear
Experimental
Corporation
ELPHRS/ PWR, low 40  Mwth not decided USAEC/not decided
temperature
process heat
SSPWRE'-/ PWR 20.5 Mwe not decided USAEC/not decided
Elk River&/ BWR, indirect 22 Mwe Elk River, 1961 USAEC/RCPA
cycle Minn,
Pathﬁnderg/ BWR, nuclear 61 Mwe Sioux Falls, 1962 Northern Si:7tes
superheat S. Dak. Power Co.
Big Rock BWR 50-75 Mwe Big Rock Point, 1962 Congymers Power
Point Mich. Co.
Humboldt Bay Advanced BWR 48.5 Mwe Humboldt Bay, 1962 Pacific Gas and
Calif. Electric Co.
BONUS-a-'j BWR, nuclear 16.3 Mwe Punta Higuera, 1962 USAEC/Puerto Rico
superheat Puerto Rico Water Resources
Authority
ICBWR Improved cycle 50 Mwe 1a Crosse, 1964 under considerationP-/
BWR Wisc.
CVTR HWR, pressure 17 Mwe Parr, S.C,. 1962 Carolinas Virginia
tube Nuclear Power
Agsociates, Inc.—/

, a/ . . b/
Piqua OMR-' OMR 11.4 Mwe Piqua, Ohio 1961 USAEC/City of Piq
POPER OCR 50 Mwe not decided 1964 under consideration-ll/
EGCR GCR 22.3 Mwe Oak Ridge, 1962 USAEC/Tennessee

Tenn. Valley Authority
HTGR GCR 40 Mwe Peach Bottom, - 1963 Philadelphia Electric
Pa, Co.P
HNPF SGR 75 Mwe Hallam, Neb. 1962 Consumers Public

Power DistricfP_/

a/ Discussed in this report.

b/ Research and development support from USAEC.
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10. The small power reactor projects have two main objectives. As experimental re-
actors, the plants provide basic technical data needed for large power plants and, as power
producers optimized for small sizes, they furnish information on the extent to which such
plants can be competitive with conventional plants in high fuel cost areas in the country.

11. Before constructing a large nuclear power plant, it is preferable to build a small
sized prototype or an experimental reactor to obtain the necessary data on design and oper-
ating characteristics. Such plants cost much less and yield most of the information needed.
For instance, the Dresden reactor was preceded by EBWR, Borax-1 - 4 and VBWR;

HNPF by SRE; and PNPF by OMRE. Now, Borax-5, BONUS and Pathfinder are under
construction and will lead to large sized nuclear superheat reactors.

12. Small power reactors are not always just a step towards the construction of bigger
ones. In some cases such as that of the Elk River plant, where they are to be integrated
into a power system, they are built for that purpose and are optimized for commercial
power production,

13. In the United States the incentive to achieve competitive power from small nuclear
plants stems from the need of a large number of small public utilities some of which are
run as rural co-operatives. They enjoy the benefits of very low interest rates and if any
of these utilities is in a high-fuel-cost area, then the combination of these factors offers a
promising situation for the use of a small nuclear plant. There are some similarities
between the situation that is faced by rural co-operatives in the United States and the power
companies in some of the less-developed countries in as much as both have systems with
small units, low load factors and low capital charges. USAEC feels that the experience
gained in the technology and economics of small plants in the United States can be of con-
siderable benefit to these developing countries in which fuel costs are high and where such
plants could be of use.

14. Each USAEC power reactor project has specific and well-defined objectives which
are determined before a decision is made to go ahead with the construction. For instance
the Elk River project is for the purpose of studying thoria-urania fuel; BONUS is for
studying nuclear superheat., Sometimes USAEC builds the reactors at one of its research
centers - Borax-1 - 5 and EBWR at Argonne, EGCR at Oak Ridge.

15. In certain instances, experimental power reactors are built by private manufac-
turers under contract with USAEC. An instance is that of SRE (sodium reactor experi-
ment), which was built at Santa Susana, California, by Atomics International. Some power
reactors are built in co-operation with utility companies; USAEC pays for the reactor and
retains its ownership, while the utility provides among other things the site and turbo-
generator, and buys the steam at an agreed rate. In this category fall such projects as
the Elk River, Pigqua and BONUS.

16. For some other projects USAEC provides the necessary funds for research and de-
velopment and may even supply the fuel free of charge during a certain period, but the
reactor is built and owned by a private utilily company. The Pathfinder is such an example.
In such cases USAEC has the right to receive all the design and operating information de-
veloped through the project.

17. Lastly, there are some privately owned reactors which do not have any financial
support from USAEC. These include the Dresden and the Saxton plants.

B. Management of the projects

18. The proper management of a reactor project is of special importance. As in the case
of any industrial plant it helps to reduce construction time and total cost and ensures ad-
herence to the desired specifications; in the case of nuclear plants, however, additional
care is necessary to assure that the installation is safe and the design and construction is
according to established regulations. It is not enough, for instance, to select a contractor
for a turn-key job and leave the entire responsibility to him.
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19. In the United States a typical power reactor project usually involves three parties,
namely the reactor supplier, the utility company and USAEC,. The reactor designer and
manufacturer may also be the prime contractor employing a number of sub-contractors.
His organization usually consists of a project engineer in charge of co-ordinating all
technical matters including design, engineering and fabrication; an officer in charge of
the implementation of contracts and a resident construction engineer who supervises the
work at the site.

20. The utility company, which is the customer, has its own separate organization, con-
sisting of the contract officer and a reactor plant manager supported by a group of tech-
nical men. The contract officer handles all negotiations for revisions and changes in the
contracts and looks after the interests of the customer in the implementation of the agree-
ment with the prime contractor.

21. The reactor plant manager, who is usually selected ahead of time, is assisted by a
group of engineers and operators who will ultimately take over the plant and run it. This
group must follow all the necessary technical details of the design and construction of the
plant and learn the operating techniques. Sometimes it may be desirable to seek outside
advice from an architect-engineer or firm of consulting engineers to ensure that the plant
meets all the requirements of the utility company. The customer also has to make the
necessary arrangements for the training of the operating staff in co-operation with the re-
actor supplier. Another important responsibility of the utility is to have an effective pub-
lic relations program to educate and inform the population in the area.

22. USAEC is particularly concerned with the safety of the plant. As the national regu-
lating and licensing authority it approves the site, construction and operation of the plant
according to its safety criteria. Where USAEC also owns the plant or provides part of the
finances, its responsibilities are proportionately greater. For instance, it handles the
Elk River project through its field office known as the Operations Office, which admini-
sters and co-ordinates all activities in connection with a USAEC reactor project and works
closely with the reactor designer, building and construction contractor, the utility com-
pany and local and state authorities. Its job is to ensure that all objectives of the project
are fulfilled, specifications met, schedules adhered to, and above all that the plant meets
the safety standards established by USAEC, The Operations Office has various divisions
which actively participate in the implementation of the project. Usually, a project co-
ordinator is designated for each project who is in close touch with all the divisions of the
Operations Office, the contractor and the utility and provides guidance and co-ordination
for the speedy and satisfactory completion of the project. There is also a site represent-
ative from this office who follows the progress of work on the spot and reports to the
Operations Office.

23. The Reactor Engineering Division is responsible for the programing of all technical
activities (excluding construction) for placing the reactor in operation, and for a con-
tinuing technical evaluation of reactor operation and performance. The Contracts Division
has primary responsibility for the administration of the prime contracts with the design
and operating contractors and for co-ordination of all matters concerning these contracts.
The Engineering and Construction Division has primary responsibility for the admini-
stration of construction contracts and for the co-ordination of all matters concerning them.,
The Health and Safety Division develops and recommends safety policies and procedures
and undertakes the safety review with which the Operations Office is charged.

24. The safety problems of a reactor project are of paramount importance and a sum-
mary of the main tasks carried out, in collaboration with the reactor designer and the
utility company, as a part of the safety evaluation of a typical power reactor installation
is given in paragraphs 25 to 36 below,
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25. Site location and description. To site a reactor, necessary data on hydrology, geol-
ogy, climatology, meteorology, seismology, topography, ecology, population and industrial
density must be collected because of their effect on construction, effluent control, reactor
operations and safety, These data are also needed for the preliminary hazards summary
report,

26, Public relations and information. The construction of a reactor near a community
raises many questions and it is essential to educate and inform the public so that it is not
perturbed by rumors about radiation hazards. Through local civic organizations, the
population has to be fully informed of all relevant facts concerning the plant and the meas-
ures taken to ensure its safe operation.

27. Preliminary hazards summary report. The preparation of this report should start
when the conceptual design ends. It has to include in addition to the information mentioned
in paragraph 25 above, a description of the reactor, the auxiliary systems, the facilities,
the housing, and an analysis of the possible hazards. Although this report has to be pre-
pared by the reactor designer, the Operations Office plays an important advisory role. It
gives an outline of the subjects which should be discussed, reviews the draft and suggests
revision, wherever necessary. The report is then usually sent to the Reactor Hazards
Evaluation Branch of USAEC at Washington through the Division of Reactor Developments,
which makes its own comments, and further improves it before presenting it to the
Advisory Committee on Reactor Safeguards (ACRS) for approval. The construction of the
reactor cannot start unless the site has been favorably reviewed by this Committee.

28. Pre-operational environmental monitoring program. While the reactor is being built,
a complete survey of the radiation levels and of the soil and vegetation in the area has to
be carried out so that the ambient conditions are fully established, and any departures
from these, after the reactor start-up, can be observed. This requires the preparation of
a monitoring plan, the fixing of sample points, the collection and analysis of samples, etc.
The Operations Office works with the utility to organize this program.

29. Radiological physics. A health physicist has to be hired by the utility well in advance
(about two years) of the date on which the reactor is expected to be critical. He sets up the
health physics laboratory, prepares the health physics operating manual, and helps to give
training in radiation protection. The Operations Office advises in the selection of the man

and the organization of the health physics program.

30. Safety and fire protection. The design and construction of the buildings and facili-
ties are reviewed by the Operations Office, in consultation with the contractors, to ensure
compliance with the safety and fire codes.

31. Reactor operators training program. This program is initiated about two years be-
fore the reactor becomes critical. ' The reactor designer is responsible for this program
but receives much help and advice from the Operations Office, in the selection of person-
nel, selection of courses to be held, and the training to be imparted. The Operations
Office also reviews the operating manual, and makes arrangements for the Division of
Licensing and Regulations to hold the operators licensing examination for supervisory and
operating personnel,

32. Final hazards summary report. This report contains the final description of the
facility emphasis being laid on those features which result from changes in the preliminary
design, It also gives details of the administration, the organization, the plans and the
procedures concerning the project, and a final estimate of the potential radiation hazard
from the maximum credible accident. The final hazards summary report has to be com-
pleted at least four months in advance of start-up. As in the case of the preliminary
hazards summary report, the Operations Office advises on its contenis and reviews it be-
fore forwarding it to the Division of Reactor Development for further action, ACRS has to
approve the report before permission is granted to make the reactor critical. For cer-
tain reactors the review by ACRS is followed by open public hearings.
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33. Operating manual and emergency procedures. This is prepared by the designer in
consultation with the Operations Office.

34. Initial criticality. The procedures for start-up and fuel management (handling, load-
ing and unloading) are prepared by the designer and reviewed by the Operations Office.

35. Environmental monitoring. The pre-operational environmental monitoring program
is reviewed with the assistance of the utility concerned and arrangements are made for a

continued monitoring survey to keep a check on any increases in the radiation level in the

surrounding area,

36. Continued safety review program. To ensure that the reactor is operated safely and
in accordance with the approved procedures, a reactor safety review committee is consti-
tuted by the contractor. This committee carries out a pre-operational review and inspec-
tion of the reactor and evaluates the operating procedures and the influence of any signifi-
cant changes in the system. After full power has been achieved, the Operations Office
conducts periodic surveys for safety and fire protection, radiological physics, and reactor
operational safety,

C. Interest of the utilities in the projects

37. Utilities, operating as co-operatives and serving in small municipalitias, have
evinced great interest in the future of small nuclear power plants. They feel that there is
a strong justification for devoting much effort to the development of units in the range of
20 - 75 Mwe capable of producing power at competitive prices. According to them, there
are not many utilities in the United States that could use large size power reactors in the
300 Mwe range. On the other hand, there are hundreds of smaller utilities which have a
great need for smaller plants.

38. The experience of the utilities now building reactor plants indicates that great impor-
tance should be attached to contractual arrangements and negotiations in connection with a
power reactor. Because of the far-reaching implications in building such plants, a great
deal of legal and administrative work has to be done, the extent of which is not generally
recognized in the beginning, Sufficient funds should be earmarked for this purpose.

39. With regard to the integration of the nuclear plant, the utilities tend to treat the re-
actors in the same way as a conventional station. For instance, in one case, it is planned
to use the same operating staff for conventional and nuclear units on the same site. They
are receiving training in the handling of nuclear plants, and will then pass the required
licensing examination after which they will run the conventional as well as the nuclear units.
This approach is based upon a desire on the part of the utilities to reduce the operating
expenses to a minimum. In any case, it is necessary for USAEC to approve the staffing
plan of the reactor station.

D. Operating staif and training

40. After the essential safety requirements have been incorporated in the design of a
reactor, the proper and safe operation of the plant is in the hands of the operating person-
nel. USAEC exercises great care in the selection and training of the reactor staff so as
to reduce to a minimum the possibility of an accident because of an operator's error,
Although a large number of reactors have already been put into operation in the United
States, no standardized training program for operators has been evolved. This is per-
haps due to the fact that every reactor system has its special features and requirements
which do not lend themselves to a common approach. Moregover, operating experience of
the various types is not sufficient to enable the establishment of rules which would be
applicable in all cases.



GC(V)/INF /41
page 14

41, The present approach, therefore, is to find individual solutions to the problem of
staffing each reactor. For instance, in the case of the Dresden, Yankee and Indian Point
reactors, the companies concerned developed special training programs for their person-
nel in consultation with USAEC, For the projects under direct USAEC control, some
operators are recruited from among staff already trained at various sites, while others
come from utilities, and are given necessary theoretical and practical training. It may be
mentioned that the reactors operations course at Oak Ridge and the operators training

. schemes at Shippingport have proved to be very useful, although the number of the persons
thus trained is not sufficient to meet the requirements of the reactor projects now under
way.

42, USAEC insists that for each reactor plant a detailed operating manual be prepared to
cover all situations. This manual is a part of the final hazards summary report and has
to be duly approved. USAEC representatives also visit the reactor sites unannounced to
see if all the rules are being fully observed. Should they notice anything contrary to
provisions of the license, the operation of the facility can be suspended until corrective
action has been taken,

43. The operating staff for a reactor plant can be divided into three main categories,
namely:

(a) Operators;
(b) Supervisors; and
(c) Specialists.

Some of the basic qualifications of each of these, together with their training programs,
are discussed in paragraphs 44 to 46 below.

44, Operators. In the case of those reactors the licensing of which is subject to public
hearings, operators are required to obtain a license which is granted by USAEC after a
thorough theoretical and practical examination given at the reactor site. A power reactor
operator must have at least a high school diploma, and in addition it is desirable that he
should have several years' operating experience in a conventional or nuclear power plant.
He should have an aptitude for physics, mathematics and technology. It is considered
preferable not to employ persons with an advanced degree because they may have a tend-
ency to depart from the established operating procedures. Moreover, the job is too much
of a routine to hold their interest for long.

45, Supervisors. The supervisors should be senior persons with long experience in
running and managing a conventional or nuclear power plant. They should have received
advanced theoretical and practical training in all problems relating to operation and safety
of the reactor. The plant manager in particular should have training in health physics so
that he fully understands the importance of the health and safety regulations which must be
observed by all persons working in the plant,

46, Specialists. Finally, specialists are needed to provide the following essential
services:

(a) Health physics services

It is most desirable for the health physicist to have basic training
in radiological physics together with practical experience with a reactor
health physics group. He should also have a good knowledge of instru-
ments used for measurements and detection of radiation, The health
physicist should be assisted by at least one technician to help in radiation
surveys and monitoring, and to keep a complete record of the exposures
received by the staff, He should be a high school graduate with some
training in a reactor plant;
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(b} Reactor safety and fuel handling and management

The presence of nuclear fuel, whether inside or outside a reactor,
presents many special problems which should be looked after by a
well qualified and responsible person. He should be particularly familiar
with criticality hazards connected with fuel storage. He can also carry
out fuel management and account for the fissionable material going in
and out of the plant;

(c) Instrumentation, repairs and maintenance

The recruitment of qualified instrumentation men poses a real
problem. There are relatively few people available who are familiar
with the use of pulse circuits, counters, detectors and other equipment
associated with the electronics and control of a reactor. If an experi-
enced man ig not available, a good electronics man can be selected and
given at least a year's training in the types of instruments and controls
used in the plant; and

(d) Chemical analysis

The control of the quality of water or organic liquid going into the
reactor and the analysis of reactor wastes is very important for the
safe and proper operation of the plant. This requires an experienced
chemical analyst. For general maintenance of the plant, it is preferable
to start with a person having experience in similar work in a conventional
plant. He should receive on-the-job training at the power reactor, and
indoctrination in the principles of radiation protection.

E. Nuclear superheat

47. General. A considerable amount of work is being done in the United States of America,
the Union of Soviet Socialist Republics, the Federal Republic of Germany and Japan on the
development of nuclear superheat reactors in which there is now a growing interest.

These reactors can be of various types such as the graphite or D9O moderated pressure

tube type; the non-integral boiling-water type having two separate cores, one for boiling
and the other for superheating; and the integral type, using only one core with one zone

for boiling and the other for superheating,

48, Four nuclear superheat power reactors are currently under consiruction in the
United States, namely the Borax-5 at Argonne, Idaho; the Pathfinder at Sioux Falls, South
Dakota; BONUS at Punta Higuera, Puerto Rico; and the Vallecitos experimental super-
heat reactor (VESR) at San Jose, California.

49, The Borax-5 is a flexible reactor which is expected to be ready by the end of 1961
and will be used to test various nuclear superheat concepts using different core arrange-
ments and to study the stability of boiling reactors at high power densities. VESR which
is expected to be in operation by June 1962, is a steam-cooled flexible test-bed capable

of testing a large number of superheated fuel elements. It will get its steam supply from
a separate conventional boiler or from the Vallecitos boiling-water reactor (VBWR)., The
Pathfinder and BONUS reactors are full scale integral superheat power plants and are
discussed in detail in this report.

50. Besides the above mentioned reactors several conceptional design studies on large
sized nuclear superheat reactors are being undertaken. These cover integral and non-
integral (steam-cooled) types including mixed spectrum and Zr-H moderated reactors.
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51. Incentive for nuclear superheat. The basic incentive for nuclear superheat is eco-
nomic. Water reactors which produce low temperature saturated steam require, at pre-
sent, large specially-made turbines which are costly and not very efficient. If reactors
can produce superheated steam at high pressures, smaller and more economical turbo-
generators of the standard type - which are to be preferred - can be used in the power
plants. This will lead to a gain in plant efficiency that could be increased to 40% and
could be comparable with that of the most efficient conventional stations. The result will
be savings in nuclear fuel, reduction in piping and pumping requirements, and other
auxiliary services, and a lowering of the cost of containment. The total savings in genera-
tion costs for a large plant may be about 0.5 mill/kwh for future plants, which is equal to
about 7 ~ 10% of the generating costs for water reactors without superheat.

52. Major problems. Although nuclear superheat reactors hold forth the promise of
cheaper nuclear power, there are a number of technical problems which must still be
solved, All the design problems associated with the boiling-water reactors have to be
overcome, in addition to those associated with nuclear superheat itself. An integral super-
heat reactor, for instance, exhibits the characteristics of a boiling-water reactor (in the
boiling region) and a gas-cooled reactor (in the superheater region) and, as such, inherits
the problems of both.

53. Some of the basic problems concerning nuclear superheat are:

(a) Fuel element. The success of nuclear superheat is largely dependent on
the development of a satisfactory fuel element having long-term integrity
and designed with due regard to neutron economy and net costs. This
fuel element must be capable of achieving high burn-ups under the severe
temperature and pressure conditions characteristic of a nuclear super-
heater;

(b) Radioactivity. Since the superheated steam will be used directly, the
amount of radioactive material carried over to the turbine and condenser
should be within tolerable limits., The corrosion of highly active stainless
steel fuel cladding and of the surfaces is a matter of particular concern,
The residue resulting from evaporation of the moisture contained in the
steam and its deposition on the fuel elements in the superheat should be
kept to a minimum;

(c) Operational safety.

(i) The potential hazards associated with the flooding and unflooding
of the superheater section should be avoided;

(ii) The proper power distribution between the boiling and superheating
regions must be maintained without introducing other problems such
as intolerable hot spots and instability; and

(iii) - Adequate shut-down cooling for the nuclear superheater elements
must be guaranteed even if the flow of steam to the turbine is
interrupted; and

(d) Materials. It is essential to develop alloys and materials for fuel cladding
and for the superheater section having good mechanical strength at high
temperatures and pressures, resistance to radiation damage and corrosion,
and good heat transfer properties,
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III. THE ELK RIVER POWER REACTOR

A. General

54. The Elk River reactor is a natural circulation, indirect cycle, boiling-water reactor
having a thermal output of 58 Mw, supplemented by 14 Mw from a coal-fired superheater,
to give a net electrical output of 22 Mwe. This reactor has been built as a part of the
power demonstration program of USAEC to gather practical experience on the operation
and cost of this type of plant as a source of power for base load operation in a grid.

55. The reactor is located next to an existing steam plant of the Rural Co-operative
Power Association of Elk River, Minnesota (RCPA), which is a small utility serving a
population of 60 000. The contract between RCPA and USAEC stipulates that RCPA will
furnish the turbogenerator facilities and the site, whereas all expenses in connection with
the reactor will be borne by USAEC. RCPA will operate the reactor for USAEC and
purchase the steam generated from the reactor at a rate which is comparable with the cost
of power from its conventional stations. After five years of operation, RCPA has the
option to purchase the reactor.

56. The prime contractor for the reactor is Allis-Chalmers Manufacturing Company,
which is responsible for the design, engineering, construction, start-up and test operation
of the reactor and associated plant, and training of the operating personnel. The work is
being performed on a cost type contract with a maximum ceiling and a fixed fee. The
formal contract was signed in June 1958 and construction began in August 1958,

B. Important design features

57. A summary of important data concerning the reactor is set out in Annex I, and a
schematic diagram of the reactor system is shown in Figure 1.

58. Objectives. The object of building this reactor is not to advance boiling-water
reactor technology as such, but by keeping the design innovations to a minimum, to con-
struct a plant which will operate with maximum reliability and safety and continuously
supply power to a small utility system. Elk River reactor is essentially a modified
version of EBWR, with the same basic design features. The essence of its design is
simplicity and safety. The distinguishing feature of this reactor is the fuel which, unlike
that of EBWR, consists of a mixture of 4. 3% enriched UO9 (Urania) and ThOg (Thoria) in
the form of pellets contained in stainless steel tubes. It is one of the first commercial
nuclear power plants to use a urania-thoria mixture although samples of this type of fuel
have already been tested successfully in EBWR core. The experience gained in this type
of fuel cycle will greatly add to the know-how in the use of thorium as a fuel, and several
countries which have large deposits of thorium will watch with interest the results obtained.

53. The reactor operates on an indirect cycle using an intermediate heat exchanger so as
to eliminate the carry-over of any radioactivity into the turbine. This is a very conserva-
tive approach because it has already been demonstrated that the transfer of steam from the
reactor directily into the turbine does not pose any significant hazard. Nevertheless, an
intermediate heat exchanger has been added, as an extra precaution.

60. A coal-fired superheater is used to improve the quality of the secondary steam to
8259F in order to permit the use of a preferred standard efficiency turbine. The over-all
effect of the use of the superheater will be a lowering of generating costs.

61. The stability of the reactor has been assured by having a relatively low average
power density of 39.6 kw/l of the coolant, and a high pressure of 936 psia, as opposed to
Borax and EBWR, which have proved to be stable at higher power densities and lower
pressures. Borax-4 had a power density of 67.5 kw/l and a pressure of 300 psig. The
corresponding values for EBWR were 65 kw/l and 600 psig.
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62. The plant has been designed for eventual operation at twice the initial power level by
using forced circulation. Thus, the containment shell, reactor vessel, shielding, heat
transfer equipment, emergency condenser and other permanent fixtures are designed for
116 Mwth. Space has also been provided for the installation of an additional steam gener-
ator, sub-coolers and other auxiliary equipment.

63. Core. The reactor core is a cylinder approximately 5 ft. in diameter and 5 ft. high.
It contains 148 fuel elements with room for 16 more. It has 13 cruciform-type control
rods. Water entering at the bottom at 450°F moves up by natural convection through the
reactor core as it becomes heated and leaves the reactor in the form of steam at 536°F.

64. Pressure vessel. The pressure vessel is a 7 ft. diameter cylinder 25 ft. high with
a removable elliptical head having four 12 in. nozzles. It is made of 3 in. thick grade B
carbon steel as base metal, with a 304 stainless steel internal cladding of 0. 109 in. thick-
ness, capable of withstanding a design pressure of 1250 psig with a margin of safety of
four. In designing the number of steam outlets and water inlets, provisions have been
made for doubling the output of the reactor with forced circulation.

65. Shielding. A combination of a 3.75 in. lead and steel thermal shield with an 8.5 ft.
ordinary concrete having a density of 2. 4 g/cc is used for biological shield to reduce the
activity around the reactor to less than 2,5 mrem/hr at 116 Mwth. Provisions have been
made for stacking additional 1 ft. concrete shielding, if necessary, around the reactor.
At 58 Mwth operation it is not necessary to shield the primary system piping.

66. Containment shell. The reactor containment shell serves the purpose of containing
any release of fissionable material from the reactor in case of an accident. It houses the
reactor, steam generator and other auxiliary equipment associated with the nuclear plant.
The reactor control room and turbogenerator are located outside the containment shell in
an adjoining conventional building. Suitable gas-tight penetrations in the shell have been
provided for steam pipes and cables. The cylindrical containment building, with a hemi-~
spherical top, is 115 ft. high with an internal diameter of 74 ft. and a total free volume of
287 000 cu ft. It is made of carbon silicon steel plates welded together, which have thick-
nesses varying from 0. 87 in. on the sides to 0.5 in. at the top. It is lined inside with
ordinary concrete of thickness varying from 2 ft. on the sides to 4 in. at the top. Outside
of the shell is covered with 2 in. of insulation. Important design conditions for the
containment vessel are:

(a) Maximum internal pressure of 21 psig and maximum negative pressure
of .5 psig;

(b) Maximum leakage rate of . 1% of free volume per day at an internal pressure
of 21 psig; and

(c) All welds with a joint efficiency of 90%.

Calculations indicate thatat 116 Mwth operation pressure build-up after sudden primary
system rupture and instantaneous flashing of water will be 20. 3 psig which is less than the
designed value.

67. Fuel handling and storage. Fuel handling has been greatly simplified in this reactor.
The loading of new fuel and unloading of spent elements is done manually under water.
There is no need for a special coffin and the operation can be carried out by three persons
(including a health physics technician) using simple tools. First the reactor is shut down
and after about eight hours for the reactor to cool, the top shield plug is removed. The
steel lined cavity, which is linked with the adjoining fuel storage valve, is filled with water,
and lights and viewing equipment are lowered for good visibility. The bridge which runs
over rails is positioned over the reactor. After proper indexing, the fuel handling tool is
lowered into the fuel element to be removed by a steel cable. The tool engages the fuel
element securely which is then raised up and transferred via the canal to the storage area.
At all times the fuel element remains under a minimum of 8 ft. of water. Fresh fuel
elements which are kept around the storage pool are picked up and lowered into the core in
a similar manner.
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68. Allowing about 12 hours for the reactor water to cool and make preparations for
refueling, it would take about 36 hours in all to unload and reload one-third of the core.
The resulting dose received by the operators carrying out fuel will not exceed the weekly
tolerances. The spent fuel elements are stored on racks in the storage pit and kept under
25 to 32 ft. of water. After 120 days these fuel elements are put into a special cask the
tolerance rate around which is not expected to be more than 2.5 mrem/hr. The present
indications are that the loaded cask will be transported by a truck to the processing site.

69. Waste disposal system. The design of the Elk River reactor is such that only very
small quantities of radioactive waste material should accumulate in the course of operation
at full power. Since natural circulation is used instead of pumps in the primary system,
there is no pump leakage. In view of this, no facilities are planned at the site for concen-
tration and local disposal of high level radioactive waste materials. All suspect materials
will be stored inside the containment vessel for batch disposal later on.

70. Radioactive primary water is not expected to leak from the system at a rate of more
than three gallons a day. Two retention tanks, each with a capacity of 3 000 gallons, are
provided for collecting and storing all waste water. Active material from this water is
removed by passage through the purification system. Water will be discharged to the
building drain system and be carried to the river only when prior radio chemical analysis
has shown the concentration of radioactivity to be well within tolerances corresponding to
one tenth of the maximum permissible concentration. Solid wastes accumulating from
primary purification loop and residue filling are placed, after proper cooling, in drums to
be filled with concrete. The drums can then be shipped from the site for burial.

71. The building air conditioning system filters 3 000 cu ft/mt of air continuously and
after proper monitoring, it is released through an air stack, if the radioactivity is less than
the permissible level.

C. Safety

72. Safety in design. Great emphasis has been placed on making this plant as safe as
possible without increasing the costs beyond a reasonable limit. The Elk River reactor,
like other boiling-water reactors (Borax, EBWR, VBWR, Dresden, etc.) has a large
negative void coefficient (at operating level 0. 19% AK) which assures inherent safety against
fairly rapid and reasonably large reactivity additions. However, the use of thoria-urania-
ceramic fuel, with its low conductivity and large time constant, partly reduces the ef-
fectiveness of the negative void coefficient because it prevents the prompt formation of such
voids. In spite of this, the steam void coefficient alone is sufficient to take care of
transients with periods down to 100 milliseconds or reactivity insertions up to 0. 65%A_k.
For rapid reactivity increases, greater than 0.65%4K and up to 0. 9%2K and shorter
periods, reliance has been placed on the large metal temperature coefficient which compen-
sates for the weaker void coefficient.

73. An auxiliary boric acid injection system, that is operated manually, has been pro-
vided for use in emergencies. Boric acid solution at 200°F and 2 000 psig capable of
giving 2% shut-down margin with all rods out can be inserted into the core in 10 seconds.

74. In designing the reactor pressure vessel piping, primary steam generators and sub~
auxiliaries, ASME codes are followed, which give a margin of safety of four between the
design pressures and that required for rupture. Similar high factors of safety were used
in the design of mechanical equipment in the plant.

75. Control. The control of the reactor is so arranged that all situations which require
immediate remedial action to prevent a serious accident will cause an automatic shut-down.
Under conditions which can lead to dangerous situations but which are not hazardous in
themselves, alarm signals are used. Failure of the operator to take immediate action on
these alarm signals will not result in an accident, although the operator should correct the
dangerous situation as soon as possible.



GC(V)/INF/41
page 20

76. Reactivity control is obtained by 13 cruciform-type control rods and the use of boron
as burnable poison in stainless steel fuel cladding. The maximum excess reactivity in the
cold clean core is 12. 7%Ak » which is controlled by the negative reactivity of 13 control
rods having 18. 3%—E, an ofi(burnable poison having 5. 8%% , leaving a minimum net
negative reactivity of 11. 4%A—k for safety under all operating conditions. Even if the
central control rod should fail to enter the core, the reactor would be sub-critical by at
least 2. G%QE at all temperatures. The maximﬁlm rate of reactivity insertion due to the
withdrawal of the central control rod is 0. Oﬁ%éﬁ .

77. Use of boron as burnable poison in fuel cladding serves two purposes. In the
beginning it helps to control the excess reactivity in the core; later on, as the fuel is used
up, it also burns away and partly compensates for the loss of reactivity in the fuel.

78. Also available are removable boron steel pins and spiked fuel elements enriched to
5.2% which may be used for reactivity changes if necessary.

79. Site. The reactor is located on the site of an existing steam plant alongside a river
near the village of Elk River (population 1 400), which is a small farm-type community.

It is 30 miles from the cities of Saint Paul and Minneapolis (population 1 million), The
exclusion area is 240 acres. The population distribution as a function of the distance from
the reactor is shown in Table 2 below.

Table 2

Population distribution

Distance in miles Population density/sq. mile
0.25 0
0.50 60
1.00 200
5.00 2 656
10,00 7 700
80. The site is accessible by road and rail. The surface drainage is from the reactor

gite towards the river and the nearest water supply intake for the City of Minneapolis is
about 21 miles down river.

81. A detailed survey of the geology and hydrology of the site and the vicinity was per-
formed to estimate the time it would take for a large liquid spill at the reactor site to
reach the river water, either by surface flow or by percolation through the ground.

82. An exhaustive meteorological analysis of the area, based upon several years of
available data, was made to determine how any accidental release of activity might be
spread over the surroundings.

83. Analysis of maximum credible accident. The hazards summary report for the Elk
River reactor gives the detailed analysis of the possible consequences of a maximum
credible accident, based upon the assumption that the 16 in. diameter water inlet pipe
suddenly ruptures and the entire core is drained off in 10 seconds. Under the worst
circumstances, when there is a delay of 6. 83 minutes in initiating the emergency cooling
water flow from the 30 000 gallon overhead storage tank, the claddings of 8. 62% of the fuel
pins might melt and release fission products.
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84. As a result of this rupture in the primary system and consequent steam flashing, the
pressure build-up in the containment shell would be 20. 3 psig for 116 Mwth operation.
This is less than the rating of the containment shell, which is 21 psig. Therefore, the
leakage rate will not exceed the designed value of . 1% of the volume in 24 hours.

85. In Table 3 below is shown the direct radiation dose rate at various distances from the

containment shell, which would result if all the volatile fission products and 5% of the
strontium contained in the melted fuel pins were to be released.

Table 3

Elk River plant: direct radiation dose rate at various distances

Distance Total rem/first hour
200 ft. 0.692
% mile (exclusion area) 0.037
% mile 0.009

86. The resulting radiation effects in the surrounding area, under the worst meteoro-
logical conditions, are shown in Table 4.

Table 4

Elk River plant: integrated dose rates

Whole body Integrated iodine Strontium
Distance gamma dose inhalation (dose) inhalation (dose)
rem/8 hours rem/first hour rem/first hour
200 ft. 0.87
4 mile 0.20 28.3 0.420
{(exclusion area)
% mile 0.11 8.5 0.126
1 mile 0.07 2.5 0.030

87. The normally accepted emergency doses are 25 rem for the whole body and 300 rem
due to iodine inhalation. The expected doses are well below these values.

D. Fuel cycle

88. Objectives. There has been considerable interest in the use of thorium bearing

fuels because of the favorable nuclear properties of U which is produced from the
thorium, and recently a symposium was held on the subject [3]. To provide experience

in such use the Elk River reactor is being fueled with a mixture of thorium and uranium
with a U233 content of 4. 3% of the weight of uranium and thorium. Twenty~two spiked
fuel assemblies containing 5.2% U235 have also been fabricated for use as a standby.

[3] Symposium on "Uranium-Thorium Cycle', CNEN, Rome, 13-15 June 1961.
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89. The fissile fuel content of the spent fuel can be returned to USAEC for credit. How-
ever, since the price and demand for this material must eventually be based upon the cost
of its recovery and re-use in a reactor, a study has been made by the Allis-Chalmers
Manufacturing Company for CNEN on the construction of a pilot plant (capacity 15 kg of
fuel/day) for the processing and fabrication into fuel elements of this and similar fuels, to
provide information on the economics of the cycle.

90. TFuel element design. There are 148 standard fuel elements in a core loading of the
reactor. Twenty-two spiked fuel elements have also been fabricated for standby, which
contain 24 spiked rods and one center standard rod. The fuel elements are 81 5/8 in. long,
about 33 in. square, and weigh 85 lbs. each. Each one consists of 25 stainless steel rods,
61 in. long and 0. 452 outer diameter containing about 800 parts per million of boron as a
burnable poison. The center pin of a fuel bundle is interchangeable with a borated stainless
steel pin. Each fuel rod is filled with 120 ceramic oxide pellets of thorium and uranium.
Grid castings at the ends hold the rods in a 5 by 5 array; top and bottom fittings support
and position the elements in the core, and clamps maintain the correct spacing between the
rods over the length of the assembly.

91. The fuel pellets are solid right cylinders 0.4075 + 0. 002 in. in diameter, with pellet
faces perpendicular and parallel to w1th1n 0.005 in. The standard fuel pellet contains

95. 4% thorium, 4.3% U235 and 0. 3% U238 (4.6% of approximately 93% of U 35) The
pellets may contain up to 0. 4% of a densifier such as calcium oxide or titanium oxide,
replacing an equal weight of thorium oxide. The density of each pellet is a minimum of
9.46 g/cc (94% theoretical).

92. Each rod contains a 60 + § in. stack of fuel pellets whose total oxide fuel weight is
1226 + 10 grams, containing 46 3+ 0.5 grams of 23 (1227 + 10 grams containing
56.06 + 0.56 grams U235 in the case of spiked rods).

93. The seller of the fuel is not liable for the uranium use charge up to 110% of the
amount of UOy present in the fabricated fuel elements and for non-recoverable UO9 losses
up to 1.5%, but is liable for excesses above these amounts.

94. The contract warranty on the fuel elements provides for 6 700 Mwd/t of thorium and
uranium peak exposure. This will result in 4 800 Mwd/t average exposure. The esti-
mated maximum burn-up is 28 200 Mwd/t, and theoretical average batch exposure is

8 600 Mwd/t. The expected average exposure of the fuel discharged is 9 500 Mwd/t

(0.22 atom per cent burn-up).

95. Burn-out at high heat fluxes is estimated to occur at 1 million BTU /hr-ft2 whereas
the maximum expected heat flux is 313 000 BTU/hr-ft at 58 Mw of reactor power output.

96. Fuel element fabrication. Very high standards of precision are maintained in fuel
fabrication. The fabrication of the fuel elements consists of four stages, namely:

(a) Fuel rod fabrication;

(b) Upper-end fitting;

(c) Lower-~end fitting; and

(d) Fuel element assembly.
97.  All fuel rod tubes must conform to tolerances on length, straightness, ovalness and
squareness, and an eddy current test which detects irregularities. Ten per cent of the

tubes are given a rigorous visual examination to determine intergranular attack of the
inside and outside surfaces.
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98. A threaded end-plug is automatically fusion-heliarc welded to the bottom of a fuel-rod
tube. The weld is radiographed and leak tested at this point or after the top plug is welded
to the tube. Each fuel pellet is then visually inspected (any cracks or chips exceeding 5%
of the total area is a cause for rejection of the pellet), and then loaded into a tube to a
length of 60 + 1 in. The tube is evacuated to 500 microns or less and then filled with 99. 9%
grade helium at one atmosphere. The top threaded end-plug is then automatically fusion-~
heliarc welded to the fuel rod in a helium atmosphere specified previously. Two radio-
graphs are taken of each fuel rod weld and compared with those taken simultaneously of
standard defective end-plug welds (i.e. welds containing two 0.02 in. deep radially drilled
holes 120° apart, one hole being filled with lead). For radiographic inspection of the
pellets in the rods, 20% of all rods are selected at random and radiographed over their

full length.

99. All rods are then leak tested with a mass spectrometer helium leak detector. Any
rod or assembly having a leakage of greater than 1.5 x 1070 cc/sec at 550i50°F over its
entire length, is rejected.

100. The box for the upper -end fitting is fabricated from 304 stainless steel sheet, all
seams being resistance welded. An adaptor for the fuel rods is then welded to the box
with an inert-gas shielded arc. The fitting is cleaned by vapor-~degreasing and rinsing in
hot water followed by methyl alcohol and air-drying.

101. The transition piece, tube, and nose fitting of the lower-end fitting is also resistance
welded in an inert gas, the necessary surfaces machined, and welds cleaned as above, after
removal of welding scale with a stainless steel brush.

102. For the fuel element assembly, five-rod fuel element sub-assemblies are fabricated
by placing five rods in a fixture that holds them in a plane with spacing clips of adjacent
rods overlapping. Fuel elements are then assembled from five five-rod sub-assemblies
and two 5 x 5 grids. Nuts are placed on the threaded end-plugs to hold the grid plates in
place, and then tack welded. The grids of the fuel element and the end-fittings are welded
together, and the welds of the final fuel assembly cleaned as previously described.

103. Fuel management. The initial loading of the reactor is 148 standard fuel elements,
about 40% of which will contain borated center pins, with 22 spiked fuel elements for standby
and start-up versatility. The core can accommodate 164 elements. In normal operation
the reactor will be shut down for removal of spent fuel at intervals of approximately one
year (12 to 15 months). The fuel handling, both loading and unloading, will be carried out
manually under water, as has been described previously. '

104. Only a third of the 148 elements having an expected exposure of 9500 Mwd/MTU will
be replaced annually. They will be removed from the center of the core, elements in the
outer regions will be moved in radially to the center, and new elements placed in the outer
perimeter. The reactor is expected to operate about 4750 Mwd/MTU (320 days) before the
boron pins must be replaced. After pin replacement the reactor is expected to operate an
additional 4750 Mwd/MTU (320 days). The irradiated fuel elements will be stored in the
adjacent cooling pond for 120-180 days.

105. Plans have not yet been finalized for the shipment and processing of these elements.
However a contract has been negotiated for the design and fabrication of a shipping cask
weighing about 30 tons which could accommodate 24 Elk River or 13 Piqua fuel elements.
The expected delivery is July 1962 and the estimated cost is $85 000.

106. Consideration is being given to the processing and re-fabrication of the fuel elements
in the pilot plant facility proposed for construction by CNEN. Under equilibrium conditions
these elements might achieve an average exposure of 18 500 Mwd/MTU.
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E. Construction experience

107. The ground was broken for this plant in August 1958 and it was estimated that con-
struction would be completed in 30 months and that the reactor would be critical by the end
of 1960. In November 1960 the construction was virtually complete but the start-up had to
be delayed for a number of reasons. In general no major problems were encountered in
the actual construction of this plant except for the usual difficulties normally associated
with any industrial or conventional power plant. The construction contractor estimates
that it took about 300 000 man hours to build the plant. It would normally take 29 to 36
months to complete a reactor of the Elk River type in the United States compared with 24
to 30 months for a conventional plant of the same size. Details concerning the time
schedule for the project are given in Table 5.

Table 5

Elk River plant: time schedule for the project

Item Initial estimate Actual
Start of construction August 1958 August 1958
Containment shell erection January 1959 March 1959
Reactor vessel

(fabrication and delivery) January 1959 July 1959
Control rod drives February 1959 July 1959
Reactor building April 1959 August 1959
Completion of construction November 1960 December 1960
Fuel elements delivery November 1960 September 1961
Initial criticality December 1960 October 1961/
Full power testing March 1961 December 19612/

a/  Expected.

108. The original schedule called for plant start-up by the end of 1960. Later the date
was revised to March 1961. The latest estimate is that the reactor will become critical in
October 1961. It appears, therefore, that the start-up has been put off by about nine
months. This delay has been caused by a combination of factors including a steel strike,
the redesigning of the fuel elements and their re-fabrication, and re-work on the pressure
vessel and control rods. All of these problems are conventional in nature rather than
nuclear. It may be pointed out that whenever any changes are made in a component of the
reactor plant extensive reviews are required to ensure that the change has not affected the
safety of the reactor as a whole. Such reviews or hearings, though necessary, take time
and delay the completion or operation of the plant. It appears that as more experience is
gained in building and operating nuclear reactors it may be possible to make certain alter-
ations during construction without raising any doubts about their effect on the safety of the
system.

109. Some comments on certain important phases in the construction of this project are as
follows:

(a) Reactor vessel

110. The delivery of the vessel was delayed by three to four weeks on account of a steel
strike. An X-ray examination of the nozzles indicated some cracks in one of them; it

had to be sawed off and a new transition piece was welded in its place. Visual examination
of the pressure vessel showed a few cracks in a section of the cladding surface. This area
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was grounded away to base metal and re-clad with a richer alloy, thus necessitating a
review of the ability of the vessel to meet the specifications and code requirements. The
review committee has reached the conclusion that the work will not affect the ability of the
vessel to meet the design specifications.

111, It may be mentioned that stainless steel clad pressure vessels are also used in
several industrial plants but in the case of a nuclear reactor the tolerances are closer and

inspection more rigid which can lead to further work in case of doubt.

(b) Fuel elements

112, The original design of the fuel elements involved the use of grid wire for spacing the
fuel rods and to ensure the mechanical stability of the assembly. This was considered
unsatisfactory and replaced by straps located at between a third and two-thirds of the
distance along the length of the fuel assembly. Spot welding of the straps to the fuel rods
resulted in leakage under test. The new design provided for pressure clamping of the
straps to the fuel rod and welding to each other instead of to the rods. The fuel element
redesign, re-fabrication and consequent reviews were factors in delaying the start-up of the
plant.

(c) Control rods

113. The original 17-4 PH steel control rod drives were returned for re-heat treatment
in the light of experience with such drives on the Dresden reactor.

(d) Skills required

114. In general most of the skills needed for building the plant, excluding the core, were
conventional and similar to those needed for an ordinary steam plant. The installation of
the core components, which is high precision work, was accomplished by the engineers of
the reactor designer and manufacturer.

115. The construction of the carbon steel containment shell required 15 expert welders
experienced in carbon arc welding who had passed the required code tests. Five ordinary
welders assisted them. The welders worked under the guidance of a superintendent, a
foreman and a lead man and finished the job in seven months. All welds were X-rayed and
only 10% had to be re-done.

116. Stainless steel pipe welding was carried out by six qualified welders in about six
months under the direction of a supervisor and a foreman.

117. All carbon and stainless steel welds were radiographed by an X-ray man and two
assistants.

118, With regard to the training of the welders, it is felt that a person with some welding
experience can qualify for this work after three months of specialized training under a good

instructor.

(e) Concrete pouring

119, All concrete pouring work in the plant, including shielding, containment shell lining,
floors, etc., took about eight months using on an average 35 men. Heavy concrete pouring
required extra care and some persons were given on-the-job training for this purpose.

This work normally takes twice the time needed for ordinary concrete pouring.
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(f) Present status

120. The construction of the plant has almost been completed. One hundred and seven
fuel element assemblies have already been delivered to the site and the rest are expected
by October 1961, Open public hearings in connection with the licensing of the plant may
take place in September 1961. Initial loading and criticality tests will be carried out as
soon as the hearings are over. Present indications are that the plant may become critical
by October 1961 and full power may be reached four to six months later.

F. Cost data

121. Construction. At the time the project was initiated, the estimated design and con-
struction costs for the reactor plant to be borne by USAEC were $9. 4 million. This
included the cost of the superheater. As of May 1961, the total estimated project costs
were given as $9. 01 million although the actual cost may be somewhat higher. The break-
down of these costs is given in Table 6.

Table 6

Elk River plant: cost breakdown

(In thousands of US dollars)

Cost of materials Cost of labor or

Item or equipment installation Total
Reactor plant structures and services 1216 234 1 450
Reactor equipment 1 006 36 1 042

(controls, vessel, shielding, etc.,
excluding fuel)

Process system 1 022 37 1 059
(evaporators, pumps, tanks, heat
exchangers, etc.)

Superheater system 734 73 807
(superheater, structures and services)
Sub-total 3 978 380 4 358
Engineering and design 1034
Indirect and general project costs 2 993
Sub-total 8 385
Fuel fabrication (including development} 630
TOTAL 9 015

122. Excluding the fuel and fabrication costs of $630 000 but including the RCPA cost of
$1.59 million (structure and site improvements, turbogenerator, accessory electrical
equipment, and miscellaneous plant transmission) the total cost is about $10 million. "This
gives a unit capital cost for the 22 Mwe plant (58.2 and 14. 0 Mwth of nuclear and fossil-fuel
heat respectively) of $455 per kilowatt.

123. There is the possibility that the reactor may eventually achieve double the design
power, and provision has been made to accommodate the additional equipment which would
be needed. The achievement of this power output would significantly reduce the unit
capital cost.
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124. Fuel. Initially the estimated fuel costs were about $700 000. However, the present
cost incurred and committed for fabrication of the fuel elements is $470 728, which includes
the cost of the 148 standard elements for loading, and of the 22 spiked elements for use as
a standby. This gives a fabrication cost of $2 770 per element containing 26.9 kg U and
Th, or a cost of $101/kg, resulting in 2.3 mills/kwh at the warranty burn-up, or 1.1

mills /kwh at the expected burn-up of 9 500 Mwd/t.

125. The cost data [4] in Table 7 below refer to a third of an equilibrium core (18 500
Mwd/t) where the U and Th content is 1 329 kg containing 4.3% U235 (1 268 kg Th, and
68 kg of 937 U233),

Table 7

Elk River plant: estimated fuel cost data

$ /kg fuel

Item Cost in $ through the core

Pre-irradiation

Conversion and pelletizing 31 637 24
Thorium 19 735 15
Fabrication 44 472 33
Reprocessing scrap 2 330 2
Shipping 1 450 1
Use charge, at 4%/yr_a_/ 21 568 16
Interest on borrowed capital,
6 months at 4%/yr 2424 2
Sub -total 123 616 93
Irradiation
Total burn-up 480 260
Less U233 crfdit at $15/¢g 152 588
Net burn-up2 327 672 247
Use charge, core and sparesi/ 141 814 107
Interest on borrowed capital,
17.5 months at 4%/yr 27 370 20
Sub-total 496 856 374
Post irradiation
Shipping 16 197 12
Reprocessing and turn-around 91 800 69
Reprocessing losses 11 330 9
Use charge, at 4%/yr2 8 284 6
Interest on borrowed capital,
5 months at 4%/yr 2127 2
Sub-total 129 738 98
TOTAL 750 210 565

a/  Recently a reduction in the enriched fuel and an increase in the use charge to 4.75%

has been announced by USAEC, This will slightly affect the estimates given.

[4] DICKSON, J.J. and BLACHLY, S.H.
Congress, CNEN, Rome, 13-15 June 1961.

"The Elk River Reactor", VIth Nuclear
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126. Based upon the given nuclear core cost of $750 210 for 10 080 hours of full power
operation, this yields $74/hr or 3.4 mills/kwh for the nuclear cost. Adding the cost of
the coal for the superheater at $25/hr, or 1.1 mills, gives a total fuel cost of 4.5
mills/kwh, ‘

127, It has been estimated by CNEN that their pilot plant facility would cost about $4
million, which would have a capacity about twice that required for the Elk River reactor,
and that thorium bearing fuel froma reactor could be processed and re-fabricated for
about $200/kg of fuel. For a fuel exposure of 20 000 Mwd/t, which is expected from this
type of fuel, the generating cost would be 2 to 3 mills/kwh, which includes costs for
chemical conversion, make-up of U235, inventory and losses.

128, Operation and maintenance. No definite costs on the operation and maintenance are
available although estimates have been made. An annual estimate given by the Allis-
Chalmers Manufacturing Company is given in Table 8 below.

Table 8

Elk River plant: operation and maintenance costs

Item Cost in $
1 Superintendent 10 800
12 Operators 86 400
Sub-total 97 200

Overhead at 20% 19 440
Material 30 000
TOTAL 146 640

The above cost is the equivalent of $6.7/kw/yr or 1.0 mills/kwh at 80% plant factor, but
does not include the cost of an additional staff of about 14 persons (shift-supervisors,
health physicist, maintenance personnel, etc.) which will increase the operating costs to
about 2 mills/kwh,

129, The control rods may have to be replaced after one or two core lives (the initial 13

control rods cost about $30 000). Thus the replacement of the control rods may con-
tribute 0.1 to 0.2 mills/kwh to the cost of electricity generation,

G. Operating personnel and training

130. The staffing plan for the Elk River reactor is shown in Table 9.
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Table 9

/

Elk River plant: staffing plan3

Category Number of persons

Administration

Plant manager 1
Assistant plant manager

=t

Operation

Shift instructors
Operators

Relief operators

Health physicist

Health physics technicians

N = W00

Maintenance

Nuclear instrumentation superintendent
Instrumentation technician

Mechanical technicians

Electrical technicians

General

D DD

TOTAL 27

a/ Maintenance staff for the turbogenerator plant, and the general administration or
clerical staff are common to the nuclear plant and the existing steam plant and are
therefore not shown in this table. The additional staff involved is four to five persons.

The supervisory staff consists of a plant manager, an assistant plant manager and four
shift instructors. The plant manager was formerly associated with EBWR for four years
and has his AEC reactor operating license for the Elk River plant. In addition to being
responsible for the complete operation and administration of the reactor plant he will also
look after the problems of nuclear fuel management. The assistant plant manager, who
was previously the head of the steam production department at Elk River, spent nine
months at Oak Ridge and attended the reactor operations course.

131. The four shift instructors are trained reactor operators having four to eight years
of operating experience. In addition, they have each received six months training with
the Elk River plant becoming familiar with its operations manual and system. They have
also participated in the engineering tests of the plant and received practical experience in
the operation of the system. They have already obtained their AEC operator's licenses
for the Elk River reactor.

132. There are eight trained operators and four shift and three relief operators. Their
backgrounds are similar in the sense that all of them have been drawn from the operating
staff of the existing steam plant. They include turbine operators and firemen. The
operators were first given three months! academic training in nuclear engineering orien-
tated towards a boiling-water reactor. The lectures were specially prepared and tests
were given at the end. This theoretical work was followed by three months of practical
training, under a prescribed program, in the operation and maintenance of the CP-5
reactor. Two weeks were spent on an EBWR simulator to gain further understanding of
a boiling water system. Later on, three months were devoted to practical training at
the Elk River plant to familiarize the operators with its system and controls. All
operators have participated in the pre-operational tests, and will take part in start-up and
criticality and initial full power testing of the reactor,
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" 133. In the initial stages, the responsibility for the operation of the reactor will be with
the prime contractor, who will give further training to the staff for a period of 60 days.

134. Before RCPA takes over the operation of the plant, USAEC will examine each of the
11 operators and assistant plant manager and award licenses to those who qualify,

135. The instrumentation superintendent has had four years experience with reactors at
Hanford. He has undergone nine months special study and training to obtain a thorough
understanding of the controls of this reactor. He will be assisted by two instrumentation
men, one of which also looks after conventional power units at the site.

136, The health physicist for the reactor is a trained radiological physicist who graduated
from the University of Rochester under an AEC fellowship. He received additional train-
ing on the CP-5 reactor and attended various courses to become familiar with standards
and procedures of reactor health physics and radiochemistry. The person acting as
assistant health physicist attended a brief course in health physics and received further
training at the site. The health physics technician is receiving on-the-job training.
Chemical analysis and water quality control will be carried out by the technician connected
with the conventional power units at Elk River.

137. The existence of a conventional steam plant at the same location will be of consider-
able help. This eliminates the need for hiring extra turbine operators and maintenance
men to look after the conventional equipment. Similarly, the clerical work will be
performed by existing staff of the steam plant.

H. Integration of the reactor into the utility system

138. The Elk River plant is a part of the power system operated by RCPA which has an
installed capacity of 70 Mw (excluding that of the nuclear plant). The peak demand of the
system was 52 Mw in 1960 with a load factor of 42%. The load is growing at the rate of
about 84% per year.

139. The system is not isolated and is interconnected with four adjoining systems run by
other utilities, from which it receives power in case of need. The generating costs are
greatly influenced by the very low rate of interest {(about 2%) which is available to rural
co-operatives in the United States. The fuel costs in the area are 39¢ and 33¢ per

million BTU respectively for coal and gas. Interrupted gas supplies are available at even
lower rates. The average generating cost in the system is 8.4 mills/kwh and dump power
is available from the adjoining systems at 4.5 mills/kwh. The average sale price is

15,2 mills /kwh, which compares favorably with that in the surrounding areas.,

140. The addition of the nuclear plant will not increase the generating costs for RCPA,
who will simply buy the steam from USAEC at a cost comparable to that of producing the
steam from their own existing steam plants. The Elk River reactor will operate at base
load and will be used to its full availability.

141. RCPA is very enthusiastic about the nuclear plant and is proud of the fact that it is
expected to be the first small utility to use such a plant in its system. It feels that if the
experience of doing so is satisfactory, the contemplated addition in the near future of

50 Mw to its capacity might be achieved by the installation of a nuclear power plant,

142. The utility company has attached great significance to an active public relations
program to inform the community of the implications of installing a nuclear plant. The
people in their turn have generally accepted the plant and are proud of it. After the SL.-1
accident, no repercussgions were noted in the Elk River area, There appears to be a
realization that this plant has been designed with great emphasis on safety and every pre-
caution has been taken to protect the people from any hazards.
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Selected references

A list of selected references concerning the Elk River power reactor is given below:

"Project Highlight Report", covering period August 1958 - August 1961, issued
monthly by Allis-Chalmers Manufacturing Company, Milwaukee, Wis,

"Preliminary Hazards Report for the RCPA Elk River Reactor at Elk River,
Minnesota', Nuclear Products, ERCO, Division of ACF Industries, Inc.,
Riverdale, Md. (March 1959),

RCPA - Job descriptions ERR, Rural Cooperative Power Association (June 1960).

"Allis-Chalmers Organization for Design, Preoperational Nuclear Testing of the
Elk River Reactor", Allis-Chalmers Manufacturing Company, Milwaukee, Wis.
(September 1960).

"Operations Manual, Vol. I: Operating Procedures for the RCPA Elk River
Reactor'', Allis-Chalmers Manufacturing Company, Milwaukee, Wis.
(8 July 1960).

"Operations Manual, Vol, II: Plant Specification for the RCPA Elk River Reactor",
Allis-Chalmers Manufacturing Company, Milwaukee, Wis. (8 July 1960).

"Fuel Element Report - Elk River Reactor', Allis-Chalmers Manufacturing
Company, Milwaukee, Wis. (September 1960).

"Final Safeguards Report - Elk River Reactor', Allis-Chalmers Manufacturing
Company, Milwaukee, Wis. (April 1961),
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IV. THE PIQUA NUCLEAR POWER FACILITY

A, General

144, The 11.4 Mwe Piqua organic-moderated reactor is a part of USAEC's
Demonstration Power Program. It is intended to extend the knowledge gained from the
design, construction and operation of OMRE on the technical and economic feasibility of
this type of plant under actual operating conditions of a utility system. This is the first
organic-moderated power reactor to be used commercially, and will serve as a prototype
of a medium size nuclear power plant. It is expected to yield very valuable data on all
matters concerning such plants.

145, The reactor is located on the east bank of the Miami River and will supply steam to
the Piqua Municipal Power Station, on the other side, by overhead pipes bridging the

river. The reactor is owned by USAEC, under a contract with whom the City of Piqua has
to supply the site and turbogenerator, and will also operate the plant for the first five years
and purchase the steam produced by the reactor at a price to be mutually agreed upon. The
plant is being built under a fixed price contract and the prime contractor for design and
construction is Atomics International. Frank Messer and Co. is the building contractor.

B. Important design features

146, A summary of important data concerning the Piqua reactor is set out in Annex II,
and a schematic diagram of the reactor system is shown in Figure 2.

147. Objectives. This reactor has been designed to fit into the Piqua municipal system
and provide steam to an existing turbine. This consideration established the temperature
and pressure conditions of the outlet steam from the reactor at 550°F and 435 psig. Itis
a load-following plant in the range of 20 to 1009 of its rated capacity, and is capable of
being fully integrated into the small system of which it is a part. In addition, it can
supply processed steam to the local industries within a radius of 3 000 ft. The main con-
sideration in the design is to use steam equipment with the minimum possible variation
from the conventional type and to employ carbon steel in the primary loop.

148. The Piqua reactor has been developed on the basis of the experience gained with
OMRE, which has established the technical feasibility of this type of reactor. Actual
construction was preceded by two years of research and development to explore and study
some additional problems connected with fuel element control, safety rods, the fuel
handling system, and the various organic process systems to pave the way for the design
of this reactor. The accumulated experience of the chemical processing and petroleum
refining industries, which have employed organic materials as coolants under high tem-
perature and pressure conditions, was used with great advantage. The Piqua reactor
represents the next step in the development of organic reactor technology. An experi-
mental organic reactor, the 40 Mwth EOCR, is currently under construction at the Idaho
Reactor Testing Station. It is an experimental plant designed to study the behavior of
fuel elements and organic coolants under high temperature and flux conditions. A 50 Mwe
OMR, which will serve as a prototype for a 300 Mwe nuclear power plant, is under consid-
eration for possible completion by 1964.

149, Interest in this type of reactor system stems from several possible advantages in
using organic fluid as moderator and/or coolant in a reactor. Conventional materials and
equipment such as carbon steel, pumps and valves can be used, which are cheaper and
easier to handle. The reactor is inherently safe and operates at low pressure, The
corrosion in the vessel core and piping due to coolant flow is negligible, and there is no
danger of any chemical reaction with the cladding or uranium. A negative temperature
coefficient shows good stability during load variations and the low level of coolant activ-
ity permits easy access to heat transfer components during operation.
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150. Among the disadvantages are the chemical decomposition of the organic fluid under
radiation, and the substantial cost of make-up (58 lbs/hr at full power for Piqua). The
poor heat transfer characteristics of organic fluids necessitate the use of a special type
of fuel element to increase the effective heat transfer area. The organic liquids tend to
leave a film deposit on the fuel element surfaces, and although this in itself does not pose
any problem, if a thick deposit is formed by particulates it interferes with heat transfer
and steps have to be taken to prevent it.

151, Core. The reactor core is4.8ft. in diameter and 4.5 ft. long and consists of 85
aluminum-clad fuel elements and 13 control rods and 2 neutron sources. It is located
at the bottom of the core tank and is surrounded by an annular thermal shield. Steel grid
plates located above and below the core support the fuel elements and control rod. The
organic moderator and coolant is an isomeric mixture of terphenyls commercially avail-
able as Santowax R, The flow through the core is maintained by forced circulation using
two 6 000 gpm pumps. The heat output of the core is 45.5 Mwth. The coolant enters the
core from above at 519°F and leaves the core through the bottom plenum at 575 °F.
Organic fluid fills all the available space in the tank and serves as moderator, coolant,
reflector and shielding for the core.

152. Pressure vessel. The reactor vessel is made of low carbon steel and has an
internal diameter of 7 ft. 8 in., an overall height of 27 ft. 3 in., and a thickness varying
from 1 1/8 in. to 2 1/4 in. It is designed according to ASME specifications for an in-
ternal pressure of 300 psia and 750°F. The operating conditions are 120 psia and 575 F.
Coolant inlet and outlet nozzles penetrate the vessel near its upper end. Six other nozzles
are provided for thermo-couple leads, organic sample lines and control rod cables. The
head is bolted to the vessel and sealed by a soft metal gasket. The reactor vessel is
located below ground level and is supported on a ledge inside the core cavity liner, which
is made of 1 in. thick mild steel. The reactor foundations are built around the cavity
liner. In the event of core tank rupture, the cavity liner will serve as a secondary tank
to retain the coolant at a level above the top of the reactor core.

153. Reactor heat transfer system. The organic coolant is pumped through the core at
a constant rate of 5.5 x 10° lbs/hr at all power levels. To vary the reactor output, a part
of the coolant is by-passed around the boiler. Two 6 000 gpm pumps are used in parallel,
which are made of carbon steel with stainless steel shafts and impellers, and are designed
to minimize leakage. The coolant enters the core at 519°F and leaves at 575°F. After
leaving the core, it first passes through the superheater and then the boiler. Both boiler
and superheater are of the standard shell- and tube-type with double wall tube-sheet con-
struction to facilitate leak detection. The coolant enters the superheater at 575°F and
leaves at 571°F, producing 150 000 lbs/hr of steam at 550°F and 435 psia under full load
conditions. After leaving the superheater, the coolant goes to the boiler where its tem-
perature drops from 572°F to 519°F, while it generates saturated steam. It is then
returned to the core to start the cycle again.

154. Shielding. Radial shielding consists of the coolant, the core tank wall which is

1,5 in. thick, a thermal shield 4 in. thick surrounding the core tank, the reactor vessel
wall which is 1 1/8 in. thick, the cavity liner of 1 in. thick steel and 8 ft. of ordinary con-
crete which serves as the biological shield. Vertical shielding consists of the coolant,

the upper grid plate, a 9 in, thick core tank head, and the top shield plug.

155. Radiation level in areas with uncontrolled access is less than .75 mrem/hr

(1.5 rem/yr). This is well below the maximum permissible dose of 5 rem/yr recom-
mended by ICRP. After one year of operation, the radiation dose rate at 1 ft, from the
main heat transfer piping will be about 115 mrem/hr during full power. Thus, the
radiation from plant piping will be low enough to permit limited access to the process
area during plant operation. The background radiation in areas where decay tanks con-
taining radioactive wastes are housed is expected to be of the order of 100-500 mr/hr,
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156. Containment shell, Originally, the Piqua reactor was to be housed in a conven-
tional type of building without a containment shell. There are, in fact, very good
technical reasons why an OMR of this type and design need not require any containment
shell at all. As discussed earlier, the reactor is inherently safe and has so many ad-
ditional protective features that a large release of activity is not a logical possibility.
It would appear that the containment shell is superfluous. Nevertheless, it was
considered prudent, in view of the limited experience with power reactors at this stage
and the proximity of the site to populated areas, that even the remotest possibility of
radioactive hazard should be eliminated. It may be pointed out that some subsequent
designs of OMR-type reactors do not provide for containment shells.[5 ]

157. The containment shell for Piqua is made of 3/8 in. to 1/2 in. thick carbon steel
plates welded to form a shell measuring 73 ft. in diameter, 168 ft. in height. It is
designed for 5 psig at 125°F, with a maximum leak rate of 0.19% per psig in 24 hours.
The fabrication was done according to ASME standards. All joints are double-welded
and 10% of the total field welds will be checked by radiography. All pipes and cable
penetrations are required to meet rigorous standards and process pipes are provided
with expansion bellows on either side. The shell is to be leak-tested twice; soon after
erection, and then after the installation of the equipment. Initial proof testing was done
at 6.25 psig while the second test will be at the design level of 5 psig. In addition, there
will be periodic tests after the plant has been put into operation to check the integrity of
all the welds and joints.

158. Fuel handling and storage. To change fuel in the reactor, it is first shut down and
depressurized. The vessel head is replaced by a special top-shield and the port-holes in
the top-shield and in the vessel's top are lined up; the fuel cask is positioned over the
fuel element and is removed by appropriate indexing of the traveling bridge. A grappling
and hoisting mechanism is used for lifting the fuel element into the cask, where, if
necessary, it is cooled by a forced circulation system using an organic fluid. The car-
riage carrying the cask is moved over tracks to the water-filled storage pool. The fuel
element is then lowered into the pool by opening the lower part of the cask. New fuel
stored in the maintenance pit next to the pool is picked up and moved to the reactor in the
cask and lowered into the core through the same fuel port.

159. It takes three persons including a health physics technician to carry out refuelling.
Operations during fuel changing are planned and the shielding of the fuel transfer cask is
designed so that the operator will not receive a dose in excess of 60 mr in an eight-hour
shift (assuming eight fuel element changes per shift).

160. The important components of the fuel handling and storage system are the top-shield,
fuel handling cask, carriage, spent fuel storage tank, crane, shipping cask, and new fuel
storage pit.

161, The special top-shield is made of thick lead and steel laminations and serves the
purpose of reducing the radiation level above the reactor, within safe limits for the pro-
tection of the operators during operation and refuelling of the reactor. It can be rotated
and has a movable fuel removal port which can be positioned over any desired part of the
core,

162. The fuel handling cask is made of steel with 10 in, thick lead shielding. It is 2% ft,
in diameter and 10 ft. in height. The grappling and hoisting mechanism for lifting fuel
elements is installed on the top. To provide necessary cooling for the irradiated fuel
elements during transit, an auxiliary forced circulation cooling system, using an organic

[5] "Small-sized Organic Moderated Reactors (10-40 MWE)", report TID-8511, USAEC,
Washington, D.C. (October 1959).
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liquid, is attached on the side. This cask is mounted on a carriage which moves on a
track between the reactor and the storage area. This cask is also used for handling
control rods and the source elements.

163. The spent fuel is stored in a water tight pool, 24 ft. deep. It can house 100 fuel
elements in storage racks. An adequate amount of boron or cadmium is placed between
the racks to avoid a critical configuration. There is always enough water above the fuel
elements to reduce direct radiation at the surface of the pool to less than 0.75 mr/hr.

164. The loaded shipping cask weighs about 30 tons and can accommodate 13 spent fuel
elements.

165. The new fuel elements are stored in the fuel storage room located on the operating
floor which is above the reactor. During fuel loading the fuel is transferred to the main-
tenance pit which is adjacent to the spent fuel storage pool. This pit will accommodate
about 1/4 of the full core loading.

166, Waste disposal system. In an organic-moderated and cooled reactor, special
attention has to be paid to the provision of an adequate and efficient waste disposal system
on site which can deal with gaseous, liquid and solid wastes. At Piqua, the arrangements
for handling various categories of radioactive wastes are set out in paragraphs 167 to 169
below.

167. The waste gases consist essentially of hydrogen and hydrocarbon gases from the
purification and de-gasifier systems. These gases first pass through an organic trap

and then over activated charcoal beds where certain compounds are removed. Thereafter,
they flow in series through a separator and a condenser so that water vapor may be re-
moved. The gases are constantly monitored. Afterwards, they are held in decay tanks
for about 48 hours so that their activity is reduced to a safe level. There are 22 waste-
gas decay tanks, each measuring 10 in. in diameter and 15 ft. in height.

168. The industrial aqueous wastes intermittently discharged from the process systems,
are collected in a multi-section hold-up tank and monitored for radioactivity. If the
activity is below the maximum permissible level, the liquid is discharged into the liquid
process waste system which empties into the Miami River. If it is above this level, it is
pumped through a de-mineralizer into a hold-up tank and the process is repeated until the
activity is reduced to safe level. Before being discharged, the waste is diluted with cool-
ing water and monitored constantly.

169. The high boiler residue which is separated from the purification system is expected
to accumulate at the maximum rate of 60 lbs/hr. Provision has been made for storing,

if necessary, a six-months! output of this residue. The residue is transferred to the
waste disposal system consisting of a partitioned storage tank, a liquid filter, a hydro-
carbon burning facility, and a gas filtering system. If required, the high boiler residue
is completely burned in a furnace. The flue gas is filtered by a collector separator which
removes any particulates. After filtering and dilution, the gases of combustion are re-
leased through the stack. The heat generated in burning the residue is used to produce
175 psig steam for station use., If the residue contains any long-lived isotopes, it is dis-
posed of by suitably packing the concentrate and burying it in a remote place.

170. Special auxiliary systems. The use of an organic fluid as the cooling medium
introduces several problems in an OMR which are not found in water reactors. Under the
effect of intense radiation in the core, the hydrocarbons decompose, leading to the forma-
tion of hydrogen and hydrocarbon gases and of high molecular weight compounds called
high boilers. These must be removed from the system and this is accomplished by pro-
viding de-gasification, pressurizing and purification systems.

171. The de-gasification system is designed to remove gases of decomposition (hydrogen,
methane, etc.) to avoid a pressure build-up in the core, and prevent fire hazard. It also
removes water vapors introduced on account of minor leaks which can cause corrosion.
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De-gasification is accomplished by constantly by-passing a part of the hot coolant and
spraying it into a tank maintained under vacuum. Water vapor and gases of decomposition
are separated from the coolant and vented to the stack. Coolant vapors are condensed and
pumped back to the system by pressurizer pumps. The entire system is designed to limit
water concentration to 200 parts per million in the coolant system by removing an average
of one gallon/hr of water and 2 cu. ft/hr of gases of decomposition.

172. The pressurization system consisting of two direct current pumps delivers 200 gpm
to the reactor vessel from the de-gasification tanks which are maintained at 1-4 psia.
Under emergency conditions the pumps circulate organic coolant through the core to re-
move decay or shut down heat. To avoid the possibility of loss of power the pumps are
also connected to the emergency bus-bars fed by batteries, The decay heat is dissipated
through a decay heat exchanger and finned air cooler.

173. The coolant purification system continuously removes high boiler residue from the
organic fluid and keeps it purified and decontaminated to maintain a 30% high boiler con-
tent in the coolant. It also removes impurities from the make~up. A vacuum distillation
process is used to carry out this purification. The distillate is returned to the system and
the residue is removed to the waste disposal tanks. The make-up is also processed
through the system for the removal of impurities before it is added to the main coolant
stream,

174, The presence of inorganic crystals in the coolant, which result from corrosion of
metallic surfaces may lead to the formation of particulate matter in an organic-cooled
reactor. Experiments conducted with Piqua fuel elements at OMRE indicate that particu-
late growth in the Piqua system will not be significant. Nevertheless, provision has been
made for filtering out such formations by using a system which removes particles in sizes
down to less than 1 micron. The coolant is by-passed at the rate of 20 gpm. A metered
amount of filter aid {body feed) is added to it before it passes through two precoat-type
filters operating in parallel. The filters remove the body aid and the particulate material.
A guard filter is provided down stream as a back-up. The system is large enough to
purify the equivalent of two system volumes a day. The filter cake formed as a result of
filteration is removed and the solids separated to be stored in suitable drums for off-site
disposal after adequate radioactive decay.

175. Since the organic coolant used for Piqua is a solid at room temperatures, it is nec-
essary to provide some means of keeping it in fluid form under all conditions. This is
accomplished by using a steam tracing system consisting of small pipes surrounding the
large organic flow pipes. The tracing system is fed by steamoat 175 psig that keeps the
organic coolant in the pipes at a minimum temperature of 350 F at all times.

C. Safetz

176. Safety in design. The OMR concept has many inherent safety characteristics which,
when combined with the special design features of the Piqua reactor, give this plant a high
degree of safety. The low vapor pressure of the organic coolant at the operating temper-
atures of the reactor, permits the use of a low pressure primary system. In case of a
line rupture, the coolant does not vaporize into the atmosphere because its boiling point

at act)mosphenc pressure is 750 °F as compared to the maximum operating temperature of
575 F. The organic coolant is, chemically speaking, very compatible with the reactor
materials and there is no danger of metal-coolant reaction as in the case of water and
zirconium. The induced activity in the coolant is small and at full power the entire organic
coolant in the reactor contains 31 curies only. The corrosion effect is negligible. The
result is that the activity in the primary system is low and external inspection and main-
tenance can be carried out during operation. The organic coolant also does not react with
water and no chemical action will take place between the two in case of a leakage in the
steam generator. An OMR has a large negative temperature coefficient of reactivity,
which contributes towards its safety and stability under varying loads.
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177. In spite of the inherent safety of an OMR, the design of the Pigua reactor provides
for additional protective features. Notwithstanding the fact that there is only a remote
possibility of the release of fission products, the reactor is provided with a containment
shell which eliminates the radioactivity hazard to the population in the surrounding areas.

178. Inside the reactor building, the areas of potential contamination are kept at a slightly
negative pressure so that in case of leakage the flow is inward to, rather than outward
from, these areas.

179. The reactor is located below ground level, and plant shielding is designed to restrict
radiation level in uncontrolled areas to less than .75 mrem/hr. Access to areas with
higher radiation intensity is restricted.

180. The reactor is so designed that in case of a rupture in the primary system the core
will always remain immersed under several feet of coolant and will not melt. Even if
there is a leakage in the reactor vessel, the coolant will not drain away because the outer
cavity liner holds the coolant and keeps its level above that of the core.

181. Emergency cooling of the core in case of power failure is provided by battery
operated pressurizer pumps which come into operation automatically.

182, To prevent any fire hazard, adequate protective features have been built into the
system. The core vessel is surrounded with a cavity liner and the intermediate space is
filled with nitrogen. Leaks in the system are kept to a minimum and frequent checks car-
ried out. A fire protection system has been installed, which will automatically release a
spray of water if the temperature in the building rises beyond a pre-set value.

183. Control. The reactor is controlled by 13 tubular control rods containing boron
carbide, These rods operate inside selected fuel elements. The drive mechanism is of
the magnetic jack type so that in case of loss of power the rods automatically fall into the
core by gravity. The drives consist of unitized assemblies locked inside the core tank and
immersed in the coolant above the core. They are so arranged that they do not interfere
with normal refuelling operations. The rods can be moved up and down manually or auto-
matically in small steps. The maximum rate of reactivity insertion is O.OOS%AI%/ sec.

184. The control system provides for automatic load falling from 209 to 100% of the rated
power and manual operation at any power level. The design of the control system empha-
sizes safety as well as reliability. The circuits are fail-safe and wherever necessary,
multiple circuits have been used. Safety interlocks have been put in to prevent operating
the reactor under potentially hazardous conditions.

185. The reactor has a negative temperature coefficient over the entire anticipated range
of temperatures Under operating conditions the total temperature coefficient is expected
to be -7.5 x 10 %élé- per F. The max1mum reactivity is available at low temperatures

The reactivity at 360 OF is 7. 90% . The total worth of the 13 control rods is 12. 2%__
which provides a shut-down margin of 4. 3%—E

186. Site. The reactor is located on the southern edge of the City of Piqua (population
20 000) on the eastern bank of the Miami River. The other principal towns in the area are
Dayton (population 550 000; 30 miles south), and Columbus (population 620 000; 70 miles
east). The reactor building is 120 ft. from the river and 900 ft. from the City of Piqua
Municipal Power Station, which is on the opposite side of the river.

187, The principal consideration in selecting the present site was its proximity to the
existing power station at Piqua. At first it was intended to build the reactor adjacent to
the municipal power plant, but later it was decided to move it across the river and away
from the community to provide a large area which could be treated as restricted.
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188. The distribution of population in the surrounding area is as follows:

Table 10

Population distribution

Distance in miles Population density/sq. mile
0.25 80
0.50 450
1.00 4 000
5,00 21 000
10.00 42 000
20.00 108 000

189. The nearest building from the reactor is at 200 ft. and the closest residence at
750 ft.

190. The surface and ground water flow is towards the river. The river flow is con-
trolled by a series of dams upstream and the City of Piqua is well protected. The highest
level of the river water at times of maximum discharge will be 9 ft. below the floor level
of the reactor building.

191, Geological studies of the site indicate that the load-bearing capacity of the soil is
more than adequate for the construction of the reactor and the auxiliary buildings.

192, Seismological studies show that earthquakes of moderate intensities can be expected,
although no damage from earthquakes has so far been recorded. The plant has been de-
signed and built in strict conformity with the Uniform Building Code, to ensure that the
hazard from any possible earthquake shock is minimized.

193. Analysis of maximum credible accident. Usually, the most serious accident
associated with a power reactor is considered to be the complete and sudden loss of
coolant which, in turn, leads to complete melt-down of the core. In the case of the Piqua
reactor, however, so many protective features have been incorporated that such an acci-
dent can be ruled out. The reactor is designed to prevent the core from ever being un-
covered as a result of a rupture anywhere in the primary system or the core vessel itself.
All inlet and outlet nozzles are at least 13 ft. above the core and a break in them cannot
cause the coolant to drain away or the core to get uncovered. The core vessel itself is
completely contained by the core cavity liner; if the vessel ruptures, the cavity liner will
hold the coolant and the liquid level will remain well above the core. The cooling of the
fuel elements is ensured by battery-driven emergency decay-heat removal pumps. Taking
all these facts into account, the possibility of a complete core melt-down on account of
coolant loss is not conceivable.

194. The only credible accident - which can possibly lead to the melting of some fuel
elements - is during start-up, if the control rods are withdrawn from the core in a con-
tinuous and uncontrolled movement. For this to happen, either the operator should
deliberately withdraw the rods, ignoring all alarm signals, or the control circuits should
fail to function and continue to receive power. At the same time, it has to be assumed
that all the alarm set-back and scram devices, which normally would lead to a shut-down,
will also fail.

195. The minimum shut-down reactivity is 4. 3%Ak and since the rods cannot add more
than 0, OOS%A;E/ sec, it will require about 540 seconds before the reactor becomes critical
and a significant amount of heat is released. Twenty-seven seconds later, the burn-out
flux point will be reached and the film boiling which vapor-locks the channels will start.
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Ak

The void production in the six center elements introduces a negative reactivity of 1. S%Ak
and the reactor is shut down. Meanwhile, the decay heat maintains the vapor lock, causing
the center elements to melt. If 509 of the six central elements melt, the reactor becomes
sub-critical even in the complete absence of control rods. The total energy release is less
than 2 750Mw/sec, and is much below the amount needed to vaporize the coolant and bare
the core. The coolant temperature will be increased by 100 F, with a small increase in
the pressure, but there is no rupture in the coolant system, which remains intact.

196. The total amount of the fission products released by a melt-down of 50% of the six
central elements is 7.5% of those contained in the entire core. The fission products thus
released would lead to a direct radiation dose rate of 0.1 mrem/hr at the nearest residence
immediately after the accident, decreasing to 0.004 mrem after 24 hours. The total inte~
grated dose for a week is 0.1 rem., ’ '

197, To make the hazard analysis study complete, the case of a meli-down of the entire
core has also been calculated, even though this is not credible. The calculations are based
upon the following assumptions:

(a) That the reactor has operated at the full power of 45.5 Mwth for one year prior
to melt-down, and the accident occurs at the time of full power;

(b) That 10% of the volatile fission products are released into the reactor building;

(c) That internal pressure build-up is 1 psig, and the leakage rate is 0. 2% of the
volume per day; and

(d) That all the leakage is swept by the wind only in one direction.

198. The largest contribution to the whole body dose will be from direct radiation; the
table below summarizes the results.

Table 11

Piqua nuclear power facility: direct radiation from reactor
building in case of maximum credible accident

Time after Dose rate (r/hr) .Total integrated dose (rem)

melt-down At control One mile At control One mile
area boundary from reactor area boundary from reactor

2 minutes 43 1.3 x107° - -

24 hours 0.54 negligible 2.2 negligible

1 week 0.14 negligible 4,5 negligible

199. Taking the effect of direct radiation and inhalation doses into account, the maximum
whole body radiation dose is less than 25 r for all points outside the control area. It can
therefore be concluded that the design of the containment building adequately ensures the
safety of the inhabitants in the surrounding areas.



GC(V)/INF /41
page 40

D. Operating personnel and training

200. The staffing plan for the Piqua nuclear power facility is given in Table 12 below.

Table 12

Piqua nuclear power facility: staffing plan

Category Number of persons

Administration

Plant superintendent 1
Secretary 1

Operations

Operations engineer
Shift supervisors

Chief operators

Plant operators

Extra operator

Health physicist

Health physics technician

[l ol - Y S

Maintenance

Maintenance engineer (mechanical)
Instrumentation engineer
Mechanic/electrician

Electronic instrumentation technician
Instrumentation repairman
Laboratory technician

Utility man

= bt e e e

]

TOTAL 25

It will be seen from the above that there is a staff of 25 persons for the power
reactor plant only. The turbogenerator, however, is being manned by the staff which
looks after the existing conventional power plants at the site.

201. A distinguishing feature is the fact that the staff has been drawn from among those
who have already had long experience in this field of work, as can be seen from the follow-~
ing information:

Average reactor and nuclear plant experience = 6.8 yrs/man

Average reactor experience only = 5.7 yrs/man

Maximum reactor experience only bd 7 yrs/man
t 3

Minimum reactor experience only 3.5 yrs/man
202. The extensive prior experience of the operators, most of which was gained at OMRE,
simplified the problem of training.

203. The plant superintendent has spent eight years at Hanford and was at the Canoga
Park office of USAEC as the project officer for OMRE and the Piqua facility. The
operations engineer has had four years experience with OMRE and two years at Savannah
River. The shift supervisors are all experienced having worked at the Hanford, the ma-
terial test reactor and the Westinghouse installations. Three of the four chief operators
already hold licenses.



GC(V)/INF/41
page 41

204. In addition to their original experience the operators have received three months
training at Canoga Park in reactor physics, health physics, and electronics theory and
application as well as in the study of the specific details of the PNPF system. The actual
operation of the model 77 laboratory was included in their program. Later they received
training at OMRE in actual operation of an organic system. Since their arrival at the site,
about a year ago, a comprehensive and continuous training program has been in effect,
based upon information contained in the safeguards report, standard operating procedures,
interconnecting system drawings and design data of the plant. This training has been aug-
mented by frequent lectures at the site,

205. The entire reactor staff will be a part of the pre-operational testing and start-up
program and initial full power operation. The testing is being organized with a view to
training the staff,

206. The health physicist is fully experienced and has worked at the material test reactor
for five years. The health physics technician has not been engaged so far but it is hoped
that a well trained person might be available.

207. The maintenance and instrumentation engineers had five years experience in their
respective fields of work before joining PNPF. The electronics instrumentation tech-
nician had worked in conventional stations but not in a nuclear installation. He spent one
month at OMRE and went to a training school run by the manufacturer of the instruments.

208. The laboratory technician has had three years experience in general chemical
laboratory work.

E. Construction experience

209, The construction of PNPF started in July 1959 and according-to the latest schedule
the reactor should be critical by November 1961 with full power operation in February
1962, Details concerning the time schedule for the project are given in Table 13.

Table 13

Piqua nuclear power facility: time schedule for the project

Item Revised schedule Actual
Start of construction July 1959 July 1959
Start operator training May 1959 May 1959
Containment shell erection May 1960 June 1960
Complete operator training December 1960 December 1260
Steam generator installation August 1961 August 1961
Install reactor vessel April 1961 July 1961
Pumps and process equipment July 1961 August 1961
Completion of construction September 1961

Pre-operational tests September 1961

Initial criticality November 1961

Full power operation February 1962

210. The progress of work on this reactor has been largely according to schedule and no
major problem arose during construction. By July 1961 the plant was about 85% complete
and roughly three months behind the earlier schedule. The delay was caused mainly by
the steel strike which retarded the fabrication and delivery of the pressure vessel by two
months.
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211, The skills required for building the plant are mainly conventional because of the
extensive use of carbon steel in the system. Most of the techniques are those required
in the construction of a refinery, excluding the techniques required for building the re-
actor core. In the case of the reactor plant the welding calls for greater skill and is
subjected to a rigorous X-ray examination before acceptance. The piping and layout of
the process system needs careful fabrication and installation under expert guidance. It
is, however, conceivable that skilled workmen having experience in building a refinery
or process plant could, under proper supervision, do most of the construction and instal-
lation in an organic reactor of this type.

212. In the case of PNPF certain local factors influenced the construction schedule.
Originally the reactor was to be located adjacent to the existing steam plant but later it
was decided to build it on the other side of the Miami River. This change in location
necessitated an extension of the utilities and the erection of additional piping and structure,
which added to the total cost of the plant. The site on which the plant has been built was
an old city dump and was therefore not the best for the laying of the foundations. Several
piles had to be sunk - a process both time-consuming and expensive.

F. Fuel czcle

213. Objectives. The Piqua reactor is to be fueled with 85 aluminum clad slightly en-
riched uranium metal fuel elements containing 3.59% Mo, and 0. 1% Al as a stabilizing
material.

214, Development work has been directed toward uranium metal alloyed with from 1.5 to
109, Mo. Additions of ternary alloying materials have also been studied. Prototype fuel
elements containing 3.5% Mo and additions of 0.1% Al and 0.5% Si have been irradiated.
One element of the plate type has been successfully irradiated for nine months in OMRE
{maximum burn-up of 4 000 Mwd/MTU) while a tubular fuel section, approximately the
shape of Piqua fuel elements has been irradiated for 17 months. Preliminary evaluations
of the tubular element indicates the absences of fouling or dimensional change. Further
test specimens of U- 10% o have shown good stability to 24 000 Mwd/t below 1 050 °F and
8 400 Mwd/t at 1 300 °F. The warranty for average burn-up is 3 000 Mwd/t.

215. Fuel element design. The fuel elements consist of metallic uranium-3. 5% Mo con-
taining 1.949% U239 and 0.19 Al. The fuel is clad with 35 mil aluminum which has a
finned surface to increase the area of heat transfer. The cladding is metallurgically
bonded to the uranium fuel using a barrier of nickel about 1 mil thick.

216. The fuel elements are circular in cross section, 5.22 in. outer diameter and 3. 08 in.
inside diameter for the main portion, and approximately 80.5 in. in length. The uranium
in the element is in the form of two concentric tubes each 0. 21 in. thick, and 3.6 and 4. 6 in.
in mean diameter, respectively. Four sections make up the 34 in. of active fuel length.
The fins of the cladding are twisted in a slight spiral along the longitudinal axis. The two
concentric fuel tubes are positioned between two 30 mil stainless steel tubes.

217. The ends of the steel tubes are joined to upper and lower and grid plate adapters,

and stainless steel wire screens are welded in place at the entrance to the annulus between
the tubes and at the bottom cavity in the inner tube. The upper end piece, 5.6 in. inside
diameter, fits in the upper grid plate and is designed to facilitate fuel handling and supports
the weight of the element. The lower end piece, 4.36 in. inside diameter, guides the ele-
ment in the lower grid plate. Adjustable flow-regulating orifices are installed at the upper
grid plate adapter of all fuel elements except the 13 elements which accommodate the con-
trol rods to regulate the flow through the outer regions where the heat generation is less.
The orifices will be adjusted during shut-down to equalize the temperature rise.

218. As of May 1961, 46 fuel elements were completed, passed inspection, and were
accepted.
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219. Fuel management., The initial order was for 100 elements, and recently an addi-
tional 20 elements were ordered. The core consists of 85 fuel elements. Future
requirements of fuel during the five years in which the Government will operate the plant
will depend upon developments, and possibly sintered aluminum fuel may be used.

220. The reactor will operate upon a partial fuel loading cycle. It will be shut down
periodically (at four to six months intervals) and the spent fuel will be replaced through
the top cover and shield of the vessel by means of a fuel handling cask placed over the
port. After replacing a part of the core, a sample of the remaining fuel elements will be
inspected.

221. The spent fuel elements are placed in a storage pool which can hold 100 elements.
After cooling the spent fuel will be shipped for re-processing in a 30 ton dual purpose cask
(specially designed for Elk River and Piqua fuel) which will accommodate 13 Pigua ele-
ments.

G. Cost data

222, The Piqua reactor is being designed and constructed for USAEC by Atomics
International under a fixed price contract. The current cost estimate is $9.1 million
which includes $1. 2 million for the fabrication and development cost of 100 fuel elements.
The cost of pre-construction research and development, and operation and testing (ex-
cluding reactor designers trainingcosts) are estimated respectively at $3.5 and $1.2
million giving a total project cost to the Government of $13.8 million for the reactor
plant, research and development, fuel and operation and training.

223, Construction. As of May 1961 the total cost incurred or committed for design
(949% complete) and construction (84% complete) was $7.76 million ($1. 6 million for
engineering and $6.3 for construction), compared to the authorization of $7.93 million.

224, Fuel. The cost of the initial order for fabricating 100 fuel elements is estimated at
$1.2 million which will include withdrawal charges for source and special nuclear mate-~
rials, escalation charges, and contingencies. This gives a unit cost of about $147/kg U,
However, as mentioned in paragraph 219 above, an additional 20 fuel elements were
recently procured the cost being $102 000 ($5 100/element) or $63/kg U which is less
than one-half the unit cost of the initial order. At the warranty burn-up level of

3 Mwd/kg U and 25% thermal efficiency this fabrication cost contributes 3.5 mills/kwh
to the fuel cost. The total fuel cost for a second Piqua reactor has been estimated to be
of the order of 5 mills/kwh for an exposure of 3 Mwd/kg U. The fuel cost would be dras-
tically reduced if high burn-ups are achieved as has been indicated by irradiation of test
specimens of U~10% Mo.

225, Operation and maintenance and organic make-up costs. Estimates of 2 to 5 mills/kwh
have been made for operation and maintenance including the cost of organic make-up.

Data concerning the estimated operation and maintenance costs based upon a preliminary
analysis by the City of Piqua are given in Table 14 below.
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Table 14
Piqua nuclear power facility: operation and maintenance cost estimates
Item $/yr $/kw-yr Mills/kwh
(at 8070
load factor)
General supplies, materials 17 000 1.5 0.2

and services (excluding
electricity and organic
make-up)

Maintenance 49 000 4.3 0.6
Tools, test equipment,
spare parts, etc.

Health physics and safety 50 000 4.4 0.6
Environmental survey,
clothing, badge renewal and
safety equipment

Analytical laboratory 9 000 0.8 0.1
Salaries 276 000 24 3.4
TOTAL 401 000 35 5

226. The estimated requirements for organic make-up vary from 30 to 60 lbs. /hr. At
15/1b. this would be equivalent to about 0.4 to 0.8 mills/kwh for organic make-up.

227, Currently the environmental survey and control is being conducted by an outside
concern for $10 000 per year.

H. Integration of the reactor into the utility system

228. The Piqua reactor is expected initially to operate on base load, and would be utilized
as a load following plant only after a demonstrated period of uninterrupted and assured
operation. Under the contract with the reactor manufacturer there is a 28 day warranty
and a 60 day training period before the reactor is turned over to the utility for operation.

229. The power system of the City of Piqua is an isolated system consisting of a single
power station supplying electricity for local use, and steam to about ten industrial users.
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230. The present installed capacity is 33 Mw, and a further 20 Mw are expected to be

available at the end of 1961 from a plant that is now being installed. Details of the
generating capacity are given in Table 15 below.

Table 15

Piqua municipal power plant: generating capacity

Turbine Rating: Absolute minimum Minimum efficient
number Mw operating load: Mw operating load: Mw

1 4 1 2

2 4 1 2

3 4 1 2

4 7.5 1.6 3

5 1 0. 35/ 0. 5-a—/

6 12.5 1.6 7

7 20 5 10

a/ Exclusive of industrial sales.

231. In 1960 the peak and minimum demands were 291 000 and 76 000 lbs. /hr of steam
and 22 and 5 Mwe, respectively. The peak average work day demand in general varied
from 18 to 20 Mw and the minimum from 6 to 7 Mw. On weekends the peak demand
dropped to about 12 Mw. In December the day peak was 23 Mw and the night peak 8 Mw.

232, Al reactor steam for the generation of electricity will be fed to turbines 1, 2, or 3
{a total of 12 Mw compared to the output of 12.5 Mw of the Piqua facility) which will ac-
cept stgam up to 550°F-435 psig. Efficiency losses in turbines 4, 5, or 6 which operate
on 750 F-435 psig steam will not permit the mixing of the steam produced by the reactor
and that produced by the municipal power plant, except in an emergency. Steam from the
reactor will be transmitted to the City of Piqua, across the Miami River, a total distance
of 1 200 ft.

233. The addition of the reactor will impose a constant electrical demand of 1.1 Mwe for
plant use on the existing system.

234. Although there is no exchange of power with any other system, there is the possi-
bility of selling 0.55 Mw to the Pioneer Rural Co-operative Inc. which serves an adjacent
area.

235, Because of possible outage of the reactor, back-up power will be required until such
time as it has been clearly demonstrated that the reactor is capable of reliable and sus-
tained operation. There is a possibility of providing back-up power from the Dayton
Power and Light Company. However, there are legal and economic considerations which
restrict such an inter-connection. Hence, spinning reserve may be required. The turbine
can be brought to full power in 30 minutes.

236. Low grade coal is now being delivered by rail to the Piqua municipal power plant at
a cost of $5.21/t (including $3.39/t for freight), or 22.5¢ per million BTU. Based upon
an average consumption for the station of 1.6 lbs. coal per kilowatt-hour of electricity

sent out this amounts to 4.2 mills per kilowatt-hour of electricity sent out by the station.
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I. Selected references
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V. THE BONUS POWER REACTOR

A, General

238. The BONUS is a boiling-water reactor with integral superheat and a net electric out-
put of 16,3 Mwe, It is now under construction in Puerto Rico as part of USAEC!s pro-
gram of demonstrating the technical and economic feasibility of nuclear superheat, It is
located at Punta Higuera, on the westerly tip of Puerto Rico, close to the sea shore, It
will form part of the system of the Puerto Rico Water Resources Authority (PRWRA),
Under arrangements between PRWRA and USAEC, PRWRA will supply the site, the turbo-
generator facilities and perform the design and engineering of the conventional part of the
plant, USAEC will furnish the complete reactor and auxiliaries, The prime contractor
for the reactor plant is the General Nuclear Engineering Corporation, which will perform
the necessary development work, design and start up the reactor and carry out post con-
struction research, The construction contractor is Maxon Construction Company and the
reactor components are being procured from various suppliers at a fixed price,

239. The construction of the plant started in the last quarter of 1960 and it is estimated

that the entire project will be completed within 30 months, which is a relatively short time
for the construction of a nuclear plant involving several new features,

B. Important design features

240, A summary of important data concerning the BONUS power reactor is set out in
Annex III, and a schematic diagram of the reactor system is shown in Figure 3.

241, Objectives. The primary objective of this plant is to demonstrate the use of
integral superheat, In this reactor the integral nuclear superheater is located on the
periphery and the boiler in the center of the core, It is the first reactor of this particular
design and is expected to yield extremely interesting data on the technical and operational
aspects of a nuclear superheat reactor, which will provide a basis for extrapolation of
certain design features to larger plants, In designing the reactor great importance has
been given to safety, as has been explained in paragraphs 259 - 263 below, It is not
meant to be a load following plant but a base load unit, In the initial phases, it will feed
into the network whatever power it can produce with priority being given to the development
of essential research information,

242, The lower power level of 16,3 Mwe was chosen so that the required information on
feasibility and operational problems could be obtained at minimum cost, The plant is
convertible to a straight boiling reactor in conjunction with a conventional superheater
should the performance of the nuclear superheater prove to be less than satisfactory,

243, Core. The reactor is designed to deliver 152 000 lbs/hr of steam at 850 psig and
900°F, producing 50 Mwth and 16, 3 Mwe net with a plant efficiency of 32%., Of 50 Mwth
heat output, 38, 6 Mwth are generated in the central boiler region and 11,4 Mwth in the
superheating region,

244, The boiler region is 35,5 in, square and the entire core measures 54 in, across the
flats, and the active length is about 55 in, The total area of the core is equivalent to a
circle having a diameter of about 56 in, The power density in the central region is

32,9 kw/1, and in the superheating region 11, 6 kw/l. Water is circulated through the

64 fuel elements in the boiler section by forced circulation, and the flow to each assembly
is regulated by orifices in the inlet plenum, The rate of flow is 7 500 gpm and two pumps
are used for reliability and safety instead of only one, The water enters the core at
532°F, producing steam at 540°F, which is separated from the water by gravitation,
Before entering the superheater, this 5% moist steam passes through conventional corru-
gated plate driers which reduce the moisture to below 0, 1%, The dry steam at 540°F
makes four passes through superheater elements arranged in groups of eight each, and is
superheated to S00°F.

.
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245, Exhaust steam from 32 superheater assemblies is collected in 11 separate pipes
leading to the outside of the reactor shield and monitoring is carried out for temperature
flow and radioactivity,

246, Stability, No practical experience has yet been gained in the dynamics of an inte-
gral superheater reactor, although Borax-5 will, in the near future, yield useful data on
the subject. The theoretical analysis of the stability of BONUS was undertaken by using a
mathematical model similar to EBWR, but modified to include the integral superheater,
Important parameters and variables were considered in obtaining a set of transfer functions
which were simulated on an analog computer and the frequency response of the open and
closed loop system was studied, The results indicate that the BONUS system will be very
stable even under adverse conditions not likely to be encountered in actual operation, The
linear transience response also indicates a marked degree of stability.

247, Pressure vessel, The pressure vessel is made of 2,75 in, thick carbon steel clad
internally with 0, 25 in, of stainless steel, Its internal diameter is 7 ft,, height 27,5 ft,,
and weight 57 tons, It is designed towithstand 1 150 psig at 600°F, but will operate at
950 psig and 540°F,

248, Thermal and biological shield, Outside the reactor pressure vessel a steel tank
serves as a support for the vessel and as a container for the iron-water thermal shield,

In the radial direction, this external thermal shield is followed by a 9 ft, thick biological
shield made of ordinary concrete, Special plugs or tanks of lead, concrete and water are
used for shielding above and below the pressure vessel, The top shield plug is removable
for access to the control rod drive mechanism and to the bolts on the top-head itself,

249, The shield design is based upon the consideration that no person in the controlled
area will receive a radiation dose of more than 5 rem/yr under normal conditions, and
outside the controlled area of more than 0,5 rem/yr, The components containing radio-
active coolant water or steam are located in conirolled areas and have limited access
during reactor operations, Shortly after reactor shut-down when nitrogen-16 with a half
life of 7. 35 secs decays, access to the area for routine maintenance is possible.

250, In high activity areas the typical dose rates at various locations due to nitrogen-16
are in rem/hr: pump room 10, condenser hotwell 10, feedwater heater 1, air ejector 90,
All these areas are inaccessible during operation, At the main superheated steam outlet
pipe, the dose rate is at one meter, without concrete shield, 0,09 rem/hr. In the other
areas outside the reactor and component shields, the radiation dose is 2,5 mrem/hr or
less to allow a normal 40 hours work week,

251, Containment shell, The containment shell for the BONUS reactor represents a new
approach and is different from the usual two building arrangements used in current plants
where the reactor is located in a steel dome designed for high pressures and the turbo-
generator and conirol room in a separate conventional building, The design of the BONUS
containment shell is based on the consideration that in order to contain a certain amount of
vapor and fission products it is just as well or perhaps better to employ a large volume low
pressure shell instead of a small volume high pressure one, It can be shown that the
amount of steel needed is the same in either case as long as the amount of vapor to be con-
tained is the same,

252, Consequently, the BONUS reactor has only a large shell 167 ft, in diameter and made
of 3/8 in, thick steel, which houses the reactor, the turbogenerator, the condenser, the
auxiliaries and the storage pit, It is designed for a low pressure of 5 psig as compared to
16 psig for EBWR, 29,5 psig for the Dresden plant, 75 psig for VBWR and 52, 8 psig for
the Shippingport reactor,

253, According to the reactor designer some of the disadvantages of the two building
arrangement with a small high pressure containment shell for the reactor are:
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{a) The erection of the equipment is difficult because of the relative lack of
space in the shell;

{(b) The time required for construction is longer because the shell has to be
put up first before internal concrete work can be started and the equipment
can be erected;

{c) Numerous penetrations in the high pressure shell for pipes and cables
necessitate special non-leakage seals involving extra cost and maintenance;

(d) Some of the equipment in the reactor shell and the turbogenerator building
has to be duplicated, For instance, one separate crane is needed in each
building, which adds to the plant costs;

(e} Longer steam and feed water lines are needed from the reactor to the
turbogenerator building, and they have to be provided with duplicate valves
and auxiliary controls;

{(f) During air leak tests, the high pressure shell requires special provision
for protecting the equipment;

(g) The provision of emergency shut-down cooling becomes difficult, If the
water storage tank is outside, it has to be able to withstand the same high
pressure as the shell to be able to inject water under gravity into the core;

(h) For shells above 15 psig, ASME codes apply which require X-raying of all
joints in addition to leak tests, This imposes a high economic penalty; and

(i) In the event of an accident leading to pressurization, the probability of harm
to the personnel is greater in a high pressure building than in a low pressure
one,

254, The disadvantage of the large low pressure shell is that it requires more steel sur-
face area, and a greater amount of work in excavation, foundation, welding, radiographing,
insulation, etc, But if the éxtra space is used for housing the turbogenerator, the con-
denser and other essential equipment, as has been done in the case of BONUS, then the
additional expenditure may be justified,

255, The building is designed for 5 psig and 150°F, and a leakage rate of 0, 25% of
volume/day, The temperature and pressure expected in case of maximum credible
accident are however less than this rating, Because of the elimination of a large number
of penetrations, the less onerous code requirements for low pressure buildings, theuse ofa
single handling crane and the shortening of water and steam lines and cables, it is expected
that an over-all lowering in construction costs will be effected, Moreover, the low pres-
sure shell provides greater insurance than the high pressure one against the leakage of
objectionable amounts of radioactivity into the atmosphere, and greater safety for the
population in the surrounding area.

256. Fuel handling, The fuel handling system is similar to that used for EBWR, A
properly mounted shield cask of lead is used which is capable of being moved on rails
between the reactor and the adjacent storage pool for spent fuel, The reactor is shut
down and the shield plug is removed together with the vessel core and rod drives, After
centering the index plug of the shield over the irradiated fuel element in the core or super-
heater, it is lifted by a grappling device into the cask and there discharged in the storage
pool filled with water, where it is allowed to cool off. For shipment to a processing plant,
the fuel elements are loaded into special casks while submerged under water,

257. Waste disposal system, The radiolytic and radioactive gas disposal system disposes
of non-condensable gases removed from the main condenser by the steam jet ejector,
Normally, these gases are nitrogen-16 and argon-41, and can be released through the stack
after an interval of two minutes, To deal with fuel or element failures and consequent re-
lease of fission products, a vapor sphere of 1 300 ft3 is provided to permit complete collec-
tion of all exhaust for 30 minutes, during which the reactor can be properly shut down,
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The disposal of the upper gases is done either by dilution and release with the atmosphere,
or by passing it through a charcoal bed which retains active gases,

258, To hold liquid wastes, two 3 000 gallon retention tanks and one 1 000 gallon ion-
exchange neutralizer are provided, Since very little activity is expected in this water,
only minimum waste-processing facilities are planned initially for BONUS. Arrangements
are being made for concentrating the water so that it can be stored in drums as solid
waste, for eventual disposal through burial in a pit,

C. Safety
259, Safejz in desigxl, As stated earlier, the primary emphasis in the design of BONUS

is on safety, To all the inherent safety features of a boiling water reactor have been
added the advantages of a UOg fuel and several automatic built-in safety devices have been
incorporated to prevent or terminate any potential hazard, The use of an integral super-
heater introduces, however, new problems of safety, such as:

(a) The change in reactivity owing to the expulsion from, or addition of, water
to the steam coolant gaps of the superheater fuel elements; and

(b} The cooling of superheater fuel elements in case of loss of steam flow and
the prevention of excessively high cladding temperatures,

260, The superheater fuel region is so designed that there is very little change in re-
activity because of expulsion or addition of water at operating temperatures, For instance,
if all the water is expelled from the superheater when operating at 525°F and low power,
the net change in reactivity is almost zero, At full power, sudden flooding of this region
would add only 0, 2%4K in reactivity., During start-up, the rapid expulsion of the cold
(60°F) moderator from the superheater could cause a 0, 9%4E change in reactivity, To
safeguard against this, an interlock system has been provided to prevent nuclear start-up
unless the temperature of the water moderator is 500°F, An electrical preheater is
provided to heat the water to 525°F before start-up,

261, To meet the hazards from the loss of steam coolant in the superheater region, the
cooling system has been so designed that there is always sufficient cooling through the
superheater assemblies to prevent excessive temperatures, If the steam flow is stopped
two minutes after a scram, no damage is done to the fuel elements. Should this arrange-
ment also fail, then the fuel assemblies are designed to be able to dissipate their heat by
radiation without any melting of the cladding.

262, Normally, the steam from 11 superheater pipes from various segments of the core
is continuously monitored and if the temperature in any one exceeds 950°F or there are
other indications of a restriction of steam flow in the superheater, an immediate scram
takes place and adequate cooling for air fuel is provided in a shut-down condition,

263, Besides the special safety features for the superheater, many other safeguards
similar to those for other boiling-water reactors have been provided, Some of these are
summarized below:

(a) 'The boiling zone of this reactor will automatically limit the power level of
the reactor, Owing to the negative reactivity effect, additional steam
voids are formed as the power level increases;

(b) To shut down the reactor, two independent systems are provided, The
primary system has 17 control safety rods which fall within two seconds
at any indication of trouble, The back-up system to be initiated by the
operator can shut down the reactor by slow injection of boron solution;

(c) An emergency shut-down cooling system has been incorporated, which is
independent of all power sources and comes into action when the normal
cooling system fails;
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(d) All safety devices and controls are designed to prevent malfunction or
to cause a scram in case of a malfunction;

(e) An emergency water spray system provides sufficient cooling to prevent
melting of the fuel elements and consequent release of fission products,
even in case of complete drainage of coolant from the reactor vessel;

(f) A building spray system has been incorporated to reduce pressure and
temperature resulting from the release of all reactor water; and

(g) Because of the location of the reactor in a hurricane area, the contain-
ment shell is designed to withstand winds up to 155 mph,

264, Control, The BONUS reactor is controlled by 17 two per cent boron stainless steel
rods, The nine control rods located in the boiling region are 1/8 in, thick cruciforms
with a 7 in, span, The rods located between the boiling and superheating regions (there
are no control rods in the superheater as such) are % in. thick slabs, 12 in, wide, Drives
for the rods are of the rock and pinion type and are mounted above the elliptical cover of
the pressure vessel,

265, With enrichments of 1, 85% in the boiler and 3, 5% in the superheater region, the
initial excess reactivity under cold clean conditions is 16, S%AE. At full-power operation
and with equilibrium xenon and samarium, the initial excess reactivity is 6, 7% . The
17 control rods have a combined strength of 19%% when the reactor is cold, Tlfmis pro-
vides a shut-down margin of 2, 4%&% under cold clean conditions,

266, The initial excess reactivity of 6, 7%'A—11§ is considered sufficient to achieve a burn-up
of 6 500 Mwd/t, By replacing four central assemblies of natural uranium by enriched
ones, enough additional reactivity will be gained to reach 10 000 Mwd/t, There will be
an inward shifting of the outer fuel elements which will also help in flux flattening,

267, Site, Based upon visual inspections, core drillings, topographical maps, meteoro-
logical and seismological data, the distribution of population, the availability of cooling
water, etc,, the site was found to meet all the essential requirements for the safe location
of a nuclear power plant, The fact that the wind almost always blows towards the sea
makes this site more suitable from the standpoint of minimizing potential radioactivity
hazard., The plant is designed to withstand hurricanes with speeds up to 150 mph, as well
as earthquakes,

268, The average elevation of the site is 175 ft, above sea-level and the surface and under-
ground run-off is towards the sea,

269, The nearest community, about 2 miles distant, has a population of 1 065, and the
nearest city, 13 miles away, of 59 000, The distribution of population at various dis-
tances is shown in Table 16 below,

Table 16

Population distribution

Distance in miles Population density/sq. mile
0, 25 (exclusion area) 40
0,50 470
0.75 830

1,00 1160
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270, Analysis of maximum credible accident, The worst reactor accident which can
logically be postulated for the BONUS reactor is the sudden and complete rupture of the

16 in, inlet pipe at the bottom of the pressure vessel, This drains out all the water in
the reactor vessel in four seconds, A detailed analysis of this accident and consequences
thereof is given in the preliminary hazards summary report and is based upon very pessi-
mistic assumptions, including the following:

(a) That prior to the accident the reactor has operated at full power for a
year with consequent accumulation of fission products in the fuel; and

{b) That all the fuel elements melt, releasing 100% of the volatile, and 30%
of the non-volatile fission products,

271, Immediately after the hypothetical rupture, steam is released into the dome; the
building spraying system, which does not depend upon any power source, comes into
operation, The cooling effect of the spraying water reduces the pressure by a factor of
two in the first half hour, This water also dissolves 99% of iodine in the fission product
cloud, The leakage rate decreases from 0, 25% of volume per day to 0, 177% of the volume
per day in the first half hour, and remains unchanged thereafter,

272, Assuming that extremely adverse meteorological conditions exist at the time of the

release of fission products from the dome, the calculated dose rates at various distances
from the shell will be as shown in Table 17 below,

Table 17

BONUS power reactor: eight-hour integrated dose (rep)

(For average lapse condition)ﬂ/

Distance in Thyroid Beta Gamma Population Average population
meters subjected to
radiation hazard

300 5,12 0,144 0,045 - -
402, 5 3,29 0.085 0,030 40 2
805 1,17 0.025 0,011 470 12
1210 0.64 0,013 0,007 830 20
1610 0.55 0,008 0. 004 1 160 25

g/ This is considered to be the worst expected condition,

273, For the purpose of reference, the maximum permissible exposure levels which have
generally been accepted by a number of medical experts[ 6] are 25 rem for whole body,
bone, lung, etc,, and 1 500 rem for the thyroid,

274, Comparing these permissible levels with the radiation doses shown in the above
table, it has been concluded in the hazards evaluation report that in the event of the
maximum credible accident, the amount of radioactivity released will not constitute an ex-
treme radiation hazard for the population in the surrounding area,

[6] BRITTAN, R,O., "Reactor Containment (including a technical progress review)",
ANL-5948, Argonne National Laboratory, Lermont, 111, (May 1959),



GC(V)/INF /41

page 53
D, Operating personnel and training
275. The provisional staffing plan is set out in Table 18 below,
Table 18
BONUS power reactor: staffing plan
Category Number of persons
Administration
Plant superintendent 1
Assistant plant superintendent 1
Clerks 2
Operation
Shift supervisors 5
Control room operators 10
Auxiliary operators 5
Relief operator 1
Health physicist 1
Chemist or technician 1
Janitors 2
Maintenance 9
TOTAL 38

276. At the present time, five persons are attending the ORSORT course for reactor
operations and supervision, which will last for one year, The shift supervisors will re-
ceive an additional six months' training on a boiling-water reactor,

277. The existing research reactor at Puerto Rico is being used for the training of
operators who have had previous experience of steam plants in the PRWRA system,

278, The total budget for the training of personnel is $300 000,

E, Construction experience

279, Actual construction of the plant started in August 1960 and the target date for full
power operation is February 1963. This total period of 30 months is relatively short for
the construction of a nuclear plant which incorporates several new features, The progress
up to date indicates that construction is ahead of the proposed schedule set out in Table 19
below which, it is expected, will be met,
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Table 19

BONUS power reactor: time schedule for the project

Item Proposed
Start of construction August 1960
Start of personnel training August 1960
Erection of containment shell June 1961
Pressure vessel installation October 1961
Turbogenerator and steam equipment August 1962
Completion of training September 1962
Construction complete November 1962
Cold testing September 1962
Initial criticality December 1962
Full power operation February 1963

280. An interesting feature of this plant is that it is being built in an area which is not
highly industrialized and experience gained in its construction may have some useful paral-
lels with developing countries, The local contractors in Puerto Rico are actively partici-
pating in different phases of construction and providing skilled labor for welding, electri-
cal and piping work, It is hoped that the details of the participation of local industry in
this project will be available in the near future,

F, Fuel czcle

281, Objectives, One of the objectives is to verify that superheater fuel elements having
thin-walled cladding can operate with high integrity in a high temperature steam environ-
ment over a long period and thus achieve acceptable fuel cycle costs, The amount of burn-
up which can be achieved and the degree of long-term contamination of the turbine owing to
transport of stainless corrosion products, of water impurities, and of fission products
from fuel element failure will be determined by actual operation of the station, The cost
will increase substantially if it is found necessary to replace the superheater fuel before it
reaches its design value,

282, Fuel element design, Of the 64 water cooled boiler fuel assemblies, in an 8 by 8
array, 60 contain zircaloy clad UOg enriched to 1, 85% U235 and the four central ones con-
tain natural UO, (total loading of 2 546 kgU), The 32 steam cooled superheater fuel as-
semblies which surround the boiler assemblies contain stainless steel clad UO, enriched
to 3.5% U235 (total loading of 1 627 kgU),

283, Each boiler fuel asgsembly contains 32 fuel rods, 0.450 in, inside diameter and
0,500 in, outer diameter, containing UO, pellets 0, 445 in, in diameter, The fuel rods
are segmented, having lengths equal to one-half of the active core length of 54 in, and
fastened at their ends to zircaloy grid plates, Two such sub-assemblies are then placed
end-to-end in a zircaloy box, 0,086 in, thick and 3,929 in, square, to form a complete
fuel assembly, The two grids at the center of each assembly and the grids at the end are
welded to the zircaloy box, Guide pins in the ends of individual fuel rods, mounted with
springs, pass through holes in the top and bottom grid plates but are not fastened to the
grids so as to allow individual thermal expansion,

284, The zircaloy fuel assembly is riveted to stainless steel end fittings to permit accu-~
rate positioning in the core-support plate at the bottom and the egg-crate superstructure at
the top.
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285, Each superheater fuel assembly consists of 32 stainless steel rods 0, 506 in, outer
diameter and 0, 542 in, inside diameter containing UO, pellets, 0,500 in, in diameter,
Each fuel rod is surrounded by a thin stainless steel coolant tube which defines an annular
path for the steam flow in cooling the fuel, Surrounding the coolant tube is an 18 mil pres-
sure tube which isolates the superheater fuel from the water surrounding each element,

and provides a static steam insulating gap with respect to the coolant tube, This prevents
excessive loss from the superheated steam to the water,

286, Fuel management, Burn-ups of 11 000 Mwd/MTU are expected to be achieved for
both the boiler and the superheater fuel elements, The superheater elements will be ro-
tated 180° to gain reactivity and achieve uniform burn-up, These burn-ups correspond to
fuel residence times of 2, 6 and 4.7 years for the boiler and superheater fuel, respectively.

G. Cost data

287. The only data received are estimates presented in the preliminary design study made
in January 1960; they are set out below:
(a) Construction

The construction cost estimates are as follows:

Table 20

BONUS power reactor: construction cost estimates

(In thousands of dollars)

Item Cost

Land and land rights -
Structures and improvements 1611

Reactor plant equipment 2 928
Turbogenerator unit 1 540
Accessory electrical equipment ‘ 745
Miscellaneous power plant equipment 70
Sub-total 6 894
Escalation (7% of the sub-total) 483
Sub-total 7377
Contingency (15% of the sub-total) 1106
Sub-total 8 483
Indirect construction costs
(15% of the sub-total) 1272
Interest during construction (not included)
Suk-total 9 755
Start-up supervision 50
Engineering and design 1 345
TOTAL (plant cost) 11 150
TOTAL (plant cost in
$/net kwe) 684

It is expected that it will take 35 months to design, build and bring the
plant to full power operation,
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288,

(b) TFuel

The estimated fuel cost is as follows:

Table 21

BONUS power reactor: estimated fuel cost

(In dollars per kgU)

Item Boiler Superheater
Cost of U235 consumed 134, 90 194, 40
Value of plutonium produced 56,176 36. 60
Net burn-up cost 78,14 157,80
Chemical processing cost 235 44,00 55,00
Chemical processing loss U s 1% 0,63 2.61
Chemical processing loss plutonium, 1% 0.57 0,37
Conversion plutonium to metal 7.02 4,53
Fuel fabrication cost 140,00 125,00
Conversion salt to UFg 5,60 5, 60
Interest of fabrication capital, 6% 13,02 19. 49
Use charge on new fuel in shipping 0. 66 1.52
Use charge on new fuel in storage 1,32 3.04
Use charge on fuel in reactor 13.56 67, 27
Use charge on irradiated fuel 5.22 27.00
Shipping new fuel to site 2,00 2,00
TOTAL ($/kgU) 311,74 471,23

The loadings for the boiler and superheater fuel are 25 646 and 1 627
kilograms respectively, hence the effective average fuel cost is
$352/kgU. Based upon the generation of 8, 6 x 10% kwh/kgU, the
fuel cost is 4.1 mills/kwh,

(c) Operation and maintenance

The estimated cost of operation and maintenance is $338 400/yr or
$21/kw/yr. For an 80% plant factor this is equivalent to 3 mills/kwh,

Selected references

A list of selected references concerning the BONUS reactor is given below:

Nuclear Superheat Development Program, First Quarterly Progress Report,
July-September 1959, GNEC-118, General Nuclear Engineering Corp.,
Dunedin, Fila,

Nuclear Superheat Development Program, Second Quarterly Progress Report,
October-December 1959, GNEC-125, General Nuclear Engineering Corp, ,
Dunedin, Fla,

Boiling Nuclear Superheater (BONUS) Power Station, Preliminary Design
Study and Hazards Summary Report, PRWRA-GNEC-3, Puerto Rico Water
Resources Authority, San Juan, and General Nuclear Engineering Corp.,
Dunedin, Fla, (June 1960),

Nuclear Superheat Development Program, Third Quarterly Progress Report,
January-March 1960, GNEC-131, General Nuclear Engineering Corp.,
Dunedin, Fla, (September 1960),
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Nuclear Superheat Development Program, Fourth Quarterly Progress Report,
April-June 1860, GNEC-138, General Nuclear Engineering Corp., Dunedin,
Fla, (November 1960).

Nuclear Superheat Development Program, Fifth Quarterly Progress Report,
July-September 1960, GNEC-~149, General Nuclear Engineering Corp, ,
Dunedin, Fla. (November 1960).

WEST, J, M., BEVILACQUA, F. and JAMESON, A.S., "'BONUS' - A Small
Boiling Nuclear Superheater Power Plant', Small and Medium Power Reactors,
v,1, TAEA, Vienna (1961}, p, 195,

KNAPP, R, W,, CEND Critical Facilities Safeguards Report, BONUS Critical
Experiment, CEND-110, Combustion Engineering, Inc,, Windsor, Conn,
(29 October 1960).

Nuclear Superheat Development Program, Sixth Quarterly Progress Report,
October-December 1960, GNEC-159, General Nuclear Engineering Corp.,
Dunedin, Fla,

Boiling Nuclear Superheater (BONUS) Power Station, Preliminary Hazards
Summary Report, PRWRA-GNEC-2, Puerto Rico Water Resources Authority,
San Juan, and General Nuclear Engineering Corp, , Dunedin, Fla,

(21 December 1959).
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VI. THE PATHFINDER POWER REACTOR

A. General

289. The Pathfinder is an integral nuclear superheat controlled re-circulation boiling-
water reactor with a net output of 62 Mwe. It is intended to demonstrate the technical and
economic feasibility of integral superheat in a full scale power plant operating in a network.
The reactor is privately owned but supported by a substantial research and development
grant by USAEC and thus forms part of the program of USAEC for the development of
superheat reactors.

290. The plant is situated on a site, 1300 acres in area, on the south bank of Big Sioux
River, 3.5 miles north east of Sioux Falls, South Dakota. It will be owned and operated by
Northern States Power Company (NSPC). USAEC has allocated $8. 3 million towards the
research and development program and will obtain all the technical and economic informa-
tion gained from this project. It will also waive the fuel charge to the extent of $2 million.

281. According to NSPC it is proceeding with this project for three basic reasons, namely:

(a) To learn through direct experience how to operate a nuclear power plant;
(b) To obtain realistic cost data; and

{c) To ensure a continuing supply of fuel at the proper time when coal oil and gas
become scarce and expensive.

292. A group of utilities in the area, called Central Utilities Atomic Power Associates,
with a membership of eleven companies, is contributing $3. 7 million towards research and
development with a view to sharing the know-~-how developed through this project.

293. The principal sub-contractor to NSPC for the project is the Allis-Chalmers Manu-
facturing Company. This company will carry out the necessary research and development
at a cost of $8. 3 million. It will also design, build and initially operate the plant, on the
basis of a fixed price contract of $20 million. The contract was signed in November 1957;
the research and development work was initiated in August 1957, and actual construction
started in October 1959. The construction schedule is given in Table 22 below from which
it will be seen that full power operation is scheduled for October 1962,
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Table 22

Pathfinder power reactor: construction schedule

Actual schedule

It .
ems and anticipation targets

Construction

Start of construction
Containment shell
Reactor building
Turbine building
Water treatment

October 1959
August 1960
August 1961
January 1961
November 1960

Fuel handling March 1961
Installation of equipment

Reactor pressure vessel August 1961

Re-circulation pumps August 1961

Reactor building equipment
Turbine building equipment
Fuel handling and water treatment equipment

December 1961
December 1961
December 1961

Fuel delivery May 1962
Training and testing

Off-site operator training August 1961

On-site July 1962

Pre-operational tests May 1962

Initial criticality June 1962

Full power operation December 1962

B. Important design features

294. A summary of important data concerning the reactor is set out in Annex IV, and a
schematic diagram of the reactor system is shown in Figure 4.

295. Objectives. The primary purpose of this plant is to demonstrate the feasibility and
economics of integral nuclear superheat in a central power station. It is the first full scale
superheat power reactor. It has been preceded by an extensive research and development
program and will also benefit from the experience with Borax-5 experimental superheat
reactor which will precede it by six months.

296. The plant has several distinguishing features which may be summarized as below:

(a) The reactor has a central superheating region as distinct from the BONUS where
the steam is superheated in the peripherial part of the core. Present research
indicates that the central location of the superheater is more suitable for large
plants and helps in flux flattening;

(b) It has a high power density in the core with 46 kw/l in the boiler and 50 kw/l in
the superheater region;

(c) It is a high volume forced circulation reactor with a flow of 60 000 gpm and uses
specially developed low leakage pumps;

(d) The controlled re-circulation of water can be used to regulate power level be-
tween 75 ~ 100% of full power;
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(e) It employs non-uniform axial fuel loading in the boiler with a lesser amount of
fuel being used towards the top, which results in more uniform power distribution
and increases reactor stability;

(f) Internal steam separation is attained by using 45 centrifugal type steam separator
located around the core; and

(g) The vessel head is bolted by using tension bolts and can be removed under water
in a very short time.

297. Core. The core is 6 ft in diameter and 6 ft in height. The central superheater
region has a diameter of 32 in. The boiler section has 96 fuel elements of low enrichment
(2.2 to 3.2%) and 16 cruciform type boron control rods. The superheater has 415 highly
enriched fuel elements and four control rods. The power density in the boiler is 46 kw/1
and in the superhgater 50 kw/l. The 99.9% dry steam entersothe superheater at 489°F
and leaves at 825 F. The turbine throttle conditions are 825 F and 540 psig. In the
initial stages the steam temperature will be kept at 750 ' F.

298. Stability. A detailed theoretical analysis of the reactor indicates that the system is
stable and has good load-following characteristics without divergence. Perturbations do
not introduce any phase differences in reactivity and oscillations are damped. Therefore
sharing of load between the boiler and superheater regions at varying power levels is not
expected to present any stability problems.

299. Pressure vessel. The pressure vessel is11ft 6 in. in outer diameter and 36 ft in
height. It is made of grade B carbon steel clad with 0. 25 in. thick stainless steel.

300. Shielding. The core is shielded in the radial direction by 2.5 ft of water, 0.5 in.
thick steel separators, a 3 in. thick pressure vessel, and 10 ft of ordinary concrete which
serves as the biological shield. The dose rate around the reactor is 0.1 mrem/hr.

The biological shield is air-cooled, having provisions for water cooling if necessary.

301. The dose rate around the turbine is 10-30 mrem/hr.  The radiation level at the air
ejectors is about 300 mrem/hr. While the reactor is in operation the air ejector and feed
water heaters are not accessible.

302. Containment shell. The containment shell is made of 1 3/8 in. carbon steel plates and
measures 50 ft in diameter and 120 ft in height. It is designed to withstand 78 psig with a
safety factor of 4. The rated leakage is 1% of the volume per day and tests showed that the
actual rate was less than 0.2% of the volume per day.

303. Fuel handling. Re-fuelling is done manually under water. The reactor is first shut
down and allowed to cool. The vessel top head, which is held by tension bolts, is removed
while covered by water in the shield pool. The fuel elements are picked up by using
handling tools which securely latch on to the upper end. The fuel elements are then laid
horizontally on a cart and moved under water through a horizontal tunnel which leads to
the adjoining fuel storage pit. They are then lifted into a vertical position and allowed to
cool off under water for 90 days before being stopped for re-processing.

C. Safety

304. Safety in design. The reactor possesses the basic inherent safety features of-a
boiling-water reactor and large negative temperature coefficient in the boiler zone owing to
the formation of voids in an excursion. Certain special features have also been incorpora-
ted to ensure safe operation of the reactor under all conditions and particular attention has
been devoted to the performance of the superheater region, as summarized below:

(a) The flooding of the superheater actually leads to a negative change in reactivity
of the order of 0.1% Ak . This effect is obtained by balancing changes in leakage
and thermal utilization;
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(b) The superheater is coefficientless and shows no significant change due to
temperature variations;

(c) Unflooding of the superheater adds 0.5 to 0. 8%%; and

(d) Cooling of the superheater elements is assured under shut-down conditions by
adequate steam supply. If the steam supply is cut off three minutes after
shut-down the elements will become very hot but do not melt because they can
dissipate their heat by radiation and conduction.

305. A boron solution injection system has been incorporated in the reactor to be used in
an emergency, and will introduce about 15% negative reactivity to provide a safe shut-down
margin under all conditions.

306. Control. In addition to the use of control rods, this reactor uses the regulation of the
coolant flow as a means to control the power level of the reactor in the operating range
between 75% to 100% of the rated power. The coolant flow rate is regulated by butterfly
valves in the pump discharges. Interlocks are provided so that the valves and control rods
cannot be operated simultaneously.

307. The boiler region has 16 plate-type cruciform control rods with 10 in. blade span and
having 2% boron by weight dispersed in stainless steel. The superheater has four cruci-
form control rods consisting of a cluster of 13 rods for each control rod assembly. The
type of poison material to be used has not been decided.

308. The control rods in the boiler region adjust power in both the boiler and the super-
heater regions. Relative power adjustments between the boiler and the superheater,
necessitated by different fuel burn-ups, are made by the control rods in the superheater.
These rods also adjust the final steam temperature.

308. Site. The plant is situated 3.5 miles north east of the city limits of Sioux Falls,
South Dakota (population 70 000). According to NSPC, the following considerations were
taken into account in selecting this location:

(a) The fuel costs in the area are rather high (38é/mBTU for coal) and a nuclear plant
will take less time to prove competitive in this area than in others served
by NSPC;

{b) Long-range studies indicate good prospects for load growth and it will be possible
to integrate easily a plant of this size into the system;

(c) There is a good transmission system linking this area with other parts of the
system;

(d) The proximity of an existing steam plant to this site would enable common use of
some facilities and labor; and

(e) The site is readily accessible by rail and road.

310. The plant site is at the base of a sand and granite terrace about three-eighths of a
mile from the Big Sioux River down stream from the city. The primary water supply for
the plant will come from the river, supplemented by water from wells close by. Since enough
water is not available from the river, it is necessary to install cooling towers to dissipate
station condenser heat. There are no public water supply systems in the vicinity of the site

311. A detailed meteorological, geological, hydrological and seismological analysis of the
site has shown that it is suitable for a nuclear plant.

312. The area immediately surrounding the site is farming country rolling and treeless.
The plant is 3.5 miles from the city limits of Sioux Falls and 5.5 miles from its center.
The distribution of population in the surrounding area is as follows:
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Table 23

Population distribution

Distance in miles Population density/sq. mile
0. 25 (exclusion area) 0
0.50 2
1.00 23
2.00 112
3.00 604
10. 00 about 71 000

313. Analysis of maximum credible accident. The final safeguard report is now under
preparation and is expected to be completed in the near future. According to the prelimin-
ary hazards summary report the maximum credible accident is postulated on the basis of

a complete and sudden break of the coolant re~circulation line even though there is no
reason to suspect that such an accident will occur. The water and flashing steam from this
break is assumed to be released directly into the free volume of the reactor building, after
5 to 10 seconds of the break. The building pressure rises to 77 psig which is below the
design value of 78 psig.

314. The loss of coolant will lead to a complete core melt-down and it is assumed that in
the worst case 100% of the gaseous, 50% of the volatile and 1% of the solid fission products
will be released into the building. The designed leakage rate is 1% of the volume per day.
Under the worst meteorological conditions the maximum total integrated doses outside the
building and in surrounding areas are not expected to be above the accepted emergency
dose rates.

D. Fuel czcle

315. Objectives. The fuel of the Pathfinder consists of two types - one for the outer boiler
and the other for the inner superheater region. The design requires a proper sharing of
power by the two regions as the fuel burns up over the core life; this calls for the develop-
ment of two very different fuel elements.

316. The initial loading consists of 96 zirconium clad, low enrichment, UOz (2.2% U235;
8. 6 metric tons of uranium) boiler fuel elements, and 415 stainless steel clad, high
enrichment, double annular UO2 (approximately 93% U235) superheater elements.

317. The fabrication of a high integrity fuel for the superheater at low costs is particularly
important. Research is in progress to develop spherical UO4 particles and improved
methods of dispersing the highly enriched particles in the stainless steel matrix for the
preparation of the annular superheater fuel elements. Also under development is a low
enrichment, seven rod cluster superheater fuel for the second core loading.

318. Fuel element design. Important design data concerning the boiler fuel and the high
and low enrichment superheater fuels are given in paragraphs 319 to 327 below.

(a) Boiler fuel

3189. The overall length of a fuel assembly is about 99 in. It consists of four fuel sections
each 18.25 in. long (16.5 ~ 17 in. active length of fuel) and stainless steel grid pieces at
the top and bottom. The nozzle assembly is welded at one end and a handling fitting at

the other.



GC(V) /INF/41
page 63

320. Each fuel section consists of 81 fuel rods, with threaded ends for joining the sections;
in a 9 by 9 array. A stainless steel grid screen separates the fuel sections and provides
rigidity and the proper spacing between rods. The fuel rod diameter is reduced in the
upper two fuel sections from 0. 353 to 0. 315 in. inside diameter, to accommodate increasing
steam-~void volume.

321. The fuel rods are prepared by loading zirconium tubes (28 and 26 mills for the lower
and upper sections, respectively) with pellets 1.5 in. long and containing 2.2% U235,

The two end pellets contain 1. 8% dysprosium oxide as a buffer to smooth out peaking at the
interconnection of the fuel sections.

(b) High enrichment superheater fuel

322. The overall length of the fuel element including end pieces will be 78.25 in. with a
72 in. fuel section. The fuel will consist of double annular cermet elements, 20 mils
thick, containing 93% U235 dispersed in stainless steel and clad with 7.5 mils of stainless
steel. The center of the element will have a burnable poison rod with a diameter of
approximately 0.5 in. consisting of boron carbide in aluminium oxide. The burnable
poison rod will be inserted in a 26 mils stainless steel tube.

323. The annular cermet fuel tubes will be fabricated by rolling the cermet plates and
seam-welding to form the tubes. Straight wires will be used for spacers. The assembly
of the inner and outer tubes will be performed by slightly deforming the outer tube into a
triangle and then inserting the inner tube.

324. The completed fuel element will consist of the center burnable rod encased in a tube
surrounded by a 50 mils steam space, the first fuel tube, a second steam space of 75 mils,
the second fuel tube, a third steam space of 45 mils, a 15 mils stainless steel process
tube, an insulating stagnant steam space of 25 mils, and finally a 26 mils tube.

325. The design of the element has been completed and it has been established that it is
feasible to fabricate it. The techniques of fabrication are now being established, and an
order is expected to be placed in the last quarter of 1961 for delivery early next year.

(c) Low enrichment superheater fuel

326. A low enrichment UQ, stainless steel clad, seven-rod cluster fuel is being developed
for subsequent core loadings. These elements are designed to fit in the same process
tubes as the initial loading. Work is proceeding on the swage compaction of the fuel rods,
and methods of assemblying them.

327. The goal is the development of a fuel element capable of achieving a burn-up of
10 000 Mwd/t.

328. Fuel management. A contract has been concluded for the procurement of 142 boiler
fuel elements: 110 of 2.2% U235 enrichment and 32 of 3. 2% for versatility during start-up
and operation. About 90% of the pellets have been fabricated, and 20% of the zirconium
tubing is in the process of acceptance. One-third of the boiler fuel is expected to be
re-loaded every six months at 80% plant factor. The average expected exposure is 10 000
Mwd/t under equilibrium conditions.

329. A burn-up of 60 atom per cent of U235 or 1.5 total atom per cent is the basis of the

design which gives a fuel life of nine months. The superheater fuel will be subject to
considerable research and development and a change will be made from the highly enriched
tubular element to the low enrichment, seven rod cluster element after the first core.

E. Cost data

330. The following data were obtained for the reactor project:
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Million §
(a) Contract with reactor manufacturer
Reactor plant 19.01
Research and development 3.65
TOTAL 22.66
{b) USAEC contribution
Research and development (maximum) 8.5
Waiver of fuel use charge 1.2
TOTAL 9.7
(c) Excess operating cost during initial period 1.2

331. NSPC is capitalizing the cost of research and development incurred by the reactor
manufacturer, or the total of the contract price of 22, 66 million, and they have given the
unit capital cost as $450/kwe.

F. Operating personnel and training

332. The provisional staffing plan for the Pathfinder power plant is shown in Table 24
below, from which it will be seen that a total of 50 persons will run and maintain this plant.

Table 24

Pathfinder power plant: tentative staffing plan

Category Number of persons

Administration

Plant superintendent 1
Assistant plant superintendent (L)
Clerical staff 3

—

Operation

Nuclear engineer (L)

Shift supervisors (L)

Senior plant equipment operators (L)
Plant equipment operators (L)
Assistant plant equipment operators
Plant attendants

Radiation and chemical engineer
Radiation safety technicians

W B O

Maintenance

Plant-results engineer
Test engineers
Instrument engineer
Instrument technicians
Station electrician
Chemist

Laboratory technicians
Machinist

Mechanic

Repairmen

Laborer

(92
OIHMHHwn—HWHWH

TOTAL

(L) Indicates licensed reactor operator.
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333. Most of the staff has been drawn from the steam plants of NSPC, and has prior
experience in conventional plant operation. The plant superintendent has been working for
utilities for 32 years including 20 years in the capacity of plant superintendent. He has
received five months' training at Shippingport. The assistant plant superintendent has
served as a results engineer in steam plants for ten years and has spent a year and a half
at Argonne during which he received theoretical and practical experience in the operation
of reactors. The nuclear engineer is a graduate in electrical engineering and nuclear
physics and has worked for a year in the nuclear laboratory of the reactor designer and
manufacturer at Greendale. The plant-results engineer has six years' experience in his
field of work; he attended the Shippingport school for six months and spent nine months at
Greendale.

334. The radiation and chemical engineer was at Oak Ridge for nine years and has
extensive experience in radiation protection techniques and regulations. He will be the
health physicist for the plant and train the three radiation safety technicians who will work
under him.

335. Each of the five shift supervisors has had ten years of experience or more in the same
capacity in a conventional steam plant. They are currently undergoing comprehensive
training consisting of a three months' basic course in reactor theory, six months' work at
Greendale and six months' reactor operations at the Experimental and at the Material Test
Reactors.

336. Each of the five senior plant equipment operators has had five years! plant operating
experience and their supplementary training comprises a three months' basic course in
reactor theory, five months' practical work at Greendale and four months' reactor opera-
tions with CP-5.

337. Each of the five plant equipment operators has three to four years of operating
experience. They will attend a three months' basic course in reactor theory and receive
additional training at the plant.

338. All the shift supervisors and the senior and assistant plant equipment operators will
participate in the criticality tests and critical power runs. They are required to obtain
operators' licenses before taking over the plant.

339. The four assistant plant equipment operators and four plant attendants have not so
far been selected.

340. The instrumentation engineer has ten years' experience in the plants of NSPC and has
spent five months at Savannah River. He will be assisted by three instrument men each
having five years' experience in NSPC. They are being trained at the facilities of the
instrumentation supplier.

341. The maintenance of the plant will be under the direction of the assistant plant super-~
intendent who may have a junior engineer to help him. The maintenance staff consists
of experienced machinists, mechanics and repair men.
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G. Selected references

' 342. A list of selected references concerning the Pathfinder power reactor is given below:

Pathfinder Atomic Power Plant, Safeguards Report, ACNP-5905, Allis-Chalmers
Manufacturing Company, Milwaukee, Wis.

Allis-Chalmers Critical Facility, Preliminary Safeguards Report, ACNP-5809,
Allis-Chalmers Manufacturing Company, Milwaukee, Wis.

Pathfinder Atomic Power Plant, Technical Progress Report for 1 April -
30 June 1959, ACNP-5915, Allis-Chalmers Manufacturing Company, Milwaukee,
Wis. (August 1959)

Boiling Water Reactor with Internal Superheater, Pathfinder Atomic Power Plant,
Final Feasibility Report, ACNP-5917, Allis-Chalmers Manufacturing Company,
Milwaukee, Wis. (August 1959)

Pathfinder Atomic Power Plant, Technical Progress Report for 1 July -
30 September 1959, ACNP-5924, Allis-Chalmers Manufacturing Company,
Milwaukee, Wis. (February 1960)

Pathfinder Atomic Power Plant, Technical Progress Report for 1 October -
31 December 1959, ACNP-6001, Allis-Chalmers Manufacturing- Company,
Milwaukee, Wis. (March 1960)

Pathfinder Atomic Power Plant, Technical Progress Report for 1 January -
31 March 1960, ACNP-6006, Allis-Chalmers Manufacturing Company,
Milwaukee, Wis. (June 1960)

Pathfinder Atomic Power Plant, Technical Progress Report for 1 April -
30 June 1960, ACNP-6007, Allis-Chalmers Manufacturing Company, Milwaukee,
Wis. (October 1960)

Pathfinder Atomic Power Plant, Technical Progress Report for 1 July -~
30 September 1960, ACNP-6012, Allis-Chalmers Manufacturing Company,
Milwaukee, Wis.

Pathfinder Atomic Power Plant, Technical Progress Report for 1 October -
31 December 1960, ACNP-6102, Allis-Chalmers Manufacturing Company,
Milwaukee, Wis. (April 1961)

BRAUN, C.R., "Pathfinder and Nuclear Superheat', Conference of Atomic Power
Engineering Group, Chicago, Ill. (16 February 1961)
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VII, THE SMALL-SIZE PRESSURIZED WATER POWER REACTOR

A, General

343, The original offer by the United States inviting Agency participation in the Small
Power Reactor Projects of USAEC, specifically mentioned the proposed 20 Mwe small-
size pressurized water reactor (SSPWR) which it was then planned to build at Jamestown,
New York. The project had subsequently to be deferred because of difficulties concerning
the site, but therexperience gained in its planning and design is very valuable, and some
essential features of this project, as well as the difficulties encountered in the selection of
the site, are summarized in the paragraphs that follow.

B. Selection of the size and type of reactor

344, In 1959, USAEC decided to undertake a detailed study of the suitability of certain
small power reactors for use in a small utility system. The Oak Ridge National
Laboratory was assigned the task of analyzing various reactor systems. The objects of
this study were:

{a) To determine the size and type of nuclear plant the immediate construction
of which would be possible, considering both the present state of technology
and the possibilities of significant improvement in performance; and

(b) To compare the costs of a small nuclear plant with that of a conventional
plant in a high-cost-fuel area,

345, The analysis of the various reactor systems by Oak Ridge Laboratory indicated that
only three types, i,e. BWR, PWR and OMR deserved serious consideration in the

5-40 Mwe size range., A detailed study was carried out to examine their technical and
economic features, and it was established that, notwithstanding the lower cost of nuclear
fuel, it was profitable in all cases to use a conventional superheater in conjunction with
small power reactors to permit the use of a standard turbogenerator and achieve high
efficiency.

346, Most of the small utilities indicated a preference for a 20 Mwe net size plant, It
was also felt that a plant of this size offered better prospects of being competitive than a
smaller one and could yield a great deal of useful information without requiring a large
investment per kw installed, Consequently, this size was selected for detailed inves-
tigations,

347, The results of the cost comparison among the types of plant considered are given in
Table 25 below:

Table 25

Small power reactors: cost comparison

Item Type of plant
BWR OMR PWR
Rating, Mwe 23.5 23.5 23.5
Plant cost, $/kwe 465 480 442

Costs, mills/kwh
Fixed charges (at 60% load
factor and 7%/yr capital

charge) 6.2 6.4 5.9
Fuel 5.2 6.0 6.5
Operation and maintenance 2,0 2.5 2.0
Total generating cost 13.4 14.9 14.4
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348, From the above comparison it was concluded that the estimated generating costs of
the plants under study were very close, the differences being so small as to be well within
the margin of uncertainty, and a PWR of 22 Mwe gross and 20 Mwe net output was selected
for the project. Perhaps the overriding consideration in making this choice was that no
plant of this type, using slightly enriched uranium was being built at the time under
USAEC's Demonstration Power Reactor Program and it was felt that its construction
would yield very useful information concerning small-size pressurized-water reactors,
Moreover, other types of small plants, such as the Elk River BWR and the Piqua OMR,
were under construction and there was no great incentive to build a type of plant that would
essentially duplicate the experience to be gained from these projects. Further, whereas
other plants could offer good reliability, none could match the high degree of assurance of
the PWR as a source of continuous supply in a small utility system. It has excellent load-
following characteristics, there is a great deal of operating experience with this type, and
its technology is well established. There are no problems of radioactive carry-over as in
the case of a direct cycle BWR, and it offers the possibility of achieving maximum fuel
utilization through higher burn-ups.

349, After selecting the reactor size and type, USAEC invited applications from small
publicly~owned utilities to supply the site and the turbogenerator, operate the plant for
five years and buy steam from USAEC at a rate comparable with the cost incurred by them
for producing from conventional plants in their own systems, As a result of screening a

number of applications, the public utility of Jamestown, New York, was selected for the
project.

C. Important design features

350. A conceptual study of the plant was then carried out, the principal objectives being
to build on the basis of accepted technology the most economical power unit possible using
equipment commercially available and with emphasis being placed on simplicity of opera-~
tion and safety. ’

351, The conceptual study indicates that the plant is intended for base load operation and
primary consideration is the production of power. Therefore, it is not designed to accom-
modate any experimental facility or serve any research and experimental program for the
development of advanced reactor technology. It is not an experimental power plant, It

is designed for reliable and continuous operation with the minimum of innovations and
untried features.

352, To make the plant very safe, provisions are made for rapid injection of water into
the core in the event of a loss of coolant accident and a core melt-down is not considered to
be a credible accident. A unique feature of the plant is the use of an internal air re~
circulation system which filters all the air in the containment shell every 11 minutes.

An arrangement for water spray is also included to suppress the build-up of pressure and
dissolve radioactive iodine, should there be any release of steam containing fission
products. The reactor is housed in a containment shell to fully protect the surrounding
areas from any possible radioactive hazard.

D. Difficulties in the selection of the site

353. The public utility of Jamestown offered a site near its existing conventional thermal
station and about half a mile from the center of the town (population 45 000), The
necessary supply of cooling water and other conventional requirements were available in
the area, which from the point of view of the utility had an added advantage in that it would
have enabled it to reduce total expenditure by using for the nuclear plant some of the
services provided for the existing station.
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354. The conceptual study shows that in designing the reactor due note was taken of the
fact that it would be built close to the town and great emphasis appears to have been placed
on safety in reactor design and control. After necessary investigations around the site,
the preliminary hazards analysis report was prepared and submitted to ACRS which, after
careful review of the report felt that it could not approve the site because of its proximity
to the populated area. At the same time, two other sites each about three miles from the
city were considered acceptable by the committee,

355. Unless ACRS fully approves of a particular site USAEC does not consider it suitable.
The utility was, therefore, asked to look into the possibility of using either of the two
sites outside the town which were found acceptable by ACRS,

356, The company considered the possibility of shifting the reactor to one of these sites
but the duplication of certain sub-station facilities and the provision of an additional trans=-
mission line would have added to the total costs., Moreover since the sites were outside
the city limits, the utility would have had to pay a substantial amount to the county in taxes
for the use of the land. Therefore, on economic grounds, it decided to withdraw its
request for the reactor,

357, Another small utility in Wisconsin indicated an interest in the plant. In this case

no problems arose over the site but the area served by the utility was provided with a good
system of water transport, and the cost of conventional fuel was relatively low, This
would have increased the disparity between the nuclear and conventional generating costs,
The location of the plant at the Wisconsin site would consequently not have served one of
the main objectives in building SSPWR, namely, to demonstrate that it could be possible for
a small nuclear power station to be nearly competitive in a high-fuel-cost area.

E. Present position

358, The present position is that the project is currently being reconsidered by USAEC in
the light of the interest expressed by another small utility in this reactor. It may,
however, be necessary to modify the design objectives to suit a new site,

359, Continued interest in the reactor is based upon several considerations. For instance,
the plant has been optimized for 20 Mwe and incorporates several attractive features to
improve its competitive position in a high-cost~fuel area, It can no doubt yield technical
and economic data of value to many countries besides the United States ~ especially the
developing countries which have taken a keen interest in small and medium size plants,

360. The difficulties encountered in siting the reactor also emphasize the fact that the

construction of a nuclear power plant close to a populated area may pose problems and in
planning the installation of such a plant the problems of siting should not be underrated.

F. Selected references

361. A list of selected references concerning the small-size pressurized water power
reactor is given below:

Task Force Evaluation Report - Small-sized Nuclear Power Plant Program,
TID-8508, USAEC, Oak Ridge, Tenn, (October 1959)

Generating Cooperatives and Municipalities, Statistical Survey, TID-8509,
USAEC, Oak Ridge, Tenn, (June 1959)

Survey of PWR Power Plants, 10 ~ 30 eMW Size, TID-8513, Alco Products, Inc.,
Schenectady, N, Y, (October 1959)
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Small Size Pressurized Water Reactor Specifications, TID-8525, Gibbs and Hill,
Inc. and Internuclear Co. Inc., Clayton, Mo. (November 1959)

Small Size Pressurized Water Reactor Conceptual Design, TID-8526, Gibbs and
Hill, Inc. and Internuclear Co. Inc., Clayton, Mo. (April 1960)

COPE, D.F., and LE GASSIE, W.A,, "History and Status of United States
Small Power~-Plant Program and Small Pressurized-Water Reactor Project',
Small and Medium Power Reactors, v.1, IAEA, Vienna (1961) p. 269
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VIill. THE EXPERIMENTAL LOW-POWER PROCESS HEAT REACTOR

A, General

362, ELPHR is a 30 - 40 Mwth experimental low~power process heat reactor of pressur-
ized water type. Its construction at a suitable site is now under consideration as part

of the USAEC program to demonstrate the technical and economic feasibility of a low
temperature process heat reactor, Construction was actually authorized in 1959 and the
estimated costs were above $4 million, At one time it was proposed to build it on the
West Coast for desalinization of sea water by operating it as a steam source for the
vacuum-~flash evaporation distillation plant of the Department of the Interior. Because of
certain administrative difficulties and other considerations connected with the site the
proposal could not be carried out,

363. In response to an invitation from USAEC, four paper manufacturing companies in
relatively high-cost-fuel areas have expressed an interest in participating in this project.
It is envisaged that the selected organization should provide the site and facilities for the
use of the steam, operate the entire plant for five years, and purchase the steam produced
by the reactor, The reactor design will be based upon existing technology and the plant
output will be 30 - 40 Mwth at steam pressures ranging from 15 - 200 psig, The project
is scheduled for completion at the end of 1964,

B. Summary of technical aspects

364. Before selecting the size and type of this plant, an extensive survey was carried out
of the requirements of process heat in the United States, The market survey indicated
that the average size of a steam plant was about 10 Mwth - which was considered uneco-
nomic for a nuclear reactor. Both on the basis of cost and technical considerations it
was decided to optimize the reactor to 40 Mwth with a steam output of about 140 000 lbs/hr
to give meaningful data which would be useful for designing future reactors,

365. A comparison of three reactor types showed that in the light of the above considera-
tions a pressurized-water reactor would be the most suitable. OMR was a close second
and might even be better for applications requiring a higher steam temperature. BWR
would have been favored if the steam could have been used directly from the reactor
without having to employ an intermediate steam generator,

366. It has been estimated that nuclear reactors could become competitive with conven-
tional process steam plants within the next ten years in the high-fuel-cost areas of the
United States.
367. The design objectives of the ELPHR plant are:

(a) To construct a reactor on the basis of the current technology;

(b) To use a primary system of low-alloy steel fuel elemenis with a cladding of
aluminum alloy, and the maximum amount of standard equipment; and

(c) To design a compact core,
368. It is expected that the operation of this reactor will yield very useful data of interest

to processing industries and may lead to the possible use of nuclear power for desalinizing
sea water.
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ANNEX I

IMPORTANT DESIGN FEATURES OF THE ELK RIVER POWER REACTOR

Location
Owner /Operator
Type

Power

Gross thermal
Electrical
Over-all efficiency

Fuel element
Type

Fuel

Core

Dimensions
Number of fuel elements
Power density

Pressure vessel

Control rods

Type

Number

Containment shell

Turbine steam conditions

Temperature
Pressure
Mass flow rate

Construction schedule

Start of construction
Reactor critical
Full power operation

Costs

Elk River, Minnesota
USAEC/RCPA

indirect cycle boiling-water reactor, with
conventional fuel fired superheater

boiler: 58 Mw; superheater: 14 Mw
net: 22 Mw
30.5%

25 rod clusters, SS cladding containing boron
as burnable poison

4.3% U235, 0,39, U238, 95,4% Th; in form of
dioxides

5 ft diameter, 5 ft high
148, room for 16 more
39.6 kw/1

7 ft diameter, 25 ft high; carbon steel with
5SS cladding

cruciform
13

74 ft inside diameter, 115 ft high; steel plates,
inside lined with concrete

825°F
620 psig
225 000 1b/hr

August 1958
October 1961
February 1962

approximately $10 million (excluding $ 600 000
for first fuel core and fuel development)
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Annex II

ANNEX II

IMPORTANT DESIGN FEATURES OF THE PIQUA NUCLEAR POWER FACILITY

Location

Owner [Operator
Type

Power

Gross thermal
Electrical
Over-all efficiency

Fuel element

Type
Fuel

Core

Dimensions
Number of fuel elements
Power density

Pressure vessel

Control rods

Type

Number
Containment shell
Turbine steam conditions

Temperature
Pressure
Mass flow rate

Construction schedule

Start of construction
Reactor critical
Full power operation

Costs

Piqua, Ohio
USAEC/City of Piqua

organic-moderated and cooled reactor

boiler: 45.5 Mw
gross: 12.5 Mw; net: 11.4 Mw
25.19%

two concentric tubes in aluminum cladding
enrichment: 1,94% metal, alloyed with
3. 5% Mo

4.8 ft diameter and 4.5 ft high
85
19.4 kw/1

7 ft 8 in. inside diameter, 27 ft 3 in.
over-all height, low carbon steel

tubular rods with boron carbide
13

73 ft diameter, 168 ft high, steel plates

550°F
435 psia
150 000 1b/hr

July 1959
November 1961
December 1961

$9.8 million






GC(V)/INF/41
Amnex III

ANNEX I

IMPORTANT DESIGN FEATURES OF THE BONUS POWER REACTOR

Location
Owner [Operator
Type

Power

Gross thermal
Electrical
Over-all efficiency

Fuel element

Type
Fuel

Core

Dimensions

Number of fuel elements
Power density

Pressure vessel

Control rods
Type

Material
Number

Containment shell

Turbine steani conditions

Temperature
Pressure
Mass flow rate

Construction schedule

Start of construction
Reactor critical
Full power operation

Costs

Punta Higuera, Puerto Rico
USAEC/PRWRA

boiling.water reactor with internal
nuclear superheat

boiler: 38.6 Mw; superheater: 11,4 Mw
gross: 17.3 Mw; net: 16.3 Mw
32%

rods
UO,_; enrichment: boiler - 1.85% and natural
2
superheater - 3.5%

boiler: 35,6 x 35.6 x 55 in.;

superheater; 4 adjacent slabs 8,95 in, thick;
height 55 in,

boiler: 64; superheater: 32

boiler: 32.9 kw/l; superheater: 11.6 kw/1

7 ft inside diameter, 27,5 ft over-all height;
carbon steel with SS cladding

boiler: cruciform; superheater: plates
boron steel
boiler: 9; superheater: 8

165 ft diameter, 106 ft height; hemispherical
steel dome on 24 ft concrete wall

900°F
850 psig
152 000 1b/hr

August 1960
December 1962
February 1963

$11,15 million






GC(V) /INF/41
Annex IV

ANNEX IV

IMPORTANT DESIGN FEATURES OF THE PATHFINDER POWER REACTOR

Location

Ovwner /Operator
Type

Power

Gross thermal
Electrical
Over-all efficiency

Fuel element

Type

Fuel

Core

Dimensions

Number of fuel elements

Power density

Pressure vessel

Control rods
Type
Number

Containment shell

Turbine steam conditions

Temperature
Pressure
Mass flow rate

Construction schedule

Start of construction
Reactor critical
Full power operation

Costs

Sioux Falls, South Dakota
Northern States Power Company

boiling-water reactor with internal superheat

boiler: 157 Mw; superheater: 42 Mw
gross: 66 Mw; net: 62 Mw
31%

boiler: 81 rod bundles

superheater: two concentric tubes with
centered burnable poison rod

boiler: 2,2% enriched U0z

superheater: 93% enriched UOg in SS dis-
persion

6 ft diameter, 6 ft high with central super-
heater region of 32 in, in diameter

boiler: 96; superheater: 415

boiler: 46 kw/l; superheater: 50 kw/1

11 ft 6 in, outer diameter, 36 ft high; carbon
steel with SS cladding

boiler: cruciform plate
superheater: cruciform cluster
boiler: 16; superheater: 4

50 ft diameter, 120 ft high; carbon steel
plates

825°F
540 psig
616 125 Ib/hr

October 1959
June 1962
October 1962

$450/kwe installed {for NSPC)
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FIGURE 2

SCHEMATIC FLOW DIAGRAM OF THE PIQUA
NUCLEAR POWER FACILITY
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FIGURE 3

SIMPLIFIED SCHEMATIC DIAGRAM OF THE

BONUS POWER REACTOR
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FIGURE 4

SCHEMATIC DIAGRAM OF THE PATHFINDER
POWER REACTOR
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