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ABSTRACT

Performance of Ontario Hydro's
CANDU nuclear units continues to be
amongst the best in the world.
This paper reviews past, present,
and future performance with special
emphasis on future performance over
the next 20 years.

In terms of future performance,
Ontario Hydro foresees:

- A trend to lower worker
occupational dose.

- A commitment to maintain and
enhance our record of public
safety.

- Increased environmental
protection legislation.

- Increased operating budgets to
minimize the effect of aging on
unit reliability.

- Innovative plant operation to
maintain the nuclear cost
advantage and the viability of
the nuclear Industry.

INTRODUCTION

Ontario Hydro 1s a public utility
serving nearly nine million people
of Ontario. Ontario Hydro's
nuclear program, based upon the
CANOU reactor design, is currently
made up of 16 units with a net
capacity of 10 526 MW(e).

In 1987, approximately 50% of
Ontario's electrical demand was
supplied by nuclear power. By the
year 1997 approximately 60% of the
energy production will be supplied
by nuclear power.

Since the start of its nuclear
program, Ontario Hydro has used a
system of Management by Objectives
to achieve excellence and ensure
excellence in the future. The five
key objective areas are:

- Worker safety
- Public safety
- Environmental protection
- Reliability
- Cost

This paper 1s structured around
each of these objective areas
discussing the past, present, and
future performance of
Ontario Hydro's nuclear units with
special emphasis on future
performance over the next 20 years.

WORKER SAFETY

In the 26 years since the start of
commercial nuclear operations, over
133 million hours have been worked
without a fatality to a nuclear
employee.
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Radiation dose to our workers, per
unit of energy produced, continues
to be very low. In 1987 the
performance was 0.027 rem/GWh(e).

Ontario Hydro's goal for the future
1s to ensure Individual lifetime
dose to our workers does not exceed
100 rem and to achieve an annual
dose of less than 2 rem/annum.

To attain this goal, Ontario Hydro
will be operating the Tritium
Removal Facility to reduce the
radiological hazards associated
with tritium Internal dose and, 1n
addition, will expand the use of
robotics for maintenance,
surveillance, and Inspection where
high radiation fields exist.

PUBLIC SAFETY

In over 172 reactor years of
commercial nuclear operation, there
has not been an acute release of
radioactivity which resulted 1n a
measurable radioactivity dose to a
member of the public.

Ontario Hydro 1s committed to
Improve on this good performance.

Planned improvements include:

(a) The Incorporation of
probabilistic risk assessment
into risk models for all our
operating stations.

(b) A review and upgrade of
Ontario Hydro Emergency
Operating Procedures.

(c) Continued emphasis on and
training in our emergency
preparedness response
capability.

Ontario Hydro anticipates Increased
public scrutiny with regard to the
public safety Issue over the next
20 years.

ENVIRONMENTAL PROTECTION

The objective of the Environmental
Protection program 1n Ontario Hydro
1s to control chronic emissions
which could Impair the health
and/or well being of the public, or
have adverse effects on the
environment.

During the 26 years of operating
experience, Ontario Hydro's
performance has been very good.
Typically, radioactive emissions
have been less than 1% of
regulatory limits.

In Ontario, environmental
protection 1s an area of
continually-growing legislation.
The Spills Bill and the MISA
legislation on liquid effluents are
examples of this. Ontario Hydro
believes this legislative trend
will continue in the future.

RELIABILITY

The production reliability of
Ontario Hydro nuclear units has
been very good. At the end of
1987, six out of the ten highest
lifetime capacity factors 1n the
world belonged to Ontario Hydro
units.

Ontario Hydro anticipates that an
average capability factor of 8054
will be achieved over the next
20 years.
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Equipment reliability concerns In
the future Include:

(a) Fuel Channels - It 1s
anticipated that one Large
Scale Fuel Channel Replacement
will be required on each unit
during the 40-year financial
lifetime.

(b) Steam Generators - The
possibility of replacement
exists due to sludge build-up
on the secondary side of the
tube sheet.

(c) Pipework Integrity - Erosion/
corrosion of pipework will
require extensive Inspection
and maintenance programs.

(d) Spare Part Availability - Spare
parts may become Increasingly
difficult to obtain 1n the
future 1f there Is a slowdown
1n nuclear construction
programs.

Near-term reliability programs,
such as the Pickering Unit 1 and 2
upgrade, and ongoing preventive and
predictive maintenance will
continue to maintain and Improve
our reliability.

It 1s anticipated that as units
age, longer-term reliability
programs, such as the Nuclear Plant
Life Assurance program, will reduce
the Impact of aging on reliability.

New work management systems are
expected to help Improve nuclear
unit reliability due to easier
access to equipment history
Information.

COST

The cost objective of Ontario Hydro
1s to produce and deliver
electricity at the lowest long-term
cost to Ontario customers.

A comparison of future nuclear
generation versus coal-fuelled
generation Indicates a 36% nuclear
cost advantage over the nominal
40-year station life, based on an
annual capacity factor of 80%.

Manoeuvring of nuclear units,
during periods of excess baseload
generation, can also provide
additional cost savings to our
customers, Instead of spilling
less-expensive hydraulic generation
or burning fossil fuels.

SUHHARV

In the future Ontario Hydro will:

(a) Strive to reduce worker
occupational dose.

(b) Assure and enhance Its record
of public safety.

(c) Meet the challenge of
Increased environmental
protection legislation.

(d) Maintain the reliability of
Its units, 1n spite of
equipment aging.

(e) Operate Its CANOU reactors to
maintain the nuclear cost
advantage.
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PREPARING FOR THE NEXT GENERATION OF
NUCLEAR POWER IN THE U. S.

E. B. Abrams
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BACKGROUND

The North American Electric Reliability Council (NERC)
projections of electric demand for the remainder of this
century indicate continued low to moderate growth throughout
the U. S. Projections range from 3.6% in the southwest to 1%
in the slower growing midwest. The plans for meeting this load
growth vary widely between regions of the country and between
individual utility systems. One fact is clear and universal:
Beyond those units already in the pipeline, no utility plans to
meet future load growth with nuclear capacity.

A historical look at plant costs makes this point perfectly
clear (see Figure 1) . No utility has the means to build a
nuclear plant that would continue this trend.

But even with low to moderate projected growth rates,
additional base-load capacity will be needed by most utilities
in the mid to late 1990's and beyond. With the hiatus on
building nuclear plants, there is essentially only one other
option for this capacity, coal fired plants. While coal is at
this time the only viable alternative, increasing concerns of
environmental impact could have a significant effect on the
economics of coal as we move into the next century.

It is vitally important for the economic health of utility
companies and consumers that competing options for base-load
capacity are available. Since the supply crises for oil and
natural gas experienced during the 1970's, coal and nuclear
generation have been seen as the only options. The crises in
cost and confidence in the nuclear industry over the past ten
years has served to remove nuclear generation from the list.

Experience in our economy has shown that it is unwise for any
industry to be totally dependent on a single source of supply.
Not only is cost difficult to control in such a situation, but
assuring a reliable source of supply can be difficult in the
face of labor and political instability.

PREPARATION

The U. S. nuclear industry and the U. S. Department of Energy
(DOE) are sponsoring coordinated activities to help return
nuclear power to a viable, attractive option for electric power
generation. The industry effort is managed by the Electric
Power Research Institute (EPRI). EPRI's Advanced Light Water
Reactor (ALWR) Project was initiated in 1985 with three major
program phases: (1) regulatory stabilization, working with the



Nuclear Regulatory Commission (NRC) to identify and resolve key
issues related to licensing; (2) the development of a
comprehensive set of requirements applicable to the advanced
light water reactor design; (3) the assessment of small plant
options. This three-pronged effort involves extensive U. S.
utility input and guidance and is incorporating the efforts of
a broad spectrum of industry contractors. The challenging list
of goals include: greater public safety assurance, greater
plant investment protection, improved availability, system
simplification, improved constructability, operability and
maintainability.

In 1986, the U. S. Department of Energy embarked on their ALWR
industry support program, recognizing that the revitalization
of the nuclear option was necessary to ensure a diversified,
secure energy source. DOE's ALWR program includes four
principal areas: (1) Design Certification for both boiling
water and pressurized water reactors; (2) mid-size plant(o600
MWe) development; (3) construction schedule and technique
improvements; (4) improved instrumentation and control. All of
the DOE ALWR contracts are cost-shared, with the industry's
share at least fifty percent.

CONCLUSION

A hypothetical implementation of the aforementioned EPRI and
DOE programs is depicted in Figure 2. Now into the third year
of the programs, this figure illustrates that the successful
completion could result in the actual implementation of a
competitive nuclear option in about four years.

Regardless of the degree of success in attaining any or all of
the individual project goals, reestablishing a significant cost
advantage is the principal key to revitalization of the nuclear
industry. It is easy to lose sight of this overriding
importance while immersed in the technical details of
individual projects.
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FIGURE 2
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SUflABY

The overall design of the CANDU fuel channel has shown it to be an
effective concept as a primary element in the CANDU system for electricity
production. The severe conditions of operation have been met with
material and design solutions Which give considerable confidence that the
concept is capable of further development for higher unit power
production. This will help ensure that CANDU can continue to cope with
competition from fossil fuels and other reactor designs whose performance
has been improving in recent years.

The current CANDU fuel channel design has evolved from the NPD design.
The evolution has been in parallel with the modifications to the calandria
and end shields in subsequent reactors and has included improvements in
pressure tube material, spacer design, end fitting closures, rolled joint
region design, and gas annul us system conditions. These improvements have
been made while maintaining the basic functions of changing the fuel in
the core on-power, moderating neutrons with low temperature, low pressure
heavy water while removing heat with high temperature, Yvigh pressure heavy
water.

Fuel channel performance, and in particular pressure tube performance, has
received considerable attention because of two unstable failures and the
general material deterioration in two reactors which necessitated
replacement of their pressure tubes. As a result, major effort is being
directed towards achieving a greater understanding of pressure tube
behaviour through the development of a comprehensive surveillance
operation together with an expanded research and development program. The
information generated in these current programs will establish the basis
for new design concepts that permit higher power rating and easier
replacement, together with enhanced service life.
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Since the beginning of the CANDU program, fuel channels have been
recognized as having a finite life. For this reason, the design has
incorporated features enabling them to be replaced. Fuel channel life is
determined mainly by the long-term effects of service conditions.
Resulting changes that can affect performance or life are:

changes in dimensions
changes in properties
changes in composition

The paper includes a detailed discussion of these changes.

The changes in pressure tubes which determine life are now reasonably well
understood. Improvements will be incorporated into future fuel channel
designs which result from concepts being developed under four AECL reactor
development programs. In parallel, significant effort is being applied to
evolving improved designs for existing reactors which will improve
replaceability and reduce maintenance requirements. The paper discusses
these improvements in detail.

************************************

GLB/ekfcperf.
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As we start the fourth decade of regulation of major nuclear facilities
in Canada the evolution of the nuclear energy industry continues. This
evolution has brought us to the point where privatization of parts of
the nuclear industry is in progress, decommissioning of nuclear power
reactors is a major activity, research into waste management is
attracting the attention of the world, re-building reactors is a growth
industry and the public and politicians are having increased impact into
nuclear matters. In this scenario, the Atomic Energy Control Board,
under a new president, is evolving to become even more vigorous and
certainly more visible to maintain its place as a vital player in the
nuclear field.

One major objective of Dr. Levesque on assuming the presidency of the
AECB was to increase its visibility. Seeking out the media, meetings of
the Board with the residents of the Port Hope - Newcastle area are some
examples of a strategy aimed at making the AECB and its role in nuclear
safety more visible and better recognized. Other initiative are
underway to understand how the AECB is perceived by the public and to
guide our actions accordingly. The long terra objective is to become
even more transparent and to earn the confidence of the interested
public.

Transparency can result in increased confidence only if the public
agrees with what it sees. While independent inquiries have found the
AECB to be competent and effective they have also identified room for
improvement. We are responding with vigour to findings by bodies such
as the Ontario Nuclear Safety Review and the IAEA Operational Safety
Review Team. In our responses we are addressing, inter alia, better
documentation of the reasons for regulatory decisions, broader safety
analyses for power reactors and improved refresher training for
operators of nuclear power plants.

To retain the vital role it has will require the AECB to do more and do
it even better. With limited resources this means increased efficiency
or changes in emphasis. Our involvement in operator training, for
instance, will see more emphasis on examining the quality of the
training process and potentially less on examining the individual
operators. Where improvements in efficiency cannot suffice we will
require additional resources if we are to meet our objectives.

Public support for all nuclear activities is dwindling. A regulatory
agency which has the confidence of people outside the nuclear industry
is a vital element if this trend is to be stemmed.
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Canada had another good year in 1987 as annual uranium
production and exports each exceeded 12 000 tU. About 85 per
cent of the uranium produced in Canada is destined for the
export market. Shipments from Canadian producers were valued
at well over $1 billion. As the world's leading producer and
exporter of uranium, Canada recognizes its increasingly
important role as supplier of uranium, and realizes the
potential to make major contributions to global energy
supply for peaceful nonexplosive purposes.

The vital issue for the uranium industry today remains
the need for long-term security of uranium demand. Though
supply has exceeded demand for many years, and has only
recently come into balance with reactor fuel requirements,
timely investments in the uranium industry will soon be
required to avoid shortages around the turn of the century.

Events like Chernobyl along with technical progress in
conserving nuclear fuel may reduce uranium requirements below
the levels forecast in 1984. However, the increasing base of
installed nuclear capacity will maintain some growth in
demand for uranium. It has been suggested that total world
nuclear generating capability, and annual reactor require-
ments, could increase by almost 30 per cent by 2000.

Despite the possibility of improvements in uranium
demand, uranium production capability based on currently
committed projects could actually decline by 2000, if the
higher-cost producers continue to cut back capacity in
response to low uranium prices. However, should prices
recover sufficiently to bring on-stream those production
centres that are currently in the planning stage, uranium
output capability could be increased 20 per cent by the year
2000.

. . .2
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All in all, the outlook for Canada's uranium industry
brightened in 1987 as a result of the Free Trade Agreement
(FTA) negotiations concluded with the United States at year-
end. By securing access to U.S. uranium markets, the FTi.
should encourage investment in Canada and generate economies
of scale opportunities for Canadian producers. Canada's
future as the world's pre-eminent uranium supplier is assured
but the health of its uranium industry will be enhanced by
the timely ratification of the FTA.

Canada's new policy on foreign ownership in the uranium
mining sector is expected to promote economic development,
jobs for Canadians, and uranium exports, by providing more
flexibility for investors wishing to develop the uranium
deposits discovered in Canada in recent years. The policy
will be of particular benefit to Saskatchewan, where several
important uranium discoveries have been made in recent years.

Early in 1988, the Governments of Saskatchewan and
Canada announced plans to merge and thereafter privatize
their respective Crown corporations, Saskatchewan Mining
Development Corporation and Eldorado Nuclear Limited. The
merger will create a world-class integrated uranium mining
and processing corporation, headquartered in Saskatchewan,
with 1,500 employees, annual sales of $500 million and assets
of $1.6 billion.

Uranium deposits discovered in Canada in the past
decade are among the largest and richest in the world. Based
solely on existing operations, annual output capability is
expected to continue above 12 000 tU through the mid 1990s.
With an inventory of economic resources not yet committed for
production, its favourable geology and low uranium discovery
costs, Canada could develop new production capability by the
mid 1990s of up to 15 000 tU annually, or beyond, if
warranted by export market demand.

Canada's uranium export policy remains unchanged. Each
state importing Canadian uranium must either have signed the
Nuclear Non-proliferation Treaty or have made a bilateral
nuclear cooperation agreement with Canada.

Currently accounting for about one-third of western
world uranium supplies, Canada has the political will, the
resources and the experience to provide for its own modest
needs, and contribute to the requirements of its trading
partners, for many decades to come.
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INTRODUCTION

The Cigar Lake uranium deposit located in the Wollaston Lake area
of Saskatchewan, is the largest, high grade uranium deposit in the
world. The total pre reserves are estimated at 150,000 tonnes of
uranium (385 million lbs. U3OS}). This figure is made up from
drill indicated reserves, at the eastern end of the deposit, of
110,000 tonnes of uranium in ore with an average grade of 12%
uranium. A further 40,000 tonnes of uranium are estimated for the
western part of the deposit, as inferred, reserves averaging 4%
uranium (Figure 1). The joint venture owners of this property;
Saskatchewan Mining Development Corporation (48.75%), Cogema
Canada Ltd. (32.625%), Idemitsu Uranium Exploration Canada Ltd.
(12.875%), Corona Grande (3.75%), and Korea Electric Power
Corporation (2.00%) have formed an operating company, the Cigar
Lake Mining Corporation (CLMC) to develop this deposit for
production.

The orebody, which is found at a depth of 430 m below surface,
occurs as a flat crescent-shaped deposit 2 kilometers in length,
25 to 105 m wide, and has a thickness ranging from 1 to 20 m
(Figure 2). The ore is very concentrated, reaching up to 60% U
over several meters, and has extremely sharp contacts with the
barren rock. In the development of a suitable underground mining
approach, CLMC has identified several areas of technical interest.
These are the mineral distribution, rock properties, groundwater,
radiation and clay content. From a study of these parameters,
CLMC has developed a semi-conventional mining method which can be
applied to the extraction of this very high grade uranium
deposit. Evaluation of this method will be carried out through an
underground test entry which is currently in progress. Following
completion of the test mine and the feasibility study in 1990, the
owners will be in a position to make a final decision on
development and production as influenced by market conditions at
the time.



DEVELOPMENT CRITERIA

The design of an underground mining approach to this remarkable
high grade uranium deposit requires a thorough understanding of
the geotechnical, and hydrogeological environment in which this
deposit occurs, and a careful assessment of the limitations placed
upon any mining method by radiation. The alteration zone which
surrounds the orebody imposes some difficult ground support
conditions. The anticipated volume of groundwater and the impact
that dewatering will have on ground conditions and radiation
control is an additional concern. In addition to these two
interesting challenges is the expected high levels of radiation
that will occur with commencement of mining activity within the
ore zone. The solution to any one of these issues by itself could
be handled in a conventional manner but altogether they present a
unique situation which will require a non-conventional approach
for the development of a feasible mining method.

MINING METHODS

CLMC's basic position in the design of an acceptable mining method
has been to concentrate in the area of proven and tried mining
technology and only if it was demonstrated that existing
technology or adaptations of it would not be feasible to look at
truly innovative mining approaches.

The previously mentioned factors required in the evaluation of an
acceptable mining method eliminates from consideration methods
requiring storage of large volumes of broken ore, where ground
control and ore recovery would be extremely difficult. Also
methods using conventional drilling and blasting techniques would
be difficult to adapt because of the ground stability problem, and
the requirement to have employees working for lengthy periods of
time in contact with the ore.

Ground stability concerns will require that all permanent mine
openings, such as the shaft, ventilation raise, and main haulage
ways, be located in good rock outside of the alteration zone.
M i n i n g a c c e s s to the a l t e r a t i o n zone after
dewatering/depressurization will require preconditioning
(grouting, freezing) prior to excavation, and installation of
permanent ground support or backfilling.

Control of gamma radiation exposure can be dealt with by the use
of techniques that operate or control the mine equipment from
remote locations. Radon daughter control will result from an
appropriately designed and operated ventilation system.



Three potential mining methods which address the major concerns
are being considered for Cigar Lake. However, most of the design
work has concentrated on the Raise Boring method of mining. This
method will be thoroughly evaluated during the Test Mine Program
and only if severe difficulties are encountered will the other
methods be tested.

Raise Boring

The Raise Boring mining method is based upon the use of
conventional equipment and a proven technology widely used in
underground mining operations. In its simplest form, the
raise boring drill would be located in a drift above the ore
zone. A vertical pilot hole is drilled from this drift into
a bottom drift below the ore zone. A large diameter reaming
head is attached to the drill string and the pilot hole is
reamed to full size with the cuttings falling to the bottom
drift. The cuttings would then be directly loaded into
covered transport containers which are hauled by truck to the
shaft and hoisted in the cage (Figure 3).

TEST MINE

Further development of the mining methods is now contingent upon
the actual underground mining test. Regulatory approval for
underground development of the Cigar Lake deposit was obtained in
October 1987. Construction of the surface facilities commenced
immediately, and at this time the shaft collar has been completed
to a depth of 40 m and everything is in place for sinking the
shaft to its ultimate depth of 510 m.

The mine development will consist of the 4.9 m diameter shaft,
fully concrete lined and two levels which will provide access
above and below the ore zone. The access to the ore zone will be
completed by mid-1990 at which time the mining test in the ore
zone with the raise borer will commence.

Following completion of the mining test and the feasibility study
in 1991, the owners of cigar Lake will then be in a position to
take a final decision on the development and production schedule.



1
[N

W A TERB UR Y

LAKE

8

WESTERN
EXTENSION

LEGEND

• LOCATION of DRILL HOLES

?23> OREBODY
200 400m

SCALE I'10,000

CIGAR LAKE MINING CORPORATION

TITLE
DRILL HOLE PLAN

DATE
MAR'I

IDRWG. No. FIO. NO.



450—
OVERBURDEN *

o ° o

350-

250 —

150 —

50m as. I . —

N

ATHABASCA
SANDSTONE

PERCHED
MINERALIZATION

ALTERED
SANDSTONE

ORE DEPOSIT

UNCONFORMITY

BASEMENT ROCKS

CIGAR LAKE MINING CORPORATION

TITLE

DATE

SCHEMATIC CROSS SECTION

M A R ' M
ORWG. No. FIG. No.



ALTERED SANDSTONE ZONE

CLAY ZONE

ALTERED BASEMENT

CIGAR LAKE MINING CORPORATION

TITLE
RAISE BORING METHOD
EXCAVATING OPERATION

DATE
MAR'M

ORWO.No FIG. No.



ADVANCED FUEL CYCLES FOR CANDU REACTORS

by

Dr. R.E. Green
Vice-President, Reactor Development

Atomic Energy of Canada Limited Research Company
Chalk River Nuclear Laboratories

Chalk River, Ontario
KOJ 1JO

Telephone: (613) 584-3311, Ext. 3480



ADVANCED FUEL CYCLES FOR CANDU REACTORS

R.E. Green
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Chalk River, Ontario

The CANDU reactor system has produced electricity safely, reliably and
economically for more than a quarter of a century, and regularly
outperforms the other commercial reactor systems. Up to the end of
1987, seven CANDU reactors ranked among the top ten in lifetime
performance, as measured by cumulative load factor*. This outstanding
performance is due, in part, to the choice of heavy water as moderator
and coolant, and natural uranium as fuel, which resulted in a reactor
with excellent neutron economy, and the use of on-power refuelling.
Consequently, the CANDU reactor is the most efficient user of uranium
and can also accommodate a wide variety of fuels and fuel cycles without
significant changes to the basic reactor design.

The natural-uranium fuelled CANDU reactor has the best uranium
utilization of the currently available commercial reactor systems. The
annual equilibrium uranium requirements for a CANDU reactor utilizing
once-through, natural-uranium fuelling are at least 12% less than for
the standard light-water reactor (LWR). The use of advanced fuel cycles
would enable CANDU to maintain this advantage over LWRs. For example,
the use of slightly enriched uranium (SEU) in CANDU would reduce annual
uranium requirements by 30% to 40%, depending on the enrichment tails
assay. Recycling the plutonium contained in CANDU spent fuel would
reduce annual uranium requirements by 50% to 60%, depending on whether
the plutonium is mixed with natural uranium (the Pu/NU cycle) or
depleted uranium obtained from the tails of an enrichment plant (Pu/DU
cycle).

A variety of thorium fuel cycles can also be used in the CANDU reactor.
The once-through thorium (OTT) cycle requires no fuel processing, and
utilizes enriched uranium and thorium fuel in separate fuel channels,
with different feed rates. The conventional thorium fuel cycles require
an external source of fissile material mixed with the thorium to start
the cycle. This could be highly enriched uranium (93% U-235), medium-
enriched uranium (about 20% U-235), or plutonium. Fissile U-233 would
be generated and recycled. Using either medium or highly enriched
uranium as the initial fissile feed material, annual uranium
requirements at equilibrium would be reduced by over 70%. With some
changes to the reactor lattice, a self-sufficient equilibrium thorium
(SSET) cycle appears possible, which would require no additional fissile
material once equilibrium was reached. Using this fuel cycle, CANDU
becomes a near-breeder reactor.



The CANDU reactor is also synergistic with other reactor types. For
example, the uranium, or the uranium plus piutonium, extracted from
spent LWR fuel could be recycled in CANDU reactors. Recycling only the
uranium from spent LWR fuel, without further enrichment or natural -
uranium make-up, is called the CANFURL (CANDU Fuelled with Uranium
Recovered from UIR) fuel cycle. Use of this fuel in CANDU would require
no additional uranium, and yield a burnup of 13000 MWd/t compared to
about 7500 for natural uranium. Recycling both the uranium and
Plutonium from spent PWR fuel, mixed with some natural uranium, is
called the TANDEM fuel cycle, and would yield a reduction of about 90%
in annual uranium consumption compared to natural-uranium once-through
fuelling in CANDU. A CANDU/LWR system operating on the TANDEM fuel
cycle would have overall uranium requirements 40% less than an all-PWR
system.

For several reasons, in particular the slowdown in the world economy,
the growth of nuclear power during the past decade has fallen short of
earlier expectations. This fact, coupled with the discovery \n recent
years of a number of rich uranium deposits, means that there is a
current oversupply of uranium and the price is low compared to a decade
ago. Thus, there is little incentive to introduce resource-conserving
fuel cycles that require fuel recycling due to the relatively high cost
of fuel reprocessing. Indeed, these cycles will only become attractive
in Canada when the price of uranium rises to well above $200/kg, and
this is not expected to occur until after the year 2000.

However, considerable cost savings can be achieved in current commercial
reactors by improving the efficiency of once-through fuelling. For
CANDU reactors this means the introduction of slightly enriched uranium
(SEU) fuel. The use of SEU fuel in CANDU has several advantages,
including

an increase in fuel burnup, resulting in lower fuelling costs;
d decrease in the volume of spent fuel that must be managed-,
greater operational flexibility;
greater flexibility in reactor core design, which could be used to
reduce the capital cost, or improve the reliability, of future
plants.

Work is currently underway within Atomic Energy of Canada Limited to
develop a 43-element, size-graded fuel bundle for advanced CANDU
reactors. This new fuel bundle, termed CANFLEX, will permit an increase
of about 30% in channel power compared to the current CANDU-600 reactor,
resulting in a reduction in specific capital cost. It is proposed to
use the CANFLEX fuel bundle to introduce SEU fuel into CANDU, since
using CANFLEX will allow us to optimize the various benefits. Studies
to date show that CANFLEX fuel with an enrichment of 1.2% U-235
minimizes fuel-cycle costs. In a CANDU reactor system of 15 GWe, the
use of 1.2% SEU fuel would result in savings in annual fuel-cycle costs
of over $100 million per year.

Reference

* Nuclear Engineering International, April 1988
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Canada is the world's largest producer and exporter of uranium,
most of which is enriched elsewhere for use as fuel in LWRs. The
feasibility of a Canadian uranium-enrichment enterprise is
therefore a perennial question.

Recent developments in uranium-enrichment technology, and their
likely impacts on separative work supply and demand, suggest an
opportunity window for Canadian entry into this international
market. A successful enrichment business would generate annual
revenues of several hundred million dollars.

The new technologies are the gas centrifuge, which is now in
commercial service and is believed to be today's lowest-cost
process, and the laser isotope separation process, which is under
intensive development in several countries.

The Canadian opportunity results from three particular impacts of
these new technologies:

1. The bulk of the world's uranium-enrichment capacity is in
gaseous diffusion plants which, because of their large
requirements for electricity (more than 2000 kW-h per SWU)
are vulnerable to competition from the new processes.

2. The decline in enrichment costs increases the economic
incentive for the use of slightly-enriched uranium (SEU)
fuel in CANDU reactors, thus creating a potential Canadian
market.

3. The new processes allow economic operation on a much smaller
scale, which drastically reduces the investment required for
market entry and is comparable with the potential Canadian
SEU requirement.

...12
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These recent developments create an opportunity for a Canadian
enterprise to use the emerging domestic demand as a base for
entry to the world market.

The opportunity is not open-ended. By the end of the century the
enrichment supply industry will have adapted to the new processes
and long-term customer/supplier relationships will have been
established.

In order to seize the opportunity, Canada must become a credible
supplier during this century. This means that even if the
resources were available for independent development of an
enrichment process, there is not enough time.

An appropriate strategy for Canada is therefore a joint venture
with a foreign partner possessing gas-centrifuge technology. The
Canadian contribution to the partnership would be (1) a base for '
expansion, (2) access to the Canadian SEU market and (3)
participation in the development of next-generation laser-based
process technology.

In the longer term, Canada has the potential to become a full-
scope nuclear fuel cycle supplier, from ground to ground, i.e.,
from ore to disposal.

As initial steps, AECL is holding exploratory discussions with
potential foreign and domestic participants and is expanding its
R&D activities in laser isotope separation.
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AECL's research is well advanced toward assuring safe
disposal of used nuclear fuel deep in stable granite of the
Canadian Precambrian Shield. The disposal concept is a
multi-barrier system in which used-fuel bundles are sealed
within corrosion-resistant containers, surrounded by a layer
of clay, and placed in rooms excavated up to 1,000 m deep in
a granite rock mass. The main chemical and physical
processes that contain the radionuclides within this system
are now well understood.

The hermetically sealed used-fuel container. Prototype
containers with a titanium alloy outer shell, have withstood
external pressures up to 10 MPa, at 150°C. Thus, they meet
the primary structural requirements for disposal in a vault
at a depth of 1,000 m. Our corrosion research shows that
outer shells made from titanium (5 mm thick) and copper
(25 mm thick) would retain their integrity for at least 500
years, the time period when the hazard is the greatest.
Once the container is breached, groundwater can contact the
used fuel.

The uranium oxide fuel. Our research demonstrates that
there are three principal mechanisms by which radionuclides
are released: first, about 2% of the iodine and cesium is
released rapidly once the zirconium alloy sheath is
breached; second, an additional 6% of the iodine and cesium
is slowly released by preferential dissolution at grain
boundaries; third, the remaining fission products and
actinides trapped within the uranium oxide grains are
released as the grains dissolve. Under the reducing
conditions expected in a disposal vault, our experiments
show that uranium concentrations would be less than
10-» mol/L.

This extremely low concentration of uranium has been
confirmed by studies at the Cigar Lake uranium deposit in
Northern Saskatchewan. The Cigar Lake ore body consists
mainly of individual grains of uranium oxide mixed with clay
minerals; the average concentration of uranium oxide is 14%,
with local concentrations as high as 60%. Since the ore
body was formed about 1.3 billion years ago, there have been
several episodes of groundwater interaction with the ore
body. Despite this interaction, there has been no
significant movement of uranium. Water samples taken only



5 m from the ore body have a uranium concentration less than
10'8 mol/L and are suitable for drinking.

Although the groundwater flowing toward the ore body is
oxidizing in character, oxygen is removed by iron minerals
and organic materials within the ore body and the
surrounding clay layer. The iron is oxidized more easily
than the uranium and acts as a scavenger for oxidizing
species.

The bentonite-clav layer surrounding each container. The
principal function of the clay layer is to inhibit the
movement of radionuclides away from the container. Our
research shows that radionuclide movement in compacted
bentonite-sand mixtures occurs only by diffusion. Clay-
layer thicknesses of 250 mm yield breakthrough times of
thousands of years for the critical radionuclides.

The granite rock mass. Our field research in the Canadian
Shield indicates that the large granite rock masses of
interest consist of relatively large volumes with low
permeability separated by relatively thin fracture zones.
The fracture zones can have a much greater hydraulic
conductivity than that of the background rock, and control
the groundwater flow. Thus, vaults excavated in the
background rock could provide a very high level of
containment.

Field research areas have been established at three
locations in the Canadian Shield and, since 1978, these
areas have been extensively characterized from a
geotechnical perspective. Monitoring of the groundwater
flow in each area is continuing via instrumented networks of
boreholes.

An underground research laboratory is being excavated in a
previously undisturbed granite rock mass. The rock mass was
thoroughly characterized prior to excavation and its
geologic and hydrogeologic characteristics determined to a
depth of 500 m. The excavations comprise vertical access
and ventilation shafts 255 m deep and laboratory rooms at a
depth of 240 m. Excavation is underway to extend the access
shaft to a depth of 455 m as part of an agreement with the
U.S. Department of Energy.
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Public opinion about nuclear energy in the U.S. today can be characterized as
realistic acceptance. Two-thirds of the public consider nuclear energy a good or
realistic choice for large-scale use. Almost 80% believe nuclear energy will be
important in meeting the nation's electricity needs in the years ahead. The
percent saying nuclear energy will be very important has increased almost 20
points over the last 3 years to 53%. Three-fourths believe the need for nuclear
energy will increase in the years ahead.

However, there is not a sense of an urgent need for action. Americans are
complacent about their energy supply and quite confident that their electric
utility will find a way to meet all their electricity needs. When asked about
building a nuclear power plant in their area, about one-third express opposition
and about half the public say they would reserve judgment until they have more
information.

Public opinion about nuclear energy in the U.S. is highly changeable. Most
Americans feel they need at least some more information before firming up their
opinion and a majority feel they need a lot more information.

The public is very responsive to information about nuclear energy that
emphasizes the need for the electricity and benefits of nuclear energy as an
electricity source. The industry's national communications programs on nuclear
energy, through the U.S. Council for Energy Awareness (USCEA) are getting
these positive messages to the public and to opinion leaders all across the
country. Instead of simply responding to critics, the information programs are
aimed at setting the agenda by placing nuclear energy within the broad context of
total energy use, and by emphasizing the electrification of America and the
importance of electricity to our economy.

We have been pointing out that since the oil embargo in 1973 demand for electric
energy in the U.S. has increased 43% while demand for non-electric energy
actually decreased 11%. Electricity use and GNP have been closely linked so an
adequate supply of electricity is clearly essential for economic growth in the U.S.



Nuclear energy's role in reducing foreign oil dependency, along with the
electrification story, are the main themes in the variety of communications
activities conducted by USCEA. Media and public relations efforts include
traditional work with the press, and media tours, which have been highly
successful in getting air time and print coverage for engineers, scientists,
scholars, and other experts. Video news releases in the past 3 years have been
picked up by hundreds television stations for inclusion in their news reports, for a
total of over 120 million potential audience impressions. USCEA's advertising
carries these same messages in major magazines like Time. Newsweek, and
National Geographic, as well as on network television. The magazine and
television ads are carefully tested before placement; and evaluations after
placement demonstrate the favorable impact of exposure to the advertising.

A recent effort has been to increase the understanding — within the industry and
among policymakers — of the broad public acceptance of nuclear energy that
already exists. It is a good basis on which to build support for industry objectives
locally and nationally.

The next few years will be challenging. It will not be easy to build and solidify
the level of public acceptance which will be needed to assure the continued
operation of existing plants and open the way for new plant construction. We will
continue to battle state and local referenda to shut down existing plants. But
there is no doubt that the public expects nuclear energy to fuel our future. They
seem to be counting on it. With consistent excellence in operations and continued
public education, we believe we can meet the American people's high
expectations for nuclear energy. The industry is working vigorously, on many
fronts, to meet that challenge.
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SLOWPOKE - HEATING REACTORS IN THE URBAN ENVIRONMENT

1. AN EXPANDING ROLE FOR NUCLEAR ENERGY

The availability of abundant energy at affordable prices is a major con-
tributor to industrial development and national economic growth. With the
global energy requirements expected to double over the next 40 years,
alternatives to an increased dependence on fossil fuels must be developed.
To this end, most national energy forecasts anticipate a significant
expansion in the role for nuclear energy.

During the last thirty years, only large nuclear power stations could
compete economically with fossil fuel alternatives. Consequently, the
emphasis for commercial nuclear power development has been electricity
generation. However, it is also generally recognized that if the energy
available from nuclear fission is to realize its full potential, other end
use applications must be developed.

The oil price shocks of the 1970s changed energy economics to the point
that nuclear technology can now offer economically competitive energy
sources in much smaller sizes that meet a broader range of applications.
One such application of particular interest is building heating.

Many countries in the northern hemisphere consume in excess of 25% of their
primary energy supply to satisfy their building heating requirements.
Since the majority of the population live in urban centers, a significant
fraction of these heating requirements can be satisfied by central heating
systems that use low cost heat sources. Unlike transportation, this is an
important energy sector which is readily amenable to the application of
small scale nuclear technology.

The SLOWPOKE Energy System currently being developed by Atomic Energy of
Canada Limited (AECL) is a 10 MWt heat source, specifically designed to
satisfy the needs of local heating systems in building complexes and
institutions.

2. EVOLUTION OF THE SLOWPOKE CONCEPT

The SLOWPOKE Energy System evolved from the SLOWPOKE Research Reactor,
which was introduced commercially in the early 1970s and remains part of
the AECL product line. The 20 kW SLOWPOKE Research Reactor is a low cost,
pool-type reactor used primarily for neutron activation analyses and as a
university teaching and research tool. The seven units which are operating
in Canada have accumulated over 70 reactor-years of reliable operation.
All of the units are located in urban areas. They are also the only
reactors in the world to be licensed for unattended operation, for periods
up to 72 hours.

Based on this experience, the SLOWPOKE Energy System has been optimized for
heat production rather than neutrons, while still retaining many of the
essential safety features of the SLOWPOKE Research Reactor. This work
culminated in the 1985 decision to construct the 2 MWt SLOWPOKE demonstra-
tion heating reactor at the Whiteshell Nuclear Research Establishment in
Manitoba. The design, construction and testing of this facility is aimed
at verifying that the technical, economic and safety criteria for the
10 MWt commercial unit can be met.



3. THE SLOWPOKE ENERGY SYSTEM

A SLOWPOKE Energy System, sized to deliver 10 MWt in the form of hot water,
will economically heat buildings with a floor area of over 150 000 square
metres or 1500 individual apartments. With the ever present uncertainty in
future fossil fuel costs, SLOWPOKE provides an alternative inflation-
resistant heating source.

The economics of hot water distribution systems dictate that the heat source
must be located close to the load and hence to people. This implies that a
major factor must be safety. In addition to the engineering challenge,
this presents a social challenge in expressing the safety features in a
language that is readily understood by people with limited knowledge of
nuclear technology.

Since the SLOWPOKE Energy System is designed to produce hot water below
100oC, the reactor is operated at atmospheric pressure, thus eliminating
the need for a nuclear pressure vessel. There are no pumps in the primary
circuit, the heat being transferred from the core by natural convection of
the pool water. These features together with other intrinsic safety
aspects of the design allow the SLOWPOKE Energy System to be considered
much like the oil or natural gas fired boiler it is designed to replace.

The capital cost of the unit when combined with the low operating expenses,
results in the unit cost of heat supplied by a SLOWPOKE Energy System being
competitive with fossil fuels. The actual cost for a specific application
depends on the unit size and the load factor. For example, a 10 MWt unit
used to heat a building complex with a 50% load factor, could provide hot
water for heating and domestic use at approximately 2 cents/kW.h.

SLOWPOKE ENERGY SYSTEM 10 MWt
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1. INTRODUCTION

Many utilities throughout the world &re experiencing, to
varying degrees, the effects of high financing costs, long
construction periods, cost inflation and relatively low load
growth. As a result, in a planning environment now
characterised in many countries by difficult financing,
together with uncertain demand, overall system economics
tend to favour the construction of a sequence of smaller
urti ts.

In 1982, in response to this developing trend in utility
interest AECL undertook the development of a new, smaller
sized version of its highly successful CANDU design. This
new version, with a net electrical output in the range of
45OMW, is called CANDU 300.

As the first new CANUU power station design in more than 10
years, the CANDU 300 represents a "new generation" in CANDU
development. While utilizing proven systems, components and
concepts throughout, the CANDU 3O0 incorporates the latest
available technologies in all areas, ranging from design and
construction methods to control systems.

This paper provides a technical overview of CANDU 300 and
discusses the design approach and principal achievements of
the CANDU 3OO program.

2. L-ESIGN REQUIREMENTS

The first of the principal design requirements established
at the start of the CANDU 300 program was for a smaller—
sized nuclear power station with an in-place cost per
megawatt approaching that of the CANDU-600. Achieving this
requirement would result in CANDU-3OO unit energy costs
being competitive with the cost of coal-fired generation,
assuming a realistic range of coal prices.



High interest rates, and uncertainties in load forecasting
have led to strong utility interest in short construction
schedules. The second principal design requirement, to
achieve a construction schedule closely approaching that
generally attained tor coal—fired units of comparable size,
was therefore adopted.

In order to facilitate the early commitment of a CANDU 300
and to assure traditionally high CANDU capacity -factors and
performance, a third principal design requirements was
established; namely, that the design utilize only concepts,
systems and components proven in CANDU service or by other
industrial sectors such as communications and aerospace.

A fourth principal design requirement was that the new
design must satisfy the latest licensing requirements of the
country of origin (Canada) and the Nuclear Safety Standards
(NUSS) Codes and Quides of the IAEA. In addition, advantage
was to be taken of general safety improvements being evolved
in Canada and other countries.

Several secondary design requirements were also established.

3. DESIGN APPROACH

In addressing the capital cost design requirement, we
realized that ways would have to be found to circumvent the
basic "scaling law". In other words, we recognized that
simply scaling down the existing CANDU 600 design in size
would result in an unacceptably high specific capital cost
($/kWe). We also recognized, however, that in many respects
the existing CANDU-600 could simply be "cut in half". For
example, a reactor with approximately 50JC of the CANDU 600
power output, could use 2 steam generators instead of 4, 2
main coolant pumps instead of 4, 1 fuelling machine instead
of 2, etc. In this way, the cast of many components per MWe
would not change and the "scaling law" would, therefore, not
fully apply. This recognition was a major first step
towards achieving our objective. It also led to a nominal
power output which was close to the "preferred" 4OO MWe
output indicated by market analyses and led to adoption of
the CANDU-300 designation (1/2 of CANDU-600>.

In -further addressing this first principal design
requirement, we recognized that the "scaling law" could be
further circumvented if we could find ways to substantially
shorten the construction schedule. This would directly
reduce capital cost through reducing "interest during
construction' charges. Furthermore, the reduced number of
components would directly reduce installation labour costs.
A number of other key schedule shortening measures were



incorporated in the CANDU 300 design, many baaed on improved
construction approaches already being adopted in many
countries. This approach also addressed the second
principal design requirement (Construction Schedule).

Turning to the? fchiril principal desi gn requirement lUse o+
proven systems and components), we not only adopted those
prcveri in the CANDU-6QO, but as appropriate, those proven in
Ontario Hydro's multi-unit CANDU stations. We also turned
to proven technologies developed outside of the CANDU
program. Most notable is the use of remote controllers and
multiplexeci data highways to replace much o-f the
instrumentation and control cabling in the plant. This
provides ^ major bene-fit in reducing the construction
schedule and thereby addresses the second principal design
requirement,

The fourth principal design requirement (Safety
Requirements) received particular attention. While building
•R the traditional CANDU approach to safety, CANDU 300
incorporates many improvements, ranging from enhanced
systems performance to improved man—machine inter-faces.
Safety requirements are also important due tc the adverse
impact changes in these requirements, made during the
constr i:c l:iQn phase, have on project cast and schedule. We
recognized that this adverse impact could be largely avoided
through reaching detailed agreement with the regulatory
authorities regarding licensing requirements, analytical
tec.tmi ques and assumptions, and design features prior to
construction start. As the conceptual design o-f CANDU—3OO
progressed, we maintained a close dialogue with the Atomic
Energy Control Board. They are strongly supportive of this
neui approach which u*e terfl) "up front" licensing. This, of
cou-r Be, requires that our design and analysis work be
^iibslanti ai 1 y complete prior to construction start.

In addition to meeting all design requirements, security of
investment -far the station owner has been a focus of the
CANDU 3OO program, extended to encompass all aspects of this
design. CANDU 300 features contributing to security of
investment include:

a) A small unit size (450 MWe) that permits utilities to
better match capacity additions to load growth,

h) Competitive capital cost and energy cost.
c) A short and secure construction schedule.
d) Ease of maintenance and high capacity factors.
e) Enhanced man-machine interface and computerized

moni taring and testing capability.
f) Data acquisition and analysis systems including the

LIFE (Local Inplant Fatigue Evaluation) system to
monitor and evaluate plant component status.



g) Easy and fast replacement capability (within a 90 day
outage) of any aspect of the station, from fuel
channel to turbine internals. This provides -for the
extension of station life and also minimizes the
economic impact of the premature degradation of any-
component.



Summary of a Presentation to the

28th Annual Conference of the Canadian Nuclear Association

Winnipeg, Manitoba, June 12-15,1988

MARINE NUCLEAR PROPULSION - PRESENT AND EMERGING OPPORTUNITIES

J. S. Hewitt and A. F. Oliva

The ECS Group of Companies
1500-112 Kent Street

Ottawa, Ontario, Canada
KIP 5P2

(Summary is not for quotation in advance of the Conference)

Correspondence may be sent to J. S. Hewitt



MARINE NUCLEAR PROPULSION:
PRESENT AND EMERGING OPPORTUNITIES

J. S. Hewitt and A. F. Oliva

The ECS Group of Companies
1500-112 Kent Street

Ottawa, Ontario, Canada
KIP 5P2

SUMMARY

The concept of applying nuclear fission to propel ships
on and under the high seas is almost as old as the discovery
of fission itself. As early as 1939, three years before the
neutron chain reaction was demonstrated, would-be nuclear
mariners had already grasped the notion that the new energy
source would soon eliminate dependency on regular refuel-
ling. Even more significant was the fact that the emergent
power source would dispense with both the atmospheric and
the on-board oxidant required for combustion and electro-
chemical (fuel-cell) power sources, the only nuclear source
alternatives. These advantages of nuclear power, combined
also with its elimination of the need to either store
gaseous oxidation products or discharge them overboard,
would open the way to true atmosphere independent power
(AIP). This was the long awaited advance which would soon
revolutionize sub-sea naval capability.

As we approach the fiftieth anniversary of the
discovery of nuclear fission, it is instructive to note the
rapid early development of marine nuclear power.
Specifically:

1. The earliest plan for the serious development, for
any purpose, of a nuclear reactor dedicated to power
production was for marine nuclear propulsion.

2. The formal decision to develop and construct the
first nuclear propelled ship, the Nautilus, was made in
1948. Research, development, conceptual design, and
engineering design, for both the prototype and the
ship-board versions of the submarine thermal reactor
(STR), were soon undertaken as parallel activities.

3. After the completion of engineering design, the
construction and commissioning proceeded remarkably
quickly. In particular, the design of the nuclear



plant and its integration with the ship had advanced
sufficiently in 1952 to enable the keel to be laid.
The land-based prototype was made critical in March
1953, followed by full-power endurance tests, which
were completed by June 1953. The launching and
commissiioning of the Nautilus took place in 1954.

4. Descendant from this early work, the world's
present nuclear-propelled fleet totals nearly 400
ships, the vast majority of which are submarines.

The early development and implementation of submarine
nuclear power provided the needed impetus and technological
base to launch nuclear power in other areas of endeavour.
These include: the subsequent generations of nuclear
propelled submarines, both military and commercial; a
variety of nuclear propelled air craft carriers, merchant
ships, and ice breakers; as well as the PWR land-based
nuclear power station.

Submarine applications impose a formidable combination
of space, weight, operating and safety constraints on marine
nuclear power plant design. The challenge is heightened by
the distinctly military performance requirements of ship
speed, stealth, and diving capability. The various sub-
marine design objectives become mutually counteracting to a
disproportionate degree as the designer strives to fulfill
them all to a high performance level in a particular
submarine design. This complexity, plus the expectation
that new ships should exhibit simultaneously the highest
performance levels technically achievable in all areas, give
concern that the unit and infrastructure costs for the most
advanced submarines are becoming prohibitive even for the
most wealthy nations.

Several recent developments, de-emphasizing the large,
expensive, fast submarine, help to alleviate this concern.
These developments include:

1. The coming generation of relatively inexpensive
standoff missiles. These exhibit capabilities which
tend to render inconsequential the speed of the
submarine that carries them. The significance of this
development is most clearly appreciated when it is
realized that the utilization of high speed capability
is, in any case, at the sacrifice of stealth.

2. New modalities for meeting defence requirements.
Within these, the ships of a varied fleet of submarines



perform complementary "specialist" roles, with a
generally reduced emphasis on speed.

3. The continuing active development of the
"affordable" nuclear propelled submarine consisting of
a small nuclear power plant integrated with a state-
of-the-art conventional submarine. This concept, which
is drawing considerable market attention internation-
ally, relies on successfully adapting principles of
reactor inherent safety and simplicity to the submarine
environment. These principles are similar to those
advanced in recent years for special purpose reactors
both in Canada and elsewhere. The resulting submarine
can potentially cover a wide range of "specialist"
roles.

The nuclear powered submarines to be acquired by Canada
inevitably belong to the "specialist" category, since
acquiring even a small fleet of those submarines which
exhibit high performance in the full range of requirement
areas would not yield for Canada a favorable cost-benefit
ratio. However, if the acquisition is accomplished with
suitable attention to trade-offs among unit costs, perfor-
mance criteria and the number of ships obtained, Canada's
highly commendable goals for three ocean defence and Arctic
sovereignty should be achieved effectively. For the longer
term, we may be confident that Canada's nuclear submarine
fleet will prevail as an important national and inter-
national asset; at the very least, it will play a vital role
in the Canadian tradition of international peacekeeping.
This time, the role could be one of surveillance and
disarmament verification in the Arctic.

The Canadian shipbuilding and nuclear construction
industries may look forward to a large share in the Canadian
submarine acquisition program (CASAP), regardless of which
country of origin is selected for the basic technology. The
Canadian industries should be concerned, however, that
Canada may buy too many of the golden eggs before adequately
establishing her indigenous (Canada goose!) breeding flock.
Canada now has the unique opportunity to match her full
scientific, technical and industrial capabilities, not only
to meeting the demands of CASAP, but also to capturing a
share in the expanding world market for "specialist"
submarines. To go further, Canada's own concept of a
"specialist" submarine, born of a union between an identifi-
able market niche, on the one hand, and Canada's unique
combination of technological strengths and leads, on the
other, could provide the foundation for an indigenous, world
class, Canadian nuclear submarine industry.
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Fusion research has progressed steadily in recent years to the point where
scientific breakeven is expected to occur in the current generation of
large tokamaks. In anticipation of this event, essentially scientific
proof of principle for magnetic confinement fusion, the major world fusion
programs are now planning for the ETR (Engineering Test Reactor) phase of
fusion power development. The objective of an ETR device is to test the
key engineering technologies required for fusion reactors. Several such
devices, all large tokamaks, have been proposed: NET (Europe), FER
(Japan), TIBER (US), OTR (USSR), INTOR (IAEA) and ITER (International).
One or more of these devices will be constructed in the 199O's.

Canada's strategy during the research phase of fusion has been to contri-
bute to the world fusion effort in well-defined areas of specialization
rather than attempting to pursue a full-scale domestic fusion program.
Many of these Canadian specialties are key technologies for ETR's. For
example, extensive tritium technology will be required since these devices
will burn many kilograms of tritiums this in turn will require remote
handling techniques for reactor maintenance and a blanket for partial
tritium breeding. Long pulse operation with some form of current drive
will be necessary and plasma impurities will be controlled by divertor
systems. Thus, Canada has substantial technical capabilities to apply to
ETR development and consequently both Canadian industry and science stand
to benefit substantially from ETR involvement.

Our strategy for the ETR phase consists of (i) negotiating Canadian access
to ETR projects, (ii) upgrading our fusion facilities to a higher degree
of ETR relevance, and (iii) preparing work programs for the contribution
of effort to ETR projects. The progress that has been made in each of
these areas will be reviewed.
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The development of fusion as a future energy alternative continues to be
a matter of international importance. Research on controlled
thermonuclear fusion began in the 1950"s and the commercial application
of this technology may still be as far off as 2020. However in 1990 both
in Europe and the USA experiments are scheduled to demonstrate energy
breakeven with about 30 megawatts of fusion power and international
planning and conceptual design is now underway for a 600 megawatt
ignition experiment to begin operation in 1988.

With the final breakeven - experimental campaigns, the facilities and
operations will undertake a limited nuclear transition as the machines
are fuelled with small quantities of tritium. Fusion reactions will
activate structures and additional shielding and diagnostic hardening is
required. The future ignition facility will be as large, as costly and
require similar nuclear considerations to a 600 megawatt nuclear fission
power plant.

International negotiations between USA, Europe, Japan and the U.S.S.R
have led to a quadripartite agreement to cooperate in a two and a half
year conceptual design activity for the ignition experiment referred to
as the International Thermonulcear Experimental Reactor. Canada's
participation in these activities has been confirmed.

The Canadian Fusion Fuels Technology Project (CFFTP) was established in
1982 as one of the elements of Canada's National Fusion Program. CFFTP
has undertaken to apply and extend selected nuclear technologies for use
in fusion projects abroad. Carefully selected R&D programs, the
provision of key staff and reliance on the skills and knowledge base
within the Canadian nuclear industry, has resulted in broad recognition
and acceptance of Canada's involvement in important joint tasks.

This paper will discuss the involvement of Canada's nuclear industry in
fusion energy development and outline future opportunities for
participation.

dpd 1089



CNA SESSION 5

Applications of Nuclear Technology

Chairman: H.K. Sae

1. Non-Medical Uses of Radioisotopes
H. Spender, Radiochemical Company

2. The Role of Accelerators - Technical and Economic
A. Sterling, AECL Research Company

3. The Role of Cobalt-60 as a Radiation Source
J. Cuda, Radiochemical Company

4. Use of Radiation for Material Processing
S.L. Iverson, AECL Research Company

5. Medical Uses of Radioisotopes
Dr. A.E. Peterdy, Health Sciences Centre

6. A Kaon Factor as a Generator Industrial Opportunity
J. Carey, D. Dohan, D. Gurd, A. Otter, R. Foirier, K. Reiniger,
and V. Verma, TRIUMF



NON MEDICAL USES OF RAD1O1SOTOPES

Mr. Michael Spender
Product Manager

Atomic Energy of Canada Limited
413 March Road
Kanata, Ontario
CANADA K2K 1X8



NON MEDICAL USES OF RAD1OISOTOPES

Mr. Michael Spender
Product Manager

Atomic Energy of Canada Limited
413 March Road
Kanata, Ontario
CANADA K2K 1X8

The paper proposes that food production will continue to be a major
world issue in the 10-20 year term. While many different techniques
will be used to solve the problems involved in providing sufficient
nourishment to an ever increasing population, radioisotope technologies
applied as irradiation sources and as radiotracers are cortain to bo
involved. Three applications are outlined for use in the mid term and
six others of a longer term nature. The radioisotopes of key importance
are identified as cobalt-60, iodine-125, carbon-14 and phosphorous-32.
Predictions are compared to current trends of radioisotope use in
Japanese research.
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Sources of Radiation

Members of the Canadian Nuclear Association are most likely to
associate radiation sources with radioactive materials. In the
reactor or the mine, isotope sources are often a liability, being the
cause of unnecessary exposure to workers. However, reactor operators
are also aware of the deliberate production of cobalt-60, and other
more specialized isotopes, for industrial and medical uses.

Outside the nuclear industry, the perspective is different. A
number of industries, and a whole field of medical treatment have
grown up around the use of electrically-produced radiation. Based on
radiation as a polymer curing or crosslinking agent, these
applications include coatings, shrinkable films and wires and cables.
The printed beer can label, the no-wax kitchen floor, the automobile
tire, fire retardant cables and the shrink terminals on electrical
connectors all owe their existence to radiation-induced processes.
Likewise, the most common radiotherapy modality, today uses an
electron beam as the radiation source.

Electrically Produced Radiation

The two industrially useful forms of ionizing radiation are
electron beams and the photons which result from their interaction
with a target material. Since such a photon generator requires an
electron source, one normally describes the two methods of treatment
as being performed by electron beam accelerators in direct or indirect
(photon) mode.

The key performance parameters which describe an accelerator are
energy (in MeV) and power (in kW). Energy determines penetration
thickness and power sets the limit to the throughput which can be
processed.

In direct mode, the penetration of electrons is modest. In unit
density material, the depth penetration is only about 3.5 cm, even at
10 MeV. While accelerators can readily achieve much higher energies,
in practice, the potential for induced radioactivity limits their use.
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to about this energy. (This is the internationally agreed limit for
foods irradiated by electrons).

Based on energy, three broad classifications of accelerators can
be made. Low energy accelerators (to 500 keV) are in widespread use
for treating surface coatings. The electrons are created along an
extended linear cathode and accelerated, in a dc field, to produce a
"curtain". At such low energies, lead shielding integral with the
accelerator protects the workers. Several manufacturers make these
units and more than 500 are installed.

Medium energy accelerators (1 MeV - 4.5 HeV), based on either
Cockroft-Walton, insulated-core transformer or Dynamitron technologies
are established industrially. Powers range to hundreds of kilowatts,
to permit throughputs of hundreds of tonnes per hour even at
sterilizing doses of 10 kGy. These require area shielding (bunkers)
and concrete walls of several metres are necessary to attenuate the
radiation produced, to safe levels. Approximately 50 are in
industrial service. However, one can postulate that this number is
limited by the inability to penetrate more than 1-2 cm of product (at
unit density).

Above 5 MeV, the high energy range in industrial terms, only a
handful of accelerators exist. Powers are a rather modest 10 - 20 kW.

While high energy accelerators will penetrate an industrially
significant depth, there are still many applications that require
depths only achievable with photons. The efficiency of conversion is
a function of energy (9% max. at 5 MeV and 18% max. at 10 MeV), but
relatively low. Thus high energy machines are needed if a reasonable
efficiency is to be achieved, and high powar machines are needed if
significant throughputs are required. Since these energies are above
the breakdown voltages for practical quantities of insulating gases,
the radiofrequency linac is the technology of choice.

In a typical rf linac, electrons are generated in a gun and
injected into a series of copper accelerating cavities which are
exited by a klystron-produced radiofrequency field. A family of such
accelerators called IHPELA (Industrial Materials Processing Electron
Linear Accelerator) is under development by AECL.

Accelerators - Isotopes (Technical)

The principal technical differences between the two sources are:

Cobalt-60,
• emits radiation in all directions uniformly;
• emits without interruption (100% reliability based on

natural law);
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• penetrates tens of centimetres (for materials of unit
density);

• provides radiation at a low dose-rate;
» is ultimately limited in quantity by the reactor capacity

that can be made available, and
• is a well established technology.

By comparison, accelerators
• emit in one direction (principally);
• can be turned on and off, (or fail if components are

unreliable);
• penetrate less unless used in photon mode;
• provide dose rates (in direct mode) from 3 to 6 orders of

magnitude higher;
• can be produced in unlimited quantities by electrical

equipment manufacturers, and
• only for low and medium energies is the technology well

established.

Accelerators - Isotopes - (Economic)

Comparing the economics of a well established technology with one
which is embryonic is likely to distort the final picture. To compare
such different technologies over a wide range of applications also
invites legitimate criticism. However, some general conclusions are
widely held, viz

Cobalt is in its least economic position when

a) products cannot be transported to fill much of the
surrounding volume and hence the efficiency of absorption is
small, or

b) products are highly seasonal, or the demand is for high
instantaneous throughputs. Such situations demand high
installed capacity.

Accelerators are least economic when

a) throughputs are small, or

b) they must be used in photon mode.

Roles of Accelerators

It is thus generally accepted that accelerators provide an
opportunity to produce radiation for the irradiation of bulk
commodities or large volumes, when microbial control or crosslinking
is required.
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This results from the justifiable presumption that high power
linacs are not, proportionately more expensive than lower power
linacs. Thus, unit throughput costs can be an order of magnitude
lower than could be achieved with an isotope source in high volume
situations. New markets, hitherto inaccessible to radiation can
therefore be contemplated, including:

a) production plastics
b) animal feeds
c) industrial process streams with biological contaminants,

and
d) wastes.

Work is also proceeding in several countries to establish
processes based on degrading long molecules, e.g. in cellulose to
chemical conversions.

In the domain of food irradiation, one can expect accelerators
where:

a) the product is thin and hence amenable to direct electron
treatment,

b) where low dose requirements, coupled with load or
seasonality factors, make the economics of treatment in
photon mode acceptable, or

c) where treatments require simultaneous heating/cooling and
irradiation. (This can require high dose rates).

Accelerator Developments

Until now, high energy linacs have been used industrially more
extensively in the Eastern bloc countries. In the West, two 10 MeV,
20-30 kW linacs are being built for sterilization service in Sweden,
and a plant for sterilizing mechanically deboned chicken has recently
been opened in France. The Florida Department of Agriculture and
Consumer Services has recently called for bids for an accelerator for
a pilot food irradiator in Florida.

The key to opening up new markets for accelerator-produced
radiation is R/D into new applications. AECL has developed a pilot
scale irradiator, AECL 1-10/1, which is being offered for this
purpose. The first unit is installed at the Whiteshell Nuclear
research Laboratories.

In addition, the first of the IMPELA family of high energy high
power linacs is under construction at AECL's Chalk River Nuclear
Laboratories. The technology on which this is based will permit
expansion to powers at least ten times greater than currently
available at high energy, and thus permit radiation to be used as the
agent of materials modification, in a whole new range of processes.
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60Cobalt is the most widely used radioisotope in the world today. It
emits two gamma photons with energy levels of 1.2 and 1.3 MeV which
gives the gamma rays great penetration, a useful characteristic for many
of its applications. It has a 5.3 year half-life which is practical for
its large volume applications. It is metallic in form and is not
readily soluble in water, so it can be safely shielded in a pool.

The most common form of 60Cobalt produced is slugs. These are doubly
encapsulated in stainless steel capsules to isolate the radioisotope
from the surrounding environment. 60Cobalt is also produced in pellets,
discs, plates and rods. As AECL is the supplier of the majority of the
world's 6"Cobalt, AECL slugs (l"xl/4" diameter) and pellets < lmm x 1mm
diameter) are the configurations most commonly employed. The slugs are
produced mainly for industrial gamma processing use where large mega
curie sources are required. The AECL type C-188 pencil has become the
standard industrial source in the world today. Over 225,000,000 curies
have been shipped and over 100,000,000 curies are in service worldwide.

The pellet, the form in which 60Cobalt was first produced is normally
encapsulated as a "point" source. Its initial and still main
application is in the area of cancer treatment. The world famous cobalt
cancer therapy unit was developed by AECL as part of the Atoms for Peace
program. The world's first commercial unit was installed by AECL in
1951 to treat cancer at the Royal Victoria Hospital, London, Ontario.

As the benefits of 60Cobalt became evident in the 1950's, new
applications were rapidly developed through applied research at AECL
Commercial Products Division and in various other companies and nuclear
facilities throughout, the world. The burgeoning new applications in
some cases required large volumes of 60Cobalt and high specific activity
material. Experimental research reactors could not meet the anticipated
demand and the huge reactors under construction in the 1960's at the
nuclear power generating stations were turned to for the high neutron
fluxes needed to produce such material.

The Candu reactor is admirably suited to produce large quantities of
60Cobalt and since it was originally unique to Canada it allowed AECL,
Commercial Products (now Radiochemical Company) to become the world
leader in the development and exploitation of gamma processing
technology. AECL's decision to contract with Ontario Hydro for large
quantities of 60Cobalt at relatively high specific activity enabled
practical irradiators to be designed with high volume throughputs.



The principal industrial application in the gamma processing field is
the sterilization of medical disposable products. As disposables
replaced reusables in hospitals the market for this application grew
rapidly. The attractive features of gamma sterilization are its 100%
positive efficacy, its simplicity and reproducibility. The first
commercial installations were made in Europe by the UKAEA in 1960.
Others quickly followed, namely the Conservatome, H.S. Marsh, Vickers
and Sulzer. AECL installed its first production irradiator in the U.S.
in 19G4. Medical disposables are now sterilized in over 100 facilities
worldwide with approximately 100 million curies installed. By virtue of
having the most rapid growth in conversion to medical disposables, the
U.S. today accounts for almost 2/3 of the world gamma processing
capacity. 6"Cobalt is almost exclusively used as the radiation source.

Other potentially large scale applications for gamma processing with
60Cobalt for the purpose of bioreduction include: Irradiation of
certain foods for the extension of shelf life or decontamination;
Irradiation of contaminated waste from hospitals; and irradiation of
garbage from international airline flights. Reduction of microbial
contamination in cosmetics and cosmetic ingredients by exposure to
6"Cobalt is also widely practiced.

Gamma rays from 60Cobalt are also employed to modify beneficially the
properties of materials. Facilities have been designed to irradiate
heavy plastic components to cross-link and thereby improve the physical
characteristics of such products. 60Cobalt gamma rays have the effect
of degrading some materials, which in some cases can be turned to
advantage, for example in the degradation of teflon.

Living cells can also be altered by 60Cobalt gamma rays. In the area of
food irradiation, delay of ripening of certain fruits and inhibition of
sprouting in potatoes and onions is accomplished in this way. The
sterile insect technique to eradicate certain species is another example
of the benefits to be derived in this regard.

Of all the uses of 60Cobalt, the sterilization of medical disposables is
the largest, utilizing over 90% of 00Cobalt sources today. As
regulatory barriers fall and the relative economics vis a vis
alternative processes become more favourable for 60Cobalt, the large
potential in other applications for this versatile radioisotope will be
developed.
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Radioisotopes in clinical medicine are currently used in in
vivo competitive binding assays, diagnostic imaging, and in
therapy. Competitive binding assays involve the measurement
of a serum substance by its ability to bind to a protein as
compared to its radiolabelled counterpart. The most commonly
used radioisotope is 1 I, although Co and H are used in
specific circumstances. Future trends in laboratory assays
are away from radiolabels because of radiation concerns, and
towards the use of enzyme and fluorescent labels. 1 C, 3H
and P will continue to be widely used in in vitro medical
research because these are biological elements.

Diagnostic imaging with radioisotopes is a rapidly changing
field. Fundamentally, a radioactive label is attached to a
pharmaceutical and, depending on the biologic behaviour of
the pharmaceutical, localizes to a specific part of the body.
For example, 9 mTc labelled to pyrophosphate localizes to
areas of active calcium deposition which occurs in
metabolically active bone, resulting in a "bone scan". Table
1 lists the more commonly performed procedures, the
radioisotopes, and Pharmaceuticals used. 9™Tc accounts for
80-90% of all radioactivity used because pf its low radiation
dose, on-site availability through Mo/ ™Tc generators, and
favourable labelling chemistry.

State-of-the-art instrumentation is the Anger gamma camera
which optimizes the imaging characteristics of the 140 KeV
gamma emission of 99inTc. Simplistically, it consists of a
Nal(Tl) crystal, approximately 40 cm in diameter, coupled to
an array of photomultiplier tubes resulting in a positional
display of recorded disintegrations. Recently single photon
emission computed tomography has become widely available
using a rotating gamma camera interfaced to a dedicated
Nuclear Medicine computer to obtain tomographic slices in
virtually any direction.

Developments in single photon imaging are dependent on
radiopharmaceutical research. Recent develppments include a
"Tc labelled brain perfusion agent and a ™Tc labelled

myocardial perfusion agent. 12 I labelled compounds are only
selectively used because of the lack of constant
availability, short shelf life, and high cost of * 3l,
although dosimetry and imaging characteristics are
favourable. mTc would appear to be the radioisotope of
choice, but it too is far from perfect as it is not a
physiologic element.

C, N and 0 are the most abundant elements in the human body.
Suitable radioisotopes of these elements are X 1C, 3N, and
O which are positron emitters with half lives measured in

minutes. F has also proved useful as a positron label.
These are ideal elements for physiologic imaging but PET

2:APP
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scanners with on-site cyclotrons and high level hot labs are
necessary and very expensive installations. Organ blood
flow, oxygen utilization, and metabolic pathways, among
various other parameters can be measured and imaged (see
Table 1). Of particular clinical use are F-deoxyglucose in
the assessment of myocardial ischemia, oxygen extraction
ratio in cerebral tumours, and distribution of neuroreceptors
in various neurologic and psychotic disorders.

Tumour detection by 1 3 1 I , 1 2 3 I , and x x * In radiolabelled
monoclonal antibodies may be the next major breakthrough in
medicine. Theoretically, radio-antibodies targeted against a
specific tumour antigen are the ideal way to detect tumours
histologically, rather than relying upon an anatomic
enlargement or distortion which is the information obtained
from all other diagnostic imaging modalities. The major
drawbacks are lack of uniqueness of tumour antigen and low
target to background ratios.

The use of beta emitters, such as 90Y, 32P, and l 3 1l allow
for unsealed sources to be used for in vivo therapy after
biological or interventional localization of the activity to
a specific area of the body. This differs from conventional
brachytherapy, where a sealed source such as Cs or Ir
is surgically implanted into a specific body region and then
removed after the radiation dose is given.

Nuclear Medicine makes possible the measurement and
distribution of in vivo body chemistry and in this way is
unique to diagnostic imaging. Perhaps Nuclear Medicine will
herald a new era in cancer detection and exploration of the
workings of the mind.
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Table 1
Medical Applications of Soir.e Radicisctopes

Radioisotopes T 1/2 Decay gKeV Application

" " T c 6.0 h IT 140 imaging: bone, brain, heart,
gastrointestinal, lung,
kidney, thyroid

i 3 3Xe 5.2 d ,B",y 81 imaging: ventilation
l z 7Xe 36.0 d EC 172,203 imaging: ventilation
8 1 -Kr 13.0 s IT 190 imaging: ventilation

1 3 1 I 8.Id £~,y 364 imaging: kidney, thyroid, tumour

therapy: in vivo
1 2 3 1 13.0 h EC 159 imaging: kidney, thyroid
2 0 1Tl 3.1 d EC 1671C,69-83X imaging: myocardium
6 7Ga 3.2 d EC 93,184,300 imaging: infection, tumour
l l lIn 2.8 d EC 173,247 imaging: infection, tumour
1 2 5 1 60.0 d EC 35*,27-32X laboratory
1 4C 5730.0 y JB" laboratory
3H 12.0 y p laboratory
3 2P 14.0 d fi~ laboratory, in vivo therapy
5 7Co 270.0 d EC 122 laboratory
90 Y 2.7 d fi~ in vivo therapy

*9Sr 50.0 d ja",V 900 in vivo therapy
192 Ir 74.0 d J3~ ,y 317 brachytherapy
l 3 7Cs 30.0 y fi~ 662(137"Ba) brachytherapy
fl2Rb 1.3 m £ + 511 PET: myocardium
6 8Ga 1.1 h fi* 511 PET: organ imaging
11 c 20.0 in J3+ 511 PET: metabolism, blood flow,

neuroreceptors
1 3N 10.0 m fi* 511 PET: blood flow
1 5O 2.0 m £* 511 PET: blood flow, metabolism
1 4F 1.8 h fi* 511 PET: metabolism, neuroreceptors
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A KAON FACTORY AS A GENERATOR OF INDUSTRIAL OPPORTUNITY

J. Carey, D. Dohan, D. Gurd, A. Otter, R. Poirier, K Relniger, V. Verma
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., V6T 2A3

SUMMARY

TRIUMF has requested funding of 571 million to transform Canada's
National Meson Facility in Vancouver, B.C. into the only KAON laboratory
in the world, thus giving it a unique future in particle physics re-
search. The proposal has been reviewed more thoroughly than any other
comparable proposal in Canadian science and received enthusiastic endor-
sation from reviewing committees. We anticipate that it will be dis-
cussed by the Federal Cabinet in the next few months and that it will
receive either full approval or a farther $10.8 million to complete the
design studies. The main component fabrication period is expected to be
in two to five years from approval of full funding, and particle beams
should be delivered six years from that date.

The proposal envisages taking a beaa of particles from the existing ac-
celerator and increasing its energy by a factor of sixty in two circular
machines called "synchrotrons." The particles will also pass through
"storage rings" whose function is to alter their time structure from a
continuous stream into pulsed bunches. The new accelerators and storage
rings will be housed in two underground tunnels, one 214 m and the other
1.1 km in circumference. The accelerated particles will be guided to a
new experimental hall where kaons will be produced and the rich physics
offered by kaons will be explored.

We present this facility both as an opportunity and a challenge to
Canadian industry. With your support we estimate that 90% of the spend-
ing can be in Canada. We achieved a value of 85% on the present TRIUMF
facility fifteen years ago. Whereas TRIUMF consists of a few unique,
very large components, the KAON Factory will utilize large numbers of
identical waalLet components* This will at Low production Ltn.es to be
established for their manufacture. There will be opportunities to:
supply basic materials in large quantities; manufacture accelerator
components; take part in technology transfer; expand product lines and
gain expertise to bid on components for other accelerators.

We anticipate that companies from all regions of Canada will be able to
participate in this project.

ACCELERATOR COMPONENTS

A particle accelerator is a large and complex electrical machine which
presents as many mechanical engineering challenges as it does electrical
ones-

Basically, accelerators consist of families of devices to:



Accelerate the particles "RF Cavities"
Guide the particles "Magnets"
Contain the particles "Vacuum and Beamlines"
Monitor the particles "Diagnostics"
Provide mechanical support and
precise alignment "Stands"

Make everything work. "Control System"

Subsystems which allow these components to work include:

Current regulated AC and DC magnet power supplies.
High current and high voltage chokes, capacitors and switching circuitry.
Ventilation systems.
Demineralized water cooling systems.
Control components from sensors to computers.
Precision mechanical subassemblies.

Estimated quantities and values of some of these components are listed in
Table 1.

As the particle energy increases its parameters change so that component
designs vary from ring to ring and in the experimental halls. Five or
six different designs are therefore required for each type of component.
This variety of components and component designs will ensure the partici-
pation of many Canadian companies, even for the manufacture of one type
of item.

There will be opportunities to supply material. For example, the magnets
will require:

DC magnet steel 2 000 tons
AC magnet steel 2 230 tons
Hollow copper conductor 320 tons

The last item is not at present made in Canada, but a project as large as
the KAON Factory gives an opportunity for capital investment. 96 000
tons of concrete and steel will be required for shielding in the Experi-
mental Hall and Neutrino Facility.

Miles of power and instrumentation cabling and many tons of stainless
steel tubing for cooling systems will also be purchased.

OPPORTUNITIES FOR TECHNOLOGY TRANSFER

TRIUMF will work with manufacturers on component design. When expertise
exists in industry, performance specifications will be provided. For
more specialized devices such as magnets and RF cavities detailed draw-
ings will be supplied to manufacturers.

As an example of technology transfer to Canadian industry, over the past
fourteen years TRIUMF has transferred the manufacture of DC magnets from
overseas to Canadian companies. WE will continue to do this for KAON
Factory components.



Because TR1UMF will have Co supplement its staff there will be opportuni-
ties for engineers from Industry to participate in the design phase at
TRIUMF and then to return to their companies to supervise construction.
WE anticipate using this approach in areas such as AC magnet design,
power supplies and control systems. We also expect to make extensive use
of Canadian consulting firms.

Opportunities for Canadian industry to supply other laboratories will be
generated. Accelerators are big business in Europe, the United States
and Japan. Firms that have demonstrated the ability to produce
components for a KAON Factory will have opportunities to bid on other
projects around the world, for example the $6 billion SSC in the U.S.

There will be other opportunities. A KAON Factory will generate indus-
trial spin-offs which cannot be predicted in detail. An Independent
study forecasts spin-offs totalling $243 million per year. Companies
that have worked with us to create the facility will be in a prime
position to exploit these spin-offs.

Table 1
KAON Factory Components

Accelerator Magnets DC
AC

Beam Transfer and
Experimental Hall Magnets

Magnet Power Supplies DC
AC

Magnet Chokes, Capacitors
and Switching Circuitry

RF Cavities
RF Driver Amplifiers
DC Power Supplies

Control Devices and Computers
Steel and Concrete Shielding
Vacuum Components
Robotics
Electrical Services and Utilities
Cooling Systems

Number

588 )
457 )
135 )

300 )
370 )
220 )

43 )
66 )
50 )

6 100 devices
96 000 tons
1 970 devices

Value
(million $)

73.7

38.4

38.0

38
76,
23
5

22.8
11.9
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SUMMARY

The need -for a more efficient method o-f managing
information in Ontario Hydro's nuclear stations was initially
identified in the early 1980"s.

There -followed a Nuclear Generation Division (NGD)
Information System Planning (ISP) Study in 1982, which
Identified the major information problems confronting the
division and specified the existing and new information
systems required to address these. In 1983/84, the
requirements for these systems were defined. Detailed
specifications were produced in 1985 and during 1986/87 the
systems were designed, tested and installed, initially at
Darlington NGS. The systems *rm now in full production at
Darlington and are in the process of being installed at
Pickering NGS.



INFORMATION SYSTEMS

A number of information systems, common to NGD ware
identified. These are integrated as shown in the attached
diagram.

i) §taf f _inf grmati,gn_System_.(SI.S2, - an existing system
used to identify employees, produce timesheets,
payroll, shift schedules, etc.

ii) Materiai_Managemenfe_System_i.MMSi - an existing system
used to control the procurement, storage and issuing
of stores material.

iii) 6guiEffleDt_§Bare_Earts_J.ESPi - an existing system used
to control the identification and specification of
parts and components.

iv) Wgrk_MaQagefflgnt_Systgm_^WM.S2, - a new system used to
identify, plan, initiate and report on all
preventative and corrective maintenance done within
the station.

v> Qgst-BgESCtiQS-aQd.Cgntrgl.S^stem^CRCS! - a new
system to gather and report on labour and material
costs.

vi) BQ£umeQt_Ma^gggment_System_iDMS2, ~ a new system to
produce, store, indax, retrieve and display station
documents.

A number of specific systems were also identified for
Darlington.

i > EC9£esSi9DaI_0£fice_System_iPRQFSi - a new system for
calendaring, electronic mail, meeting scheduling, etc.

ii) S9!DBytec_Aidgd_Drafti.ng_j[CQDi - a new system to
produce station flowsheets and miscellaneous drawings.

This paper outlines an overview of these systems, a brief
description of the Work Management System, the way in which
they are all used, the costs associated with them and the
benefits resulting from them.
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Operations Decision Support Systems
for CANDU Nuclear Plant Operations

by

H.E. Sills
Atomic Energy of Canada Limited
Chalk River Nuclear Laboratories

J.W.D. Anderson
Atomic Energy of Canada Limited

CANDU Operations, Sheridan Park

An integrated expert system is currently being developed by Atomic Energy of Canada
Limited to support operation of CANDU nuclear power stations. The system will directly access
plant information from existing digital control and monitoring systems in order to perform
several roles.

One role is to act as an operator advisor during both chronic and acute abnormal plant
transients. In this role, the system would reduce information overload during such events,
advise the operator of procedures to be followed to mitigate the symptoms of the transient, and
attempt to diagnose the root cause of the event so that normal operation can be resumed as
quickly as possible.

An additional role will be to optimize everyday operation of a station. This will be done by
advising on the consequences of potential operator actions, by diagnosing potential problems
before they lead to abnormal plant transients or forced outages, by providing useful operating
services, such as advising on refuelling stratagies, and by relieving operators of many tedious
duties. These functions will increase operator reliability, increase plant availability, and
decrease plant operaing costs.

This paper will discuss the scope and implementation of the Operations Decision Support
Systems and its various components.
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ROUTINE TREND ANALYSIS PROGRAM
FOR

PLANT PROCESS PARAMETERS

J. G. Comeau
New Brunswick Electric Power Commission

Point Lepreau Generating Station
P. 0. Box 10

Lepreau, New Brunswick
EOG 2H0

(506) 659-2102 Ext. 345

In most Canadian Nuclear power stations there is a general
requirement to review alarm summaries and process parameter
trends following unplanned transients in order to develop a
comprehensive understanding of the cause of che transient ana the
event sequence. This practice is also commonly used by station
staff in the troubleshooting of process system abnormalities, and
essentially consists of the review of graphs of process data vs
time, known as Trend Analysis. With dedicated effort from
Operations and Technical staff, it is often possible to establish
the cause of the unplanned transient and off-normal process
response. The practice of trending process parameters during
normal operation witn a view to detecting incipient problems or
to predicting maintenance requirements is, however, not common.
Recent experience at Point Lepreau G.S. has illustrated the
benefit of establishing a Trend Analysis program for key plant
process parameters during routine operation. Benefits from such
monitoring, such as confirmation of appropriate system response,
early iaentification and correction of dormant faulty system
response , identification of calibration problems, and the need
tor overhauling/cleaning equipment, have been achieved.

This paper reviews the following aspects of routine Trend
Analysis Programs to describe its use ana benefit:

(a) data collection techniques and types of trend analysis
which could be used in a routine Trend Analysis Program
for key process parameters,,

(b) current tools available to facilitate and enhance a
systematic review of process data.

(c) trena analysis applications to illustrate its success
in identifying system degradation and initiating
corrective action to maintain optimum performance.

(d) potential benefits to stations achievable by developing
and applying such a program.



(e) current thinking and concepts which could be
implemented to improve Trend Analysis data collection.

A program requiring regular monitoring of process system
performance beyond the continuous (gross deviation) monitoring
served by the process alarms is practical and can enhance the
performance and safe operation of the plant. If data trending is
sufficiently set up so as to discriminate small changes in
process state/ it can indeed identify the need for calibration
or the degradation of process equipment. In the former case
trend analysis could complement normal calibration programs and
permit a more rationalized approach to calibration frequency.

The primary tool tor Trend Analysis is the graph plot which
presents data in a format which facilitates interpretation. In
the past few years various data base software programs, developea
tor business applications, have been applied to process trend
analysis with a good deal of success. Easy access by engineers
to personal computers and such data base software have made the
implementation of Trend Analysis programs a more effective and
plausible method for routine monitoring of process performance.
The implementation of hardware systems which would transmit
on-line data to off-line computers loaaea with various Trend
Analysis packages would provide tor a more reliable and timely
monitoring capability that could ultimately leaa to improved
station performance.

In summary, recent experience in the use of Trend Analysis at
Point Lepreau has shown that there is merit to the establishment
of a Trend Analysis Program for key process parameters during
routine operations, foith the improvement of data plotting tools
and the potential for using computerized data logging, it is now
possible and practical to increase the scope of Trend Analysis
of process systems beyond the review after significant
transients. Implementation of such a program by operational
staff should result in more optimized system performance and an
enhanced preventative maintenance strategy, and could minimize
the occurrence of unplanned transients.



ONTARIO HYDRO'S
LOAD FOLLOWING REQUIREMENTS, ISSUES, EXPERIENCE

AND STRATEGY

by

A.M. LOPEZ, A. DESANTIS, J. CHADA, C D . JIN

SUMMARY

It was forecasted that from 1986 through the mid-1990s, the nuclear plus
hydraulic base load generation capability within Ontario Hydro will frequently
exceed the total system electrical demand. As a result, nuclear units will
increasingly be required to meet changes in demand to minimize the operating
costs.

This paper discusses Ontario Hydro's electrical system requirements regarding
nuclear generating stations and the key issues affecting their operation. It
summarizes the economic impact of nuclear maneuvering, reviews the operating
experience to-date, and presents the long term strategy that is being pursued.

The results of our analysis indicates significant savings on fuel replacement
costs due to nuclear maneuvering capability. This is achieved by eliminating
the need for shutting down baseload nuclear units and replacing the required
demand load from maneuverabie but expensive coal-fired stations. Between 1986
and 1987, Pickering NGS-B and Bruce NGS-B demonstrated the nuclear maneuvering
capability of CANDU reactors and has saved Ontario Hydro over 1 M$ in fuel
costs. A typical load cycle at Bruce NGS-B consisted of reducing power to 50%
FP, holding at that power, then returning to full power when system requires
it. Deeper nuclear maneuvers, where power is reduced to 20 - 25& FP, have
also been successfully demonstrated.

A joint work program within Ontario Hydro is being pursued by Operations,
Research, Design and Systems Planning departments to anticipate potential
areas of concern during the coming periods of significant unutilized energy.
In particular, the impact on long term effects on equipment includes a scheme
to anticipate, monitor and evaluate the impact on equipment reliability and
performance.
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FUELEM: A MICROCOMPUTER PROGRAM TO
AUTOMATICALLY SELECT CHANNELS FOR REFUELLING

by

B. Rouben, D.A. Jenkins and C.R. Calabrese*

Atomic Energy of Canada Limited
CANDU Operations

Sheridan Park Research Community
Mississauga, Ontario, L5K 1B2

1. Introduction

We have developed a computer program to assist the fuelling
engineer at a CANDU reactor in the selection of channels to be
refuelled. At present, this task involves a fairly time-consuming
study of data such as power and burnup distributions, refuelling rates,
zonal powers, zone-compartment water fills, recent refuelling history,
etc. The procedure for making a reasonable choice is amenable to being
programmed on a computer.

Our program, called FUELEM, is written in FORTRAN 77 and has
been installed on an APOLLO workstation for convenience. Execution of
the program on a microcomputer such as the APOLLO is important
especially at the development stage, where numerous program features
and algorithms can be tested quickly, easily, and at negligible
computer cost.

While this type of program may be a good candidate for the
application of an artificial-intelligence language such as LISP or
PROLOG, FORTRAN 77 was used as the development tool. The practicality
of writing the "final" production version of the program in an
artificial-intelligence medium will be evaluated later. We do feel
that the use of FORTRAN 77 lends a high degree of portability to the
code at this stage. It also enables the program to be installed on
basically any computer, mainframe, mini, or micro.

The existing version of FUELEM has been developed for, and
tested on, the case of a CANDU-600 with standard bi-directional
eight-bundle-shift refuelling.

Attached from Comision Nacional de Energia Atomica, Direccion de
Centrales Nucleares, Gerencia de Ingenieria, Argentina
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2. Prerequisites

FUELEM must have available to it, as input, files created by
the fuel-management code used to track the detailed operating history
of the reactor. This fuel-management code, in most CANDU stations, is
RFSP (Reactor Fuelling Simulation Program).

These files contain essentially the same information normally
used by the fuelling engineer to establish a channel selection. The
information is two-fold.

The first part consists of a "snapshot" of the reactor at the
time when the channel selection is desired, with information such as:

* instantaneous burnup distribution

* instantaneous zone-controller water fills

* expected reactivity increase on refuelling a specific fuel
channel (for all channels)

* value of Full Power Day (FPD) when each channel was last
refuelled

The second part of the information consists of the core
time-average picture which reflects the long-term-average situation as
established by means of the Fuel-Management Design Program FMDP:

* time-average power distribution

* time-average fuel exit burnup by channel

* time-average zone-controller water fills

* time-average frequency of refuelling for each channel, or its
inverse, time-average dwell time (interval between successive
refuellings) of each channel

3. Algorithm

FUELEM first sets about eliminating channels which it
considers unsuitable for refuelling at the current time. Channels
eliminated satisfy one or more of a number of different criteria:

* channels with power above a specified cutoff value



- 3 -

* channels with exit burnup below a specified fraction of their
time-average exit burnup

* channels which have been refuelled less than a specified
number of FPD before the current time

* channels which are neighbours to one or more channels
refuelled less than a specified number of FPD earlier

* channels which are neighbours to channels with a power above
a specified value

* In addition, the user can indicate by input specific channels
to be eliminated for miscellaneous reasons.

The "specified" quantities used in the above criteria are
given built-in default values in the program; these however may be
overridden by the user. Also, a distinction is made between the
closest neighbours of a channel (the A channels immediately adjacent to
it vertically and horizontally) and its second-closest neighbours (the
4 channels diagonally adjacent to it).

After having thus pruned the lattice of unsuitable channels,
FUELEM sorts the remaining list by exit burnup and also by expected
reactivity increase.

FUELEM then proceeds to establish channel selections. The
number of channels selected for refuelling is an input specified by the
user; up to 14 channels may be requested.

As a first step the program determines how many channels will
be selected from each of the 7 zones of the reactor, each zone being
associated with 2 zone-control compartments at opposite axial ends of
the reactor. In determining the number of channels to be chosen in
each zone, FUELEM takes into account the total number of channels to be
selected and the differences between the instantaneous and time-average
zone-compartment fills. As a rule, more channels will be selected in
zones where the water levels are particularly low relative to the
time-average fills.

A selection is thus put together by picking channels one at a
time from the list of candidates, choosing according to zone number and
from the lists sorted by exit burnup or by reactivity increase. Every
time a channel is picked, the criteria described earlier for
eliminating appropriate neighbours from the list of remaining
candidates are exercised, so as to avoid future power "hot spots".
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Axial symmetry or near-symmetry in channel selection can be
guided by the user, via inputs which tell the program the range of
axial imbalance permitted in the selection.

4. Overview

In practice many different channel selections are possible
at a given value of the energy clock (FPD value). The program
execution time per selection is negligible: a fraction of a second on
the APOLLO. Thus FUELEM proceeds to make a large number of different
selections (default number = 100). The list of different selections is
then finally sorted by total fuel exit burnup attained and by total
reactivity increase expected, so that the program can recommend to the
user the selection which will maximize exit burnup and that which will
maximize reactivity increase (i.e. minimize refuelling frequency).

However the user is of course not held to make a final choice
of one of these two selections. FUELEM can, if required, serve the
user with each of the selections it has established, giving all
pertinent details of each selection, such as channels chosen, power of
each channel, exit burnup of each channel and average burnup, direation
of each channel, etc. The user can then pick a selection deemed more
desirable than one of the recommended ones.

5. Conclusion

FUELEM is an operational tool designed to assist the fuelling
engineer in making a good selection of channels for refuelling.

FUELEM has been tested on realistic situations to be
encountered at operating reactors and has recommended sensible
selections of channels.

FUELEM is a versatile program and can easily be customized to
a user's specifications. It is easily portable and can be installed on
a large or small computer. Its operating cost is negligible.
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AN OPPORTUNITY FOR INEXPENSIVE NUCLEAR POWER

At BNGS"B", with our reactor designed for significantly
more power than the design rating of our
turbine/generator, we realized that there was an
opportunity for inexpensive power. Uprating the
turbine/generator up to the rating for 100% full power
from the reactor would produce power that would cost
close to the fueling cost only. This is a very
attractive rate.

The original design had the turbine/generator rated at
807 MWe at 88% reactor full power. This gives us an
opportunity of gaining an extra output of 110 MWe per
unit without any gain in efficiency.

During the initial commissioning an output of 845 MWe was
achieved due to the design flow margin in the
turbine/generator provided by GE with "Control Valves
Wide Open." Gradually, by increasing the boiler pressure
and solving related problems, we were able to achieve an
output of 940 MWe (gross) at 100% Reactor Power. This
was achieved in the Phase 2 uprating test on Unit 5 in
December 1987. The test culminated with full load
rejection from 940 KWe.

PLANT CHANGES

Phase 1 Uprating

Boiler steam pressure was increased by 5% to allow a
higher steam flow through the turbine. This resulted in
simmering of the main steam safety valves (MSSVs).

The operating pressure was reduced and a design study was
initiated to increase the design pressure on the
secondary side. The increaspd design pressure required
new springs on all the MSSVs to accommodate the higher
set pressure.

A total of 13 related secondary side systems required
analysis. Some minor changes to equipment were required
to accommodate the increased design pressures.

The only change on the Turbine Generator was an increase
in stator water flow to maintain generator stator
temperatures at their previous values.

After receiving regulatory authority approvals, the
design changes were implemented and the units were
uprated to 885 MWe at 95% Reactor Power.
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Phase II Uprating

Following the successful implementation of Phase I
uprating, Design were asked to study a further increase
to 100% Reactor Power.

Design studies were initiated by the Turbine Generator
manufacturer, other secondary side component
manufacturers, Ontario Hydro and AECL.

These studies indicated that further uprating was
possible if design changes were made, including:

1. Generator current transformers.
2. PHT Pressurizer Level Control.
3. Moisture Separator Reheater (MSR) relief valves.

After the installation of new MSR relief valves,
regulatory authority approval was received to conduct a
test. Nine hundred and forty MWe at 100% Reactor Power
was demonstrated on Unit 6, indicating that it was
worthwhile to proceed.

The required design changes were then implemented fully
on Unit 5 and it was uprated to 100% Reactor Power.

Future

We are currently undergoing a two-month shakedown of
Unit 5 operating at approximately 935 MWe prior to
declaring the Unit In-Service at an uprated condition.

We plan to implement the design changes to uprate the
other units during their scheduled outages in 1988 and
1989 similar to Unit 5.

Impediments to our ability to capitalize on this
opportunity are:

1. LacK of transmission lines from Bruce which is
expected to be resolved in 1990.

2. Restrictions on generation imposed by moderator
temperature limitations with warmer lake water
temperatures.

3. Problems with the deaerator internal spray header
during operation/load rejections.

4. Needing to run three x 50% boiler feedpumps at
non^optimal conditions.
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5. Exciter current limitations.

6. Reactor inner zone inlet header temperature
limitation.

We are continuing to work to resolve or overcome these
impediments to obtain the benefits of this inexpensive
power for the people of Ontario.
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THE NUCLEAR BATTERY: A SOLID-STATE, PASSIVELY COOLED REACTOR
FOR THE GENERATION OF ELECTRICITY AND/OR HIGH-GRADE STEAM HEAT

by
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(204)753-2311

This paper reviews the origin, evolution and present status of an
AECL program to develop a small, solid-state, passively cooled reactor
power supply known as the Nuclear Battery. Technical and safety features
of this innovative reactor concept are presented along with a discussion of
potential applications and the progress of R&D support programs for the
component technology. The paper includes a brief examination of some of
the potential long-term benefits, spin-off opportunities and possible
future directions for the program.

The Nuclear Battery is a small nuclear power supply designed for
use in remote locations to generate electricity and/or high-grade steam
heat. It is being pursued as a complementary, follow-on product to the
SLOWPOKE Energy System district heat source, but is at a much earlier stage
of development.

The Nuclear Battery program originated in 1984 as a joint project
with the Los Alamos National Laboratory to develop a small 20-kV(e) nuclear
power supply for unattended short-range radar stations in the new North
Warning System. More recently, the focus has shifted to the commercial
generation of electricity at about the 500 kW(e) power level for remote
villages and Industries. Also, the potential of the Nuclear Battery as a
source of high-grade heat for generating steam has been recognized and a
preliminary market evaluation is being performed for such use in the in
situ recovery of bitumen from the Alberta tar sands.

While the Nuclear Battery concept has evolved to satisfy the
specific needs of each diverse application, its basic technical features
have not changed. The principal design requirements are the highest
possible degree of passive safety, high reliability without relying on
labour-intensive maintenance, and sufficiently favourable economics to
attract a large market. While many of the operational, safety and
licensing design goals of the Nuclear Battery are similar to those of
SLOWPOKE, they are Implemented with quite different technology.

The Nuclear Battery has a solid-state reactor core consisting of a
large block of graphite moderator material that is maintained at a tempera-



ture of about 550°C. Fuel rods are embedded directly in the graphite so
that a conventional loss of coolant or heat sink accident is not possible.
The Nuclear Battery uses TRISO coated-particle fuel that was developed for
high-temperature gas-cooled reactors and provides superior fission product
retention up to temperatures exceeding 1600°C.

The core region is surrounded by thermal insulation and sealed in
a metallic containment vessel. An inert helium cover gas system maintains
the core internal pressure just slightly above one atmosphere. Heat is
removed in a passive manner by multiple, independent and redundant liquid-
metal heat pipes that penetrate the graphite core block from above but
remain entirely within the containment envelope. A secondary organic heat-
transfer loop extracts heat from the heat pipes by means of a vaporizer
coil at a peak temperature of about 370°C. To produce electricity, the
external organic fluid loop becomes a thermodynamic heat engine referred to
as an organic Rankine cycle engine with toluene as a working fluid.
Toluene vapour is expanded through a compact, high-speed, single-stage
turboalternator to generate electricity at a net conversion efficiency of
better than 20%.

Other general features of the Nuclear Battery include no
refuelling, long lifetimes of 15 to 20 full-power years, low volumetric
power density, slow thermal transient response, strong negative temperature
reactivity feedback, and considerable siting flexibility.

While the Nuclear Battery is based primarily on the integration
and adaptation of proven component technology into a new reactor power
supply system, much of the technology is new to AECL. Therefore, consi-
derable small-scale development and assessment work is required before a
full-scale demonstration unit is committed. Important progress has
occurred at WNRE in some of the key R&D areas, such as development of the
potassium heat pipe and the organic Rankine cycle engine.

The Nuclear Battery concept has attracted considerable technical
interest because it offers a new means of passively providing primary reac-
tor heat transport; indeed, when built, it will be the world's first heat-
pipe-cooled reactor. Its technical attractiveness, safety characteristics,
market potential, and early R&D results suggest that it will prove to be a
worthy successor to the SLOWPOKE tradition.
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Recent technological developments in the design of small reactors have
opened a potential market in the field of local energy systems. Nuclear reactors
have been proposed to compete against conventional small plants for the supply
of heat, process steam and electricity. Part of the expected success of small units
is based on the design approach, which emphasizes inherent safety. While
relatively successful in supplying space heat, most small nuclear reactor
concepts are not well adapted to electricity production. For some, the desire for a
high level of safety has lead to low-pressure, low temperature systems with an
inherently low conversion efficiency; for others, higher temperatures have been
achieved at the cost of more complex engineered safety features.

The objective of the present work is to investigate a concept for a small
reactor dedicated to electricity generation which would combine efficiency and
safety. The design approach considers a suitable reactor as one which would: a)
represent a significant departure from past and present concepts and b) be
simple and require a minimum of engineered safeguards. The result is a
modular-sodium-cooled-thermal reactor (MODSTAR).

MODSTAR uses liquid sodium as a primary coolant, circulating by natural
convection inside closed vertical "heat pipes" which also contain the fuel. Heat is
removed by an organic fluid (the intermediate coolant) flowing around the top half
of the heat pipes, away from the fuel. The system is moderated by light water
contained in a calandria and separated from the liquid sodium by at least two
non-pressurized physical boundaries. The primary and intermediate operating
pressures are 101 kPa. Therefore, the system does not require special coolant
injection strategies and the risk of a loss of coolant accident is greatly reduced.
The temperatures which can be reached with MODSTAR are estimated to lead to
an overall plant efficiency of approximately 28 %.

The current design uses 26.5 kg of 2 3 5 U in a U-Zr-H matrix. Tne fuel
enrichment is 16 %. With a total output of 500 kWe and a load factor of 50 %, the
core lifetime is expected to be near five years. The large negative fuel reactivity
coefficient confers a high degree of stability in transient accidents. However, the
reactor can still be manoeuvered with speed and flexibility due to the fast
response of the primary thermal loop.



The work herein presented includes the first step of the conceptual design
of MODSTAR. A detailed analysis of the reactor physics is performed using the
neutron transport codes WIMS and XSDRNPM for the cells and the diffusion
code CITATION for the core. The thermal hydraulics of natural convection inside
narrow vertical tubes containing heat sources is studied experimentally in water.
Numerical simulation in sodium is carried out with COMMIX. The heat transfer to
the intermediate coolant is examined from an empirical viewpoint using
published correlations. An overall system design is proposed including the main
vessel, the fuel units, the control mechanism and the shutdown system. The
MODSTAR concept is also assessed and compared to other existing small
reactors in terms of efficiency, safety and cost. Its advantages as well as some of
the problems introduced by its originality are discussed.

Thus far, the results indicate that the novel concept of a heat pipe
containing fuel can lead to excellent heat removal and high efficiencies. Safety
can be ensured through simplicity. At this stage of its development, MODSTAR
appears to offer an attractive alternative as a flexible local energy source.
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INTRODUCTION

The Autonomous Marine Power Source (AMPS) is a nuclear-electric power
plant designed for submarine application. The necessarily compact AMPS reactor 1 is
water-cooled and is fuelled with uranium-zirconium-hydride eutectic alloy clad in
stainless steel. The reactor supplies heat at a rate of 1500 KWt to a low-temperature
organic Rankine cycle energy conversion unit which in turn generates a net power
output of 100 kWe. This paper describes reactor physics studies performed in the
AMPS reactor core design process.

CALCULATIONAL METHODS

Cell-averaged neutron cross sections used in the design analysis were
generated for seven neutron energy groups using the GGC-5 and GTF spectrum codes.
A distinctive feature of the AMPS core is the use of U-ZrHi.g alloy fuel in which
much of the neutron moderation is due to the hydrogen within the fuel elements.
Scattering kernels describing neutron interactions with bound hydrogen atoms in both
the zirconium hydride and the coolant water were used.

Reactor calculations were performed using the CITATION^ code to solve the
multigroup diffusion theory equations for one dimensional radial and two dimensional
r-z and x-y reactor models.



DESIGN REQUIREMENTS

The design process was directed towards identifying a compact core
configuration optimized to meet the following objectives:

1. Core burnup lifetime (to first refuelling) of 1000 full power days;

2. Minimal initial excess reactivity compensating for reactivity losses due to
routine fuel and coolant warmup and long term core burnup;

3. Normal reactivity control provided by regulating rods alone;

it. Shutdown rods, separate from regulating rods, capable of bringing the reactor
to cold shutdown with one shutoff rod stuck out of core and the core in its

most reactive state;

5. Assurance that, for any expected core operating state, the associated core
power distribution does not cause any fuel element temperature to exceed
the long term U-Zr-H normal operating limit of 750°C; and

6. Significant negative reactivity coefficients of fuel temperature, coolant
temperature and coolant density.

DESIGN STUDIES

a) Critical Assembly Optimization

The CITATION code was used to identify compact critical assembly components
and layout meeting the defined objectives, including radial and axial reflector
thicknesses optimized to provide a power distribution satisfying operating fuel
temperature limits.

The optimum weight fractions of the erbium burnable poison and the uranium fuel
uniformly dispersed in the fuel alloy were identified to satisfy the 1500MWd
burnup target and simultaneously achieve the minimal excess reactivity which
ensures criticality at full power over the design burnup lifetime.



The majority of the analyses were performed using 1 dimensional radial models

with neutron leakage in the axial dimension accounted for by group dependent

bucklings obtained from a reference two-dimensional r-z calculation. The final

design was evaluated using a more detailed r-z model.

b) Reactivity Coefficients

Fuel temperature, coolant temperature and coolant density coefficients of

reactivity were evaluated over the entire range of parametric variation

representative of the AMPS operating envelope. One-dimensional radial

CITATION models utilizing cross section sets calculated at appropriate core

conditions were used to evaluate changes in Keff associated with defined

parametric variations.

c) Control Rod Studies

A two-dimensional x-y CITATION model was used to calculate reactivity worths

and to evaluate the acceptability of power peaking associated with various

locations of control and shutdown rods. A key constraint determining acceptable

rod locations was the minimum feasible lateral spacing between the control and

shutdown rod drive mechanisms.

RESULTS

The optimized design of the AMPS critical assembly including the fuel and

reflector layout and control rod locations, is shown in plan view in Figure 1.

Approximately 9 kg of U-235 and 35 kg of U-238 are specified for an F-ring hexagonal

lattice core with a fuelled region of 0.44-m nominal radius and a 0.38-m height. The

relatively flat optimized time profile of effective core multiplication factor as a

function of core burnup is depicted in Figure 2.

CONCLUSIONS

The CITATION code has been used to achieve an optimal design of the AMPS

critical assembly. The design meets all stated design requirements.
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This paper reports the present status of the neutronics design of
a Nuclear Battery power supply for the small-scale production of electri-
city in remote locations. The economic pressure to achieve competitive
total unit energy costs has increased both the output power and the life-
time energy output from the Nuclear Battery to levels not previously eva-
luated in neutronics design studies for special-use applications, such as
radar stations and hybrid nuclear/diesel electric submarines. Thus, the
main purpose of this study is to verify the neutronic feasibility of the
revised design requirements and to define an initial reference core
concept.

The revised power specifications require a net output of 500 kW(e)
from the unit for the equivalent of 15 full-power years at an average
capacity factor of 50 percent. The intended energy conversion system is a
toluene organic Rankine cycle engine that will require about 2400 kW of
thermal power at a peak temperature of about 37O°C. The primary heat
transport system consists of 156 high-performance liquid-metal heat pipes
operating at about 500°C.

The paper describes the basic design of the reactor core layout
and geometry, including the selection of appropriate core materials to
accommodate the multi-disciplinary, and often conflicting, constraints
imposed by the heat transport, reactor physics, reactor safety and life-
cycle design requirements. A particularly important aspect of materials
selection is the choice of heat pipe wall material, since neutron absorp-
tion losses in the heat pipes have a large impact on the required fissile
inventory and, hence, on unit energy costs. Zirconium-based alloys or the
niobium-alloy, Nb-l£Zr, appear to be the most promising heat pipe materials
presently available.

The safety philosophy and design of the Nuclear Battery are based
on the assumption of unattended operation with remote monitoring (although
skilled operators would be present at least during initial reactor
commissioning). Since trained operators will not be in attendance
continuously to monitor the reactor safety, passive and redundant safety



features are fundamental reactor design considerations. In-core burnable
poisons are being Investigated as a passive means of reducing lifetime
reactivity control requirements. With judicious use of burnable poisons
supplemented by periodic adjustment of fixed poison rods it should be
feasible tc eliminate the theoretical possibility of a prompt-criticality
accident, once the reactor has achieved its normal full-temperature
operating condition.

The general features of the core design are a solid graphite
moderator and reflector, and lifetime fuelling with TRISO coated-particle
fuel enriched to less than 20 atom percent U-235. The graphite moderator
gives the reactor core a low volumetric power density and a large thermal
inertia, reducing the rate of temperature change during power changes. The
use of solid graphite, which will not undergo a phase change over an
extreme temperature range, as the primary heat transport medium avoids the
need for a heavy pressure vessel for containment. The TRISO particle fuel
itself provides a very robust primary fission-product containment barrier,
reducing the possible consequences of power excursions and eliminating fuel
performance concerns. The fact that TRISO fuel is routinely irradiated to
fuel burnups in excess of 100 MWd/kg U in high-temperature power reactors
is an important aspect of the technical and economic feasibility of the
Nuclear Battery concept.

The negative temperature reactivity coefficients of the TRISO fuel
and graphite moderator enhance reactor stability and provide a passive
mechanism for the self-regulation of reactor power. The natural tendency
of the core is to act as a constant-temperature heat source operating at a
power level determined by the available capacity for heat removal. The
negative core temperature reactivity coefficient also acts to place a
ceiling on the maximum possible equilibrium core temperature if all mobile
reactivity devices are removed from the core in a hypothetical accident.

The reactor core contains seven sites for reactivity control rods
containing boron carbide pellets of natural enrichment. Two or three of
the outer control rods are required to bring the reactor up to its normal
operating temperature while only the centre site is used for power
maneuvering or fine temperature adjustments. The remaining outer control
rods are normally poised in the fully withdrawn position to provide an
independent safety shutdown system.

In summary, the neutronics design studies performed thus far
continue to support the technical viability and safety of the Nuclear
Battery concept. One consequence of the increased lifetime energy output,
yet minimum fissile inventory required for commercial applications, is the
technical preference for using TRISO fuel with its demonstrated high fuel
burnup capability.
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The SLOWPOKE Demonstration Reactor (SDR) attained first criticality on
July 15, 1987. This reactor is a 2-MWt prototype of the larger 10-MWt
SLOWPOKE Energy System Reactor presently being designed by AECL. Besides
demonstrating the basic design principles and use of such reactors, SDR
serves as a test bed for the design and analysis codes. This paper
describes the approach-to-critical and the low-power physics and
transient tests that have been performed and compares some of the test
results with calculations.

SDR is a light-water, pool-type reactor with natural convection cooling
which operates at ambient pressure. The reactor core, approximately 30
cm x 30 cm x 50 cm high, consists of four fuel bundles containing U02
fuel having an enrichment of 5 vt% 235U in U. The core is surrounded by
a radial beryllium reflector. Reactivity is controlled by means of a
central control rod and four moveable absorber plates between fuel
bundles.

During fuel loading, an approximate measure of the reactor power was
needed. This was obtained from three ion chambers located around the
core. Before fuel loading, these chambers were calibrated, within a
factor of two, using a neutron source of calculated effective power.

Before fuel loading commenced, nine absorber pins were placed into
interstitial positions in each fuel bundle. The approach-to-critical was
monitored by observing the subcritical multiplication of neutrons from a
neutron source. The four fuel bundles were loaded one at a time into the
core. Criticality was approached by a combination of removing the
interstitial absorber pins and raising the absorber plates. After 12
absorber pins were removed and the absorber plates were raised 70% of
their full travel, first criticality was achieved. Removal of absorber
pins continued until criticality was obtained with all poison pins
removed from the core, with the absorber plates raised 33£ of their full
travel. This compares with a predicted critical configuration with the
absorber plates raised 29% of their full travel. The difference between
the predicted and measured critical heights is equivalent to 17 mk, which
is within the uncertainty expected in the design calculations.

During the approach-to-critical and subsequent to the approach-to-
critical, an absorber-plate reactivity calibration curve was obtained
from a combination of subcritical multiplication and period measurements.

A calibration curve was also obtained for the control rod in a similar
manner. Measurements indicate that the worth of the control rod is 10
mk, in good agreement with the design requirements. The maximum



reactivity-insertion rate for the control rod vas determined to be 2.0
ink/minute, also in good agreement with predictions.

Following the calibration of the absorbers, the reactivity worths of
simulated voids in the SDR core were measured by placing acrylic tubes,
containing mixtures of styrofoam balls and water, interstitially into the
fuel bundles and measuring the resulting change in the critical heights
of the absorber plates.

The effect of temperature on reactivity was measured by using a 75-kW
electric heater immersed in the SDR pool to raise the pool vater
temperature from about 17 degrees C to 65 degrees C over a period of
several days. During this time the reactor was run at low power (-17 V).
The changes in critical balance positions of the control rod and absorber
plates were used to provide a measurement of the negative reactivity
effect due to the increasing coolant temperature.

The thermal flux shape in the core was measured using copper activation
wires. A comparison of the measured flux shape with calculations
indicates that the VIMS-CITATION computer code system can predict
relative element ratings to within 5X. Simultaneously gold foils were
irradiated to obtain an absolute flu: measurement and hence a power
calibration for the ion chambers. The results indicate that the initial
ion-chamber power calibration, based on measurements with the neutron
source, overestimated the reactor pover by a factor of 2. This error in
the initial power calibration is due to uncertainties in calculating the
flux produced at the ion chamber position by the neutron source.

To demonstrate that the SDR neutronic protection system can effectively
shut the reactor down during a startup transient, a series of tests was
carried out by continuously withdrawing absorber plates until the reactor
was tripped by the neutronic protection system. Various initial
conditions and absorber speeds were used. The trip point of the
neutronic protection system was set at 38 W for all tests, with the log
rate trip disabled. The tests demonstrated that the neutconic overpower-
trip protection system can safely protect the reactor and effectively
shut it down for all these startup transients, including those starting
from the lowest possible source level, spontaneous fission. For all
tests, the reactor power did not overshoot the trip level. The
experimental results agree within 107 with the predictions of the
computer code TACLES and thus validate the code in respect of neutron
kinetics and safety system dynamics.

The SLOWPOKE Demonstration Reactor was started up successfully. Low-
power physics and transient tests were performed. The results of the
tests were in reasonable agreement with design calculations, thereby
increasing confidence in the neutronics models.
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Project design criteria

For the last three years, INVAP has been developing a new concept in

nuclear reactors. It consists of a very small plant, for production

of electricity in isolated or remote places, or for being intercon-

nected with small nets. It can also be used for bigger power plants,

adding more reactors (the economic limit is around 150 MWe), for the

production of industrial steam, urban heating or for desalinization.

In the first part of the study, the principal outlines were developed,

and were tested in the design of a 15 MWe plant.

The power was fixed arbitrarily, in order to study how the selected

outlines were applicable to a real design. The power can be used as a

variable for optimizing the reactor module.

The following are the design outlines, which will be afterwards explain-

ed:

- Modular design.

- Least possible on-site works.

- Allowances in the design for power increase with the addition of

more reactors.

- Easy transportation of components at low cost.

- Self-controlled reactor.

- Passive emergency systems.



CAREM MODULE

MAIN FEATURES

The nucleo-electric generating module CAREM-15 can be defined by its

main features, namely:

- Light water and enriched uranium

- Integrated primary circuit

- Self-pressurized

- Natural convection cooling

- Passive emergency systems

- Modular concept.

a) Light water and enriched uranium:

Our country has selected the natural uranium-heavy water cycle for

the big nuclear power plants. The complexity of this kind of reac-

tors is excessive for a small plant, due to three factors: the wa-

ter treatment, tritium production asociated with heavy water and the

need of on-line refueling.

So we chose a light water-enriched uranium cycle. The enrichment is

variable, depending upon the fuel management selected, but never ex-

ceeding '3%.

b) Integrated primary circuit:

This means that the steam generator is included in the pressure ves-

sel. In this way, the whole primary circuit is contained in only one

vessel. A normal (not integrated) PWR has a pressure vessel, two to

four steam generators, two to four pumps and the interconnecting pi-

ping.

c) Self-pressurized:

The reactor generates its own operating pressure, which is, therefore,

the vapor pressure corresponding to the core outlet temperature. There
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is no direct control of the pressure. There is an indirect pressure

controller, through the neutron power, so as to ensure that for stea-

dy-state use, the operating pressure is the same for all operating

powers. A vapor chamber, in the upper part of the pressure vessel,

absorbs the pressure changes during transients.

d) Natural convection:

An integrated system has a very small pressure drop in the piping.

This fact enables cooling the core by natural convection, meaning

that this reactor doesn't need primary pumps. This results in a

very simple reactor operation and in a reduction of the costs.

The coolant flow is induced by the different densities of the wa-

ter in the riser and the down-comer and by the different levels of

the core and the steam generator.

Fixing an appropiate temperature gradient in the core and a height

difference between core and steam generator, a coolant flow, suffi-

cient for the core requirements, can be obtained.

e) Passive emergency systems:

The emergency systems are fundamental to ensure the safety of the

PWR. In this type of reactors, the design of these systems has

evolved through the years, by adding new systems to previous de-

signs, and improving those previous designs, in order to achieve

the newest and highest safety standards.

There is a world-wide consense in tha nuclear industry that a new

safety philosophy is needed for the design of the emergency systems.

This new philosophy must achieve two goals: inherently safe reactors

and more simpler but highly reliable safety systems.

The CAREM-15 module is an inherently safe reactor: self-controlled,

self-pressurized, integrated, cooled by natural convection and very

simple to operate.
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And referring to the second goal, CABEM-lb has passive emergency sys-

tems, which means: Simple, highly reliable systems with no mechanical

moving parts, or need of electricity.

f) ModuLar concept:

One oi the means by which the cost can be lowered is by minimizing

'-he on-site works. This has been achieved by the modular design of

(he plant. II s made- up by thirteen modules, each one pro-.insemo I''d
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Thi.' civil structure is also minimized, attaining a great reduction

of the on-site work, compared with a conventional PWR.

Anottu.T advantage of the modular concept is that it doc-sn' t need

any adaptation to permit a serial production of the reactor.
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REFLOODING PHENOMENA DURING ECCS OPERATION

H. Mochizuki and ¥. Hayamizu

0-arai Engineering Center
Power Reactor and Nuclear Fuel Development Corporation

4002, Narita, 0-arai, Ibaraki 311-13, Japan

Because the core of the advanced thermal reactor (ATR), a
pressure-tube-type reactor, is vertical as shown in Fig. 1,
there are two possible reflooding modes after injection of ECC
water in case of LOCAs. Bottom flooding occurs after the break
of a downcomer, a main steam pipe, or a riser tube, because ECC
water is injected into a water drum below the core. On the other
hand, top flooding occurs in case of the double ended break of a
feeder pipe because the break channel is cooled by downward ECC
water from the steam drum. Turn-around time, heat transfer
coefficient after turn-around, and quench temperature are
measured and correlated for various kinds of heater bundles and
ECC water conditions.

EXPERIMENT

The reflooding tests were conducted under the following
conditions using the ATR safety experimental facility,

pressure : atmospheric
cluster : 28-rod or 36-rod (with and without ballooning)
initial cladding temperature : 350 to 850 *C
reflooding velocity : -0.2 to -0.15 m/s (top flooding)

0.02 to 1.27 m/s (bottom flooding)
linear heat rate : 1 to 2 kW/m
coolant temperature : 20 *C (bottom flooding)

70 - 90 t (top flooding)
Cladding temperatures at about 25 points were measured to get
correlations.

RESULTS AND DISCUSSION

In the case of bottom flooding, turn-around time at a given
location is expressed as follows.

t • V / x = 11 ( x / x H - 0.6 ) 4 + 0.12

t: turn-around time(s), V: reflooding velocity (m/s),
x: location(m), x H: effective heated length(m).

Turn-around time is defined as the time required for the slope
of the cladding temperature rise to reach zero after ECC water
arrives at the inlet of the test section.



The heat transfer coefficients, hOv/m'K), after turn-around
are correlated as a function of average reflooding velocity for
several positions in the core, as shown in Fig. 2, The heat
transfer coefficients of two thirds of the cluster are expressed
by the following correlation.

h = 440 V 0 ' 5

Quench temperature T o C C ) , has been correlated as a function
of pressure P(MPa), reflooding velocity V(m/s), peak temperature
T p ( " C ) . and saturation temperature Ts(°C) , for various ranges
of linear heat rate q (kW/m).

= Ts + AT,

A T P T = 231.0 + 0.0752 Tr 1.0 S q S 2 6 kW/'m

F P

f 1.5
= O . 4 7 V - 0 - 3

I 1 . 0
1 1 . 3 8 V 0 - z

0 . 6 8 - 0 . 3 2 l o g 1 0 P

0 . 5 3 4

-0.2 < V ^ 0 . 0 2 m/s
0.02< V SO.08 m/s
0 . 0 8 < V S 0 . 2 m/s
0.2 < V S I . 3 m/s

0 . 1 2 P S 2 MPa

2 < P < 7 MPa

These correlations are valid
clusters as shown in Fig. 3.

for both normal and ballooned

In the case of top flooding, turn-around time was dominated by
riser tube length. The minimum heat transfer coefficient
after turn-around was about 30 kW/m*K. Quench temperature was
estimated by the correlation above.

These correlations are incorporated into various safety
analysis codes. The turn-around behavior, cladding temperature
after turn-around and quenching are predicted with good precision.
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THERMOSS-II: A MODEL FOR THERMOHYDRAULICS OF
CANUU FUEL CHANNEL

WITH SUBCOOLED NEARLY STAGNANT INITIAL CONDITIONS

P. Gulshani

Atomic Energy of Canada Limited
CANDU Operations

Mississauga, Ontario
L5K 1B2

SUMMARY

A two-fluid model, called THERMOSS-II (for THERmohydraulic Model
of Standing Start), has been developed to predict the duration of fuel
channel flow stratification and fuel heatup in the standing start
phenomenon.

The standing start phenomenon may occur in a CANDU (horizontal)
fuel channel following a small loss-of-coolant accident and subsequent
refill of the channel with emergency core coolant. For a certain break size
and at the end of pump rundown, the break force nearly balances the natural
circulation force and the channel flow is reduced to zero or small non-zero
value. This subcooled nearly stagnant channel condition is referred to as
the standing start condition. Subsequently, the channel coolant boils and
stratifies and the upper fuel elements begin to heatup as they become
exposed to steam and heat transfer deteriorates. Eventually, the steam flow
from the channel heats up one of the end fittings to the saturation
temperature, allowing the steam to penetrate the vertical feeder section.
The resulting buoyancy-induced flow refills the channel and restores good
fuel cooling.

A series of tests were recently conducted in a Modified Cold Water
injection Test (MCWIT) facility at Westinghouse Canada to study the standing
start phenomenon. In the Cold Water Jnjection Test (CWIT) facility, two
headers are interconnected with feeder pipes and end fitting and fuel
channel simulators. Except for the end fittings, these channels assembly
components are representative of those in the reactor. The end fittings are
significantly shorter and are connected to the channel side-by-side rather
than end-to-end. In the MCWIT facility, the fuel channel and the end
fittings are replaced by ones which are identical to those in the reactor.

The standing start tests conducted in the MCWIT facility exhibited
channel heatup times much shorter than those observed in the previous CWIT
standing start tests. This discrepancy between the results of the two set
of tests may be attributed to the fact that a smaller part of the end
fitting mass heated up to the saturation temperature in the tests conducted
in the MCWIT than those in the CWIT facility. (End fitting body
temperatures measured in the MCWIT tests indicated that only a part of,
rather than the entire, end fitting mass had heated up to the saturation
temperature when steam penetrated the vertical feeder section.)
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To compute the channel heatup time for standing start conditions,
it is necessary to determine two quantities, namely, the channel water level
transient and the fraction of the end fitting mass that must be heated up to
the saturation temperature before steam could reach the vertical feeder
section. The model THERMOSS-II determines the water level transient in the
channel and end fittings from mass and momentum balance in the steam and
water phases. In this respect, THERMOSS-II generalizes the approach used in
the model THERMOSS'' to account for the effects of non-uniform channel
axial power, channel water phase flow and unequal temperatures of the inlet
and outlet end fittings. In THERMOSS-II, displacement in the location and
the motion of the steam stagnation plane in the fuel channel due to
inlet-to-outlet channel asymmetry are modelled. In THERMOSS-II, the
fraction of the end fitting mass that must be heated up to the saturation
temperature before reaching the vertical feeder section is quantified by
utilizing thermal non-equalibrium between the steam and water phases. Note
that THERMOSS requires that the entire end fitting mass be heated up to the
saturation temperature before steam could reach the vertical feeder section.
THERMOSS-II also accounts for the steam phase inertia as the steam region in
the channel assembly expands.

For the same channel thermohydraulic conditions, the heatup tines
predicted by THERMOSS-II are significantly (by a factor of least two)
shorter than those predicted by THERMOSS. THERMOSS-II predicts that the
heatup time may either increase or decrease with channel water flowrate
depending on the following two competing effects.

i) The channel water level and, hence, the steam production rate tends to
be lower at higher channel water flowrate. Thus, the heatup time tends
to be longer at higher water flowrate.

ii) The steam stagnation plane is displaced further upstream (with respect
to the direction of the water flow) of the channel mid axial plane and,
hence, the steam production rate and flowrate toward the end fitting
downstream of the water flow tend to be higher at higher water
flowrate. Thus, the heatup time tends to be shorter at higher water
flowrate.

A detailed comparison between the heatup times and water level
transients observed in MCWIT standing start tests and those predicted by
THERMOSS-II will be presented. These experiments were conducted in the
COG/CANDEV program.
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SUMMARY

During certain postulated accident scenarios in which only the pressure
tube (PT) ruptures, the calandria tube (CT) is subjected to severe
transient loading conditions. Assurance of calandria tube integrity
reduces the economic consequences of these accidents. The G-16 incident
at Pickering-2 and the N-6 incident at Bruce-2 has indicated the need to
quantify the failure margins. One of the main mechanisms identified to
be the cause of the N-6 failure is the transient overpressurization of
the annulus that occurred following PT rupture during leak search under
cold shut down. This paper presents sensitivity studies undertaken to
assess the CT integrity in the event of PT failure causing such an
overpressure transient.

The overpressure in the annulus is caused by the surge of coolant into the
annulus following the pressure tube rupture (Reference 1). The magnitude
of the pressure rise is dependent on the fluid discharge rate into the
annulus which in turn is dictated by the hydraulic resistance
characteristics of the fuel channel and inlet/outlet feeders. The
annulus volume change, resulting from the stress developed due to the
excess pressure in the transient, acts to reduce the pressure rise. The
volume change becomes significant if the yield stress for the CT tube
material is reached Ideally the thermal-hydraulic code should account
for these volume changes implicitly in predicting the pressure
transients. A simplified method of correcting the pressure transient has
been developed by accounting for the volume changes (Reference 1).

As the' volume changes in the calandria tube are dependent on the amount
of total strain (both elastic and plastic), an accurate method of
estimating the total strain is presented by developing the stress-strain
relations of the calandria tube in the Ramberg-Osgood form. This
relation is expressed in terms of the Zr-2 material yield and ultimate
tensile stress to account for the strain rate effect and temperature. As
the Zr-2 material is highly anisotropic, a new feature added to the model
in Reference 1 is the effect of plastic anisotropy of the Zr-2 material.

7029b
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The methodology developed for calculating the annulus pressure transient
taking into account this volume change is first briefly summarized. The
main parameters influencing the pressure transient are identified, and a
detailed sensitivity analysis is presented which evaluates the
significance of parameters such as the calandria tube temperature, the
pressure pulse width and the anisotropy parameters. The effect of these
parameters on the peak corrected pressure during the transient, the
expected CT strain, strain rate and corresponding burst pressure are
studied.

From the predicted CT burst pressure and the peak annulus pressure, the
calandria tube margin to failure (MTF) is evaluated. The paper also
presents the effect of calandria tube properties such as ductility and
the thickness of the tube on the MTF. These results show that a ductile
(unirradiated) CT has a larger MTF even though it has a lower tensile
strength than an irradiated CT. The results also show that a thicker CT
strains less than a thinner CT, and hence, provides less relief of the
overpressure, with the overall results that the MTF is not very sensitive
to thickness.

The accuracy of the model has been assessed by comparing the predicted
results with experimental observation (Reference 2). The model has also
been used to simulate the Bruce N-6 incident. These observations have
indicated good agreement with the predictions. Based on these
comparisons, it is concluded that the model can accurately predict the
calandria tube margin to failure under overpressure condition.
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This paper describes the first reported results of relatively fast
pressurization burst tests of full scale calandria tubes. The tests were
performed in an ongoing experimental program to determine the burst pressure
of full scale calandria tubes while at temperatures representative of those
present following a pressure tube burst (170°C). The program is being
carried out at the Westinghouse Systems Test Laboratory with COG-CANDEV
funding. Two tests with axial preload and new Darlington design calandria
tubes have been carried out and two more are planned at this time. One test
failed at the rolled joint while the other burst along the seam weld over a
2.2 m length from the rolled joint. The burst pressures are dependent on
the pressurization rate with the highest rate giving the highest burst
pressure.

The experimental apparatus consisted of a high pressure loop capable of
heating and circulating coolant to the required test temperature, a full
scale calandria tube complete with prototypic rolled joints, a re-entrant
simulated pressure tube for heating, garter springs, and a system of axial
supports to restrain the calandria tube and provide a mechanism for applying
an axial preload. A double rupture disk system and a bump tank full of hot
water and pressurized with nitrogen was also provided. The calandria tubes
were rolled into 304 stainless steel flanges which could be fastened to the
end supports to provide structural support and a pressure boundary. For
test #2 and subsequent tests cooling was also provided for the outside of
the simulated calandria side tube sheets (hubs) to obtain a temperature
distribution representative of the calandria tube rolled joint. A schematic
of the test apparatus is shown in Figure 1.

The instrumentation included thermocouples to measure loop coolant and
calandria tube temperatures, pressure transducers to measure calandria tube
pressure histories, strain gauges and LVDT's to monitor calandria tube
strains and load cells to measure the portion ofthe axial end load carried
by the I-beam support. The signals were recorded on a high speed (1 kHz)
computer data acquisition system and converted to engineering units for
plotting and analysis.

A typical test procedure involved assembling and instrumenting the test
calandria tube and installing it in the test site. The system was checked
for leaks and the required test axial preload was applied to the calandria
tube. The calandria tube, bump tank and bump line were heated to the
required test temperature by circulating coolant at low pressure (« 4 MPa)
through the loop. When the required temperature was reached the cooling on
the hubs was adjusted to provide a prototypical temperature distribution and



the annulus and bump tank were isolated from the warn-up loop. The computer
data acquisition system was started and the bump tank was pressurized to 18
HPa and the rupture disks were burst pressurizing the calandria annulus
quickly to failure. Measurements of the calandria tube deformations and
failure mechanisms were made and the data were plotted.

The tests conditions serve to provide values of calandria tube burst
pressure at elevated temperatures following a pressure tube burst and
indicate the margin to failure. The burst pressure of the first two tests
(10.9 MPa with a relatively slow pressurization of about 1 HPa/s, 11.6 HPa
with a relatively rapid pressurization of about 5 NPa/s) indicate that there
is a considerable margin to failure for these calandria tubes at the typical
reactor operating pressure of about 10 NPa. This is particularly true for
irradiated calandria tubes which exhibit about 20 to 30% additional strength
[1]. Failure of the tube occurred at the rolled joint for the slow
pressurization case with about 6.8% hoop strain. For the rapid
pressurization case failure occurred along a 2.2 m long section of the seam
weld pulling the tube from one end of the rolled joint (3.9% hoop strain).
Applied axial end loads experienced by the calandria tube in both cases were
about 250 kN at the time of failure. Axial strains on the calandria tubes
were -0.78% and -0.48% respectively. Two more burst tests using calandria
tubes previously strained in pressure tube burst tests [2,3] (« 1% strain)
will be tested shortly.
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SUMMARY

The MINI-SMARTT1 computer code has been used at Ontario Hydro to
assess pressure tube integrity following fuel element to pressure tube
(FE/PT) contact, under postulated large-break, loss-of-coolant accident
(LOCA) conditions. In this LOCA scenario, channel voiding and loss of
cooling cause the pressure tube temperature to increase from 300 to 800°C
in about 20 seconds, primarily as a result of radiant heat transfer from
the overheating fuel. During this rapid thermal transient, differential
temperatures across fuel pins in excess of 1200°C could lead to fuel
elements bowing into contact with the pressure tube. These FE/PT contacts
lead to "hot spots" on the pressure tube wall, which in turn may lead to
strain localization and rupture of the pressure tube prior to its
ballooning into contact with the surrounding calandria tube. Analyses of
FE/PT contact with MINI-SMARTT have revealed that the degree of local
strain of the pressure tube following FE/PT contact is a strong function of
the time at which contact occurs and the contact heat transfer
coefficient2. As a result of these findings, in 1985 a series of FE/PT
contact heat transfer experiments were begun at the Whiteshell Nuclear
Research Establishment (WNRE) under the COG program, to measure FE/PT heat
transfer coefficients under LOCA conditions.

More recent two-dimensional analyses with MINI-SMARTT revealed
that the pressure tube may also experience local strain under contacting
bearing pads as a result of heat transferred locally through the bearing
pad to pressure tube (BP/PT) interface during rapid heating of the fuel
elements. In this situation, the time of contact is not a parameter since
the bearing pad is always in contact with the pressure tube. Recognizing
that continually contacting bearing pads may pose more of a problem than
fuel elements, which contact later in the LOCA scenario, the emphasis of
the FE/PT heat transfer experiments was shifted in 1986 to determining
BP/PT heat transfer coefficients under typical large-break LOCA conditions.

This paper reviews the results of a series of bearing-pad-to-
pressure-tube heat transfer experiments performed at WNRE in 1987 and
outlines efforts made at Ontario Hydro to analytically model these
experiments using the finite element computer code ANSYS3. The purpose of
this analysis is to accurately model the experimental conditions, and
obtain the BP/PT heat transfer coefficient by matching the predicted and
experimentally measured temperature distributions. Simulation of the
experiments using the ANSYS code will also indicate the effect of bearing
pad length on heat transfer (i.e., the three-dimensional effect) and
develop an understanding of the separate effects of conduction, convection
and radiative heat transfer.

The apparatus used in the experiments is illustrated in
Figure 1. It consists of an electrically heated fuel-element simulator,
located inside a 50-mm-long section of Pickering-type Zircaloy-4 fuel
sheath containing a standard beryllium-brazed bearing pad. This fuel-
element simulator is positioned over a 20 mm by 50 mm section of Zr-



2.5 vt.% Nb pressure tube, which in turn is mounted on a large Zr-2.5 vt.%
Nb block. The base of this block may be heated to provide a variable
boundary condition. Thermocouples mounted on the fuel-element simulator
and Zr-2.5 vt.% Nb block permit measuring the temperature response of
either component following contact. Weights can be applied to the top of
the fuel element simulator to create the load effects of the fuel bundle.
The entire apparatus is enclosed in a sealed pressure vessel that can be
evacuated or filled with gas to study gas conduction effects. This feature
enables us to measure the resistance to heat transfer between the fuel
sheath and pressure tube in both vacuum and argon atmospheres. Typically,
steady-state fuel-sheath-to-pressure-tube resistances were measured after
fuel-element heater power excursions, where a series of excursions were
performed and interrupted at successively higher sheath temperatures.

The results of invacuo and argon experiments revealed that
sheath-to-pressure-tube resistance is a strong function of interface
temperature, with a marked decrease in resistance observed whenever bearing
pad surface temperatures exceeded 650 to 700°C. A comparison of
resistances measured in argon and vacuum before and after this transition
in resistance revealed that the decline in overall measured resistance was
primarily related to a significant decrease in the resistance of the
interstitial gas-filled gap between the bearing pad and pressure tube
surfaces. This collapse of the interstitial gap underscores the true
transient nature of the bearing pad heat transfer problem, where this
collapse causes the BP/PT heat transfer coefficient to significantly
increase as the fuel element overheats following the LOCA.

Fortunately, the ANSYS computer code has the capability of
modelling transient heat flow under changing boundary conditions to
describe the conduction, convection and radiative heat transfer effects
present in the experiments. Since BP/PT heat transfer is localized over
the contacting bearing pad, the full three-dimensional temperature field
developed in the pressure tube may be important in determining whether
significant local strain occurs under the bearing pad. As a result of
this, the entire fuel element simulator, pressure tube specimen and lower
block were modelled. Figure 2 illustrates a typical three-dimensional
ANSYS node-element model of one quarter of the BP/PT test apparatus.

Various approaches were used in modelling the experiments with
the ANSYS code. The first approach modelled the heater, sheath, bearing
pad, and pressure tube/Zr-2.5 ut.% Nb block under steady-state conditions
in vacuum, neglecting radiative heat transfer between the fuel element and
pressure tube. The results of these analyses showed that radiative heat
transfer was an important factor in the experiments. As well, difficulties
in correctly matching the fuel-element temperature distributions indicated
that the heat transfer conditions within the heater were not well known.
The isotherms predicted in this initial approach did reveal that although
there was a three-dimensional effect, a two-dimensional analysis would be
valid within the bulk of the contact zone.



In light of this last point, a simpler two-dimensional analysis
was performed for the experiments. In this approach, the fuel-element
heater was not modelled with the code. Instead, fuel sheath temperatures
in the model were fixed at the measured sheath temperatures recorded during
the experiments. In this way the actual BF/PT heat transfer coefficient
could be determined without the added uncertainty of the fuel simulator
conditions.

This two-dimensional approach was extended in later work to
account for the effects of radiative heat transfer between the fuel sheath
and pressure tube surfaces. A comparison of the predictions of this latest
model and the experimental results show that this approach captures the
thermal behaviour of the experiments, and that BP/PT heat transfer
coefficients can be determined from the experiments using ANSYS in this
way.

Tests are in progress at UNRE to determine whether oxygen uptake
by the bearing pad will strengthen the Zircaloy-4 and delay collapse of the
interstitial gap to higher temperatures. These latest experiments consider
the effects of only a single high-temperature excursion, and are being
performed in a 75% argon/25% oxygen atmosphere to simulate the oxidizing
effects of a steam environment. In this type of test, where only a single
fuel sheath temperature excursion is permitted, a simulation of the
experiment with a transient heat transfer code is perhaps the only
practical way of extracting the behaviour of the BP/PT heat transfer
coefficient. With the analytical/experimental approach described in this
paper, it should be possible to develop models for predicting the variation
in BP/PT heat transfer coefficient during a rapid fuel sheath temperature
excursion in a steam environment.
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Summary

Temperature gradients may arise in CANDU reactor fuel channels
under asymmetric coolant conditions, such as stagnated or stratified
coolant flow. When this occurs, a local hot spot can develop at the top of
the pressure tube where it is exposed to steam. Deformation at the hot
spot may cause the pressure tube to deform into contact with moderator-
cooled calandria tube or to rupture prior to contact with the surrounding
calandria tube. An experimental program has been set up at Vhiteshell
Nuclear Research Establishment (VNRE), under COG/CANDEV, to measure the
circumferential temperature gradients and the deformation on the pressure
tube under different coolant conditions. The data obtained from these
experiments have been used to verify the computer code CATHENA1 (UNRE),
SMARTT2 (OH) and AMPTRACT3 (CANDU Ops), which, in turn, will be used to
analyze reactor fuel channel behaviour. In the first Test Series (the
"Boil-Off" Test Series) consisting of four tests, water was boiled from the
channel without being replenished. This Test Series was completed and the
experimental data have been compared with code predictions 4>s. In the
second Test Series (the "Make-Up Water" Series), the bolled-off coolant was
replenished with "make-up" water injection into the channel so that a
stratified steam-water flow is established Inside the channel. Three such
experiments have been completed and will be described in this paper.

The apparatus (Figure 1) for all three tests was essentially the
same, except for slight modifications required by individual tests. It
consisted of a 2.29-metre horizontal CANDU-type channel. In the channel,
36 indirect heaters were grouped into three separate rings. These heaters,
together with a supporting central tube, formed a CANDU-type 37-element
fuel bundle configuration. Thermocouples were placed on the outside of the
pressure tube to monitor its temperature distribution during the
experiment. Linear Variable Differential Transformers (LVDT) were
installed to measure the movement and deformation of the pressure tube
wall. Slightly subcooled water was injected from the bottom of the pressure
tube into the test section on the inlet side. The steam exit pipe was
connected to a condenser and a surge tank so that the pressure in the



channel could be kept relatively constant during the test. The channel was
immersed in a pool of water to simulate the moderator.

Important parameters and findings in the three tests are summa-
rized in Table 1. During each experiment, as the heated channel uncovered,
the temperature of the exposed part of the pressure tube was raised by
thermal radiation from the heater and by convection from steam. A circum-
ferential temperature gradient developed on the pressure tube, as shown in
Figure 2 for Test 1. Note that the temperature difference exceeds 500°C
from top to bottom of the pressure tube. Deformation on the pressure tube
were observed and measured. In Tests 2 and 3, the pressure tube ruptured.
However, there is ample evidence that the rupture, which occurred after
failure of the heaters, was caused by the local heating of the pressure
tube by the failed heaters.

In summary, three experiments have been successfully performed to
measure the circumferential temperature distribution developed on, and the
resulting deformation, in the pressure tube under conditions of stratified
two-phase coolant flow. The pressure-tube rupture in Test 2 and 3 were
caused by failed heaters.
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Table 1

Summary Table for the "Make-Up Water" Test Series

Test #

1

2

3

Pressure
MPa

1.1

1.1

1.1

Power
kW

40

84

40 - 60

Flow
g/s

8.2

26.0

12.0

Result Summary

- Sharp circumferential
temperature gradient
developed

• Pressure tube deformed

- Sharp circumferential
temperature gradient
developed

- Pressure tube deformed
- Pressure tube rupture
due to heater failure

- Sharp circumferential
temperature gradient
developed

- Pressure tube deformed
- Pressure tube came close
to contact with calandria
tube

- Pressure tube rupture
due to heater failure
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OF USED CANDU FUEL

by

K.M. Wasywich
Atomic Energy of Canada Limited

Whiteshell Nuclear Research Establishment
Pinava, Manitoba

ROE 1LO

and

C.R. Frost
Ontario Hydro

SUMMARY

A large quantity of used CANDU™ fuel (about 540 000 bundles or
-10 000 Mg U) is now stored in water pools in Canada. Once the decay-heat
output of the bundles is low enough (<0.5 W/kg U), interim storage may be
continued either in water or in a dry storage facility. In 1974, Atomic
Energy of Canada Limited (AECL) embarked on a demonstration program to in-
vestigate the feasibility of storing used fuel dry in concrete canisters
(CCs). Two electrically heated CCs and two demonstration CCs for storing
used fuel were constructed at AECL's Whiteshell Nuclear Research Establish-
ment (WNRE) in Manitoba in 1974/75. Because of the success of the demon-
stration program, CCs have been licensed for the dry storage of used CANDU
fuel in Canada.

At present, about 27 000 bundles (390 Mg U) are being stored in CCs
at three reactor sites in Canada: one in Quebec, one in Ontario and one in
Manitoba. Figure 1 shows a schematic of the most recently constructed CC
site at the decommissioned Douglas Point Nuclear Generating Station in
Ontario. Ontario Hydro (OH), a provincial government electricity-generating
utility, has also designed a multipurpose "concrete integrated container"
(CIC) for the dry storage, transportation and, possibly, the final disposal
of used fuel. In support of these initiatives, a jointly funded AECL/OH
research program has been established to investigate the long-term behaviour
of used fuel (both undefected and defected) during dry storage. That pro-
gram is scheduled to continue beyond the year 2000.

This paper reviews the AECL concrete canister program for the dry
storage of used fuel, the joint AECL/OH experimental dry storage program,
the OH concrete integrated container, and summarizes the observations and
results from the interim examinations performed of used CANDU fuel bundles
that have been stored dry for periods of up to ~5 years.
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FIGURE 1: The Douglas Point Concrete Canister Site
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THE DOUGLAS POINT DRY SPENT FUEL STORAGE FACILITY

ROBERT R. BEAUDOIN, D.W. PATTERSON,
Atomic Energy of Canada Limited

SUMMARY

This Paper reviews AECL'a psst experience with Dry Spent Fuel Storage
(DSFS) In concrete canisters over the last 12 years which has resulted in
the storage of 382 MgU of spent fuel. The Canadian experience coverB
storage of 17 MgU of both natural and enriched fuel at the Whiteehell
Nuclear Research establishment, storage of 67 MgU of spent fuel from the
Gentllly-1 reactor1 in 1985 and the storage of 298 MgU of spent fuel from
the decommissioned Dougla6 Point reactor in 19872.

The 200 MWe Douglas Point station was permanently shutdown in May
1984 after 17 years of operation. It was then decided to decommission the
station into a static state and to store all the spent fuel in dry
concrete canisters. A quantity of 22,236 bundles, representing 298 MgU of
spent fuel were stored In A7 canisters. The canisters are arranged in
four rows of 12 canisters in a square array, having a center to center
distance of 3.65 m. The canister site is located just outside of the
turbine building and occupies an area of 69 m by 57 •. The canister used
is similar to the Gentllly-1 and Whiteshell ones but holds 9 baskets
Instead of 8 and 6 baskets respectively for these previous projects. The
height of the canister was increased to 6.1 • while the diameter was kept
at 2.6 u.

The Douglas Point fuel handling scheme is similar to the one used at
Gentilly-1. The fuel 16 first placed manually in baskets; the baskets are
then dried and welded in a specially designed shielded work station; the
welded basket is then moved and loaded into the canister with the help of
a shielded flask. For Douglas Point, due to the small fuel diameter, a
quantity of 54 bundles could be inserted into each basket. A set of two
shielded flasks was U6ed to speed up the operations.

Canadian Experience Storing Irradiated CANDU Fuel in Concrete
Canisters, by D.W. Patterson (WNRE) and D. See Hoye (AECL), Third
International Spent Fuel Storage Technology Symposium/Workshop,
Seatle, April 1986.

Commercial Applications of Dry Storage Technology, by R. Beaudoin and
P. Pattantyus, AECL, Second International Conference on CANDU Fuel,
Chalk River, September 1986.



The 47 canisters with their base were erected over a 2 aonth period
at the end of 1986. The fuel was loaded into baskets between January and
June 1987. The baskets were dried, welded and loaded into canisters
between July and November 1987. The whole storage project from first
financing to last canister filled lasted only 19 Months, one month less
than scheduled.

This paper also covers the AECL expertise and technology related to
licensing, safety, health physic6 and project management used and
developed on this project. A general description of the canister,
canister site, basket, shielded work station, flask, fuel handling
operations and basket welding operations, are also covered in this paper.
The cost of equipment and labour required to perform the various tasks is
covered. The total project co6t including indirect costs was close to $8M
(Cdn) which corresponds to $27 (Cdn) per kgU.

Based on the Douglas Point experience related to component design and
operation, an outline of future advances in basket and canister design is
given. As well, future advances in fuel handling equipment and methods
which can significantly reduce the handling time for CANDU and LWR fuel
are described. These planned advances in canister technology for CANDU
all have the potential to further decrease the spent fuel storage cost6 to
well below $15 (Cdn) per kgU for future projects.
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EXPERIMENTAL VALIDATION OF RADIATION DOSE RATE MODELS
FROM CANDU SPENT FUEL

K.M. Aydogdu and C.R. Boss

Atomic Energy of Canada Limited
CANDU Operations

Sheridan Park Research Community
Mississauga, Ontario, L5K 1B2

The standard calculational techniques^ and shielding codes
ORIGEN(2), ANISN(3) and Q A D - C G W have been used to calculate dose
rates from the. irradiated fuel bundles for the Douglas Point dry
irradiated fuel storage facility. Similar methods had also been
employed successfully for the Gentilly-1 fuel storage program.

Irradiated fuel handling techniques were the same as those
used at Gentilly-1. The fuel baskets were loaded under water, drying
and welding of the fuel baskets were done in the welding station and
transfer of the sealed baskets to the concrete canister site was
accomplished by means of the shielded fuel transport flask. The
Gentilly-1 welding station and the fuel transport flask were reused at
Douglas Point after some refurbishing.

The Douglas Point station had operated since 1967, and most
of the bundles discharged from the reactor had received full burnup
(approximately 185 MWh/kgU); the only exception is the last core load
of fuel (3672 bundles) which was discharged prematurely when the
station was shutdown in May 1984. The discharged bundles have cooling
times ranging from 20 years to 3 years, and consequently show a wide
range of decay powers and radiation levels.

The isotope generation and depletion code ORIGEN was used to
calculate the fission product inventory and decay power of the Douglas
Point fuel bundles taking into account station operating history.

Since the irradiated fuel bundles are highly radioactive,
adequate shielding must be provided to minimize radiation exposure.
Using standard calculational techniques and ANISN, the fission product
decay gamma and neutron dose rates on contact with and 1 metre away
from the source are calculated for the following cases:

1) a single bundle in air,

2) a fuel basket in air,

3) a welding station containing the basket,



- 2 -

4) a transport flask containing the basket and,

5) a concrete canister containing nine baskets.

The gamma and neutron dose rates from the welding station,
transport flask and concrete canisters containing the fuel basket(s)
were measured and compared with those of calculations.

To simplify the calculations, they were done for two
scenarios of bundle power (prior to discharge from the reactor) and
bundle burnup. In one case, all the bundles were assumed to have the
values for both of these parameters equal to the overall average of all
bundles in the bay. In the other case, all bundles were assumed to
have the maximum value for both parameters.

Calculations were made for bundles cooled for 3, 5, 10 and 30
years. Results showed that for the worst case of a basket loaded with
3-year-cooled fuel, the contact dose rates are 0.38 mSv/h, 0.84 mSv/h
and 0.37 mSv/h on the welding station, the transport flask and the
canister respectively. Owing to the large number of bundles involved,
some reshuffling can be carried out during the loading of the baskets
to reduce radiation levels. Reshuffling involves checking the
radiation dose rates from fuel bundles in trays under water and loading
the "cool" bundles (8 year or longer) to the outermost ring of the
basket, consequently reducing dose rate levels. The effect of the
reshuffling on dose rates outside the welding station and the transport
flask were also assessed.

It was necessary to translate a measured dose rate into an
estimate of fuel decay time to identify "cool" bundles in the bay. The
point kernel integration code, QAD-CG was used to calculate dose rates
as a function of decay time from a fuel tray containing eleven
irradiated fuel bundles. The expected dose rates at 15 cm directly
opposite the centre of a fuel tray under water are given in Figure 1.
In the same figure the measured dose rates are also shown. The
discrepancy between the measured and the calculated dose rates was
attributed to the following points.

a) the treatment of the fuel bundle as an homogenized cylinder
of uniform source strength could represent an overestimation
of 20% overall.

b) the Broeder buildup factor treatment might introduce an
overestimate of 10%.

c) the fission product source strengths calculated by ORIGEN
could be overestimated by 10 to 20%.

19R
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These errors are sufficient to explain the systematic
discrepancy between measurement and calculations. Thus the methodology
errs on the conservative (dose rates too high) side.

Comparison of measured dose rates outside the welding
station, transport flasks and concrete canisters also showed good
agreement with the calculations. This experience gives confidence that
the methodology can be reliably applied to radiation dose assessments
associated with dry storage of irradiated fuel bundles from nuclear
power stations.
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INTRODUCTION

Between 1948 and 1955, Eldorado placed approximately 12 000
cubic meters of radioactive- and arsenic-containing solid
wastes at the Welcome waste management facility. The wastes
- residues and sludges from radium and uranium processing

-- were placed in a 5-hectare inner burial area of the
36-hectare site. Within this area, the wastes were either
placed on the surface or buried in trenches up to five
meters deep in the sandy soils at the site.

The site was closed in 19Sb because wind and water erosion
caused runoff to contaminate a small neighbouring stream
with arsenic, uranium and radium. This contamination caused
a number of cattle to be destroyed and compensation was paid
to a number of the surrounding farmers. A series of water
treatment ponds were built to collect and treat surface
runoff for arsenic and radium and the effluent was pumped
through a 2.5 kilometer pipeline to Lake Ontario. Most of
the wastes were covered with clean fill and vegetated.
Additional cover was provided during 1981 and 1982 when
clean soils excavated from the company's plant expansion in
Port Hope were spread over a large portion of the waste
burial area.

In 1982, Eldorado began to plan a new waste disposal
facility in the local area. Among other wastes, this
disposal facility was designed to dispose of wastes and
contaminated subsoils both from and around the inactive



SITE INVESTIGATIONS

Detailed site investigations at Welcome were carried out in
two phases during 1983. The first phase determined the
areal extent and depths to which above background
concentrations of arsenic, uranium and radium existed and
looked at various field techniques to identify
contamination. The second phase defined in greater detail
the extent of contamination, developed cleanup objectives,
and identified the volume of material requiring excavation.

The field investigations revealed that a total of
194 500 cubic meters of surface and subsoils had become
contaminated at Welcome. This corresponds to a 16-fold
increase over the original waste volume. In addition, wind
and water erosion was found to have resulted in the
contamination of several stream beds, wooded areas and farm
fields immediately surrounding the Eldorado property. It
was decided to clean up and restore these offsite properties
immediately.

Since there are in Canada no cut-off levels for arsenic,
uranium or radium which would allow the site to be
designated as clean, a major part of the work comprised
getting regulatory agreement and approvals for the proposed
cleanup objectives. Acceptable residual soil concentrations
of arsenic, uranium and radium were established to allow
unrestricted use of the cleaned up and restored land. This
was done by specifying a number of possible land use
scenarios and estimating the resulting impact of each
scenario on a farm resident.

CLEANUP

The extent of the offsite contamination of the surrounding
properties was a surprise and included nine properties in a
two-kilometer radius around the site. Although most of the
contamination occurred at shallow depths and required
excavations of 15 to 30 cm, this often meant the removal of
good topsoil. In addition, some areas requiring cleanup
were quite thickly wooded and trees had to be cut down.

The company contacted each landowner and negotiated an
agreement for cleanup and restoration of his property. The
federal regulatory authority — the Atomic Energy Control
Board -- acted as auditor for the cleanup and provided each
landowner with certification once his land had been cleaned
up satisfactorily. All nine properties were cleaned up



successfully and over 5S 000 cubic meters of contaminated
soils removed to the inner waste burial area. The affected
properties have been certified as clean and have been
restored for unrestricted use. Excavation took place over
three construction seasons including the summer of 1986
which was the wettest in history. The total cost of the
project was over one million dollars. The completion of the
program means that all contamination is now within
Eldorado's property limits. The cleanup of the Eldorado
property itself cannot be done, however, until a new
disposal facility is built.
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Chalk River Nuclear Laboratories (CRNL) and Whiteshell Nuclear Research
Establishment (WNRE) are two nuclear research centres operated by Atomic
Energy of Canada Limited (AECL). Both research centres have been routinely
processing low- and intermediate-level radioactive wastes generated on-site.
A comprehensive program is required to manage wastes arising from the
operation of research reactors, laboratories and various experimental
facilities to assure protection of the public and the environment. Various
solid and liquid wastes are volume reduced, immobilized in stable matrices
and/or properly packaged to facilitate safe handling during current interim
storage and future permanent disposal.

At CRNL, a Waste Treatment Centre (WTO has been constructed to process site
wastes, and to demonstrate volume reduction and immobilization techniques on
a commercial scale. The treatment processes include: a controlled-air
incinerator for combustible solid and liquid wastes; a baler for
non-incinerable solid wastes; membrane filtration, reverse-osmosis and
evaporator systems for dilute aqueous wastes, and wiped-film and
ribbon-blender bituminizers for immobilizing the ash and liquid waste
concentrates. The incinerator and baler have been in service since 1982.
The bituminization systems are ready for operation, but the liquid treatment
system is still being commissioned.

Solid wastes generated at CRNL are segregated at source into incinerable and
non-incinerable classes. The incinerable wastes, presently constituting
about 70% of the total waste volume, are burned in a batch-operated,
two-stage starved-air incinerator. The incinerator has consistently reduced
the wastes into inert ash product, with an average volume reduction factor
(VRF) greater than 150:1. The non-incinerable wastes are compacted in a
single-chamber 50-ton hydraulic baler which produces waste packages of about
0.5 m3 size. The baler has been operating with a VRF of nearly 6:1. Both
processes have provided treatment for a combined volume of about 1300 m3/a
of solid low-level radioactive waste. It has been demonstrated that it is
possible to burn bales of incinerable waste together with the regular
uncompacted waste. This practice has been used to increase the throughput
of the incinerator, and to deal with wastes arriving at the WTC during
shutdown periods for repair and maintenance of the incinerator. Equipment
has also been installed to allow burning of waste oils and solvents in the
afterburner of the incinerator.



Aqueous low-level radioactive waste has been dispersed into sandy seepage
pits. This practice will be discontinued when the liquid waste treatment
system at the WTC is operational. A vitrification plant will also be built
to treat small volumes of currently-stored aqueous intermediate-level wastes
arising from ion exchange regeneration and medical isotope production.

At WNRE, a research centre approximately half the size of the Chalk River
facility, less wastes are generated and being processed. Solid wastes are
compacted; organic liquid waste incinerated; and intermediate-level aqueous
waste concentrated for immobilization of radioactivity in polyester resin.

Solid low-level radioactive waste is compacted using a baler identical to
the unit at CRNL. The baler processes about 250 m3/a of solid waste,
achieving a VRF of 5:1 on average. A remotely-operated drum compactor has
recently been installed to reduce volumes of solid intermediate-level
radioactive waste resulting from hot cell operation. An incinerator,
equipped with a propane vortex burner, is used to burn spent organic liquid
coolant which arose from the operation of an organic-cooled research reactor.
The incinerator, with a designed capacity of 75 L/hr at an operating
temperature of 1000 °C, has been burning about 40 mJ/a of organic liquid.
The incinerator operates without any off-gas treatment, but the
radioactivity emission control is exerted by limiting the feed radioactivity
to less than 15 Bq/mL. The stack gas is continuously monitored during
combustion operation. The emission of radioactivity has consistently been
less than 0.005% of the derived released limit for the WNRE site.

A distillation system is used to decontaminate organic coolant which is too
active to incinerate. This purification system yields two products: a light
product which is decontaminated to less than 15 Bq/mL level, permitting its
incineration; and, a heavy product which contains most of the radioactivity
and becomes solid when cooled to room temperature. A climbing film
evaporation system has been used to concentrate aqueous intermediate-level
radioactive waste. An average volume of 12 m3 per year is processed through
the system. Concentration factors of about 10 and decontamination factors
greater than 10 000 are routinely achieved. The concentrated liquid waste
is immobilized in water-extendable polyester resin and packaged in 110 L
drums.

This paper presents a review of the operation, performance data, maintenance
and trouble-shooting experience, as well as additional research and
development effort to improve upon existing waste treatment processes and to
keep them operational and cost effective. New treatment facilities that
will be constructed and brought into operation will also be briefly
discussed.
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SUMMARY

This presentation will review chemical research in support of the
Canadian Nuclear Fuel Waste Management Program (CNFWM). The overall
objective of this research is to develop the fundamental understanding
required to demonstrate the suitability of waste immobilization media and
processes, and to develop the chemical information required to predict the
long-term behaviour of radionuclides in the geosphere after the waste form
and the various engineered barriers containing it have failed. Key studies
towards the above objective include the following:

1. Uranium Dioxide Oxidation/Dissolution: The long-term release of
radionuclides contained in used fuel into the geosphere depends on the
integrity of the U02 fuel matrix and its dissolution in groundwater. Thus,
experimental and theoretical studies are being conducted to determine the
U02 oxidation and dissolution mechanisms as a function of pH, redox
potential, temperature, radiation fields, groundwater species
concentrations, etc.

2. Thermodynamic Data of Key Radionuclides: The solubility in groundwater
of the various radionuclides contained in used fuel, and the transport of
radionuclides through the geosphere, depend on chemical speciation. Thus,
thermodynamic data are required to determine the important species and their
concentrations in groundwaters of various ionic strengths. To this end,
thermodynamic databases are being compiled for key radionuclides (U, Pu, Np,
Cs, Sr, Tc, I) and groundwater ions (Na+, K+, Mg2+, Ca2+, Cl", SOj"), and
experimental programs are in place to determine missing data and to improve
the accuracy of others.

3. Radionuclide Interactions With Minerals: The transport of
radionuclides through rock fissures depends strongly on the interaction
(sorption, chemical reaction) of the radionuclides with the hydrothermally
altered rock surface. Thus, a research program is in place to study
hydrothermal alteration reactions of common minerals and to define the
interactions of radionuclides with mineral surfaces.



4. Colloid Formation: In addition to transport of radlonuclides as
dissolved species, transport may occur either by sorption of radionuclides
on existing groundvater colloids or by transport of pure radionuclide
colloids. The latter can form, for example, by the precipitation of
dissolved radionuclides on entering a lover solubility regime. Sorption of
uranium (VI) on magnetite and hematite colloids and uranium colloid
formation on reduction of dissolved uranium (VI) are being studied in detail
as model systems representative of the behaviour of other actinides.

The above four projects constitute a sample of in-depth chemical
research being conducted vithin the CNFVMP, in support of a safe nuclear
fuel vaste disposal concept.
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The Canadian Nuclear Fuel Waste Management Program is assessing
the concept of deep underground disposal of nuclear wastes in stable
geological formations called plutons. The only credible way in which the
radionuclides could reach the biosphere after a breach of the engineered
containment surrounding the waste is via groundwater flowing through open
fractures in the host rock. However, the movement of virtually all
radionuclides is retarded by their interactions with the geological
material lining the fractures or by diffusion into the connected pores in
the host rock. These interactions involve a variety of processes,
including ion exchange, chemisorption, precipitation and mineralization.

Radionuclide migration studies in the laboratory form an essential
link between static sorption studies and field migration studies and
provide valuable information for the validation of transport models.
Migration experiments have been carried out using relatively small samples
of fracture volume of up to 3.5 mL, providing residence times of up to a
few hours1. Because of the slow kinetics of some of the radionuclide-rock
interactions, the residence time of the solutions in the fractures becomes
an important factor. Therefore, migration experiments have been designed
to increase the residence time of the tracers in the fractures and granite
blocks, providing path lengths of up to 30 cm and residence times of up to
30 hours. In addition, to the study of the behaviour of a variety of
radioactive tracers, the other objectives of these "intermediate-scale"
migration experiments are (1) to determine if relatively long-term dynamic
experiments can be evaluated using simple sorption coefficients and (2) to
develop an experimental methodology that could be used in large-scale
experiments (granite blocks of dimensions u p t o l m x l m x 0 . 6 m o r field
studies).

Migration experiments were conducted under oxidizing conditions to
study the behaviour of 3H, 7SSe and 137Cs. These tracers were injected
into 15 x 25 cm granite blocks containing a single, open fracture with
apertures of a few hundred microns. Injection rates in the order of 0.4
mL/h provided residence times of approximately 30 hours. Retardation
factors and surface sorption coefficients (ka) were obtained from the
elution profiles. A comparison of the k value with those obtained under



static conditions showed a reasonably good agreement for 137Cs, whereas a
much lower ka value than those obtained in the static sorption experiments
was determined for 75Se. This discrepancy might be due to slov kinetics of
the sorption reactions or a volume to surface area ratio in the static
sorption experiment different from that of the migration experiment.

An experiment was conducted to determine the effect of reducing
conditions on the migration of 95raTc. After a 95mTc solution had been
injected into a natural fracture and a complete elution profile had been
obtained, a simultaneous hydrazine solution injection was begun and its
influence over the elution profile observed. Results indicated a slight
reduction of 95nvTc and an increase sorption on the fracture surface;
however, not all the 95mTc, was reduced in the process.

The impact of colloids has been studied using natural colloids
labelled with 60Co. The results suggest that most of the colloids did not
migrate but settled out in low locations along the horizontal fracture.
Some 60Co was detected in both fracture surfaces, indicating that some
sorption took place.

Examination of the fracture surfaces after completion of the
migration experiment provides valuable information on the sorption
mechanisms. A variety of techniques have been developed, including
autoradiography of the rough surfaces, scanning of the fracture surface
with a suitable detector and sequential chemical extractions.

The migration experiments have confirmed the retardation of the
tracer movement by a variety of interactions and that sorption coefficients
determined from static sorption studies are useful for predicting the
migration of a majority of radiotracers. Experimental and analytical
techniques developed in the course of the intermediate-scale migration
experiments should prove very useful in larger-scale experiment, including
field studies. Migration experiments using large granite blocks (1 m x 1 m
x 0.6 m) are under way in a dedicated facility at WNRE.
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SUMMARY

Application of 'Computers' computerization at Darlington has
been very extensive and the traditional commissioning
activities have been influenced to varying degrees. In some
areas it has been business as usual with no changes at all
to other areas where the whole approach to commissioning has
been completely revamped.

Darlington uses a total of approximately 80 computers
associated with the main Control Room from Fuel Handling to
SDS II. Each of the major Power Train Process Systems have
computerized control. Programmable Controllers have been
used extensively through the station, including our Tritium
Removal, Water Treatment Plants. There are approximately
1300 programmable controllers.

In addition to 'computers' there are many new application
utilizing electronic control, particularly in systems
associated with the main Turbine Generator Systems.

Typically these apply to automatic run 'up1, starting and
monitoring of sub-systems, e.g. Seal Oil System for the
Generator, Excitation Control and Turbovisory Equipment.



The Paper will outline an overview of the following systems
with particular emphasis on the computer applications.

1. Tritium Removal Plant
2. Water Treatment Plant
3. Standby Generators
4. Fuel Handling
5. Unit 0 Computer Monitoring
6. Main Unit Computer controls
7. Turbine Generator Controls
8. SDS I & II Computerization of all trip parameters
9. Replacement of traditional relay with Programmable

Controllers
10. Vibration Monitoring

The advantages and disadvantages of each of these will be
addressed together with a discussion on the major
commissioning problems.

Also, the subject of Software Configuration Management will
be discussed with an outline of the facilities, resources
and services required to keep control of changes in the
software.
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DECOMMISSIONING OF NPD GENERATING STATION

R.E. Lewis, Ontario Hydro, Rolphton, Ontario, KOO 2HO

BACKGROUND

The Nuclear Power Demonstration (NPD) generating station at
Rolphton, Ontario was committed in 1955 and began operating in
1962. It was intended to demonstrate the practicability of
producing electric power with the CANDU reactor design, and to
provide information for use in the design, construction, and
operation of larger stations. Over its twenty five years of
operation NPD has produced a great deal of information that has
contributed to the success of later CANDU stations; it is
continuing to produce useful information in its decommissioning.

THE DECISION TO SHUT DOWN

In 1984 two pressure tubes were removed from NPD to gain
information useful in understanding the pressure tube failure at
Pickering earlier that year. The relatively high dissolved
hydrogen concentrations in these tubes led to a decision to
remove more for analysis in 1987. The first tube removed in June
1987 had an even higher dissolved hydrogen concentration, causing
such a significant worsening of its mechanical properties that
the reactor appeared to need complete replacement of its pressure
tubes if the problem was widespread. To collect data on more
pressure tubes quickly, a new technique developed by Atomic
Energy of Canada Limited was used to scrape samples from the
inside surface of several other tubes. This data confirmed the
problem was widespread and the two organizations responsible for
NPD, Ontario Hydro and AECL, decided to shut it down permanently
rather than retube it.

DECOMMISSIONING PLANS

Stage 1 - Final Operations

All fuel and heavy water have been removed and shipped to the
waste management site at Chalk River.

The equipment and structures outside the containment structure
are being decontaminated thoroughly. Limited decontamination
will be done inside containment to minimize the potential for
future releases to air or water.



All systems are being shut down and no permanent staff will be
left on site (all staff have bsen offered jobs elsewhere in
Ontario Hydro).

It has not been decided yet whether the above ground buildings
will be removed or left in place to protect the underground
nuclear part of the plant.

Stage 2 - Static State

AECL intends to provide environmental monitoring, structural
integrity monitoring, and security. There will be no permanent
staff on site.

Stage 3 - Ultimate Disposal

It has not been decided yet whether all radioactive materials
should be removed for disposal elsewhere or left in place
permanently and the containment structure filled with some
suitable material.

KNOWLEDGE BEING GAINED DURING DECOMMISSIONING

NPD is the first CANDU station to have an experimental program as
a significant part of its decommissioning. The work being done
is:

1. Removal of three pressure tubes to determine the
location and condition of their garter springs and to
provide metallurgical samples of zirconium-niobium,
zircaloy-4, and zircaloy-2.

2. Removal of one calandria tube to provide samples of
highly irradiated aluminum.

3. Determining the location of the garter springs on about
one third of the pressure tubes to provide information
on the performance of "tight" garter springs.

4. Taking numerous samples of irradiated and tritiated
concrete.

5. Sampling heat transport system pipes and welds.

6. Sampling electrical cables.

7. Destructive testing of the main generator stator and
rotor to help develop better predictive tests of
insulation deterioration.
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Background

Over the past 30 years, AECL has been developing the CANDU
nuclear generating stations in close collaboration with the
utilities and manufacturers. Three prototype reactors paved
the road towards full commercial exploitation of the CANDU
technology which were:

- Nuclear Power Demonstration (NPD) reactor of Rolphton,
Ontario.

- Douglas Point reactor of Bruce, Ontario.

- Gentilly-1 reactor in Quebec.

AECL devoted significant resources to develop solutions for
handling storage and disposal of radioactive materials. As
the prototype stations were retired from service, AECL gained
direct experience in decommissioning through - Gentilly-i in
1983, followed by Douglas Point station in 1985. Following
the decision in July 1987 to shut down permanently NPD, AECL
undertook the decommissioning of the station in close
collaboration with Ontario Hydro.

AECL will assume long term responsibilities for the nuclear
portion and will therefore be instrumental in the definition
of the end state requirements while relying on Ontario
Hydro's experience with the facility.

General Description of NPD

The nature and condition of a nuclear facility represent
major contributing factors in defining the decommissioning
approach. NPD has its unique design features which make it
substantially different from other CANDU stations.

Both nuclear and conventional systems are below grade. The
above ground buildings contain the main crane
(powerhouse/reactor building) and different administrative
and service facilities.



Decommissioning Objectives

NPD site shall be put safely into a state, which ensures that
both public and environment are protected during the three
distinct phases of decommissioning. This will be achieved
by:

- Removing or safely containing all conventional and
radiological hazards in preparation for "storage with
survei1 lance".

- Implementing the necessary modifications to reduce the
required services for monitoring, inspection and security
requirements.

- Leaving site in such a state that it can be maintained with
minimum costs and monitored with only occasional on site
inspection.

Decommissioning Activities

Phase 1 - Preparation for Storage and Surveillance

During the final system operation much of the nuclear waste
is transported to CRNL. The irradiated fuel will be stored
temporarily in NRX spent fuel bay. For long term fuel
storage, AECL's concrete canister option will be used as the
most cost effective, reliable and acceptable storage method.
The heavy water will be upgraded and detritiated also at
CRNL.

AECL will define the end state requirements as the nuclear
portion as well as isolation requirements for all systems
which penetrate the designated containment boundary.

Ingress of groundwater is to be monitored so that sump and
drainage systems can be modified for water collection and
discharge purposes.

A decontamination plan wj11 be prepared in order to meet
zoning criteria established for the end state.

Long term requirements for services such as power, lighting,
security, fire protection and ventilation will be identified.

Application will be made to the AECB in view of obtaining a
Waste Facility Operating license for AECL.

Phase 2 - Storage with 5urvf?i 1 lance Period

This period will last at least 30 years or longer depending
on the availability of a final waste disposal site or on the
decision to dispose all nuclear materials in situ.



Environmental and site monitoring, inspection and maintenance
program will be carried out regularly during this period.

Phase 3 - Final disposal

Following the dormancy period of at least 30 years, the
short-lived radioactive sources will have decayed
significantly. Exposure of workers to radioactivity is
greatly reduced. Therefore dismantling, transportation and
disposal (either in situ or elsewhere) can be achieved in the
safest and most cost effective manner.
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*\ PAPER TITLE: Decommissioning CosC Estimates - A Rational

Approach, Employing a Validated Computer Code

PAPER SYNOPSIS

In the last several years there has been an increasing level of interest
displayed worldwide on the subject of nuclear facility decommissioning*
Although work and studies on this subject have been on-going for many years
at the technical level within national nuclear organizations, a
popularization of the subject has resulted, from at least three distinct
factors. Firstly, several prototype nuclear facilities such as JPDR in
Japan, Shippingport in the USA, and Gentilly-1 in Canada, among others,
have been (or are in the process of) decommissioned in the last few years.
Secondly, many nuclear facilities around the world are approaching the end
of their planned commercial lives and, notwithstanding the possibility of
life extension efforts, are candidates for decommissioning. Finally, as a
consequence of increased Regulatory interest in the subject, the
owners/operators of nuclear facilities are being required to put in place
decommissioning plans, and collect funds for their ultimate
decommissioning.

There are a number of decommissioning alternatives that are technically
feasible and politically acceptable. One of the tools needed to select
among these alternatives is the ability to prepare accurate and reliable
cost estimates.

Estimates reported to date in the literature on decommissioning vary
substantially from one another. The disparities, to a great extent, are
explainable as resulting from differing assumptions of scope of dismantling
work, currency exchange rates, net discount rates, base year for the
estimate, disposal or storage costs for the various types of radwaste
produced, and treatment of project contingencies, to name but a few. Site
specific differences (eg plant design, layout, labour costs, work
practices, approaches to radiation protection, and productivity) preclude
the use of generic decommissioning cost estimates with any credible and
defensible degree of confidence.

It would seem then that it is important for those charged with the
responsibility for planning and/or executing decommissioning activites to
have available to them the necessary tools to facilitate the preparation of
estimates in a reliable and disciplined fashion. Given the typical
engineering approach of considering multiple options and given the
inevitable tendency to "what if" when evaluating an estimate, It is
sensible to automate the process of estimate preparation.

During the planning stages of the Gentilly-1 decommissioning project, AECL
developed a computer code called DECOM to facilitate the process of
preparing decommissioning cost estimates. In order that the results of the
code would be reliable, a great deal of effort went into understanding and
further developing the actual techniques of developing such cost
estimates. A rigorous and highly disciplined approach to decommissioning
cost estimating followed.
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AECL was a pioneer in Che approach to standardizing decommissioning cost
estimating methodology. This approach has now been legitimized by the
issue of several important (North American) standards on this subject.
Basically the approach consists of classifying costs into three broad
categories:

. activity dependent - those costs which are discrete, measurable and of
a repetitive nature and which can be examined by developing typical
Unit Cost Factors (UCFs) which can be'applied to the category of
equipment that they represent (eg piping, valves, pumps);

. period dependent - those costs related to items such as engineering,
quality assurance, project management etc;

• special items - those one time costs such as the purchase of heavy
equipment, site preparation etc. and those costs associated with large
scale dismantling of items such as steam generators and reactor
vessels.

Other facilities built into the program to allow the production of cash
flows (with suitable coupling into a project schedule) and to allow the
prediction of waste volume and worker radiation exposure proved to be very
valuable to the planning and execution of the Gentilly-1 program.

At the outset, it was well understood that the predictive capability of the
code would be only as good as the base data used to generate the
estimates. Following the approach commonly accepted for analytical codes,
it was decided to validate DECOM by comparing its predictions against
actual data collected from field work. Data from the Gentilly-1 project
was collected on cost actuals and shown to compare very favourably with the
predictive data. Based on the lessons learned, the code was improved so as
to generate even better estimates for future projects.

AECL has successfully applied this code to doing decommissioning cost
estimates for LWRs in the USA, thus demonstrating the transportability not
only of the methodology, but also of the code itself.

More recently, DECOM has been used to assist in the planning of the NPD
decommissioning project and to predict the cost estimates associated with
that project. By the time of the (planned) conference, data should be
available to compare these predictions.

Other work is underway in the fora of International cooperation to exchange
data with other nuclear agencies and organizations conducting
decommissioning projects to predict and compare costs with actual data
collected in the course of the work.

In summary, it is argued that to properly plan a decommissioning project
and/or to establish a proper basis for collecting funds for future
decommissioning work, a rigorous, disciplined standardized approach to cost
estimation Is required. To make this estimation work less tedious and to
improve the predictive reliability of such estimates, use of computerized
and properly validated codes, such as DECOM, are highly recommended.
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MINIMIZING OPERATING ERROR DURING A MAJOR
UPGRADING PROGRAM AT A MULTI-UNIT NUCLEAR PLANT

G.A. Fowles

Ontailo Hydro

ABSTRACT

The extended forced outages for reactor retubing of Pickering Units
1 and 2 presented a unique opportunity to implement a major upgrading
program. However, the program could not be quickly implemented on Units
3 and 4 and steps had to be taken to minimize the operational problems
that could develop during the period of change. Operating staff who had
trained on identical units would be faced with significant differences
between original and upgraded system configurations. Preliminary results
indicate that a successful program was put in place to manage the change
and no significant increase in error rates has occurred.

1.0 INTRODUCTION

Pickering Nuclear Generating station A consists of four 540 MW(e)
CANDU units, which were identical when they went into service between
1971 and 1973. The performance of these units was excellent witn an
overall capacity factor exceeding 80% in the ten years up to August
1983. However, these ten years saw significant advances in the fields of
safety analysis and probablistic risk assessment, and life extension and
equipment obsolescence were identified as major issues in the continued
viability of nuclear power. Also, 40 reactor-years of direct operating
experience had revealed the need for plant modifications that would
reduce radiation dose, improve maintainability and result in further
increases in capacity factor.

When the decision to replace the pressure tubes in units 1 and 2
was finalized in March 1984, the resulting four year forced outages
provided a unique opportunity to upgrade the units. The Pickering
Upgrading (Pick-Up) program that was formulated was paired down from an
original wish list of over 600 items. The 88-item Pick-Up program
consisted of projects that ranged in size from the repositioning of
control valves to ease maintenance to the installation of a $70 M high
head injection scheme for emergency coolant injection (HPECI). Table 1
contains a list of those changes which had the greatest impact on unit
operation.
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Pick-Op proceeded in parallel with the retubing, to improve
operability and maintainability, while increasing safety margins and
extending the useful life of the units. However, it soon became obvious
that managing the transition froir. original to upgraded units would be
complicated by the extended period over which the changes would be
implemented.

2.0 ASSESSING THE IMPACT ON OPERATIMG STAFF

Unit 1 was to return to service in 1987; Unit 2 in 1988 and Units 4
and 3 were to be upgraded in 1988 and 1989 respectively. As a result,
the previously identical units would be significantly different for a
period of three years; requiring different operating and maintenance
procedures but utilizing a common work force. If operating errors were
to be minimized, considerable effort had to be directed at preparing the
shift crews for this period of major change. The approach that was
adopted included the following elements:

(a) minimize differences between units by completing advance
work on Units 3 and 4 wherever possible

(b) major upgrade of operating and maintenance procedures

(c) institute a comprehensive training program

(d) full scope recommissioning for restart of upgraded units

(e) dedicated First Operators and Shift Supervisors for the
restart of Units 1 and 2

(f) Controlled movement of First Operators between units.

3.0 PICK-UP TRAINING

Before the restart of Unit 1, a complete set of upgraded operating
and maintenance procedures were developed. These procedures incorporated
format changes and operational experience data in addition to the changes
required as a result of new hardware. This was a major task requiring in
excess of five man-years of technical manpower. Many of the procedures
remained common to all units but 17 systems were sufficiently different
that separate operating procedures had to be issued for the upgraded
units. Once the procedures were written, the training program could
proceed.

The training focused on the 40 licensed First Operators and Shift
Supervisors but maintenance staff and field operators were also
included. The licensed staff received four weeks of classroom and
simulator training combined with a comprehensive field checkout program
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that included in-situ testing and operation of the newly installed
equipment. Simulator training presented a difficult problem as the
single Pickering NGS-A simulator could not accurately reproduce the
response of all four units due to their system differences at any point
in time. A hybrid simulator was developed that could utilize either the
old low head ECI system or the HPECI system and the two redundant
annunciation channels were split between original and upgraded versions.
A comprehensive written examination was used to verify the adequacy of
the training program.

4.0 UNIT 1 RESTART

Early in the retubing outages, the decision was made to return the
units to service using a comprehensive commissioning program, very
similar to the one used for new units. This ensured that all systems
were returned to full service in a controlled manner; identifying at an
early stage any problems that had developed during the long outages and
increasing the probability of reliable, trouble free operation after the
restart. Full commissioning also allowed the operations and maintenance
staff an opportunity to become familiar with the newly installed systems,
which were also put through extensive test programs.

As Unit 1 criticality approached, the first operators were divided
into two groups. One group worked exclusively on Unit 1 and the other
group supported the continued operation of Units 3 and 4. (Unit 2 was
being retubed at this time.) A separate Shift Supervisor was also placed
in charge of Unit 1 restart. This allowed the unit to start up with
dedicated licensed people, who did not have to divide their attention
between units of significantly different design. This i,»as desirable as
an extensive program of commissioning tests was being can led out to
optimize procedures that differed from those used on Units 3 and 4 in
various degrees.

A common on-shift maintenance work force was used at all times
during the upgrade, as it was felt that well trained people using
pre-prepared maintenance procedures could quickly switch from one reactor
unit to another without problem. To date, this has proved to be a
correct assumption, as no significant maintenance errors have resulted
from the difference between units.

5.0 UNIT 1 IN-SERVICE

When Unit 1 had completed its commissioning tests and was formally
returned to service in October 1987, the shift crew structure reverted
back to a single shift supervisor. By this time all operating procedures
had been finalized and all shift supervisors had exposure to the new
systems. The first operators remained dedicated to a single unit and
only moved between units after a co-piloting period allowed them to
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become familiar with a details of the unit. This controlled movement
reflects the significantly different actions that must be taken by the
first operator in the first few minutes of some abnormal incidents;
actions which must be taken before extensive procedure review can take
place. Table 2 contains some examples of the different short term
actions required on Units 1 and 4.

To the maximum extent possible, common abnormal incident procedures
are used on all units, utilizing logic branches to cover off the system
differences between units. Only in one case, where the branching
significantly complicated the procedure, were separate abnormal incident
procedures developed for different units. Having common procedures
allows training to focus on the overall objectives of each procedure and
then demonstrate how the objectives are achieved in different ways on
different units. Simulator results indicate that this method has been
effective in preparing the operators for rotation between units.

6.0 PRELIMINARY RESULTS

Pickering has a well developed reporting scheme for operating and
maintenance errors. Significant events reports are written and analyzed
for human error based on criteria that relate back to the station's key
result areas (safety, reliability, citizenship and cost). Figure 1 shows
the trend in annual error rates for the five years preceding the start-up
of Unit 1. The data shows clearly how an upward trend had been reversed
in 1985 by the application of other error reduction programs that were
completely separate from the Pick-up program.

Unit 1 was the first fully upgraded unit to be placed in service in
October 1987 following a period of intensive commissioning activity. For
this reason, more detailed information is included for 1987.

Although the operator error rate has not shown any significant
increase in 1987, three Unit 1 events have demonstrated the potential
problems that are associated with a major upgrading program. .

(a) Test circuit operations resulted in a reactor trip during
Unit 1 low power operation. A Unit 3 temporary procedure had been
erroneously applied to Unit 1 to overcome equipment problems.

(b) A planned reactor trip and recovery test from full power was
unsuccessful and the Unit 1 reactor poisoned out due to Xenon
buildup. The post-trip response was substantially different from
Units 3 and 4 and the operators had not been adequately prepared.

(c) The start-up procedure for the main heat transport system was
modified and simplified when new pressure tubes were installed on
Unit 1. However, several draft procedures were produced before the
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final version was issued. As a result, the main heat transport
pump was started at the wrong point in the sequence, and a reactor
trip occurred.

The maintainer error rate did increase, and appears to have peaked
in the period between Unit 1 criticality and its return to full service.
This was a period of intensive maintenance activity when the final phase
of the Pick-Up modifications were implemented and comprehensive
commissioning testing was completed. Five of the incidents reported in
the third quarter of 1987 occurred on Unit i and two more incidents
involved Pick-Up changes that were being incorporated on Unit 3. The
majority of these errors involved control maintainers; on two occasions
relays were incorrectly installed and there were three incidents that
involved inadvertent activation of adjacent equipment.

The consequence of all these incidents was confined to lost
production but they emphasize why this type of major upgrade program must
be carefully managed to reduce operating error. Monitoring of the error
rates trends will continue throughout the program to allow prompt
corrective action, should an undesirable trend develop.

7.0 CONCLUSIONS

The implementation of a major upgrading program at a multi-unit
nuclear generating station creates an environment where the probability
of human error can increase. At Pickering NGS-A, extensive system
changes are being carried out over a relatively long period of time and
the preliminary results indicate that an effective program has been put
in place to prepare the operating staff. The operator error rate has
continued to decrease through the period when the first fully upgraded
unit was returned to service. There has been an increase in the
maintainer error rate, but this appears to have peaked during a
maintenance intensive commissioning period.
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TABLE 1

Pick-Up Modifications with Major Impact on Unit Operation

12.

13.

M.

15.

16.

1
1

MODIFICATION

New High Pressure Emergency
Coolant Injection Scheme

New Pressure Tubes

Upgraded Annunciation system

Conversion of ten control
(adjuster) rods into shutoff
rods

Deletion of Moderator Dump
following a LOCA |

New Protective System Parameters |
and Trip Setpoint Changes |

Id)

1 (ii)

1 (iii)

(iv)

Id)

Idi)

(i)

d.i)

(i)

(ii)

(iii)

(i)

(i)
(ii)

IMPACT ON OPERATION

Extensive on-power testing of
new components.
New abnormal incident procedures
for LOCAs.
Changes to start-up/shutdown
procedures for heat transport |
system. . |
New crash cooldown procedures. |

Less restrictive pressure/ |
temperature envelope for heat |
transport operation. |
No requirement for special j
procedures to inhibit delayed |
hydride cracking. j

Operator interface with the |
unit radically altered. |
Enhanced monitoring capability |

for equipment parameters. |

Reduced Xenon override |

capability. |
Coarser control using remaining |
adjuster rods because of j
increased reactivity worth per |
rod. |
New shutoff rod testing j
facilities. |

New operating philosophy |
required moderator to be fully j
pumped up for five minutes |
following a LOCA. |

Reduced operating margins. |
New calibration and test j
procedures. |
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TABLE 2

Examples of Prompt Operator Action Required Following Abnormal Incidents

I ABNORMAL INCIDENT

| Loss of Moderator Cooling

| Large Loss of Coolant
| Accident

1

1
|
1
1

j Spurious Reactor Trip

I UNIT 1

[ Crash cool the
| boilers using HPECI
logic.

No manual inter-
vention required.

Correct operation of
hydrogen Ignition
system to be
verified.

Moderator pump up
required to clear
adjuster rod
interlocks.

Trip logic to be
reset within seven
minutes to avoid
Xenon poison outage.

I UNIT 4

I Crash cool the
I boilers by manually
I opening the steam
1 reject valves. j

Manual control of |
recovery valves may j
be required within |
five minutes. j

No hydrogen ignition j
system installed.

No moderator pump up |
required. |

I

Trip logic to be |
reset within twelve j
minutes to avoid j
Xenon poison outage. |

2169N12
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ANNULUS GAS SYSTEM RESPONSE TESTS

FOR PICKERING NGS A. UNIT 1

COMMISSIONING

J.M. Kenchington*, P.J. Ellis and D.G. Meranda

Ontario Hydro.
Toronto, Ontario

INTRODUCTION

A programme of tests was carried out at the station to measure the
dynamic response of Pickering NGS A, Unit 1. Annulus Gas System (AGS) to
a simulated heavy water (D2O) leak from a pressure tube (PT). These
tests were requested by the Atomic Energy Control Board (AECB) as part of
the recommissioning programme following the three-year outage of the unit
for retubing. They particularly indicated that these tests be as
realistic as practicably possible and that performance testing of the dew
point hygrometers and moisture beetles be carried out using D2O rather
than a tracer. The purpose of the tests was to show that the AGS would
detect a D2O leak from a PT sufficiently early for the operator to take
appropriate action and, if necessary, to shut down the unit safely.

Test Programme

The original AECB request was for the tests to be carried out on the lead
unit preferably and so Unit 1 was selected. A system response test
programme was formulated by Nuclear Systems Department who also acted as
the overall co-ordinators. Input was also provided by Chemical Research
Department who carried out the tests. The programme was finalized with
Pickering A Commissioning in the form of a Recommended Operating
Procedure which the station implemented while interfacing with Chemical
Research Department.

A set of cold tests was carried out in May, 1987 before the system was
heated up. Their purpose was to test the procedures and check that the
measuring instruments were functioning correctly. This enabled some
corrections and improvements to be made prior to the hot (actual) tests
when the AGS was raised to the normal operating temperature. The hot
tests were carried out in June, 1987 and can be summarized as follows:

Nuclear Systems Department
Ontario Hydro
700 University Avenue
Toronto. Ontario
M5G 1X6

8759p
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(a) Testing the Station Dew Point Hygrometers (see Figure 1)

A small amount of D2O (nominally 5 and 10 g/h) was injected as vapour
to simulate ingress of moisture from a small PT leak at a rolled joint.
This took the form of a step Input which was Introduced into two
strategic locations to measure the corresponding dew point responses.

One location was termed external as D2O was introduced into the
external circuit of the AGS downstream of the recirculating compressors
and corresponded to the best dew point response as all the flow paths
were available for moisture transport. The other location was termed
internal and referred to the Annnulus Gas headers on the west reactor
face. Internal Injection corresponded to moisture transport from a more
remote location in the reactor where flow may be significantly less than
design. This provided a worst case scenario.

(b) Testing the Station Outlet Moisture Beetles (see Figure 1)

A larger quantity of D2O (2-3 kg/h) was injected as a step input at
strategic locations as a two phase mixture to simulate a larger D2O
leak. This was alarmed by either or both moisture beetles located at the
lowest points of the outlet gas header. The injection points were in the
outlet gas header on the north and south sides of the reactor which
represent the potentially better and worse quadrants for liquid moisture
transport.

Results and Conclusions

The measured dew point responses were compared with those predicted by a
dew point computer programme which models moisture transport through the
AGS. Initially, there was a discrepancy between measured and predicted
data which was attributed to the following:

(a) By passing of the reactor core via ancillary piping was
identified and this delayed the dew point response. Further
tests were carried out with core bypassing eliminated and
corresponding design modifications were Implemented at the
station to assure this.

(b) When core bypassing had been eliminated, there was still a
discrepancy between measured and predicted data. This was
identified as being due to the station dew point hygrometers
being calibrated with H2O in N2 whereas the Annulus Gas
System contained D2O in CO2 during the simulated leak.
Consequently, a calibration correction was required. When both
of these discrepancies were resolved, there was good agreement
between the measured and predicted dew point responses providing
further verification of the dew point programme.

In the case of the two moisture beetles tests, there was a beetle alarm
within the time predicted by design analysis each time.

8759p
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A MODEL FOR DROPLET SIZE DISTRIBUTIONS IN FLASHING JETS

Minoo Razzaghi

Atomic Energy of Canada Ltd.
Vhiteshell Nuclear Research Establishment

Pinava, Manitoba, ROE 1L0

ABSTRACT

During some postulated accident scenarios of a CANDU PHWR, high
enthalpy coolant is released into the containment as a two-phase jet.
The liquid portion of the jet atomizes into droplets because of flashing,
hydrodynamic drag and instabilities.

The unflashed water droplets may contain radionuclides, may
absorb gaseous fission products or may intercept other aerosol particles
containing fission products that happen to be present in the containment.
All these physical interactions of the water droplets depend on the
droplet size1. Removal of the droplets by different processes, e.g., by
settling or deposition, and their interaction with each other, e.g., by
coagulation, also depend on their size.

This paper describes a model for the estimation of the droplet
size distribution in a flashing jet. The model initially considers the
droplet formation due to aerodynamic instabilities without flashing. At
this stage, the Monte Carlo method is used for the estimation of the
droplet size distribution. The droplets are globally within a size range
defined by the wavelength of unstable disturbances and the maximum stable
size. The maximum size occurs when the surface tension force balances the
hydrodynamic force on the droplet.

The droplets so formed are then subject to flashing. Flashing
is assumed to result in the formation and growth of a single bubble
inside the droplet; that is, surface evaporation is neglected. Single-
bubble formation within flashing butane droplets has been observed
experimentally2.

The bubble inside the droplet bursts as a result of interfacial
instabilities driven by rapid evaporation at the interface between the
bubble and the remaining liquid film. The liquid film then forms many
small droplets. The size and the number of these secondary droplets are
determined using liquid mass conservation and surface energy transfer
from the bubble to the droplets. The surface energy transfer involves
some energy loss, which is a parameter of the model.

This paper formulates the problem and presents the results for
varying levels of superheating in the jet.



Fluke R.J., et al., "Fission Product Washout by Two-Phase Flashing
Jets", CSNI Specialist Meeting on Hater Reactor Containment Safety,
Oct 17-21 1983, Toronto, Ontario, Canada.
Shepherd J.E. and Sturtevant B., "Rapid Evaporation at the Superheat
limit", J. Fluid Mech., 121, 379, 1982.
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REFILL STUDY OF A CANDU-TYPE HEADER/FEEDER SYSTEM
UNDER NEAR-ZERO HEADER-TO-HEADER PRESSURE DROP

J.E. Kowalski and B.N. Hanna

Thermal-hydraulics Branch
Atomic Energy of Canada Limited

Whiteshell Nuclear Research Establishment
Pinawa, Manitoba ROE 1L0

SUMMARY

In many postulated loss-of-coolant accidents (LOCAs) in the CANDU
reactor system, rapid voiding of the primary heat transport system is
expected to occur, followed by the injection of emergency cooling water
into the headers. In certain postulated LOCAs, a low pressure drop between
the inlet and outlet headers of one core pass is predicted to occur early
in the transient and persist for an extended period of time. The modelling
of such situations requires that the header/feeder characteristics be known
under transient conditions. This paper presents experimental data and a
CATHENA simulation of refilling in a CANDU-type header/feeder system during
water injection into both headers.

A series of blowdown/refill experiments was conducted in the Large-
Scale Header Facility at Westinghouse under near-zero header-to-header
pressure drop conditions. The experimental facility consists of inlet and
outlet headers 325 mm ID and approximately 4.2 m in length connected by 30
pipes 50 mm in diameter representing feeders distributed in six banks of
five feeders each. Tests were conducted for injection pressures from 2 to
5 MPa and break sizes from 50 mm to 150 mm located at either or both
headers. The average initial loop preheat temperature was 200°C to 300°C,
corresponding to the loop initial pressures of 2 to 5 MPa. Three phases
were apparent in each of the experiments: the depressutization phase, a
header refill phase and a feeder refill phase. Although the refill phases
were distinct, they did exhibit significant time overlap.

Experimental results show that feeder refilling proceeds by filling
one of the feeders while the other feeders remain dry. Once a vertical
feeder is filled with liquid, refilling of the horizontal section
commences. This process is driven by the hydrostatic pressure difference
between the liquid- and steam-filled vertical feeder legs. The effects of
test conditions on the header refill times are discussed in this paper.
The header refill time decreases as the watei injection flow rate
increased. The initial loop preheat tempera tine had only a small effect on
the header refill time, while the effects of break size and location were
pronounced, particularly at low water injection flow rates.



The results of a preliminary CATHENA simulation of one of the
transient experiments in the Large-Scale Header Test Facility are
presented. The six banks of five feeders each in the experimental facility
were grouped into four banks of five feeders. This was done primarily to
save computer time. The reduction was accomplished by pairing the feeders
at adjacent banks away from the injection turret locations. Individual
feeders were modelled by assuming stratified flow in the inlet header and a
void fraction condition for the feeder depending on the heeler water level.
That is, a feeder may experience single-phase liquid, single-phase vapour
or two-phase conditions if the liquid level was above, below or near,
respectively, the feeder attachment elevation on the header. The void
fraction condition was determined from previous steady-state flow studies
in the header facility [1]. This preliminary simulation shows that CATHENA
is able to simulate many of the salient features of the experiment.

The experimental program described was funded by the CANDU Owners
Group (COG).

REFERENCES

[1] J.E. Kowalski and V.S. Krishnan, "Two-Phase Distribution in a Large
Manifold", presented at the 1987 AIChE Annual Meeting, New York, NY,
November 1987.



MIXING IN A VESSEL-PIPE ASSEMBLY

A.H.T. Lam*, M. Ungurian, K.N. Tennankore
High-Temperature Chemistry Branch

Vhiteshell Nuclear Research Establishment
Atomic Energy of Canada Limited

Pinava, Manitoba ROE 1L0

Telephone: (204) 753-2311

to whom all correspondence should be sent



MIXING IN A VESSEL-PIPE ASSEMBLY

A.B.T. Lam, H. Ungurian, K.N. Tennankore
High-Temperature Chemistry Branch

Vhiteshell Nuclear Research Establishment
Atomic Energy of Canada Limited

Pinava, Manitoba ROE 1L0

ABSTRACT

During some postulated loss-of-coolant accidents hydrogen may be
generated in a reactor and released into the containment building as
hydrogen-steam jets or plumes. Gas mixing determines the distribution of
this hydrogen-steam mixture within the containment building, and hence,
the local concentrations of hydrogen, air and steam. It is important to
know this concentration distribution because the combustion hazards of
hydrogen-air-steam mixtures are dependent on the mixture composition.

A bench-scale system has been used to obtain a database on the
effects of different driving forces on gas mixing, during transient-flow
and continuous-flow conditions, relevant to CANDU™ reactor containments.
A helium-carbon dioxide system was used in this study to simulate the
containment atmosphere because it is nonflammable and the molecular
weight ratio lies within the range expected for the hydrogen-steam-air
system in the containment.

The driving forces studied in the transient mixing tests were
buoyancy, initial pressure difference and static pressure head due to an
added recirculation path. The experimental assembly consisted of a small
vertical cylindrical vessel (capacity 87.5 dm3) with a pipe (5.0 cm in
diameter and 1.05 m long, capacity 2.5 dm3) attached at the bottom
through a quick-acting valve. The vessel and the pipe were filled with
carbon dioxide and helium, respectively. Mixing was initiated by opening
the valve and the mixing characteristics were determined by measuring the
spatial and temporal variation of the helium concentration in the vessel
and the pipe.

Pure buoyancy-induced mixing without any recirculation created a
situation in which intermittent helium 'thermals' moved upward into
carbon dioxide in the vessel. The overall mixing rate was slow (see
Figure 1, bottom curves). It was controlled by the rate of rise of
helium 'thermals' from the pipe and not by the rate of mixing of the
'thermals' within the vessel atmosphere.



Test results obtained for the case with an initial pressure
difference between the pipe and the vessel revealed that the pressure
effect and the buoyancy effect could be decoupled (see Figure 1, top
curves). The pressure effect contributed to an initial jump in the
helium concentration at the very early stages of mixing during the time
Interval for pressure equilibration. The buoyancy effect in the form of
intermittent 'thermals' dominated the mixing after pressure
equilibration.

Figure 2 shows that, when a recirculation pipe filled with
carbon dioxide was added, the consequent static pressure head speeded up
mixing in the vessel and shortened the overall mixing time.

Mixing of helium with carbon dioxide under continuous-injection
conditions has been examined in the same vessel-pipe assembly. The
entire system was initially filled with carbon dioxide. Without
recirculation, for the helium injection rates investigated (0.4 dmVmin,
2.0 draVmin, and 5.0 dmVmin), the concentrations when plotted as a
function of dimensionless time (the ratio of the mixing time to the
residence time) were independent of injection rate.

When the recirculation pipe was added, the helium concentration
gradient between the pipe and the vessel was greatly reduced at an
injection rate of 5.0 dmVmin (58-86 He vol.Z without recirculation
versus 6-10 He vol.* with recirculation during the injection period).
Thus, the recirculation path induced by the addition of the recirculation
pipe enhanced mixing. With recirculation, the time required to reach the
equilibrium concentration level in the bottom pipe after termination of
injection was reduced to ~ 35 s from the measured value of ~ 925 s
without recirculation.

The conclusions based on the test results are as follows:

1. The effect of an initial pressure difference and buoyancy on mixing
can be decoupled; and

2. The addition of a recirculation path speeds up mixing, reduces the
concentration gradient and shortens the overall mixing time for both
transient-flow and continuous-injection conditions.
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High-Temperature Chemistry Branch
Atomic Energy of Canada Limited

PINAWA, Manitoba ROE 1L0

Introduction

The presence of deuterium in the moderator cover gas and the
concomitant combustion hazard vas an early consideration in the safe
design and operation of CANDU reactors [l\. In the 1960's and 1970's,
the research response to the cover gas problem was aimed at understanding
the radiolytic origin of D2 and 02 and the radiation chemistry of the
moderator. Today, deuterium transients during start-up and normal
operation are better understood. More recent interest in the cover gas
arises from analyses of postulated accidents, such as a loss of
moderator.

During a loss-of-moderator accident, it is envisaged that a
prompt release of dissolved, radiolytically produced D2 and 02 from the
moderator water to the cover gas space may occur. If the release rate
exceeds the capacity of the recombiners, a combustible mixture could
arise in the cover gas space. Exposed adjuster rods, deprived of
cooling, offer a potential ignition source. The increased cover gas
volume concurrent with the loss of moderator level, escalates the
potential consequences of a combustion event, should ignition occur.

Analysts are assessing the likelihood of surface ignition by the
adjuster rods and the nature and consequences of a potential combustion.
An integrated combustion research program is underway at WNRE in support
of these analyses. This paper describes that program and reports its
significant findings.

From a combustion standpoint, the cover gas is a unique system
with respect to both gas compositions and internal geometries. The key
combustion properties of deuterium, such as ignition temperature, burning
velocity, and detonation cell size, are unavailable in the literature.
Likewise, limited data is available for the effects of the helium diluent
which, owing to its low density and heat capacity, contributes to unusual
combustion behaviour. Exposed pressure tubes and guide tubes in the
calandria offer arrays of repeated obstacles which can contribute to
flame acceleration, possible transition to detonation and complex
pressure loads. The complex geometry precludes simple calculations to
predict pressure transients.



Experimental

To fully understand D2 combustion in the moderator cover gas, we
have obtained a variety of data in different experiments. Ignition
temperatures of H2-02~He-steam mixtures have been measured using an
electrically-heated, instrumented, full-scale simulator of an adjuster
rod assembly mounted in our 6 m3 Containment Test Facility sphere.
Separate effects, such as surface recombination and deuterium isotope
effects have been examined in a 2 1 instrumented vessel. The relevant
burning velocities have been obtained by the nozzle burner/schlieren cone
angle method with particle tracking by laser-doppler anemometry.
Detonation cell sizes have been measured from sooted mylar sheets
installed in a 15 cm I.D. x 7.5 m long detonation tube. Obstacle-induced
transition from deflagration to detonation is being studied in a
8 m x 28 cm diameter duct and, photographically, in a 9 cm x 9 cm x 4 m
channel.

Results and Conclusions

We have measured and compared ignition temperatures, burning
velocities and detonation cell sizes of mixtures of deuterium and
hydrogen. Mixtures with deuterium ignite at lower temperatures (Figure
1) and burn more slowly (Figure 2) than mixtures with hydrogen. The
lower burning velocities of deuterium are due to the lower thermal
diffusivity of the deuterium mixtures. On this basis, a correlation has
been obtained which accurately predicts deuterium burning velocities from
hydrogen burning velocity data.

Results of ignition temperature measurements of H2-O2-He-steam
mixtures support the predictions of an analytical model. Surface
ignition temperatures decrease with decreasing absolute pressure and with
increasing dilution with helium. Moisture increases ignition
temperatures only slightly. Separate effects tests reveal a significant
rate of H2-02 recombination at the hot surface at temperatures below the
critical temperature required for ignition. Surface recombination offers
a mitigating mechanism, not currently credited in analyses.

Detonation cell sizes have been measured for a matrix of
H2-02-He-steam compositions (see Figure 3). Detonation cell size is an
important parameter used to predict detonation behaviour and to define
limiting concentrations for which detonation is possible. The
composition limits for obstacle-induced transition from deflagration to
detonation have also been determined. A significant result for H2-02-He
mixtures is that flammability composition limits, detonation limits and
transition limits are equivalent. We are in the process of defining the
stringent geometrical criteria that enable transition for near-limit
mixtures to occur.

References

1. S.R. Hatcher, "Estimated Gas Concentrations in the CANDU
Moderator System", CE1-145 (1962).
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INTRODUCTION

In the event that a reactor vault exceeds its normal operating
pressure, the pressure relief valve connected to the vacuum building
opens. The pressurized fluid then leaves the reactor vault through the
fuelling duct and enters the vacuum building. Fuelling trolleys,
located in the fuelling duct may impede the fluid discharging from the
reactor vault. To determine the loss coefficients of the trolleys, a
compressed air blowdown facility was constructed. It includes a 1/40
scale model of a reactor vault and fuelling duct. The geometry is
typical of the Bruce and Darlington design. The loss coefficient was
defined as the total pressure difference across the trolley(s) divided
by the dynamic pressure. To determine this quantity, it was required
to know the total and static pressures upstream and downstream of the
trolleys as well as the total mass flowrate.

MODEL AND FACILITY

It was assumed that pressure losses in the flow over the trolleys were
predominately due to compressible flow form drag and to a lesser
extent frictional losses. Consequently, the criterion for scaling was
equal Mach numbers. A lower limit of 2x10 was imposed on the Reynolds
number. Above this value loss coefficients do not change significantly
for flows over bluff bodies . An estimate of the expected pressure
drop across the trolleys in the model was determined from an estimate
of the loss coefficient in the prototype . The model scale was
selected to satisfy the minimum requirement on the Reynolds number.

The air flow facility is able to supply pressures up to 275 kPa (25
psig) and mass flowrates up to 5.5 kg/s (12 lbm/s) to the model (see
Figure 1). Two high pressure vessels were used which stored enough air
for blowdown times of 30 to 45 seconds. When constructing the model,
special attention was paid to fuelling duct and fuelling trolley
details. A computerized data acquisition system was used to scan a set
of 42 total and static pressures every three seconds.

RESULTS

Three sets of data were collected. In each case, the decay in pressure
upstream of the trolleys was sufficiently slow to acheive a
quasi-steady state requirement. Pressures in the model ranged from
170-275 kPa (10-25 psig) and the reference Mach number ranged from
0.04 to 0.2. The three test series were characterized by the inlet
flow conditions: air entered the model (1) through the reactor vault
with a deflector plate, (2) through the reactor vault without a



deflector plate, and (3) through the fuelling duct. For each series,
the test matrix consisted of 1, 2 or no trolleys in the model and
three backpressure settings. Different Mach numbers were obtained by
setting the backpressure valve to 50, 60 and 100% opening. Any setting
below 50% yielded Mach numbers below the lower value expected in the
prototype.

The results are presented as plots of loss coefficient versus Mach
number. Each test yielded a cluster of data at essentially the same
Mach number. For the 1-trolley and no trolley cases, the loss
coefficient was independent of Mach number. The loss coefficient
increased with increasing Mach number for the 2-trolley cases. This
was most evident in the Deflector Plate Series (see Figure 2). This
may be explained by the fact that the 2-trolley cases were much closer
to choking than the other cases.

The loss coefficients were also plotted as a function of Reynolds
number which ranged from 4x10 to 1.5x10 . It was found that the loss
coefficient did not have a strong functional dependence on Reynolds
number in this range.

The proximity to choking can be determined by plotting the critical
mass flow ratio versus the static pressure ratio. When the slope of
the curve is zero, the conditions represent choking . When the data
was reduced in this manner, it was apparent that choked flow did not
occur in any of the tests. As would be expected, an increase in the
number of trolleys increased the proximity to choking.

CONCLUSION

Loss coefficients in a model fuelling duct were determined for
conditions expected to exist during some loss of coolant accidents.
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Key safety enhancements incorporated into the
CANDU 3OO design are described, with emphasis on lessons
learned from earlier CANDU plant designs. The CANDU 3OO
design ground rules include enhancing plant safety while
keeping plant costs down. This is accomplished by careful
choice of plant layout and system grouping and separation,
and also by design, to maximize the capability of both
process and safety systems to cater to abnormal events.

Grouping and separation of appropriate systems and
components in the CANDU 3OO layout has been chosen to enhance
plant safety. Systems required to mitigate accident
consequences ars contained in the Group 2 plant train, while
systems used in normal plant operation are in the Group 1
train. Group 2 is further subdivided to provide separation
of safety systems. The choice of location and separation of
buildings by function has provided more complete separation
between Group 1 and Group 2 systems and better protection of
essential systems from external events (earthquake, tornado,
etc.).

The capability of the Group 2 systems has been
enhanced by providing an independent source of high pressure
feedwater to the steam generators, and separate services to
Group 2 users (e.g. cooling water, power, instrumentation).
The secondary control area is equipped with improved control
panels and instrumentation providing correspondence with the
main control room panels.

Other process system features improve the safety
capability of the plant. A relatively large pressurizer
reduces the severity of depressurizatian transients in the HT
system in the event of secondary side failures, and assures
thermosyphoning by a liquid-filled system for all steam
generator conditions. The shutdown cooling system is
seismically and environmentally qualified and is supplied
with group 2 services, providing an additional heat removal
capability following accident conditions.

Shutdown system design changes enhance
operability, maintainability and response speed. Shutdown
systems monitoring is improved by the use of computerized



trip logic, testing and recalibration functions (for example,
recalibration of the regional overpower system flux
detectors).

The CANDU 3OO shutdown systems design also
includes features to increase response speed. Each shutdown
system has ion chambers an each side of the core, to more
easily recognize fast flux tilts; the shut—off rods have been
made lighter to allow faster insertion; and "fast—trip" logic
for neutronic trips is provided within the shutdown system
trip computers.

Emergency Core Cooling System (ECCS) design
changes have focussed on improving the plant response for the
smaller, more likely pipe breaks, and on improving system
availability. An accumulator-driven high pressure stage,
followed by pumped injection, is provided as on CANDU—600
plants.

ECCS initiation far smaller pipe breaks is
initiated on very low pressurizer level as a conditioning
signal to the general LOCA indicator of law heat transport
system pressure. This signal provides detection to all pipe
breaks which cause an uncontrolled drain from the heat
transport system, regardless of break size. All ECCS
responses, including switchover to low-pressure
recirculation-mode injection are carried out automatically.
These two design changes minimize the reliance on operator
action following a LOCA, freeing operator attention for
monitoring and accident management.

In addition, computerisation of ECCS
.instrumentation and control has simplified the panel layout,
providing a better man—machine interface, and improving
system monitoring and testing. The ECCS recovery pumps and
heat exchangers are located in an enclosed area in the Group
2 portion of the reactor auxiliary building with facilities
to collect leakages from pumps and heat exchangers.

Modification of the containment system design
allows the elimination of the dousing system. Short term
pressure excursions within the reactor building are
accommodated by choice of design pressure. This
simplification reduces capital and construction costs and
also eliminates operating concerns such as dousing system
valve testing and spurious dousing operation. Post-LOCA
heat removal is provided by environmentally-qualified
building air coolers, consistent with past practice.

Scoping accident analyses indicate that this
simplified containment design contains fission products
effectively, achieving ample margin to AECB guideline doses.
Similarly, accident studies to predict long term containment
pressures indicate that, with appropriate placement and heat



exchanger design, modest air cooler capacities sre sufficient
to provide cooling, and hence pressure reduction -for past-
accident operation.

Containment leak—tightness is improved by reducing
the number o-f containment penetrations and locating all
penetrations in speci-fic areas in the lower portion of the
reactor building.

The containment design also includes a system -for
on—line detection o-f gross containment leakage. The system
is based on mass balance measurements o-f equipment compressed
air inflow and net ventilation system out-flow. Again,
scoping accident analysis has provided support in parallel
for this by demonstrating that post-accident public radiation
doses are insensitive to actual rates o-f distributed leakage
from containment.

To summarise our experience, the conceptual design
activity far safety features has shown the importance of
identifying key issues early in the plant conceptual design
process. Using feedback from design and operation of other
CANDU plants has been an important way of improving real
plant safety in an efficient way.
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SUMMARY

This paper describes the conceptual design of the Distributed
Control System (DCS) for the CANDU 300 Nuclear Steam Plant
(NSP) non-safety systems.

The DCS uses small industrial microprocessors ("programmable
controllers") for all control functions. Interfacing to
plant devices is via input-output signal multiplexers which
are geographically distributed and linked via data-highways.
The data-highways are also linked to the Plant Display System
(PDS) for operator interfacing, data recording, and special
monitoring functions. Fault tolerant system design is used
to provide very high reliability.

In previous CANDD designs, the basic control functions are
performed by a variety of devices, including logic relays,
timers, comparators and analog controllers. These devices
are connected to each other and to field devices via multi-
conductor cables and cross-connection wiring in a large
.Control Distribution Frame (CDF). More complex control
functions are performed by a central dual-redundant mini-
computer system.

In the new design for the CANDD 300 almost all the control
functions for the non-safety systems are performed by the
DCS. Operator interfacing functions are performed by a
separate computer system called the Plant Display System
(PDS), which uses signals provided by the DCS. The use of
data highways and programmable controllers, instead of
multiconductor cables, CDF cross connection wiring, and hard
wired control devices, eliminates a substantial amount of
cabling and wiring. This results in a significant reduction
in construction and commissioning work, and is an essential
factor in reducing the overall construction schedule. There
is also a significant net reduction in equipment and
engineering costs.

The control functions performed by the DCS include the



relatively simple control of individual devices, such as
control of motors via contactors and switchgear, control o-f
isolating valves via solenoid valves, and control of
modulating control valves via analog signal converters, as
well as the more complex control functions, such as reactor
regulation and power control, heat transport system pressure
and inventory control, bailer pressure control, and boiler
level control. Flux mapping and fuel channel temperature
monitoring are performed by the PD8 using signals provide by
the DCS. The flux mapping results are used by the DCS
reactor power control function.

The DCS is divided into three separate channels, to match the
channelization of redundant sensors, actuators and power
supplies. Each channel consists of a number of local
stations, installed at strategic locations throughout the
plant, and linked by data highways. See Figure 1. The data-
highways, communication modules, control processors, power
supplies and some input-output modules are dual-redundant to
provide high reliability.

Each signal source and sink device is connected directly to a
local station by relatively short cables, minimizing the use
of junction boxes. Electrical power for the signal source
and sink devices is provided via the local stations. For
example, the power supply for 4-2O mA transmitters is
provided by the analog input modules - there is no need for
the separate power supplies, fuses, resistors, and all the
associated wiring previously used for current loops.

The three channels mrs interlinked via transfer stations, to
allow inter—channel signal communication for multi-channel
functions, such as median selection for triplicated sensors,
and switchover logic for redundant process equipment.
Separate transfer stations are used for each of the two
highways in each channel to maintain redundancy.

The control functions are distributed in control processors
in the local stations. Control functions are programmed by
control systems designers in a control block diagram
language. Computer programming knowledge is not required.
Signal communication is controlled by simple address lists.
No other programming is required. The operation of the data-
highways is essentially transparent to the control system
designer.

The data-highways have very high immunity to electro-magnetic
interference (EMI) and use very effective error detection
techniques. Fast cyclic signal transmission provides
constant active checking, allows detected errors to be simply



rejected, and eliminates any possibility of system overload.

A separate data-highway is used to communicate selected
binary signals to the PDS, for high-resolution change-of-
state time tagging and sequencing of time-critical alarms and
events.
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The fuel channel design for the CANDU 300 reactor is governed by the
station requirements of a fast construction schedule, high channel power
and a high station capacity factor while achieving significant reductions
in capital and operating costs than current designs.

The fuel channel design has evolved by simplifying and rationalizing the
traditional channel design to achieve significantly faster complete
channel removals and replacements at the end of channel life than can be
achieved with the traditional channel configuration. Single-ended
refuelling adopted for the CANDU 300 enabled further simplifications to
the channel components and evolved into the concept of a single, pre-
assembled channel module comprising a Fuel Channel-Calandria Tube
Assembly (FCCTA), Figure 1, which can be inserted into the Calandria-
Shield Tank Assembly (CSTA) from one end (the fuelling-machine side).
This concept of a FCCTA module offers cost savings during initial
construction, but the significant savings of the modular concept are
realized by significantly shortened station outage estimates for large
scale fuel channel replacements at the end of life. The shortened
schedules for initial installation and for channel replacements are
achieved because channel assembly operations are performed off site in a
shop environment.

For initial installation or channel replacement, the on site activity is
reduced to the handling of FCCTA modules, insertion into the CSTA and
making the feeder pipe connections and connection to the CSTA at each
end. For channel removal, the on site activities consist of
disconnecting the feeder pipes and CSTA connections, removing the FCCTA
module from the CSTA and handling of the removed, irradiated FCCTA module
from the fuelling machine vault to the fuel channel disposal facility.
This modular concept allows the use of tools and equipment that are
common both to initial installation and channel removal/replacement.
However, for schedule reasons, manual installation procedures may be used
for initial installation, in some cases. The removal and replacement of
the irradiated FCCTA module is performed remotely by means of a Fuel
Channel Replacement Cradle which replaces the Fuelling Machine on the
Fuelling Machine Carriage. This results in minimum exposure to
personnel.



All the channels are installed with the outlets at the same end (fuelling
machine-side) and the outlet ends are connected to the end shield of the
CSTA. The features of single-ended refuelling and single-ended
restraints reduce the complexity of the design, improves access and
eliminates irradiation-induced creep and growth elongations of the
channel at the outlet end. This configuration also increases the seismic
capability of the channels significantly by preventing the dominant
seismic loading the fuelling machine from being transmitted to the
pressure tubes. Channel elongations due to thermal expansion and to
creep and growth are directed to the inlet end. The channel
configuration at the inlet end minimizes feeder pipe interactions
resulting from differential creep between channels. Interference of
sagged channels with the central horizontal liquid injection shutdown
system (LISS) nozzles is avoided by an eccentric for readjustment. The
predicted sag in the channel during channel life is not sufficient to
pose a problem for fuel passage.

A redesigned leak-detection system is provided for the CANDU 300 fuel
channels in which individual lines of CO2 gas are connected to pairs of
channels to permit rapid leak detection and identification of the leaking
channel.

The fuel channel described in this paper illustrates a design which is
expected to be effective, reliable and capable of faster replacement, to
allow the channel life to match the increased station life specified for
the CANDU 300 stations.
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COMPUTER SIMULATION OF FUEL CHANNEL REPLACEMENT

Atomic Energy of Canada Limited, CANDU Operations
Sheridan Park Research Community, Mississauga, Ontario, L5K 1B2

During the next 20 to 30 years fuel channel replacement will be a
significant maintenance task for nuclear power stations operators as fuel
channels in various reactors reach the end of their useful lives. As
retubing dates approach, utilities will intensely study the channel
replacement process to streamline the operation and reduce downtime.
Advanced, workstation based computer graphics tools for simulation of
automated processes will be a useful tool for assisting the designer in
assessing proposed schemes for fuel channel replacement. By simulating
the proposed sequence of tasks using a three dimensional computer graphics
model, the design team will be able to identify interferences and tool
limitation, plan work cell layout and crew space requirements. By
performing statistical analysis in conjunction with the physical
simulation the sensitivity of the process to random delays and problems
can be studied.

The CANDU 300 fuel channel has been specifically designed to meet
ambitious replaceability targets consistent with the durations of
maintenance of other major plant components such as turbines and steam
generators. This paper describes the results of a retubing simulation
conducted on the proposed CANDU 300 reactor. The reactor, vault and
retubing facilities were modelled to simulate and visualize the process
using a robotics simulation program developed by DENEB Robotics Inc. This
program was used for on-line interference detection and visual checking of
the working environment to identify space layout requirements. The
complete retubing project was simulated using the statistical analysis
tool AUTOMOD developed by Auto-Simulations Inc. This was used to identify
optimum crew sizes; targets for durations of tasks; preferred work
sequences and material and equipment handling paths based on the objective
of minimizing the potential for delay due to random equipment failures and
errors. A by-products of the physical simulation was a dose estimate
based on the position and duration of crew tasks from a three dimensional
map of the fields in the work area. This permits an efficient evaluation
of the benefits of various shielding options.

The recommendations for improvements in the proposed CANDU 300 retubing
process are discussed as well as the application of this technique to the
study of retubing and other construction and maintenance in other types of
CANDU reactors. The program allowed improvements to be made in the early
concepts of the proposed CANDU 300 retubing process. These are discussed
as well as applications for the study of construction and maintenance
tasks on existing nuclear plants.
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Current designs of CANDU reactors have several groups of fuel channels
each served by a coolant supply train consisting of an outlet header, a
steam generator, one or more pumps in parallel and an inlet header.
Postulated failures in these large components put the heaviest demands
on the safety systems. For example, the rupture of a header sets the
requirements for the speed and depth of shutdown, for the speed and
capacity of emergency coolant injection and has a large impact on
containment design.

A new CANDU design called CANFLO is being investigated to reduce the
impact of failures in large components. Each fuel channel is supplied
from more than one train so that if one train fails the rest continue
to work. Reverse flow limiters reduce the loss of coolant to a broken
supply train. The loss is intended to be less than the flow from
unbroken train(s) so as to maintain positive flow to the affected
of fuel channels. The figure illustrates the concept in a single-loop,
two-supply-train design.

By reducing the core voiding rate for the large-break loss-of-coolant
accident (LOCA), the CANFLO design would have a reduced rate of
addition of void reactivity and would therefore require a reduced rate
of reduction of reactivity via the shutdown systems. This would be a
particular advantage for a single-loop CANDU with its larger rate of
addition of void reactivity.



Fuel temperatures during a postulated large-break LOCA can be
enough to put a limit on core-power density during normal operation.
By maintaining forward flow, even for the large break, the CANFLO
design avoids the conditions which lead to the high temperatures.
Consequently this restraint on power density can be removed to allow
the reactor power to be uprated with consequent reductions in specific
capital cost. Reduced LOCA temperatures, even for an uprated reactor,
lead to reduced releases of radioactivity into containment.

With CANFLO, the reduced rate of loss of coolant permits a reduction in
the speed and capacity of emergency-coolant injection. Also the
reduced rate of release of energy and radioactivity into containment
will reduce the release of radioactivity from an impaired containment.

So, as a general rule, the CANFLO design is more tolerant to large-pipe
failures and puts less demand on the engineered safety systems, even
for an uprated reactor.

The effectiveness of the CANFLO design will depend on the performance
of the reverse flow limiters. They should minimize the reverse flow
but not at the expense of a large resistance to forward flow. Check
valves would be ideal reverse flow limiters if they did not present a
reliability problem. The vortex diode used in the AGR reactors '''
looks promising. Tests done by Mori and Premoli ''•* showed
satisfactory forward to reverse flow characteristics and the vortex
diode has been improved since then l".

The paper describes several design options for making the piping
connections from headers to fuel channels. It discusses progress in
design and testing of flow limiters. A preliminary analysis is Riven
of relevant accident scenarios.
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At Courtenay Bay Unit 4 in the province of New Brunswick, AECL and
N.B. Power engineering are busy implementing an advanced control room whose
design may form a suitable basis for the next generation of power station
control rooms.

The design utilizes an all CRT based control console, simulating the use of
handswitches or pushbuttons, meters, recorders, or individual controller
stations.

In addition to the revolutionary operator interface approach the design has
several other innovative features.

Application flexibility is a keynote of this design. Standard interfaces are
available to allow the graphic display hardware and the process input output
equipment to be incorporated into several host computer systems ranging from
industrial IBM PC-Al's to Digital Equipment Corporation's micro VAX II and
III. The operating system is UNIX based. Thus at the C Programming
Language level we have software compatibility across a range of computers to
allow ready matching to varying size and commercial needs.

The System is designed to support the islanding approach towards plant
procurement and project management. Buying turbine, boiler and nuclear
island packages including control is very attractive but in the past have
given problems in achieving a properly integrated control room.

The Courtenay Bay system overcomes that problem by the ease with which it
can be interfaced to various distributed control and instrument systems,
allowing, for instance, a turbine island by Brown Boveri and a boiler island
by B&W with coal handling controls by Allen Bradley while still allowing a
uniform method of communication with the operator.

Cost too has been targeted in the Courtenay Bay design. The software
organization and use of higher level languages has reduced design costs by
an order of magnitude, and the smaller size of the system and distributed
architecture reduces building and erection costs.

- 1 -
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Nuclear Engineering Education at McMaster University

Wm. J. Garland, Associate Professor
Dept. of Engineering Physics

McMaster University
Hamilton, Ontario

Nuclear science and engineering at McMaster is directly concerned with
the release, control and use of all types of energy from nuclear sources. The
understanding of nuclear processes is the role of the pure science programs of
physics and chemistry with the engineering applications of nuclear processes
predominantly in the domain of the nuclear option in Engineering Physics,
although all the engineering disciplines on campus incorporate some nuclear
engineering in their programs of research and instruction. Nuclear science and
engineering extends to research in physics, chemistry, nuclear medicine,
geology, geography and biology, environmental studies and materials research.
Each department offers Bachelor, Masters and Doctorate degrees with similar,
though not identical, departmental requirements.

The focus for nuclear engineering on campus is the Department of
Engineering Physics. The undergraduate curriculum contains a nuclear option
starting in year III. Courses offered include nuclear fission, nucler.r fusion,
thermalhydraulics, nuclear laboratory and a 4th year thesis course. In
addition, courses from other options (Lasers and Electro-Optics, Solid State
Electronics, Computer Systems and Biomedical Engineering) can be blended into
the program. The M.Eng. program emphasizes an involvement with industrial
research and development. A strong baccalaureate degree with at least B
standing in engineering, mathematics or the physical sciences is generally
required for admission. The nominal time for completion of all M.Eng. degree
requirements is 12-18 months for a full-time student. The M.Eng. degree may
be either an industrial internship (requiring at least 5 half courses, an
on-campus project and an off-campus project) or a thesis M.Eng. (requiring 4
half courses and thesis). The Ph.D. degree requires 4 half courses beyond the
Master's degree, 2 comprehensive examinations and a thesis. At least a B
standing is required throughout the program.

Graduate courses include: advanced nuclear systems, nuclear reactor
analysis, advanced nuclear reactor thermalhydraulics, CANDU heat transport
system design, nuclear materials and special topics in advanced nuclear science
and engineering. Other nuclear engineering related activities include:
earthquake engineering (Civil Engineering), waste processing (Chemical
Engineering), heat transfer, flow induced vibrations and fluid mechanics
(Mechanical Engineering), power systems and nuclear plant control (Electrical
Engineering) and expert systems (Computer Science).

The focus for nuclear science on campus is the Department of Physics.
The undergraduate curriculum contains a Health and Radiation Physics option
starting in Year II. Courses offered include: interaction of radiation with
matter, nuclear physics, radiation and radioisotope methodology and topics in



radiological physics. There are M.Sc. and Ph.D. programs in experimental and
theoretical nuclear physics that require completion of a thesis. In addition,
there is an M.Sc. program in Health and Radiation Physics which requires 6
half courses and the completion of a research project. The Ph.D. program
requires the passing of a Qualifying Examination, in addition to the course and
comprehensive requirements. Graduate courses include: nuclear physics,
advanced topics in nuclear physics, radiation physics in medicine, special topics
in health and radiation physics, and principles of radiation protection.

McMaster University has, on campus, two major nuclear facilities: a
5 MW open pool type reactor with 6 beam ports, a hot cell and a neutron
activation analysis laboratory, and the Tandem Accelerator Laboratory which
houses a tandem 10 MV Van de Graaff positive ion accelerator. These
facilities are used primarily as gamma, neutron and ion beam sources for
spectroscopy, scattering and activation analysis applied to such diverse areas
as: applied nuclear science, radiation and health physics, nuclear waste
management, processing of U waste, nuclear medicine, earth sciences, nuclear
engineering, environmental studies, epidemiology, radiation biology, materials
research, non-destructive testing, ceramics, and polymers.

Support facilities are consistent with McMaster's research emphasis and
include: several VAX computers linked via ethernet, an IBM 4381 plus
FPS 264, numerous laboratory PDP IPs and microcomputers, first-class word
processing and graphic arts facilities, a comprehensive science and engineering
library (AEC and AECL depository, and a full range of journals, special books
and literature on nuclear science and engineering). The significance of
McMaster's large and mature infrastructure in nuclear and related areas cannot
be overlooked.



THE UNIVERSITY OF NEW BRUNSWICK NUCLEAR ENGINEERING PROGRAM
by

D.A. Meneley, E.M.A. Hussein, R.A. Chaplin, R. Girard

Chemical Engineering Department, University of New Brunswick
Fredericton, N.B.

The nuclear engineering program at UNB was begun in 1984, following many years in
which the UNB faculty participated actively in several aspects of NB Power's work.
This participation continues, mainly via a new coordinating body known as the Energy
Conversion Engineering Group. The nuclear engineering program is carried on by a
small group of academic staff in the Department of Chemical Engineering. Since
1984, several undergraduate and graduate courses have been developed; in addition
a graduate program has been established.

The program is supported by NB Power, NSERC, and AECL as well as by the
University of New Brunswick. Four faculty members participate in the program, one of
these on a part-time basis. The Department of Physics presents introductory courses
in atomic and nuclear physics. Courses presented in Chemical Engineering include
nuclear engineering, safety and reliability, nuclear chemical processes, radiation
engineering, two-phase thermal-hydraulics, the Monte Carlo method, steam supply
systems, and steam and gas turbines. Undergraduate students attend an engineering
practice school at Point Lepreau Nuclear Generating Station. In addition to courses
presented at UNB the staff assists with conduct of the nuclear operator training
program at Point Lepreau.

The nuclear engineering program is supported by the Chemical and Mechanical
Engineering Departments and the Department of Physics at UNB. The undergraduate
syllabus is structured as a "nuclear option program". Nuclear engineering is utilized
as a vehicle for introducing safety and reliability concepts, as well as for strengthening
the student's physical, mathematical, and numerical knowledge. Courses begin in the
third undergraduate year; the student receives recognition for completion of 21 credit
hours earned from six or seven nuclear courses. These credit hours replace technical
elective courses as well as one or two core courses. The student is granted a degree
in Mechanical or Chemical Engineering. The program has attracted students from the
Departments of Electrical Engineering as well as from the School of Computer
Science; these students enroll in nuclear courses as technical elective options.

The graduate program includes ten students registered in the Chemical or Mechanical
Engineering Departments. Small-scale laboratory facilities at UNB are augmented by
the use of facilities at NB Power, AECL, and other laboratories. At this time the
program does not grant an advanced degree in nuclear engineering. The work is
focussed in two areas: nuclear instrumentation and computer simulation. About forty
research papers have been published since 1984. Two prestigious awards also have
been granted to two students enrolled in the program.



L'ENSEIGNEMENT DU GÉNIE NUCLÉAIRE À L'ÉCOLE POLYTECHNIQUE

D. Rozon

Directeur Institut de génie énergétique
Ecole Polytechnique

Campus de l'Université de Montréal
Case postale 6079, succursale "A"

Montréal, Québec H3C 3A7

1- HISTORIQUE

L'Institut de génie énergétique de l'Ecole Polytechnique est la seule
entité universitaire du Québec oeuvrant spécifiquement dans le domaine du
génie nucléaire.

L'implication de I'Ecole Polytechnique dans l'enseignement du génie
nucléaire date de plus de 25 ans, avec l'introduction d'un cours de
premier cycle en génie nucléaire au début des années 60, et la formation
en 1967 d'une division de génie nucléaire au sein du département de génie
physique. Grâce à ces permiers efforts, un nouveau programme de maîtrise
en génie nucléaire (M.lng.) était approuvé en 1969, et l'année suivante,
l'Institut de génie nucléaire (IGN) était fondée pour encadrer ce nouveau
programme.

L'IGN agissait à la fois comme un département traditionnel et comme
un centre de recherche. Cette emphase sur la recherche a rapidement mené
à l'ouverture des programmes d'enseignement aux candidats non-ingénieurs
en 1971 (M.Sc.A.), et à l'obtention de subventions et commandites de
recherches en génie nucléaire. Un événement marquant de la première
décennie à I'IGN a été l'installation d'un réacteur SLOWPOKE en 1976, qui
a permis l'établissement à l'Institut d'un laboratoire d'activation
neutronique et de produciton de radio isotopes.

En 1979, un nouveau programme de doctorat a été lancé et c'est ainsi
que depuis lors, l'Institut offre un programme complet aux 2ième et 3ième
cycles en génie nucléaire.

L'Institut a considérablement évolué au cours des années 60.

En parallèle avec ses activités académiques, I'IGN fondait en
1981, le Groupe d'analyse nucléaire (GAN), grâce au financement
d'Hydro-Québec et à l'appui de l'EACL. Cette initiative de l'Ecole
Polytechnique aura permis de 1981 à 1985 de former environ 25
spécialistes en analyse, et d'effectuer le transfert technologique
de nombreux logiciels utilisés pour l'analyse de la performance et
de la sûreté des centrales nucléaires. Au cours des dernières
années, le GAN s'était plutôt orienté vers la fourniture de services
qui ne cadraient pas très bien avec son affiliation universitaire.
Il a donc été décidé en 1987 de retirer le GAN de ce domaine afin de
lui permettre de mieux se concentrer sur des activités de recherche
subvent ionnée.



L'Institut s'était fait attribuée en 1977 la responsabilité de
l'orientation complémentaire Énergie au premier cycle à l'Ecole
Polytechnique. Il s'agit d'un bloc de 12 crédits offert aux étudiants du
1er cycle afin de compléter leur programme (120 crédits) sur divers
aspects de l'énergie. En 1985, un comité consultatif formé par le
conseil de l'Institut a déposé un rapport dans lequel il était recommandé
que l'Institut développe un nouveau programme de 2ème cycle dans le
domaine de la gestion de l'énergie. Cette recommandation a été acceptée,
et en prévision de l'introduction de ce nouveau programme, I'IGN
changeait de nom pour devenir l'Institut de génie énergétique (IGE).

Mentionnons enfin que l'Institut a complété au cours de la dernière
année la construciton d'une boucle thermique, grâce à l'appui de
l'industrie et à une importante subvention du CRSNG. Cette boucle
permettra au laboratoire de thermohydraulique de I'IGE d'effectuer des
recherches sur les écoulements diphasiques dans des conditions
non-ad iaba t i ques.

2- ÉVOLUTION DE LA POPULATION ÉTUDIANTE ET DES PROGRAMMES

La figure 1 illustre l'évolution de la population étudiante en génie
nucléaire au cours des 15 dernières années. On constate qu'après avoir
atteint un maximum en 1977, la population étudiante s'est maintenue
autour de 30 étudiants pendant près de dix années. Le tableau 1, par
ailleurs, nous indique le nombre de diplômes octroyés, en catégorie, au
cours de la même période.

Le programme de maîtrise était à l'origine essentiellement une
maîtrise professionnelle, destinée à satisfaire les besoins prévisibles
d'Hydro-Québec qui s'engageait à l'époque dans une nouvelle technologie
de production d'électricité. On constate en effet une prédominance des
M.lng. au cours des années 1970, avec un maximum en 1976-77 correspondant
à la période d'embauché la plus élevée à Hydro-Québec pour le projet de
Gentilly-2.

Par la suite, le nombre de M.lng. a fortement décliné, et n'a été que
partiellement compensé par les inscriptions à la M.Se.A. et au Ph.D.. Ce
déclin des inscriptions à la maîtrise en ingénierie, accompagné d'une
réduction de la durée du programme de 2 ans à un an et demie (60 crédits
à 45 crédits) a provoqué une diminution du nombre de cours offerts, ainsi
que du taux d'achalandage aux cours. Comme le financement des
départements à l'Ecole Polytechnique est fortement lié au nombre de
cours-trimestres-étudiants, cette diminution a causé de sérieuses
difficultés financières à l'Institut. C'est en bonne partie grâce aux
retombées du GAN que I'IGN a pu survivre la période do compression
budgétaire du début des années 1980.

Le texte final de la conférence comprendra une description plus
détaillée du contenu de notre programme de génie nucléaire. Notons pour
l'instant qu'il couvre tous les aspects fondamentaux suivants:

- la physique des réacteurs (statique et cinétique)
- la thermique des réacteurs



- le contrôle des centrales
- la sûreté
- les matériaux nucléaires
• la radioprotection

D'autres cours viennent s'ajouter pour appuyer nos programmes de
recherches et pour offrir la possiblité à nos étudiants d'approfondir
leurs connaissances:

- les écoulements diphasiques
- les radioisotopes et l'analyse par activation
- la gestion du combustible
- les aspects économiques et le design

Tel que mentionné plus haut, l'Institut se propose d'introduire en
1989 un nouveau programme de maîtrise en ingénierie (génie énergétique).
Tel qu'illustré en figure 2, ce programme comprendra un tronc commun de 3
cours, axés sur la thermodynamique et l'analyse des systèmes, auquel se
rattacheront les deux orientations génie nucléaire et gestion de
l'énergie. Il faut donc envisager d'ici là une certaine rationalisation
de notre programme en génie nucléaire.

3- DISCUSSION

Nous traiterons dans le texte final, et lors de la discussion qui
suivra sa présentation, d'un certain nombre de points d'intérêt pour
l'université et l'industrie nucléaire:

- le financement des programmes universitaires en génie nucléaire
- le rôle de l'université dans la formation générale des opérateurs
- ia participation des universités dans les programmes de FI & D
- l'enseignement assisté par ordinateur
- la collaboration inter-université
- le développement des techniques nucléaires.

A titre d'exemple d'une participation directe de l'industrie, nous
pouvons souligner l'attribution par Hydro-Québec d'une chaire de
professeur en génie nucléaire, assortie de subventions de recherches
et d'un programme de bourse pour les étudiants de I'IGE. C'est grâce
à ce type de financement direct que l'on peut entrevoir une
poursuite fructueuse de l'implication des universités en génie
nucléaire. Nous sommes convaincus en effet que cette implication
des universités viendra enrichir les réalisations canadiennes dans
cette technologie de pointe.



TABLEAU 1: Nombre de diplômes octroyés à I'IGE (nucléaire)

Année

1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988*

TOTAL

M.lng.

7
0
1
3
4
5
4
4
5
4
2
1
1
3
9
1
1
1

56

M.Se.A

-
0
0
0
7
1
3
3
2
1
2
1
1
2
4
3
1

31

Ph.D.

-
-
.
0
0
0
0
1
0
2
0
0
2

5

TOTAL

7
0
1
3
4
12
5
7
8
6
3
3
3
4
13
5
4
4

92

* partiel



Fig. 1 Etudiants inscrits a TIGE (nucléaire)
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Fig. 2 Nouveau programme de maîtrise en ingénierie
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EVOLUTION OF THE NUCLEAR ENGINEERING
PROGRAMMES AT ROYAL MILITARY COLLEGE

Hugues W. Bonin and Les G.I. Bennett
Associate Professors

Department of Chemistry and Chemical Engineering
Royal Military College of Canada

Kingston, Ontario K7K 5L0

In its promotional brochures, the Royal Military College of^Canada
presents itself as an "University with a Difference". Its raison d'etre is
to meet the needs of the Canadian Armed Forces and consequently all of its
students are members of the Canadian Forces, either as Officer Cadets or
regular Officers.

At the undergraduate level, nuclear engineering has been taught since
1969 by the Department of Chemistry and Chemical Engineering to students
enrolled in the Fuels and Materials Engineering, Chemical Engineering,
Engineering Physics, Mathematics and Physics, and Science (Applied)
programmes. A two-semester course, NEE/GNF 413 Nuclear Engineering/Genie
Nucleaire, is presently offered in English and in French as a core course in
the Fuels and Materials Engineering programme. This course is divided up
into Part I "Nuclear Science and Technology", and Part II "Nuclear Power
Sources", and covers topics such as atomic structure, binding energy,
radioactive decay processes, interaction of radiation with matter, detection
and measurement of radioactivity, health physics, radiation protection,
fission, nuclear reactors, neutron diffusion and slowing down, criticality,
reactor physics at steady state, reactor kinetics, nuclear fuel cycle,
safety, nuclear materials, nuclear fusion and several subjects of interest
to the military: naval propulsion, military application, nuclear power and
heating for Arctic bases and Department of National Defence implications.

Mathematics and Physics and Science (Applied) students may follow one
or both parts of NEE/GNF413, and Engineering Physics students follow the
second part of the course as NEE/GNF 483B within the Energy and Materials
option of this programme. These Fourth year undergraduate students must
also complete successfully an Engineering Design Project and several
projects offered by the nuclear engineering staff are or have been chosen by
the officer cadets, resulting in several presentations, notably at CNA/CNS
Student Conferences.

Commissioned Officers of the Canadian Forces can enrol in the
Master's Degree programme in Nuclear Engineering offered by RMC. Normally,
the graduate student is posted at RMC for a period of 21 months during which
he or she is expected to have a thesis completed and defended. In addition,
the candidate follows up to six courses offered at RMC or sometimes at
nearby Queen's University. RMC offers post-graduate courses 1n advanced
nuclear engineering, health physics, shielding, radiation detection, neutron
radiography, numerical methods, reactor heat transfer and thermodynamics.
Finally, Officers can also attend the short courses presented by RMC:
"Advanced Radiation Safety" (5 days) and "Nuclear Familiarization Short
Course" (9 days).
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Facilities in support of these nuclear engineering programs include
nuclear laboratories, computer Installations and library facilities. The
laboratories are Incorporated 1n the SL0WP0KE-2 Facility. This research
reactor is the first SL0WP0KE-2 fueled with low-enriched uranium (20%). The
reactor Is 1n the process of being equipped with a neutron beam tube for
neutron radiography purposes. Other equipment Include several germanium and
sodium iodide gamma detectors and multichannel analyzers for neutron
activation analysis, and several neutron and gamma sources and counters. A
cyclic Irradiation apparatus has been recently installed, and a wet
chemistry laboratory 1s presently being equipped.

Computer facilities at RMC are centred on the Honeywell DPS8 computer
(CP6 system). Unfortunately, computer codes developed on other computer
systems are difficult to adapt to the CP6 system, and, to cope with this
problem, students and professors can use the CYBER Computer at Chalk River
Nuclear Laboratories via the DATAPAC network. In addition, the Department
is well provided with microcomputers and is acquiring several
Hewlett-Packard 32-bit machines. A recent trend is the acquisition of
nuclear engineering software developed for personal computers.

Laboratory experiments within the undergraduate and graduate
programs include nuclear spectroscopy, neutron activation analysis, neutron
flux mapping, approach to criticality, delayed neutron counting, among
others. Several of the thesis projects are linked with the SLOWPOKE-2
reactor and the neutron radiography project; others are on naval propulsion
reactors, safety analysis and expert systems applied to materials selection.

The title of this presentation includes the key word "evolution",
reflecting the present status of the programmes 1n nuclear engineering at
RMC. The new nuclear submarine acquisition programme for the Canadian Navy
announced last year has already brought significant changes to the graduate
programme, with a major Increase in the graduate student population.
Approximately six officers are expected to graduate each year with an
M.Eng. (Nuc Eng) degree. The postgraduate programme has evolved to better
accommodate the needs of the Canadian Forces.

The undergraduate programme is not yet affected, but several options
to augment the nuclear engineering programme in the near future are now
under consideration, Including the possible introduction of a Bachelor's
degree in nuclear engineering.



THE NUCLEAR ENGINEERING PROGRAM AT UNIVERSITY OF TORONTO

AJJ. Sinclair
Department of Mechanical Engineering

University of Toronto, Ontario M5S1A4

As is the case with most Canadian Universities, the University of Toronto does not have a nuclear
engineering department per se, but draws on the resources of traditional departments (chemical, mechani-
cal, metallurgical, and industrial) to compile an undergraduate nuclear program. This program is contained
within the Engineering Science stream, which features a heavy concentration of math and physics. Reactor
physics itself accounts for only a small portion of the total course load, as current challenges in the nuclear
industry have focussed attention on topics such as corrosion, nondestructive testing, thermal-hydraulics,
radiation and hydrogen embrittkment of metals, and mail/machine interfacing.

The course material is supplemented by a number of opportunities for hands-on experience. In addi-
tion to traditional radiation instrumentation facilities, the university owns a subcritical reactor assembly, a
SLOWPOKE reactor, and experimental models of a number of components or systems found in a CANDU
power plant A large portion of the students in the nuclear engineering program do a fourth-year thesis
under the joint supervision of a University of Toronto professor and a researcher from Ontario Hydro,
AECL, or other nuclear corporation.

The nature of graduate school allows students to specialize more strongly in a particular area of the
nuclear field. Projects include leak-before-break studies of major coolant piping, nondestructive testing of
pressure tubes, hydrogen embriulement of zirconium alloys, fluid flow patterns at high Reynold's numbers,
development of neutron dosimeters, etc. All of these projects are supported by the nuclear industry,
thereby enabling the payment of students and purchase of modem equipment.

To help coordinate the diverse activities related to nuclear engineering, the University of Toronto has
established the Nuclear Engineering Center, funded entirely by industry. In addition to bringing technical
experts to the University of Toronto, the Center serves as a focal point for students interested in the nuclear
field, and through its links with industry ensures the best of job opportunities for graduates.



CNS SESSION 9

SMALL REACTORS: SAFETY

Chairman: P.M. French, AECB

1. TANK - A Computer Code for tho Two-Dimensional Modelling of
Transient Behaviour in Research Reactors
R.J. Ellis*, H.J. Smith, F.A. Carlson, A.6. Lee, AECL Research
Company

2. Simulations of the SPERT I B-24/32 and B-12/64 Experiments with
a New 2-D Transient Analysis Code (TANK) and Comparisons with
Faret Code Simulations of the SFERT I
A.G. Lee*, R.J. Ellis, P.A. Carlson, H.J. Smith, AECL Research
Company

3. Design and Safety Features of the AMPS Nuclear Electric Plant
A.F. Oliva*, J.S. Hewitt, ECS-Power Systems Inc.

4. Safety-Related Parameters for the MAPLE Research Reactor and a
Comparison with the IAEA Generic 10-MW Research Reactor
F.A. Carlson*, A.G. Lee, H.J. Smith, R.J. Ellis, AECL Research
Company

5. Thermalhydraulic Experimentation in Support of AMPS Development
R.G. Gray*. T. Currie, ECS-Power Systems Inc.

6. Prediction and Measurement of Three-Dimensional Turbulent Jets
Under Suction and Countercurrent Flows in a MAPLE-Type Test
Facility
S.Y. Shim*, J.E. Kowalski, O.K. Baxter, R.L. Hembroff,
AECL Research Company
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by
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by
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The dynamic behaviour of a reactor during power changes or
accident situations has important safety and reactor design consequences.
The transient phenomena that occur during departures from steady-state
operation can be studied by considering changes in neutron flux levels. In
the early development of nuclear reactors, the time variation of the
neutron population as a whole (i.e., one-energy-group representation; the
point reactor model, PRM) used core-averaged kinetics parameters.
Experience has shown, however, that greater spatial detail is required for
the accurate simulation of reactor behaviour during reactivity transients
[1]. Increased spatial definition reduces the effort required for, and the
uncertainties inherent to, large-scale averaging of neutron properties and,
furthermore, provides results for individual fuel channels. The computer
code TANK (Transient Analysis with Neutron Kinetics) has been developed by
Atomic Energy of Canada Limited (AECL) to carry out the analysis of reactor
transients.

TANK is a two-dimensional, two-neutron-energy-group space-time
reactor kinetics code that uses the Improved Quasistatic Algorithm [2] to
solve the neutron kinetics equations for analyzing reactor behaviour during
reactivity insertion transients. TANK uses a hexagonal mesh (of up to 900
cells) to represent a reactor in two dimensions. Up to fifteen delayed
neutron precursor or photoneutron groups can be included in the kinetics
calculations. Each of the cell types is represented by a set of nine two-
group physics parameters, which are the cell-averaged neutron cross
sections, neutron velocities and diffusion coefficients. These parameters
are obtained as functions of temperature from computations with a number of
codes in use at AECL: VIMS, KINETIC and 3DDT. Many different reactivity
Insertion transients either symmetric or asymmetric (e.g., reactor power
change, loss-of-coolant and loss-of-regulation accidents, or channel
blockages) can be analyzed. TANK simulates the actuation of the shutdown
system during a transient by tripping on any combination of the following
parameters: fuel temperature, absolute neutron flux level, power, inverse
period (rate log of power) or time. The effectiveness of various shutdown
trip values and delay times can be tested.

Realistic heat transfer coefficients have been provided in TANK by
incorporating the heat transfer package from the AECL thermalhydraullcs
code SPORTS-M. Correlations are provided for all temperature-dependent
thermal properties (e.g., thermal conductivity, specific heat, helium gap



effects, if applicable, and specific gravity). Radial fuel temperature
distributions through the fuel, cladding and coolant are calculated for
each individual site and can be updated continuously, changing all
pertinent parameters appropriately, throughout the transient. Coolant
velocity, pressure and density are also calculated in each site. Void
fraction effects are studied parametrlcally at the present time until a
reliable correlation is provided by experiment. Neutronic behaviour during
the transient is controlled by reactivity feedback mechanisms for coolant
temperature/density, fuel temperature and void fraction. The feedback
effects are simulated in TANK by subroutines that update the temperature-
and void-dependent values for cell cross sections and diffusion
coefficients.

In addition to the temperature and density distributions, TANK
also calculates total reactor power, site power and two-group neutron flux
distributions, inverse period and dynamic reactivity during a reactivity
transient. The parameters of the hottest and coldest channels, as well as
the neutron flux level at any number of simulated neutron detectors, are
constantly monitored throughout the transient.

In this presentation, the combined neutron kinetics and thermal-
hydraulics capability for the analysis of reactivity transients in nuclear
reactors is demonstrated. Examples are presented from the study of certain
transients in the AECL-developed MAPLE Research Reactors.

The relative Importance of the different feedback mechanisms is
discussed during the presentation. Below, in Figure 1, a postulated dual
accident scenario in a 1-MW U02-fueled MAPLE Research Reactor is analyzed.
In this accident, all three control rods are withdrawn at their maximum
speed, but the shutdown system fails to be actuated. The initial
reactivity insertion rate is 0.6 mk/s. The ensuing "chugging" behaviour
(its frequency is ~1A/second) Is caused by the formation and collapse of
partial void in the three hot shutdown rods. This example of a temperature
and void feedback phenomenon is an effect that has beneficial safety
consequences.

The safety implications of these and other accident-induced
transient behaviours are discussed in the presentation. Quality assurance
measures are applied to TANK and its models. These are also explained in
the presentation.
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The TANK (Transient Analysis with Neutron Kinetics) code has been
developed by Atomic Energy of Canada Limited to provide coupled neutron
kinetics and thermalhydraullcs capability for the analysis of reactivity
transients in the MAPLE Research Reactor. TANK is a two-dimensional, two-
neutron-energy-group reactor kinetics code that uses the Improved
Quaslstatic Algorithm1 to solve the neutron kinetics equations to analyze
reactor behaviour during reactivity insertion transients. Many different
reactivity insertion transients, either symmetric or asymmetric, (e.g.,
reactor power change, loss-of-coolant accident and loss-of-regulation
accident) can be analyzed.

TANK uses a hexagonal mesh (of up to 900 cells) to represent a
reactor in two dimensions. Up to fifteen delayed neutron precursor or
photoneutron groups can be Included. Each of the cell types is represented
by a set of nine tvo-group physics parameters such as cell-averaged neutron
cross sections, neutron velocities and diffusion coefficients. These
parameters are obtained as functions of temperature from computations with
the WIMS2 and KINETIC3 codes. TANK provides continuous updates of the
parameters for individual fuel sites to account for the effects of fuel and
coolant temperature and void formation feedback during the simulation of a
transient.

Thermalhydraulics modelling capabilities have been enhanced in
TANK by incorporating the heat transfer routines from the SPORTS-M4 code.
For each fuel site, the fuel and coolant radial temperature distributions
are individually computed, and the coolant velocity, pressure and density
and the cladding-coolant heat transfer coefficients are determined. All
temperature-dependant thermal properties (e.g., thermal conductivity,
specific heat and density) are determined for each fuel site.

Comparisons with some experiments, B-24/32 and B-12/64, in the
SPERT I (gelf-Limiting Power Excursion Test) reactor have been chosen to
assess the validity of the models and correlations used in the TANK code.
The SPERT I B-24/32 and B-12/64 experiments were performed with pressure,
temperature and coolant flow rate conditions that are similar to those
expected for the MAPLE Research Reactor and which are typical of many MTR
(Material Test Reactor) plate-type research reactors currently in
operation. Although the MAPLE Research Reactor does not use plate-type
fuel assemblies, the thermal properties of the uranium-sillcide-aluminum



fuel are similar to those of uranium-aluminum plate-type fuel. The
characteristics and kinetic parameters for the SPERT I cores are given In
Table 1.

TABLE 1

SPERT I Core Characteristics and Parameters

Parameter

Plates/assembly
Number of assemblies
Fuel thickness (cm)
Clad thickness (cm)
Water channel thickness (cm)
"5U/plate (g)

Temperature coefficient (mk/°C)
Coolant void coefficient (mk/JS void)
Neutron generation time (jus)

P.tt
Peak/average power

B-24/32

24
32
0.051
0.051
0.165
7.0

-0.177
-2.5
50.0
0.007
2.5

B-12/64

12
64
0.051
0.051
0.483
7.0

-0.291
-1.05
77.0
0.007
2.2

The SPERT I experiments have also been analyzed with the PARET
(Program for the Analysis of Reactor Transients) code5'6'7, an
internationally accepted research reactor transient analysis code with
point-reactor kinetics developed at the Idaho National Engineering
Laboratory. Comparisons of the results from TANK simulations with the
reported results from the PARET simulations are also presented.

The PARET code was originally developed at the Idaho National
Engineering Laboratory to analyze the SPERT III experiments. It was
subsequently modified for the analysis of transient behaviour in research
reactors1. PARET provides a coupled thermal, hydraulic, and point neutron
kinetics capability with continuous reactivity feedback, and an optional
voiding model that estimates the voiding produced by subcooled boiling.
The code includes a selection of flow instability, departure from nucleate
boiling, single- and two-phase heat transfer correlations, and a properties
library more applicable to the low pressures, temperatures, and flow rates
encountered In research reactors. PARET allows the core to be represented
by a maximum of four regions. Eac1* region may have different power
generation, coolant mass flow rate, and hydraulic parameters as represented
by a single fuel pin or plate with its associated coolant channel. The
heat transfer in each fuel element is determined from a one-dimensional
conduction model in a maximum of 20 axial sections. The hydrodynamics
solution is also one-dimensional. The point-reactor kinetics equations may
include up to 15 delayed neutron groups. Axial power distributions may be



specified for each of the regions, 'ilie total reactivity feedback is a
volume-weighted sum of the fuel temperature, coolant temperature and
coolant void coefficients for each of the regions. Axial distributions of
the fuel temperature, coolant temperature and coolant void may be specified
for each region.

The results from TANK simulations for the SPERT I B-24/32 and B-
12/64 experiments are compared with the results from PARET simulations and
the results of the SPERT I experiments.
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INTRODUCTION

The Autonomous Marine Power Source (AMPS) is a small-scale nuclear-
electric power plant initially conceived for commercial submarine applications .
Refinement of the concept permits adaptation to potential applications in military
nuclear/diesel-electric hybrid submarines . The initial development effort has
focussed on an extremely compact 100 kWe plant, although preliminary studies suggest
that on relaxing the size constraint the AMPS principles may be applied in the 400-
1000 kWe range. The plant utilizes a low temperature, low pressure reactor heat
source coupled to a low-temperature organic rankine cycle engine to generate
electrical power. The dimensions and weight of the plant are necessarily constrained
by the scale of the submarine, and the design incorporates features of redundancy,
intrinsic safety, simplicity and ease of operation conditioned to the intended mobile
marine application. The use of intrinsic safety principles leads to simplification of
plant systems and thus to a cost effective and compact design with improved
likelihood of societal acceptance.

This paper describes the key plant design features with special emphasis on

safety aspects.

PLANT DESCRIPTION

(a) Reactor Heat Source

The AMPS reactor is cooled by light water circulated through the primary
heat transport (PHT) system by two pumps operated in parallel. The reactor core is



supported within a reactor vessel which in turn is mounted inside a reserve of cool

water that forms part of the passive cooling system (PCS). A distinctive feature of

the reactor design is the segregation of hot circulating primary coolant from the cool

reserve water, except during operation oi the PCS. Key elements of the PCS are

specially designed hydrodynamic components which represent openings from the core

region into the reserve tank above and below the reactor core. These components

prevent exchange of hot primary coolant and cool reserve coolant under conditions of

hydrodynamic balance extant during normal pumped-flow operation. However, if

pumped flow ceases or system temperatures rise significantly, cool reserve water

enters the PHT system via the lower openings, is passively driven through the core by

net thermosyphon head, and exits into reserve coolant tank. Ultimate heat dissipation

to the environment under normal post-shutdown and accident conditions occurs by

thermal conduction through the wall of the reserve coolant tank.

The AMPS reactor utilizes uranium-zirconium hydride alloy fuel containing

uranium enriched to 20% and erbium poison homogeneously interspersed in the alloy.

Refuelling intervals of 5 to 7 years are predicted, depending on the reactor operating

profile. In order to flatten the core power distribution, the fuel lattice is surrounded

by a beryllium neutron reflector.

(b) Energy Converson Unit

The conversion of the low temperature heat to electrical energy is achieved

by means of two cross-connected Rankine-cycle engines utilizing FREON-H as the

working fluid. In each engine, the hot water of the PHT system is circulated through a

preheater and an evaporator to vapourize the FREON. The FREON vapour, on exiting

a separator, passes through a turbine alternator unit to generate electricity. The

turbine exhaust vapour is passed through a condenser and the heat is rejected to the

sea. After draining to the condenser hotwell, the condensate is returned to the

preheaters and evaporators by the FREON feed pumps.

(c) Control and Monitoring System (CMS)

During normal operation, the CMS adjusts the reactor thermal power to

satisfy electrical power requirements, while maintaining process variables within

prescribed operating ranges. Provisions also exist for operation when the load is

required to follow the reactor power and for protective reactor power setbacks. The



CMS employs fault-tolerant computer system technology to perform scanning of all
AMPS operating variables, execution of control algorithms and alarm annunciation.
Critical inputs, outputs and peripherals are repiicated for reliability and connect to
different computers. The CMS is completely segregated from the safety shutdown
system.

SAFETY ASPECTS

The safety goals of the AMPS design are met by (i) the use of conservative
design margins, (ii) employing intrinsic safety features, and (iii) emphasizing simplicity
and reliability in the design of systems and components.

Specific AMPS design features contributing to safety are described:

The U-Zr-H fuel imparts a large, prompt negative temperature
coefficient of reactivity. This feature can compensate for accidental
reactivity changes (even those exceeding prompt critical) through
modest but rapid changes in fuel temperature. Consequently, as
demonstrated by pulsing capability of U-Zr-H fuelled cores, the reactor
is safely and automatically shut down in response to reactivity insertions
which might otherwise threaten cladding integrity.

U-Zr-H fuel is characterized by unusually high fission product retention
capabilities.

The passive cooling system, in concert with the large negative
temperature coefficient ensures adequate match between heat
production and fuel cooling and thus obviates the need for rapid and
immediate reactor shutdown following failure of the primary pumps or
loss of the normal process heat sink.

The low installed excess reactivity together with the negative
temperature coefficient limits the maximum possible fission rate and
contributes to safe self-limiting power excursion behaviour.

The low power density of the reactor core provides large margins to

cladding failure.



The large mass of reserve coolant surrounding the core helps to slow

thermal transients and permits passive long-term dissipation of heat

through the reserve tank walls into the sea.

The low primary system pressure minimizes the likelihood and

consequence of pipe breaks.

CONCLUDING REMARKS

An integrated development program has been underway since 1985 and the

AMPS power plant designed for small submarine vehicles is well advanced. The major

elements of this program include a full scale Thermal-Hydraulic Experiment at

Westinghouse Canada Inc. which began in 1987, and a full scale Organic Rankine

Engine Prototype of which components are now being manufactured for assembly and

test rig commissioning in the fall of 1988. Following successful completion of these

two programs, a planned Nuclear Prototype will confirm neutronic design and

nuclear/thermal-hydraulic system interactions. The AMPS power plant design and

development program will provide early demonstration of the feasibility of a simple,

compact, safe, cost-effective electrical power generation system for mobile marine

applications and will serve as an essential forerunner for future plants with similar

attractive features and higher power output.
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Atomic Energy of Canada Limited has developed a state-of-the-art
multipurpose research reactor called MAPLE (Multipurpose Applied Physics
Lattice Experimental). The MAPLE Research Reactor has a reactor assembly
immersed in an open pool of water. The reactor assembly consists of an
inlet plenum, a core grid structure surrounded by a heavy water tank and a
chimney. The core grid structure has 19 lattice sites arranged in an
hexagonal array. The fuel is based upon the aluminum-clad, uranium-
silicide-aluminum (U3S1A1) dispersion fuel developed for use in the !"RU and
NRX reactors. The uranium is enriched to about 19.7 wt.% in 235U. The
standard fuel assemblies consist of 36 fuel rods arranged in an hexagonal
geometry around a central hanger rod. The fuel assemblies located in the
absorber rod sites consist of 18 fuel rods arranged in a cylindrical
geometry around a central hanger rod. Neutron moderation and heat removal
is achieved by light water flowing upwards through the core. Heavy water
is used as a neutron reflector in the radial direction.

The MAPLE Research Reactor is similar in design to traditional
Materials-Test-Reactor-type (MTR) pool reactors, where the reactor
assemblies are also immersed in an open pool of water. The MAPLE Research
Reactor has been designed as a pool-type reactor rather than as a tank-type
reactor (e.g., NRU and NRX) because pool-type reactors have the following
advantages: transparent radiation shielding, relatively easy core access,
modest cost and the safety advantage during an accident of a large
unpressurized reservoir of water that acts as a heat sink. There are some
differences in the designs of the MAPLE Research Reactor and typical MTR-
type pool reactors. First, the MAPLE Research Reactor uses rod-type fuel
assemblies rather than the MTR plate-type fuel assemblies. The standard
MAPLE fuel assembly contains 419 g 235U, whereas the standard low-
enrichment uranium-aluminum plate-type fuel assembly contains 390 g 235U.
Second, the MAPLE Research Reactor core is arranged on an hexagonal lattice
with closely packed fuel sites rather than the rectangular lattice in MTR-
type reactors. With a higher fissile content per fuel assembly the MAPLE
Research Reactor achieves a more compact core with the same total fissile
loading as the MTR-type reactor. Third, the MAPLE Research Reactor has two
separate shutdown systems rather than the single shutdown system used in
the MTR-type reactors.



A design criterion used to guide the development of the MAPLE
Research Reactor was that important safety-related parameters should be at
least similar in magnitude or exceed corresponding safety-related
parameters of typical MTR-type reactors. The safety-related parameters
evaluated from the physics calculations are:

- control rod reactivity worth,
- shut-down margin,
- fuel temperature coefficient of reactivity,
- coolant temperature coefficient of reactivity,
- coolant void coefficient of reactivity,
- reactivity balance, and
- nuclear power peaking factors.

Many versions of the MTR-type pool reactor are in operation around
the world and these reactors have some small but significant differences.
Consequently, the International Atomic Energy Agency (IAEA) has developed a
10-MW generic reactor model to generally describe these MTR-type pool
reactors. This reactor model was developed to allow various laboratories
to benchmark their physics codes and to establish a standard for MTR-type
pool reactor performance. Matos and Freese1 have analyzed the performance
and safety characteristics of the IAEA 10-MW generic reactor.

This paper compares the performance and safety characteristics of
the MAPLE Research Reactor with the IAEA 10-MW generic reactor.

Matos, J.E. and Feese, K.E., "Safety Analyses for HEU and LEU
Equilibrium Cores and HEU-LEU Transition Core IAEA Generic 10 MW
Reactor", Applications in Nuclear Data and Reactor Physics. D.E.
Cullen, R. Muranaka, and J. Schmidt, ed., World Scientific Publishing
Co Pte Ltd, Appendix A-2, p796, 1986.
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INTRODUCTION

The Autonomous Marine Power Scarce (AMPS), which is under active

development by ECS - Power Systems, is a new generic type of nuclear-electric plant

for air-independent applications in submersible vehicles^''

Experimental and full-scale testing programs have been initiated to support

all aspects of the AMPS integrated research and development effort. This paper will

highlight the full-scale, non-nuclear thermalhydraulic experiments of the reactor heat

source currently underway.

The objectives of these experiments are to:

1) demonstrate the operational and safety objectives of the AMPS reactor

thermalhydraulic design,

2) provide data for design feedback,
3) allow computer code development and verification, and

t) provide design verification of the active and passive cooling systems.

PROGRAM PHASES

Thermalhydraulic experimentation has been planned as a program

encompassing three major phases. Phase I, which will not be described here, was a

preliminary experimental study of the passive cooling concept and was performed at

the hydraulic testing laboratory of the National Research Council in Ottawa. The

results were used in finalizing the design for more advanced tests.

- 1 -



Phase II, currently in progress, involves full-scale separate effects tests of
the critical components of the reactor heat source. Specifically, this Phase is to
include complete thermalhydraulic testing of the following configurations: a single
simulated fuel element and flow channel, the assembled core, and other hardware
critical to the operation of the forced and passive cooling systems of AMPS.

Phase III consists of comprehensive systems testing of the fully integrated
components, including the reserve coolant tank. The test plan includes both normal
operation and simulated accident conditions.

Phases II and III are to be completed at the Westinghouse laboratories in
Hamilton, Ontario.

TEST RIGS AND ASSEMBLIES

The boiling water loop and test section, including the electrically simulated
fuel rod for the single element testing of Phase II, are shown schematically in Figure 1.
The element sheath was grooved to accommodate thermocouples in the locations
shown, and the tips were brazed in place to ensure good thermal contact and to
minimize flow perturbations. The test section was also instrumented with pressure
transducers to yield differential pressure measurements across the simulated grid
plates and the heated length of the element.

For the full-scale tests, the geometries of the core, the cooling
reservoirs/systems, and the key thermalhydraulic components have been accurately
represented. Fabrication, which is now complete, includes a reactor core that
replicates the current AMPS design and accommodates 85 electrically heated element
sites for a maximum thermal power output o" 3MW. The principal reactor assembly,
which includes the inlet and outlet plena, and the 2-m diameter simulated borated
water shield tank is installed within the *t-m diameter reserve coolant tank. The
mount for the full-scale assembly allows rotation through 90°, simulating the
rotational displacement of the submarine hull.

INTERIM RESULTS AND CONCLUSIONS

The results of the single element critical heat flux and hydraulic resistance
tests have verified stable therm alhydraulic vertical flow characteristics of an AMPS

- 2 -



single channel operating within the design envelope. At design conditions, the element
operates with subcooled nucleate boiling over the entire heated length. Under more
severe abnormal conditions, the sheath remains effectively cooled despite very high
voiding.

Sheath dryout was difficult to initiate during the CHF tests. Dryout
initiation generally required low flow and low system pressure at high power. Figure 2
shows the data from such a test. Under the conditions of this example at an outlet
quality of «10%, an incremental increase in power initiates partial sheath dryout at
thermocouple 3(T3), located 110 mm from the end of the 381mm heated length. As
expected, dryout is initiated further upstream at lower flows. The highest sheath
temperature measured during testing was«'700°C.

The heated length pressure drop was measured under adiabatic and diabatic

conditions during the single element hydraulic resistance tests. The variation of

pressure drop (at design conditions) with element power was found to be minor.

E'hase II testing also includes additional measurements of dryout conditions
for development of CHF correlations, verification of component operation, and
measurement of the hydraulic loss characteristics of the assembled core.
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SUMMARY

The behavior of a submerged, turbulent jet subjected to suction and
countercurrent flows was investigated numerically and experimentally. Flow
phenomena for various geometric and physical conditions were predicted from a
three-dimensional flow model. The numerical predictions agreed well with
experimental data.

The study was conducted in support of the system design of a new research
reactor, called MAPLE (Multipurpose Applied Physics Lattice Experimental),
developed by Atomic Energy of Canada Limited. The MAPLE class of research
reactors is designed to generate a maximum thermal output ranging from 1 to
30 MU. It is a light-water-cooled research reactor with an open-chimney-in-
pool arrangement. During normal operation, the reactor coolant is forced up
the core and then enters the chimney, which is open to the pool. The coolant
in the chimney is withdrawn by two suction outlets that lead to a primary
cooling circuit. A small fraction of the returned flow flows down the
chimney. The study was done to confirm that the core jet, whicn contains
short-lived high-level radionuclides, does not reach the pool under normal
operating conditions.

A 1/5-scale hydraulic model of a typical MAPLE research reactor was
constructed at the Whiteshell Nuclear Research Establishment. The database
generated from the experiments includes information about:
(i) the parametric effects of bypass flow ratio, suction angle, chimney

height and suction location on jet confinement in the chimney;
(ii) the bypass flow ratio measurements required for full confinement of the

core jet in the chimney for various chimney configurations; and
(iii) the velocity and turbulence measurements in the chimney for various flow

conditions.
Comparisons between simulation and experimental results are given for selected
experiments.

A numerical study based on three-dimensional finite-difference
calculations using a time-marching procedure with the ADI (alternating
direction implicit) scheme was done to predict local flow patterns in the
hydraulic experimental model. The numerical results showed a highly turbulent
vortex region near the suction outlets, which was observed experimentally.
For some selected experiments, the simulated results also correctly predicted
the parametric effects, the unique flow patterns in the chimney and the bypass
flow requirements.
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A METHODOLOGY TO REDUCE UNCERTAINTY
ALLOWANCE IN CHANNEL FLOW
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700 University Avenue, Toronto, Ontario M5G 1X6
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Flow obstruction causing fuel dryout may lead to fuel damage, and may
consequently affect fiel channel integrity, and thus should be avoided.
The flow conditions in a CANDU reactor channel under boiling or
subcooled conditions may be inferred from the differential pressure
across the fuel channel, as measured during refuelling. This method of
channel flow verification is widely used in CANDU power reactors where
channel boiling cannot be precluded during normal operation.

A methodology for the evaluation of the allowable limits, referred to
as the "Channel Delta-P Alarm Setpoints" was presented in [1]. The
paper describes how the safe operational limits of a fuel channel under
flow obstructed conditions can be assessed by means of a flow blockage
map. However, safety analysts who evaluate these setpoints are
confronted with the uncertainty allowances which are necessary to
accommodate the large variation due to tolerances in fuel channel
design and reactor operation under different conditions. Tight
operating tolerances on these setpoints very often result in alarms
under normal reactor operation. These alarms, real or spurious, have
to be confirmed by other means to ensure continued safe reactor
operation. Very often, the reactor power has to be derated and the
channel exit temperatures monitored to ensure adequate coolant flow is
available in the channel. Spurious alarms not only add an extra burden
to operators but represent a potential economic penalty on the overall
performance of the reactor.

This paper wi11 describe the progress made on the subject of channel
flow verification since the issue of [1] in 1982. The following key
areas will be discussed.

1. Channel flows obtained by well calibrated ultrasonic flow
measurements are generally higher than the flows evaluated
from SOPHT Code simulation. The increase in channel flow
results in a revision of the channel delta-P setpoints which
were established based on design data.



2. Improvements in differential pressure transmitter quality and
design result in a significant reduction of uncertainty
allowances in channel delta-P measurements.

3. Comparison of in-service channel delta-P measurement data
and the channel delta-P values obtained by SOPHT Code
simulation has resulted in a revision of empirical constants
which are required for the evaluation of channel delta-P
setpoints.

The paper will discuss the work, undertaken by design and operations
personnel in a multi-unit operating CflNDU power station, which has
resulted in a significant reduction in spurious alarms without
compromising reactor safety. A methodology to reduce the uncertainty
allowance in channel flow verification program will also be
presented.

Reference: [1] A Methodology for Flow Blockage Detection in Boiling
or Subcooled CANDU Reactor Channels" by K.F. Lam,
Proceedings of the Third CNS Annual Conference,
June 1982.
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This paper describes the Defect Detective expert system which is under
development at Atomic Energy of Canada Limited (AECL). The system is
intended to aid in the detection, location and evaluation of fuel
defects in CANDU 600 power reactors. A working application which is a
self-contained subset of the complete system has been developed and is
undergoing testing.

The background for the development of the system is discussed including
the benefits of the accurate location and evaluation of defects to
station owners. For example, if the activity concentrations in the
primary circuit begin to increase, it becomes important to establish
the cause so that appropriate action can be taken. Rising activity
concentrations in the coolant may indicate a problem with generic fuel
performance or with a specific operational situation where several rods
are failing simultaneously. Early warning will enable the operator to
quarantine all new fuel with the similar fabrication history, or to
investigate recent operational history or procedures that may have
provoked several fuel failures. Alternatively, the rising
concentrations may be due to the deterioration of only one defective
rod where the defect hole is allowing an increasing quantity of fission
products or uranium to escape. In the case of uranium release, the
appropriate action is to remove the fuel defect as soon as possible to
avoid the buildup of gamma fields within the primary circuit.

The central role of routinely collecting and analyzing fuel performance
data from all four CANDU 600s places AECL in a good position to improve
the analysis methodology and to disseminate the results back to the



stations. The expert system significantly reduces the amount of work
required to test new methods of analysis against historical data and
thus increases the rate at which improvements can be developed. It
also allows more systematic application of the currently used methods.

The CANDU 600s are equipped with systems that help detect and locate
defective rods while the reactor is at power. These systems tap into
the primary circuit and indirectly measure the activity concentrations
of various fission products in the coolant, as described below.

• The gaseous fission product monitoring system is a computer
controlled high resolution gamma ray spectrometer. It
operates continuously, repeatedly measuring gamma ray
activity in the primary circuit so that transient releases
of fission products can be detected.

• The delayed neutron monitoring system counts the delayed
neutrons emitted from short-lived fission products (1-137
and Br-87) in coolant immediately downstream of each of the
380 fuel channels. It is the primary tool for locating
defective fuel in the core.

• The gamma ray spectrometer in the chemistry laboratory that
analyses the gamma ray energy spectrum of coolant "grab"
samples. The analysis determines the activity
concentrations of fission and activation products in the
coolant.

The expert system currently analyzes the delayed neutron data base to
locate small fuel defects and to set their removal priority based on
signal trends and refuelling history. It also warns the user of
calibration problems associated with the delayed neutron detectors. In
the future, we intend to expand the system to analyze gaseous fission
product and coolant chemistry data. This will help establish the
condition of defects in the core. In addition, the system will be
extended to serve as a management system for a group of databases, each
one of which records the entire fuel defect related measurement history
and fuelling history of a given station. This will allow the
consolidation of information which currently resides in several
different places and will simplify the task of using the expert system
by requiring less input from the user.



- 3 -

The program is written entirely in the Prolog programming language.
This language is based on first order predicate logic and is
particularly suitable for developing expert systems. In addition, it
provides the ability to build and manipulate complex data structures
which are required to represent inter-related instructural data. The
Prolog programming environment proved to be an extremely productive one
because of the relative ease with which the program can be modified,
debugged and maintained, compared to traditional programming languages.
In addition, Prolog handles not only log related programming, but it is
also very well suited to general purpose programming including
numerical calculations. A significant conclusion of this work is that
Prolog is a powerful tool for developing significant applications in
many domains.

The operation of the current version of the system will be described
and sample output will be displayed. In addition, future extensions
and improvements to it will be described.
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Introduction

In 1987 Ontario Hydro decided to inspect a minimum o-f 83 end
fitting rolled joints at Bruce NGS. The purpose was to obtain
assurance that no manufacturing/installation defects Are present.
Existing inspection tools and tool delivery systems were adequate
for inspection of a small number of joints only. However, with
existing equipment, the duration of the inspection would be
unacceptable for large scale use. The resulting economic penalty
would have been simply unacceptable. Ontario Hydro, therefore,
decided in favor of developing new equipment, which would be
capable of performing the inspection in a much shorter period, to
the same performance standards.

The new inspection system is named PIPE (Packaged inspection
Probe). As designed and manufactured, it is composed of three
main parts:

- The inspection tool proper
- The tool delivery and operating system
- The Data Acquisition System (DAS).

The inspection tool consists of a block containing
ultrasonic probes, installed in a unit named The Transducer
Carrier. It is shown in Fig. 1. These probes transmit their
signals via individual coaxial cables to a connector located at
the rear of the carrier. The block containing the probes is
capable of both axial and rotary motions, for effective scanning
of the rolled joint area.

The existing Fuelling Machine was modified to allow for
carrying the inspection tool, manipulating it, and transmitting
the electronic signals to and from the tool. The most innovative
feature of the PIPE system is the ability to repeatedly make and
break the inspection tool electrical connections under water.
Special connectors, installed in both the inspection tool and the
Fuelling Machine Ram make the task possible. A means to
facilitate the pressure boundary penetration and store the
internal coaxial cables was aleo provided.



The modifications to the F/M were numerous, some were
extensive, and are shown in fig. 2.

The Data Acquisition System (DAS) uses a personal computer
to provide real time acquisition, processing, and display. It can
also print hard copy of the inspection data as a series of colour
isometric plots. The raw data at full resolution are stored on an
optical disk, allowing further analysis at a later time. The DAS
software is self-booting and all of its functions and utilities
are menu driven. An interface is also provided with the Fuelling
Machine control computer. Its purpose is to synchronize the data
acquisition system with the movements of the inspection tool.

Conclusion

The operation of the system was an unqualified success. More
rolled joints than initially planned (108) could be inspected, in
what became a routine process. The inspection time required was
reduced to just aver 2 hours per channel, compared to the
previously available systems which required 8 hours per fuel
channel. This system is now proven and fully commissioned.

A similar system was designed and manufactured for the
Pickering N6S, and is also now ready for operation.
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During vault inspections at Pickering NGS, it was discovered that the pipe
hanger supporting the moderator inlet inside the vault was broken on Units 1
to 4. A tri-party team (consisting of Ontario Hydro, AECL and B&W) was set
up and led by Ontario Hydro to develop a set of remote tooling and pro-
cedures to effect a replacement of this hanger. A limited schedule of
approximately eight weeks was available to prepare for this first site
replacement.

This paper covers the activity necessary to design and manufacture tooling,
the training of a repair team and the implementation of the site repair.

Tooling Concept

The remote tooling for cutting, removal and replacement of the hanger was a
combination of tracked trolleys to transport articulated arms to the work
site and a remote manipulator arm working in partnership.

Tooling Operation

Access to the vault work area was accomplished through inspection ports in
the calandria vault south wall. To provide a track on which to run
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the articulated arm trolleys, an 8" pipe was inserted through the lower
inspection part and supported on the dump tank. This pipe carried this
track, onto which was mounted the articulated arms carrying separate verti-
cal trolleys and the end effectors for cutting, bolting etc. The upper
inspection part was used to insert the B&W Teleoperator controlled arm which
provided the necessary second hand to support the hanger during removal and
reinstallation.

The Hanger was lowered to the dump tank after removal and then via a cable
attached to the B&W arm, lowered down to the vault floor for retrieval
through the bottom inspection part.

This arm was also used for extra vision during operation.

Tool Commissioning

A full-scale mock-up of the vault area was built at SPEI. This mock-up was
then used by a tri-party team of Ontario Hydro, B&.W and AECL personnel to
prove out the tooling operations and to reestablish the repair procedures.

Once operations and procedures wee firmly established, a number of
rehearsals were conducted before departing for the site work.

Site Operations

Site procedures were developed under Ontario Hydro direction and a tri-party
team led by CNS personnel was placed on-site. After rehearsals and
following these procedures, the old hanger was removed and the new hanger
installed.

Over less than a one-year period, hangers were replaced at Pickering
Units 1, 2, 3 and A.
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Introduction

A Candu Nuclear Power Plant contains a vast number of cables and
wires. The proper engineering documentation for these conductors is
necessary to achieve safe and reliable operation of the plant. This
paper describes the re-development of a large computerized wiring
documentation system which has been in use since the 1960's. The
original wiring system was used to design and record most of the
control wiring in Ontario Hydro's Nuclear power plants.

Ontario Hydro recognized the advantages of computerized information
systems early and introduced these systems where possible for the
design of Pickering G.S. "A". Station wiring and cabling records
were one of the first applications of a computerized system. The
original programs were written for Pickering G.S. "A" and continued
in use for Pickering G.S. "B", Based on the experience gained on
Pickering G.S. "A" an improved version of the system was developed
and used on the Bruce and Darlington plants. Over time these wiring
systems have been modified to accommodate differing requirements as
well as to incorporate changes in computer technology. Repeated
patching of the old software led to difficulty in achieving reliable
and economic operation of the system. Many of the decisions taken
in the original design of the wiring system were no longer valid due
to changes in the relative costs in the work environment. The
difficulty of maintaining the obsolete software was also a concern.

Overview of Deve,1oHii<jtit

Prior to commencing the re-development work, a comprehensive
analysis of the technical and the financial viability of the project
was undertaken. The major conclusion of this study was to establish
the technical direction for the future and financial constraints.
At that time certain basic requirements were established. It was
decided to utilize an on line database which would increase costs in
the area of computer processing and storage and decrease the use of
hardcopy reports and other labour intensive practices. This



direction was chosen to achieve a cost split which would load the
cost stream in areas where future escalation in cost are anticipated
to be low(i.e. computer costs) and to reduce as much as possible the
costs which are subject to escalation (i.e. labour costs). Another
important goal was to have a standard system for all stations with
common operating methods. This allowed for the development of
features which could not have been justified with a smaller user
base.

Early in the project a detailed analysis of the old system was
undertaken with input from all the user groups. This led to the
development of detailed specifications which included the basic
functions of the old system plus additional features which could
readily be incorporated into the new system. In many cases these
additional features would remove manual paper support systems which
had grown up around the application. It was possible in many cases
to better utilize data already in the records but not readily
accessible in the old system.

System Features

The functions of the new on-line wiring system are:

Design of Electrical Control Systems

- Wire and Cable Termination Records
- Cable Schedules
- Equipment Coding and Schedules
- Cable Tray Allocation and Loading
- Power Supply Allocation Schedules
- Channel and Voltage Separation
- Automatic Features to Assign Terminations and Conductors

Construction of Electrical Systems

- Record of Construction Progress
- Identification of Outstanding work and "changes only"
- Record of turn-over status
- Variety of reports to suit the job requirements

Operation and Maintenance Tool

- Graphical representation of connections for a circuit
- Work control package for plant modifications
- Load and power supply listings
- Complete list of equipment locations

Management Tool

- Security system to control usage
- Cable inventory control
- Work Tracking (Who did What When)
- Problem Reporting, On-line Reference manual/ & news bulletin
systems



The functions identified above are provided by a three level
hierarchical set of network databases. These databases are
organized on corporate, station and unit levels. Access to the data
is always at the unit level. The anticipated size of the databases
for 20 Candu units is 35 Gigabytes. The estimated user population
is 2000.

Conclusions

The new on-line system is now operational. The process of
converting wiring data for the Pickering, Bruce and Darlington
plants is on-going. Initial operational experience indicates that
the goals of increased effectiveness and economy will be achieved.
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1. INRODUCTION

This work describes the operating experience of fuel management in the
Embalse Station, from fresh core up to the current situation (approximately
937 days of full power operation).

The average core burnup is in the order of 4000 MWd/tU and the extraction
burnup shows a monthly average of approximately 7800 MWd/tU.

A comparison is also given of the performance reached by other CANDU-600
type reactors (Point Lepreau, Gentilly-2, Wolsung) from the point of view of
fuel strategy, in order to establish differences which may help to determine
possible alternatives for performance optimization.

The data for such comparison were obtained through the CANDU users
information exchange system (COG).

2. COMPARISON WITH SIMILAR STATIONS

In the figure showing the number of bundles removed with regard to full
power days (see Figure 2-1), for the four CANDU 600's, it may be observed
that to generate the same power, Embalse consumed approximately 1000 bundles
less than the other stations for the period of 650 FPD's. This means that,
with regard to fuel consumption, the strategy allowed to save, up to the
650 FPD's, US$ 4 000 000, a value corresponding approximately to the price
of 1000 fuel bundles.

With regard to the foreign origin fuel failure rate, it may be said that it
is comparable (in the order of 1/1000) for the four stations.

Therefore, it may be concluded that the Embalse station's fuel strategy
presents a lower fuel consumption rate with a failure rate comparable to the
other similar CANDU-type stations.
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3. SIGNIFICANT PARAMETERS TO OPTIMIZE EXTRACTION BURNUP

Certain typical values for one or more of the other three stations, which
serve to quantify the possible improvements in the extraction burnup, were
selected from all the data reviewed. These factors and their importance for
fuel management are summarized in Table 5-1.

The purification of the moderator is one possibility, since the increase in
the extraction burnup is significant and it would not imply high costs. The
purity of the coolant could be discarded, as it is not significant. The use
of boron in the moderator is in fact a negative factor: on the other hand,
the experience acquired up to date at Embalse indicates that it is more
convenient not to use it.

The increase in fuel density is a point to be discussed with the supplier
and the cost of this improvement has not been estimated yet.

4. ALTERNATIVES FOR OPTIMIZATION

Finally, Table 5-2 shows the actual optimization alternatives. The first
two options have already been discussed in the previous point; the third
one, i.e., the use of fuel elements with slightly enriched uranium, could
mean a saving of up to US$ 4 500 000 per year of operation at 100% power
according to estimates.

5. CONCLUSIONS

From the comparison carried out between the four CANDU-600 type stations,
Point Lepreau, Gentilly-2, Wolsung and Embalse, it may be seen that,
generating the same thermal power, Embalse has consumed 10% less bundles
from first operation up to approximately 650 full power days (this
represents a saving of 1000 bundles for such a period).

From the qualitative point of view, this smaller fuel consumption is due to
operating and construction differences, among which mention may be made of
the following:

Operating criteria
Channel selection criteria
Less in-core instrumentation

It should also be pointed out that, for the same period, the failure rate
for the foreign origin fuel is very similar for the four stations.

In addition, we observed that for the future there is a significant
alternative for optimization, which will probably be the use of slightly
enriched uranium fuel elements.
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TABLE 5-1

FACTORS AFFECTING EXTRACTION BURNUP

Factor Current
Value

Comparison Burnup Increase
Value Increase (%)

Moderator Purity
(% at.) 99.83

Coolant Purity
(at.) 99.3

Boron in the
Moderator (ppm) 0

Fuel density
(kg) 18.961

Liquid Zones
(%) 50

Operating Power
(%) 100

99

99

0

19

40

80

TABLE

.9

.722

.2

.246

5-2

253.54

27.9

198.36

170

92.8

321.3

+ 3.

+ 0.

- 2.

+ 2.

+ 1.

+ 4.

52

38

76

36

3

46

ALTERNATIVES TO IMPROVE EXTRACTION BURNUP

1. Increase moderator purity (3.52% improvement in extraction burnup)

2. Increase fuel density (2.36% increase in extraction burnup)

3. Use fuel elements with slightly enriched uranium.
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INTRODUCTION

During reactor operation the CANDU pressure tube picks up deuterium from the
primary heat transport fluid. Previous studies had shown that the deuterium
pick-up rate was greater in the rolled joint area than in the bulk of the
pressure tube because of galvanic coupling which permits transfer of
deuterium from the end fitting and into the pressure tube. This ingress
will eventually result in the terminal solid solubility of deuterium in the
Zr-2.5? Nb alloy being reached in the rolled joint area. The buildup of
solid deuteride is an essential condition for delayed hydride cracking and
should be avoided to reduce the probability of cracking of the pressure
tube. One method of preventing this buildup of deuterium is to use a
chemical getter, such as yttrium, to remove deuterium at a rate greater than
the ingress rate.

A comprehensive research and development program has been on-going since
January 1987 with the participation of Ontario Hydro and AECL. Overall
project management responsibility rests with Ontario Hydro while AECL has
been responsible for the following aspects of the development program:

Development of prototype fabrication methods, qualification of
selected methods and detailed design of the yttrium sink and end
fitting. In this phase of the program various fabrication methods

- 1 -
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were evaluated and two were chosen for further qualification. Two
detailed designs were developed, one for each fabrication method.
Responsibility for this part of the program rests with AECL-CANDU
Ops.

Research activities related to the use of yttrium sinks as
deuterium getters in pressure tubes. This has involved computer
modelling of the yttrium sink area, diffusion measurements,
gettering experiments and corrosion testing. Both full size
rolled joint specimens and smaller sections were used in the
experimental part of the research program. Research activities
were carried out by AECL Whiteshell Nuclear Research
Establishment.

This paper deals with activities associated with AECL-CANDU Ops' portion of
the development program, which comprised the following two phases.

PROTOTYPE DEVELOPMENT

Two fundamental c o n f i g u r a t i o n s were cons ide red f o r t h e development of
fabricat ion methods:

1. Non-integrai, wherein the yttrium sink i s comprised of a separate
ring and then welded to the pressure tube, and

2. In tegra l , whereby a groove i s machined in each end of the pressure
tube and the yttrium i s then inserted in th i s groove and sealed by
welding. In th i s case the yttrium sink is not in the form of a
separate r ing but ra ther , an integral part of the pressure tube.

A number of production techniques were evaluated which could be used to
incorporate yttrium sinks into pressure tubes. As a r e su l t a to ta l of nine
fabr icat ion methods were evaluated, three of the non-integral type and six
of the integral type. Slight variations of some of these nine methods were
also considered. Once prototype development was completed two fabrication
methods were chosen for further rolled jo in t qual i f ica t ion. One method was
based on the integral design and the other on the non-integral design.

ROLLED JOINT DESIGN AMD QUALIFICATION

An evaluation was carried out of the impact on other fuel channel components
of incorporating yttrium sinks. As a r e su l t of th i s review a number of
minor design changes were made to the end f i t t i n g for Darlington Unit H.
The extent of these changes varied depending on which of the two fabricat ion
methods i s used. As a resu l t two different end f i t t i n g designs were used in
the rol led jo in t qual i f icat ion program.

The objective of the qualif icat ion program was to ensure that incorporating
yttrium sinks would have no deleterious effects on the leak t ightness or
in tegr i ty of tne rol led j o i n t . In order to verify t h i s , various t e s t s were

— O —.



carried out on a total of 36 rolled joints, 18 of the integral type and 18
of the non-integral type. The test program Included the following
activities:

cyclic testing under simulated reactor operating conditions to
demonstrate that the joints could withstand the required thermal
cycles,

pull-out tests to ensure that rolled joint strength met the
specified requirements,

helium leak tests to verify the leak tightness of the rolled
joint before and after cyclic testing, and

profiling to ensure that the rolled joint residual stresse levels
remain in an acceptable range.

This paper details the results of the test program and the installation
decision.
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SUMMARY

This paper provides an overview of progress in identifying controlling
corrosion and hydrogen ingress mechanisms associated with Zr alloy pressure
tubes operating in CANDU PHW nuclear power reactors. It is drawn from the
current CANDU Owners Group (COG) WP#35 - Corrosion and Hydrogen Ingress Fuel
Channel R&D work programs being carried out principally at the research
laboratories of Ontario Hydro (OH) and Atomic Energy of Canada Limited
(AECL).

R&D programs in support of corrosion and hydrogen ingress mechanisms, can be
divided into two sub-program areas: (1) hydrogen ingress at rolled joints
(R/J) and (2) corrosion and hydrogen ingress along the bulk of the pressure
tube. Up until 1983 (prior to the failure of pressure tube (P/T) G16 in
Pickering unit 2), the work program was small, fragmented and little effort
on in-flux effects was accommodated. Since 1983, the program has been
expanded to include a full program of in and out of flux work including
parametric effects, basic studies, and increased power reactor
exposures/surevillance testing. All three of these work program components
are considered necessary to fully elucidate mechanisms of corrosion and
hydrogen ingress so that the long term behavior of Zr-2.5 wt% Nb (the only
alloy currently in use) P/T's, under all CANDU operating conditions can be
predicted. The scope of this full program of planned work has recently been
reviewed1,1.

HYDROGEN INGRESS AT R/J's - The build-up of hydrogen in R/J's has resulted
in leaks by the Delayed Hydride Cracking (DHC) mechanism in P/T's at
Pickering and Bruce reactors. Work to identify the mechanisms of this
build-up is focussing on determination of the principal sources of hydrogen,
and corresponding entry routes. The results of laboratory tests and
out-reactor loop tests using small diameter and full sized R/J's are
reviewed.3 To date, the data has indicated dissolved hydrogen in the PHTS
water is not necessary, there appears to be no significant contribution from
the annulus gas, the principal source of hydrogen entering the R/J is
probably that produced by galvanic coupling of the 403SS endfitting (E/F) to
the Zr-2.5 wt% Nb P/T, and the principal route for hydrogen ingress is via
diffusion through the E/F. Improvements to a mathematical predictive model
employing the concept of hydrogen supersaturation, and a time-dependent
ingress rate are discussed and the latest comparisons with pressure tubes
removed from operating reactors are presented.3 Methods to reduce ingress
into R/J's based upon the current understanding of R/J ingress mechanisms,
are hicrhliohted.
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CORROSION AND HYDROGEN INGRESS IN PRESSURE TUBES - Programs to establish a
mechanistic understanding of the long term corrosion and hydrogen ingress
behavior of pressure tubes include (a) parametric effects - temperature,
flux, water chemistry, oxide character, alloy chemistry/aging; (b) basic
studies - radiation chemistry, microstructure evolution, hydrogen ingress
kinetics; and (c) analysis of removed reactor pressure tubes. Highlights
and key results of these programs3 are presented with a view toward
comparing the evidence for and against hypothesized corrosion and hydrogen
ingress mechanisms. The rate of these processes is a precursor to and key
variable in determining the probability and timing of reduced P/T integrity
from such time dependent processes as hydride blister initiation/growth, and
alloy fracture toughness. Recent evidence of the possibility of boiling in
the fuel bundle lower sub-channels and for LiOH concentration in thick oxide
films has suggested an alternative explanation of the Pickering 1/2 water
side "thick oxide" hypothesis. The postulated mechanisms of hydrogen
ingress from the gas annulus and as a result of irradiation induced alloy
aging are also reviewed and discussed. The observations from removed
reactor pressure tubes are interpreted in terms of the currently most
probable corrosion and hydrogen ingress mechanisms. Remedial measures to
minimize corrosion and hydrogen ingress are suggested.

REFERENCES

1. CRNL-2708-02, Fuel Channel Research Programs, 1988, (in final
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Sag due to thermal and irradiation-induced creep is one important factor
in determining the useful life of pressure tubes in CANDU reactors. As
a result of its lower creep stiffness, the pressure tube sags faster
than the calandria tube and may contact the latter. This contact
produces a local cooling effect, and, if the local hydrogen*
concentration in the tube is above terminal solid solubility, causes
precipitation of brittle hydrides and formation of blisters at the point
of contact, thus reducing the fracture resistance of the pressure tube.
In this paper, we compare the predictions of pressure tube sag with
measurements of sag deflection and pressure tube to calandria tube
contact in some Pickering NGS-A and Bruce NGS-A fuel channels.

The predictions were obtained using the Ontario Hydro finite element
code CDEPTH, which was developed to evaluate the creep response of fuel
channel assemblies . Two models for pressure tube deformation were used
to calculate strain rates. The first model, hereafter referred to as
PT1, was developed in 1979 according to the understanding of the
mechanisms of creep and growth at that time, and the constants in it
were adjusted to fit the early measurements of average axial and
circumferential strains in some Pickering NGS-A Unit 3 channels . PT1
is currently the standard model for pressure tube deformation
predictions. The second, more recently developed model, here referred
to as PT2, is different from PT1 in that it includes a mathematical
function to represent the variation of thermal creep along the length of
tubes (as observed in diametral strain profiles), uses growth anisotropy
factors which were derived from experimental data, and was fitted to a
wider range of experimental measurements . Both models use the concept
of separable, additive strain rates due to thermal creep, irradiation-
induced creep and irradiation growth (dimensional change in absence of
stress, without any change in volume). The models relate the strain
rate in a given direction at a point in the structure to the stress,
temperature and fast neutron (E > 1 MeV) flux at that point, and to the
microstructure and crystallographic texture of the material.

Comparison of the sag predictions of the two models with in-reactor
measurements showed that the accuracy of the models for calculating sag
deflections was comparable, and they were both in reasonable agreement
with the measurements. However, it was found that the sag predictions



were very sensitive to the calandria tube creep rate. Since an
uncertainty of the order of a factor of two exists in the derivation of
the calandria tube creep constant , this parameter could be adjusted to
tune the predictions to the in-reactor measurements independently of the
model used for the pressure tube. Therefore, sag deflection data are
not a good means of verifying the pressure tube deformation model.

Predictions using CDEPTH of the extent of pressure tube to calandria
tube contact were also compared with measurements of the length of
zirconium oxide deposits on the outside surfaces of five pressure tubes.
The contact predictions were rather insensitive to the calandria tube
creep rate, and PT2 consistently predicted earlier initial contact and
faster spreading of the contact than PT1. The predictions based on PT2
were in better agreement, on a simple average, with the measured
lengths of contact. Notably, PT2 gives a more conservative estimate of
the closest possible approach of contact to the outlet end of channels,
especially when the pressure tubes are installed with their back ends
(i.e. the end which is extruded last) at the channel outlet. This is
significant for calculating the probability of formation of hydride
blisters near the channel outlet.

Because the contact time and spreading are insensitive to the calandria
tube creep rate, comparison of contact predictions with measurements can
provide a good test of the accuracy of the pressure tube deformation
model. The calandria tube deformation model and creep rate can then be
adjusted to tune the predictions of the pressure tube model to the sag
deflection data for each reactor.

* actually hydrogen and deuterium

1. R.G. Sauve, Proc. 11th Canadian Congress of Applied Mechanics,
1(1987)A-12.

2. E.F. Ibrahim and R.A.Holt, J. Nucl. Mat. 91(1980)311.

3. A.R. Causey, V. Fidleris, S.R. MacEwen and C.W. Schulte, ASTM STP
956 (1987).

4. V. Fidleris, A.R. Causey and R.A. Holt, Optimizing Materials for
Nuclear Applications, TMS AIME Warrendale Pa. (1985)35.
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ABSTRACT

The service life of pressure tubes is a function of the amount of their
deformation relative to the design allowances and of the continued ability
of the pressure Lube to leak-before-break if it cracks. The estimated
axial elongation and diametral expansion of current cold worked Zr-2.5 Nb
pressure tubes will allow 30 years service. However, sag of the fuel
channel which is largely a function of the calandria tube could limit the
life of some channels to less than 30 years.

The ability of the tube to leak-before-break will probably limit its
service life. The most probable way for a pressure tube to fail is for a
crack to initiate at a small defect, then propagate along the tube and
through the wall by delayed hydride cracking. Leak-before-break is
maintained if the crack penetrates the wall and the resultant leakage of
PHTS coolant is detected before the crack reaches the critical length.
Hence the service life is limited by the materials' susceptibility to crack
initiation, the rate of crack growth and the fracture toughness. The
neutron flux introduces damage to the crystal lattice that may increase the
susceptibility to crack initiation, increases the rate of crack growth and
decreases the critical crack length.

For delayed hydride cracking to occur hydrides must be present. If the
isotopic hydrogen concentration of the tubes could be kept below 0.27 at%
then cracking could not occur during reactor operation. This should be
possible to achieve by a combination of reducing the rate of adsorption
from corrosion and adding sinks that will preferentially absorb the
hydrogen. The effect of the composition, both alloy and residual elements
on the hydrogen ingress is being investigated; non-structural yttrium sinks
may be added to the ends of the Darlington Unit 4 tubes and are being
developed for possible use on the remainder of the tube, and surface
protective layers are being investigated.

Susceptibility to delayed hydride cracking is affected by crystallographic
texture. The crystallographic texture of current pressure tubes favours
DHC on the radial-axial plane and a more radial texture could reduce the
susceptibility to DHC forming through-wall cracks. The reduction in
fracture toughness by irradiation may be a function of the microstructure



and it may be possible to decrease the rate of reduction in fracture
toughness during reactor operation by changes to the initial microstructure
of the tubes.

The program is proceeding in two stages. In the first stage, tubes will be
fabricated with a slightly different composition that may reduce the rate
of hydrogen ingress and by a different fabrication route that should
produce a texture more resistant to the formation of through-wall cracks.
The melting process, the billet inspection and the final inspection have
been improved to reduce the possibility of the presence of manufacturing
flaws. The tubes will also have yttrium sinks at the ends similar to the
Darlington tubes and could be available for testing in power reactors by
1991.

In the second stage, the tubes will have sinks along their whole length to
keep their hydrogen concentration below 0.27 at% for 30 years; they also
may have a different microstructure and a surface treatment or coating on
the inside surface. Thus these tubes should not only be very resistant to
forming through-wall cracks but DHC should not be able to occur during
reactor operation for 30 years. Reduction in fracture toughness during
service and in-reactor deformation behaviour could also be better in these
tubes than current tubes.
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SUMMARY

In the CANDU reactor each of the approximately 400 hot pressure
tubes containing the fuel bundles and the pressurized heat transport water
is surrounded and insulated from the cold moderator by a calandria tube.
The pressure tubes are made from cold worked Zr-2.5%Nb, and the calandria
tubes are made from annealed Zircaloy-2. The annulus between these two
tubes contains a gas whose dewpoint is measured to ascertain if leaks have
occurred into the annulus.

Leak-before-break provides the operators of CANDU reactors with
advanced warning of potential unstable failure of pressure tubes. It relies
on matching the characteristics of the leak detection procedure to the
characteristics of the cracking phenomena.

A procedure for leak detection and reactor response has been built
up from the use of the annulus gas. The characteristics of the crack - its
shape, its length at wall penetration and its growth rate by delayed
hydride cracking, and the expected leak rate at various lengths are used to
establish the response time for leak detection. The reactor is required to
be shutdown when the crack has a length much less than the critical crack
length. This critical crack length, determined using slit burst tests on
tubes, is the crack length at which the crack growth becomes unstable.

- 1 -



New CANDU reactors will continue to emphasize the importance of
the annulus gas system for leak detection. Emphasis has been placed on the
design of this system to increase its sensitivity and to shorten the
response time. These requirements have led to investigation of new means
and concepts of detecting pressure tube cracks or leaks.

Current developments of an upgraded detection system have focused
on in-situ and remote moisture measurement on individual channels with
sensors that can detect all possible ranges of leaks but particularly small
ones. The performance of various detectors for in-situ application in high
temperature and radiation environments is currently being evaluated.
Examples are fibre optic spectrophotometry, and ceramic plate detectors
where the capacitance varies with moisture. The characteristics of new
detectors such as accuracy, sensitivity and drift in the gas annulus
environment must be established.

Leak location or identification practice will be improved by a
modified system configuration and the use of multiport indexing valves to
intermittently sample and record moisture at various positions. The use of
a bulk moisture differential monitoring technique using current
instrumentation circuits promises to increase system sensitivity and
alleviate the problem of instrument drift. Analytical tools have been
established to evaluate system response characteristics to different leaks
at different positions in the systems.

Combining leak before break technology and improved techniques of
lead detection provide increased margins between the time at which a crack
penetrates a pressure tube and the time the operator receives the
information and takes corrective action to prevent unstable failure.

- 2 -
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Delayed hydride cracking is caused by the repeated precipitation and
cracking of brittle hydrides. When a hydride platelet at a crack tip is
oriented in the crack plane and subjected to a stress intensity factor
above some critcal value,the hydride fractures. The crack may stop
when it leaves the hydride and enters the more ductile zirconium
alloy matrix.but growth of the hydride at this new crack tip then
allows a further increment of fracture. Experiments^1-2-3) have
demonstrated that an incubation time is required before a crack
grows in an intermittent manner. This implies that a critical
condition has to be reached for each step of crack growth.

An experimental procedure was carried out to study the growth
kinetics of hydrides during crack initiation in cold worked
Zr-2.5wt%Nb. The microstructure at the crack tip has been examined
at times less than the incubation time in an attempt to discover what
triggers cracking in a high stress field. The criterion established for
cracking was further used to investigate the heating and cooling
effects on delayed hydride cracking and to examine why cracking
depends on temperature history.

Cantilever beam specimens were machined from a CANDU pressure
tube identified Pickering 4-J18 . Each specimen was dead weight
loaded-the total bending moment acting on the notch tip was
determined from the weight of the specimen holder and dead weight. A



small resistance furnace was used to heat the test specimen. The
furnace temperature was regulated to within ± 0.5K using a
chromel-alumel thermocouple and displayed as a function of time on
a strip chart recorder. An acoustic emission monitoring system was
used to monitor the cracking. The system consisted of a piezoelectric
transducers preamplifier of 40 dB gain, and an analyzer unit
providing an additional gain of 45 dB. The transducer was mounted on
the specimen holder and isolated from the severe heat of the furnace.

To determine the incubation period(tj),the acoustic emission count
rate was measured at several temperatures ranging from 373K to
523K in each test. The specimen was first heated to 573K,held at
temperature for one hour.furnace cooled to 523K and then dead
weight loaded. After accumulating a sufficient number of counts,the
sample was unloaded and the temperature was cycled back to 573K.
Following the final cycle to 573K, the unloaded beam was furnace
cooled to room temperature. This procedure was done at least 8-10
times at each temperature.

Once the time for cracking was determined a new specimen was
reheated to 573K. Following this thermal cycle,the specimen was
reheated and held at various times less than the t, value then water
quenched to retain the hydride structure. The metallographic
examination consisted of polishing the specimen and measuring the
hydride length at the crack tip. After the examination,the specimen
was ultrasonically cleaned in alcohol and put back on test for the next
time increment.

Metallographic observation clearly demonstrated that hydride growth
was occurring at or near the crack tip. A series of tests between
373K to 498K showed the growth kinetics of hydrides as a function of
time. The relationship between hydride length and time follows a t1/3

law. The extrapolated distance to the previously measured times(i.e.
times to tj ) gives the critical hydride length which is the critical
length of hydride at the instant a crack initiates.

When dispersed particles of hydride have some solubility in the
matrix in which they are combined there is a tendency for the smaller
particles to dissolve and for the material in them to precipitate on



larger particles.The driving force is derived from the consequent
reduction in total interfacial energy and ultimately only a single
particle would exist. The rate of coarsening is controlled by the
diffusion of solute species through the matrix .This coarsening theory
can be applied to this Delayed Hydride Cracking mechanism.

The qualitative model presented here further explains the heating and
cooling effects*2* on an atomic scale. Atoms in a condensed phase
occupy equilibrium positions around the minimum free energy. When a
stress is applied,the atoms are displaced elastically from their
equilibrium position. The potential energy of the system is increased
and stored in a reversible manner. When the stress is removed,atoms
move back to "vibrate" around their equilibrium position,and an energy
level is released. Plastic flow occurs when the atoms move under the
combined effect of the applied stress and thermal vibrations into a
new equilibrium valley while breaking the previous bonds and
establishing new bonds. The higher the temperature.the greater the
vibrational amplitude and rate of moving into a new equilibrium
atomic configuration. When the stress is removed the atoms remain in
the new equilibrium valley and a permanent local plastic deformation
results. The difference for the initiation times during a heating and
cooling cycle depends on this energy of formation.

Implications of this work show that the prediction for crack
initiation in CANDU presssure tubes can be determined at a given
stress level and temperature.
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ABSTRACT

There is very little test data available which
quantifies the mechanical behavior of large centrifugal pumps
under two-phase flow conditions. In this paper an assessment of
the mechanical capability of CANDU Heat Transport (HT) pumps
inder two-phase flow conditions is made.

The heat transport pumps in a CANDU station circulate
heavy water coolant through the reactor core at high temperature
and pressure. The pump motors are rated at 8.2 MW (11000 horse
power). For any postulated break (referred to as Loss-of-
Coolant-Accident, LOCA) in the heat transport system,
depressurization of the system occurs. It is essential to
establish that the HT pumps will continue to operate, even under
two-phase flow conditions resulting from a LOCA, so that the fuel
decay heat from the reactor core continues to be removed. The
pumps are also required to retain their pressure boundary
capability during operation under LOCA conditions.

Evidence of the capability of the HT pumps to withstand
the conditions during various postulated LOCA conditions has been
obtained from testing a CANDU HT Pump/Motor set in a test loop.
A typical test entailed slowly bleeding water from the loop over
a period of about an hour. This produced a very slow transient
in which the pump suction pressure was gradually reduced until it
reached saturation pressure and continued into two phase flow
condition, with gradually increasing void. This voiding of the
loop was continued until the pump performance completely degraded
(no flow). The setting of the valve which controls loop flow was
kept constant for each test and the loop temperature was
maintained constant for each test. A series of tests was
performed for various temperatures between 100<>C and 265°C and
various valve settings. Each test transient was considered to be
sufficiently slow (about an hour) so that the recorded data
points could be assumed to be steady - state characteristics of
the pump. This enabled a pump performance curve to be plotted
for each temperature. A performance curve envelope for the range
of test temperatures of 100°C to 265°C is shown in Figure 1. The
region where the pumps operated with very high vibrations has
been quantified, and is also shown in Figure 1.

The results of pump inspection after completion of the
LOCA tests showed that despite high vibration levels and pump
shaft run-out no significant damage was observed either to the
pump hydrostatic bearing or to the mechanical seals and the pump
pressure boundary was not affected.
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In addition to the testing, a pump and motor rotor
dynamics analysis was performed and the results are presented.
This analysis defined the behaviour of the rotor system under the
pulsating loads which occur at the pump impeller under a range of
two phase flow conditions. The loading conditions at the pump
hydrostatic bearing was then assessed for the LOCA conditions
specified for CANDU and found to be within the design limits of
the bearing, thus confirming operability.

The test program supplemented by rotor dynamics
analysis have confirmed the capability of CANDU heat transport
pumps to operate as required following a loss of coolant
accident.
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A COMPUTERIZED MONITORING SYSTEM FOR ABNORMAL PLANT OPERATING CONDITIONS
AT THE POINT LEPREAU GENERATING STATION

ABSTRACT

Like any other annuciation program, the monitoring for Symptoms-
Oriented Emergency Operating Procedures EOPs) has been incorporated on the
Station Control Computers. The programs:

Provide Event Recognition and annunciate the occurrence in a
special "window" on the Annunciation CRT'S.

Monitor and annunciate when important conditions become
unacceptable for any given APOP after the event has been
acknowledged by the Operator.

Provide the calculations and display of parameters required to
properly monitor the event in progress.

Provided dedicated Status Displays for each APOP, as well as
"chains" of other revelant displays.

Provide Operator Control over what is to be displayed and what
Important Conditions are to be monitored.

Emergency Operating Procedures (EOPs) have been developed for the
Point Lepreau Generating Station and have been approved for operational use.
The development of EOPs has been on-going since the TMI-2 accident in 1979
and more emphasis has been placed on EOPS since the Chernobyl accident in
1986. The monitoring and procedural aspects of the written EOPS can now be
computerized and simpler and more effective use of the Control Computers can
be made for the benefit of the Control Room Operator.

Nine (9) Emergency Operating Procedures have been developed to
date. Each of the written EOPs contains the diagnostic descriptions
required to recognize a given event. For all of the EOP's there are approx-
imately 100 parameters and subsequent combinations of those parameters that
must be recognized by the Operator to deduce which Emergency Operating
Procedure must be used. The Control Computer Program designed for these
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Abnormal Plant Operating Conditions called EOP Monitor (EPM) provides event,
recognition and annunciation which indicates to the Operator that a given
EOP Procedure should be used. The annunciation of a designated event occurs
in a dedicated section or "window" on the Control Computer Annunciation
CRT's.

Upon agreeing with and acknowledging the event, the Operator acti-
vates the EOP and the EPM program monitors, calculates, displays and annun-
ciates important parameters and conditions for that event. Degree of sub-
cooling, rate of change of parameters and the direction of change of impor-
tant parameters are displayed on Special Status Displays that have been
carefully tailored for that event. Supporting the Special Status displays
are "chains" of up to 15 additional displays that can be rapidly accessed by
paging foward or back.

The key procedural checks required in the written EOP are dis-
played on a CRT screen with indication of Alarm or Okay. Provided all of
the checks indicate Okay, the Operator can continue with his/her present
strategy. If the checks indicate alarm, the EOP directs him/her to a dif-
ferent course of action. Operator selection and progression through the
procedural screens and execution of written steps in the EOP enables the
Operator to stay on track. The EOP procedures force the plant to a progres-
sively more stable state and successful termination of the event.
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A REVIEW OF QUANTITATIVE CRITERIA FOR
DEMONSTRATING NUCLEAR POWER PLANT DESIGN ADEQUACY

K.S. Dinnie
Ontario Hydro

700 University Avenue
Toronto M5G 1X6

SUMMARY

The level of safety at a nuclear power station is determined by many
contributing factors; good design, good construction, good operation,
good regulation. It is axiomatic that safety can always be improved,
albeit at some cost. The age-old question remains as to how a designer
can demonstrate that his plant design is adequate, where "design
adequacy" means that it is no longer necessary to spend money on
additional safety features. Design adequacy is, of course, a different
concept from "public acceptability" which involves wider issues of a
technical, sociological and political nature. Demonstrating design
adequacy would be expected to be a prerequisite to obtaining public
acceptability, however.

The demonstration of design adequacy is more clear cut where
quantitative expressions of design performance can be compared with
appropriate standards of acceptability. The use of quantitative targets
or limits has long been an integral part of the licensing process in
Canada. The advent of risk assessment has provided the utilities and
the regulators with a method of estimating the overall risks to the
public posed by the operation of the plant and which provides an
alternative means of quantifying design adequacy.

The problem then becomes one of setting appropriate standards against
which design adequacy can be assessed. This paper examines current and
previous attempts to establish numerical safety standards. The results
of the Darlington Probabilistic Safety Evaluation (DPSE) are used to
examine the alternative approaches and draw some conclusions as to their
effectiveness and implications.

The paper will first examine the application of the existing accident
frequency and dose limits embodied by the AECB Siting Guide and the C-6
consultative document being used on a trial basis for Darlington
1icensing.

The next topic to be addressed is the efforts, both in Canada and the
U.S., to define risk-based safety goals derived from societal mortality
data and used in conjunction with the results of nuclear power plant
risk assessments. Some of the conceptual issues associated with
deriving safety goals will be discussed. Existing proposals in both the
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U.S. and Canada will be examined in the light of accident experience and
the results of the DPSE. Some practical implications of these proposals
will be highlighted which suggest that safety goals based on mortality
risks may not pose sufficiently stringent limits to use as a practical
test for design adequacy.

In the light of this position the paper will discuss some other possible
risk-based criteria that might be used. Again using the results of the
DPSE as an example, the use of simple economic criteria will be briefly
examined.

Finally, it is postulated that the risk of "loss of livelihood" rather
than "loss of life" might prove to be a more realistic criterion against
which to assess design adequacy. This concept could be translated into
quantitative levels of contamination beyond the site boundary which
might result in prolonged evacuation for members of the public. The
limitation of the risk of such an eventuality would be more restrictive
in plant design and performance than mortality risk and address more
directly public concerns about the consequences of an accident. Some
safety goals based on this concept are evaluated.

In summary, the problems encountered in setting suitable quantitative
safety goals are discussed. The position is taken that goals based on
average societal mortality rates may not be of much practical value in
design adequacy assessment. Some safety goals based on limiting the
risk of disruption of the lives of the local population are evaluated.
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RESULTS AND INSIGHTS FROM THE
DARLINGTON PROBABILISTIC SAFETY EVALUATION

K.S. Dinnie, S-G. Lie
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SUMMARY

The Darlington Probabilistic Safety Evaluation (DPSE) represents the
first comprehensive study of a multi-unit CANDU station using up-to-
date risk assessment methods. A previous paper [1] described the
methodology used in the DPSE and provided some preliminary results.
This paper will present the final results of the study and provide some
interpretation and discussion as to the relative significance of the
results. Also concluded are the results of importance analysis carried
out on the major accident categories to determine the accident
sequences, mitigating systems, component failures and human errors most
significant to accident frequency and risk.

1.0 THE DPSE

The paper will contain a very brief description of the objectives, scope
and limitations of the DPSE insofar as they are relevant to the
interpretation of the results. The fuel damage category and ex-plant
release category structures used in the integration and presentation of
results will be briefly explained. The treatment of "severe accidents"
will be discussed.

2.0 IMPORTANCE ANALYSIS

The process of assembling the final results involves the combination of
a large amount of detailed information to obtain the integral
quantities. Each consequence category is composed of a large number of
minimal cutsets, which are logical combinations of failure events
representing accident sequences. Each cutset consists of an initiating
event and other conditional failure events representing failures of
equipment or human errors.

By examining the most important cutsets in a given consequence category
(i.e., those with the highest frequency) it is possible to identify the
dominant sequences. By further manipulation of the cutsets it is
possible to identify the most important individual events, which may
appear in many cutsets.
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These events may be grouped to form more meaningful quantities (e.g.,
all LOCA initiating events) and their relative "importance" estimated
numerically. The results provide useful insights into the kinds of
failures considered most likely to lead to undesired consequences such
as fuel damage.

A similar process can be performed on consequence analysis. For
example, contributions to release and dose can be subdivided to identify
important dose pathways or important radionuclides. Such information
can be used to identify areas of the study sensitive to assumptions or
conservatisms in modelling.

3.0 RESULTS OF THE DPSE

The major part of the paper will present the quantitative results of the
DPSE and provide interpretation and discussion on their significance.
The results will be given under the following headings as time and space
permits:

(a) Fuel Damage Category Frequencies

The spectrum of possible fuel damage resulting from accident
sequences was divided into ten fuel damage categories (FDCs).
the characteristics of each category will be briefly described
and the results of the frequency estimates for these categories
will be presented and their significance discussed.

For selected FDCs the results of the importance analysis will
be given to identify the initiating events and basic component
failure types which contribute significantly to fuel damage
frequency.

(b) Ex-Plant Release Category Frequencies

The characteristics of various levels of off-site radioactivity
releases are represented by six ex-plant release categories
(EPRCs). The frequencies of these categories are determined by
the combination of fuel damage categories and containment
failure modes. The results of the DPSE can be used to identify
those accident sequences most likely to give rise to
significant off-site releases of radioactivity and the
associated containment failure modes.
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(c) Radiation Dose Consequence

The radionuclide releases associated with each ex-plant release
category will be examined to indicate the major pathways and
radionuclides which contribute to the individual and population
dose consequence estimates.

(d) On-Site Economic Consequences

The estimated outage duration and total on-site economic
consequence associated with each fuel damage category will be
presented. The major considerations that affect economic
consequence will be identified.

(e) Public Health Risk

The quantitative estimates of health risk generated by the DPSE
will be presented and discussed. The relative importance of
fuel damage categories, initiating events and the various types
of system, component and human failures to risk will be
discussed.

(f) Economic Risk

Similar results will be given for the economic risk estimates.

REFERENCES

[1] King F.K., V.M. Raina, K.S. Dinnie; "The Darlington
Probabilistic Safety Evaluation - A CANDU Risk Assessment";
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A DISCUSSION OF INSTITUTIONAL FAILURE

AMD ITS IMPORTANCE TO NUCLEAR SAFETY

David Mosey
Nuclear Studies and Safety Department

Ontario Hydro

Keith Weaver
Shaftesbury Scientific Ltd

The Three Mile Island and Chernobyl reactor accidents have both
prompted extensive review of nuclear safety in both design and
operation throughout the international nuclear energy community.
Typically H.e foci of such reviews have tended to be highly
specific, ioj example in the case of Three Mile Island,
particular attention being paid to such "human factors" related
elements as control room design and operator training.

In the case of Chernobyl, there have been quite specific and
detailed technical appraisals made of the RBMK reactor system,
together with similarly specific and detailed comparisons with
other reactor systems. Additionally, considerable attention has
been paid to the human element, since it was human intervention
that triggered the event. However discussion of these human
elements has been focussed upon the "safety culture" of the
Chernobyl station's control rooms. But the "human elements"
relating to this specific event and to nuclear safety generally
extend further into an organisation than the control rnom (or the
design office).

While the term "human error" may be used to describe such human
elements, in usage it has tended to relate to "operator error" or
"pilot error"-- ie those errors made by humans at the point of
application of the technology in question. As well what can be
legitimately described as "human error" within a limited context
may well turn out to be not an initiating event, but the result
itself of a wider problem, or set of errors-- some of the "human
errors" by the operators at Three Mile Island Unit 2, for
example, fall into this category.

The term "institutional failure" has been arrived at to cover
those human errors that, in the nuclear energy context, may be
made at locations remote in geographic position, time and
corporate hierarchy from the design office or the reactor control
room. Just as the "mechanical" challenge to nuclear safety
("mechanical failure") has antidotes which include maintenance,
designed redundancies and operating procedures, one can be
confident that institutional failure can be countered by specific
measures once it has been defined and comprehended.



Review of both TMI and Chernobyl reveals that institutional
failure played a significant role in both these accidents.
Worthy of note is the fact that in earlier reactor accidents too,
institutional failure played an equally important role-- the SL-1
and Ferrai-1 accidents are two particularly clear examples.

In the case of SL-1, while the actual January 1961 accident was
the result of irrational human intervention, a number of
well-recognised and well documented problems with the reactor
should have prompted an earlier shutdown pending a review of
further operation. In the case of Fermi-1 fuel melting resulted
from a flow blockage caused by a piece of zirconium flow guide
liner which broke free from its mounting. The liner plates were
a last minute modification to the reactor made at the urging of
the regulatory authority. Their installation was not documented
and, it must be inferred, the safety implications of the
modification received inadequate analysis and review. Both these
accidents provide clear examples of institutional failure.

Institutional failure can also be demonstrated in a wide range of
high-consequence events in a broad spectrum of endeavours. The
explosion of the space shuttle Challenge!' and the capsizing of
the ferry Herald of Free Enterprise are two recent and
unequivocal examples. The loss of the ship perhaps forms the
clearest illustration of the specific features of a typical
institutional failure. The event involved no new, unsuspected
physical phenomena. The event involved no failure (unexpected or
otherwise) of any engineered system. The possibility of this
event had even been identified by ferry crews, and the
vulnerability of the design had been pointed out by naval
architects and illustrated by an earlier capsizing.

This paper attempts to provide a working definition of the term
"institutional failure" through a fresh examination of nuclear
and other accidents and to summarize the evidence necessitating
it and justifying its scope. Factors which may predispose toward
institutional failure in the context of the Canadian nuclear
industry are discussed. A number of measures may be applied to
counter any tendency towards institutional failure, including the
use of existing review and analysis mechanisms and procedures.
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TRANSPORT OF PROTOTYPE DEPLETED URANIUM CALORIMETER
MODULES FOR THE ZEUS EXPERIMENT

The ZEUS Collaboration*

presented by
J.J. Guy Durocher+

Department of Physics
University of Manitoba

Winnipeg, Manitoba, R3T 2N2

ZEUS is one of the two approved experiments for the HERA electron-
proton collider facility under construction at DESY in Hamburg, FRG1.
It is an international collaboration involving over 300 scientists from
10 countries. Canada is a major partner in this effort, providing ten
percent of the personnel and paying nine percent of the cost of building
the detector to be user) in the experiment. Along with NIKHEF (the
Netherlands), the Institute of Particle Physics (IPP), Canada is
primarily responsible for the engineering design, construction and
transport of the forward and rear calorimeter sections of the ZEUS
detector. Support is being provided by groups In Germany, Spain, Japan,
Israel and the United States. Funding for this stage of Canadian
involvement in ZEUS came in the form of a major installation grant from
NSERC awarded in April 1987. Design, construction and testing of
calorimeter components is currently underway at five Canadian
universj ties*.

The primary design consideration of the ZEUS detector1 was accurate
identification and measurement of leptons and jets of hadrons produced
in e-p fioll isinns. It includes as part of its design, a state-of-the-art
calorimeter2 ' employing depleted uranium (DU) plates as absorbers and
neintillator as the active medium. Alternating layers of plastic
sointillator and DU are stacked and assembled In long modules which are
organized into towers to allow for readout of the scintillator signal by
photo-multiplier tubes. Each DU plate is encapsulated in a 0.H mm
thick, hermetically sealed stainless steel jacket which serves to reduce
the level of the natural radiation from the DU, thereby protecting both

"Participating Canadian univer3itjes are Carleton, Manitoba,
McGill, Toronto and York.

+Collaborators directly involved in this work were: G.R. Smith,
J.J.G. Durocher, J.K. Mayer and J.G. Lancaster, Department of Physios,
University of Manitoba, W.R. Frisken, D.K. Hasell and D.R. Mosscrop,
Department of Physics, York University and G.G. Stairs, Department of
Physics, University of Toronto.



other parts of the calorimeter and people nearby the unit as it is being
assembled. The encapsulated DU units and scintillator sheets are
stacked to a height of 1.5 m upon an iron frame using an automated
stacking machine designed at York University. The stacker also provides
shielding to decrease the exposure of workers to residual DU radiation.
The complete calorimeter module is held together by stainless steel
tensioning straps which wrap around the whole device and attach to the
iron frame.

Four prototype modules were assembled at York University to test the
mechanical integrity of the design. Each module measured 20 x 1210 x
2130 mm and contained approximately 1.7 tonnes of depleted uranium.
They were used in a test facility for the full sized modules to be
established initially at the European Centre for Nuclear Research (CERN)
and subsequently at DESY. Availability of beam time at CERN and the
schedul prescribing delivery of the full sized modules later this year
(1988) required that the prototype modules be shipped to Geneva quickly
to all thorough testing to be carried out in late 1987. This dictated
air freight being selected as the shipping method which in turn
necessitated the design of a shipping container that provided sufficient
external shielding to reduce the radiation levels to those acceptable
for transport under a Group 1 classification (less than 5
microSieverts/hour at the surface). The container required a suspension
system that would ensured that the delicate electronics systems,
photomultiplier tubes, scintillator material and wavelength shifter bars
would arrive undamaged. It was also necessary to maintain the close
external and internal tolerances under which the modules are constructed
and which are crucial to their operation.

The shipping container was designed at Manitoba and York and constructed
in the Faculty of Science Shops at the University of Manitoba.
Measurement of radiation levels from the encapsulated DU were conducted
at York using components of the calorimeter modules. The container for
the prototype modules was in two sections. The inner was a box
fabricated from plates of hot rolled steel which attached directly to
the iron frame of the calorimeter. Plate thickness varied from 6.3 mm to
38.2 mm, dependant upon the area of the calorimeter to be covered. The
outer section was an "exo-skeleton" made up of steel angle and "I" beam
and fitted with rubber shock absorbing springs. When the container was
assembled, the inner box containing the calorimeter was suspended about
its centre of mass by the springs. The springs were chosen so as to give
the system a resonant frequency of approximately 4 Hz. 19 mm plywood
panels lined with 5 mm lead foil were attached to the outside surfaces
of the exo-skeleton providing the final shielding for the calorimeter.
The entire assembly sat on a palette which was permanently attached to
the bottom section of the exo-skeleton.

Upon completion of construction, the empty container was assembled and
shipped to Toronto by truck. At York the first of the prototype modules
was crated for shipping via Swiss Air to Geneva. Radiation measurements



carried out at York prior to shipping and at CERN when the module
arrived1* found the levels at the surface of the container to be well
within the Group 1 classification limits. The empty container was then
returned to York and the procedure repeated for the remaining
prototypes. All four modules arrived in CERW with no detectable
mechanical damage due to shipping.

Tests have been carried out at CERN on the prototype calorimeter modules
and the results are being analyzed. Work has begun on construction of
the full sized modules and design of an appropriate shipping container.

This work is supported by the Natural Soicnoe.s and Engineering Research
Council of Canada, and the Institute of Prirt.icle Physics of Canada.
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Magnetically scanned electron beams can be modelled as a
collimated isotropic source based on Ferai-Eyges theory.
This model has excel lent predictive power in air for beam
energies, SSD's and f i e ld s i zes used c l i n i c a l l y . The exten-
s ion of th is model into homogeneous t i ssue media i s pre-
sented. Experimentally determined values of pencil beam
spread (0" ) have been obtained from broad beam penumbra.
These data have been generated at electron energies between 7
and 22 MeV in bone, lung and muscle equivalent medica. The
experimental resul ts are compared with the theoretical pre-
dict ions of Ferai-Eyges and the modifications to this theory
by Werner et al Î -l and Lax et al [21. The discrepancies
between the predictions of Fenai-Eyges and experimentally
determined CT" values w i l l be discussed.
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The effective dose equivalent, H , can be conveniently used to
characterize the radiation dose delivered to patients undergoing
imaging procedures which utilize ionizing radiations. Values of 1̂ .
for a wide range of imaging procedures have been determined, including
chest x-rays, general radiology, Computed Tomography (CT), Nuclear
Medicins (NM) and Positron Emission Tomography. By combining those
data with the total number of imaging procedures performed annually in
the province of Manitoba, it is possible to show that the per caput
population dcse is about 100 mrem (1 mSv) per annum. Temporal trends
in these medical radiation doses .iave also been investigated. The per
caput radiation doses in conventional x-ray studies are being steadily
reduced with the advent of more dose efficient technologies such as
rare earth intensifying screens and TV frame hold devices. In NM, the
per caput dose in Manitoba has been relatively constant over the
period 1981-1985 at about 12.5 mrera (125 uSv). In CT, on the other
hand, the per caput radiation dose in Manitoba has increased from a
value of 0.52 mrem (5.2 uSv) in 1978 to 8.1 mrem (81 uSv) in 1987.
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Little effort has been made to evaluate arsenic containing
compounds as potential radionuclidic labels for new
radiopharmaceuticals. Chemically, arsenic may be substituted for
either phosphorus or nitrogen, both of which are found in abundance in
biologically active molecules. A joint research programme involving
the Radiopharmacy group of the Department of Nuclear Medicine, Health
Sciences Centre and the University of Manitoba Accelerator Centre is
underway investigating methods for production and recovery of arsenic
radionuclides following proton irradiation of germanium compounds.

Several As radiomicl Hes are readiJy produced via proton
irradiation of germanium., (See Table 1.) TV>y radionuciide of choice
for ̂ _n vivo work would be As. The low energy positron (0.81 MeV)
and gamma ray (0.1749 MeV) emitted are well suited for either PET or
standard gamma imaging techniques. Its 64 hour half-life is
convenient for performing the necessary radiochemistry while not
requiring that large amounts of the isotope be administered to
patients undergoing scans. As can be seen from Table 1, As is
easily produced using the 20 to 50 MeV variable energy proton beams
from the Universlty7of Manitoba cyclotron. Unfortunately, it is only
possible to produce As in the absence ot other As radionuclides by
using a target of the separated isotope Ge (27% natural abundance)
irradiated with a proton beam of less than 25 MeV energy.

The high costs of separate.! isotopes precludes their use in
preliminary studies such as those described here. Therefore,
throughout this work germanium of natural isotopic abundance was used.
As illustrated in Table 1, irradiation of natural-Ge results in the
production of radioisotopes of arsenic ranging f?Qm As to As.
Of the isotopes produced, the half-lives of As (80.3 days) and
As (17.R days) make them particularly useful _,isotopes in

developmental work. For the initial studies, As/ As isotopic
mixtures were generated by irradiating natural Ge targets at 40 MeV
and allowing all short-lived As isotopes to decay before the material
was used.

Initial irradiations were conducted using a metallic Ge target
backed with a water cooled copper mount. Plans were to attempt to
sublime the arsenic from the germanium target by inductively heating



the target in an inert argon atmosphere. A similar technique was used
routinely in the separation of iodine from tellurium. This technique
proved unfeasible, however, since the high solubility of arsenic in
germanium prevented the volatile arsenic (sublimes at 610 C) from
escaping the germanium (935 C mp) metal matrix, even at temperatures
as great as 1200 C. Chemical separation and recovery of arsenic and
germanium proved feasible but unwieldy and time consuming for metallic
Ge targets. Metallic targets were thus ruled out since both the
target material and reaction products must be recovered quantitatively
in the case where an enriched target material would be used.

The Ge metal target was replaced with one of germanium dioxide.
GeO? powder was compressed into a disc approximately 3 mm thick by
15 mm in diameter by applying up to 10 Pa pressure to a stainless
steel piston/cylinder assembly containing the powder. The disc was
then wrapped in thin Al foil to contain any material which might flake
and the package mounted in a water cooled target holder. Samples were
irradiated at 35 MeV with approximately 4 microAmps of protons
incident on target. Irradiation time varied in accordance with the
total activity required in each phase of the study with integrated
charge on target ranging between 1 and 50 microAmp-hours.

The arsenic was removed from the germanium dioxide via selective
extraction of germanium and arsenic from aqueous hydrochloric acid.
The Ge0~ target was dissolved in 6.0 normal hydrochloric acid and
5.0% hydrogen peroxide. The germanium as the tetrachloride was
extracted quantitatively into isopropylether with less than 1% of the
arsenic co-extracted. The germanium tetrachloride was recycled by
treatment of ethereal phase with 30% hydrogen peroxide and
concentrated ammonium hydroxide which resulted in a white precipitate
of germanium dioxide. The arsenic radionuclides were recovered from
the hydrochloric acid - hydrogen peroxide mixture by reduction of
pentavelent arsenic to the trivalent state, following by conversion to
arsenic trichloride, by increasing the acid concentration to greater
than 8.0 normal. The extraction efficiencies for arsenic ranged from
7 to 99% with various reducing agents. Potassium iodide and sodium
metabisulfite afford the best recoveries. Less than 1% of the initial
germanium was present in the fiRal arsenic product. Recoveries were
determined by comparison of the Ge activity as indicated by its
0.574 MeV gamma line to the 0.596 MeV gamma line of As.

This has proved to be a facile method for separating arsenic
radionuclides from germanium in high radiochemical yields and
radionuclidic purity. The arsenic trichloride product is useful in
many chemical syntheses. The near quantitative recovery of the
germanium target material makes the use of enriched target material
feasible. Work is continuing with the aim of optimizing the targetry,
irradiation energy and As and Ge recovery. Routine production of
research quantities of arsenic radloisotopes is expected to begin in
late 1988.
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Q values (MeV) for (p,xn) reactions on naturally occurring isotopes of
germanium. Tlie table shows only those reactions possible using the 20
to 50 MeV proton beams from the University of Manitoba cyclotron and
which resulted in radioisotopes of arsenic of interest to these
studies. For each isotope m of Ge, the natural abundance (%) is
indicated while for each isotope n of As the table shows the
half-life.
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SUMMARY

The Radiochemical Company (RCC) of
AECL has been in operation for in
excess of 40 years, manufacturing and
selling radiochemicals and finished
products to industry and institutions
around the world. The company has
annual revenues in the 100M$ range.
Currently exports represent about 90%
of all sales and RCC has world-wide
market share of certain major isotopes
in excess of 75%.

RCC's business interests are divided
into two broad categories, firstly the
sale of Co-60 and irradiation
equipment and secondly the sale of a
wide variety of reactor and cyclotron
produced isotopes as well as
processing equipment. The area
discussed in this paper is the general
application of engineering to the
production of bulk radiochemicals and
end products with specific references
to certain manufacturing processes and
facilities in current use. In 1983
RCC moved its operations from Tunney's
Pasture in Ottawa to newly constructed
facilities in Kanata. These new
facilities were designed by RCC with
manufacturing of components by others
and installation by subcontractors.
They are state of the art facilities
for isotope production with capacity
to serve the world for the major
products.



RCC has from it's long experience,
developed engineering expertise in
many areas relating to radioisotopes,
including design of facilities,
process equipment, shipping
containers, irradiation facilities for
both reactors and cyclotrons and
manufacturing expertise for various
end products using radioisotopes.
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S U M M A R Y

The Canadian Irradiation Centre (CIO is a cooperative project between
Atomic Energy of Canada Limited, Radiochemical Company (AECL-RCC); and
Universite du Quebec, Institut Armand Frappier (IAF), Centre for
Applied Research in Food Science (CRESALA). The Canadian Irradiation
Centre combines the expertise of AECL Radiochemical Company and the
Institut Armand Frappier, CRESALA, in a non-profit undertaking. The
Centre's objectives are to develop, demonstrate and promote Canada's
radiation processing technology and its diverse applications by
conducting applied research; training technical, professional and
scientific personnel; educating industry and government; demonstrating
operational and scientific procedures; developing processing proce-
dures and standards, and performing product and market acceptance
trials.

The broadening of existing commercial applications and the development
of new uses for radiation processing technology is the focus of AECL's
involvement in the Canadian Irradiation Centre. AECL-RCC owns and
operates the multi-purpose carrier irradiator, develops and conducts
operations related training courses and works collaboratively with
Institut Armand-Frappier scientists in other CIC activities.

This show and tell presentation is a step by step coverage of the
design, building, installation and commissioning of the Canadian
Irradiation Centre in Laval, Quebec.

The author concludes by an overview of the current activities and
future plans for the centre.
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SUMMARY

Fibre-reinforced plastic composites are being used for many indus-
trial applications, both nonstructural and load bearing. The industries
that use these composites extensively include the aircraft and aerospace
industry, the electrical and electronics industry, various process indus-
tries for corrosion-resistant tanks and pressure vessels, the construction
industry and the commercial products and sporting equipment industries.

Composites are being investigated for their potential to be
subjected to radiation processing. In radiation processing, radiation is
used to produce beneficial changes in an organic material.

Basic and applied research and development in the field of radia-
tion treatment of polymers and composites have continued since the first
report of radiation polymerization by Hopwood and Phillips in 19381. The
interaction of high-energy radiation with organic compounds produces a
variety of potential initiators, including anions, cations and free
radicals. Radiation-induced polymerization generally proceeds by the single
mechanism that is most favoured by the conditions of the system (monomer
type, temperature, impurities present, etc.). The dose range required for
most polymerization processes is usually 10 to 50 kGy, depending on the
process objective and the material being treated. High-energy irradiation
of polymers also causes crosslinking and scission. Controlled crosslinking
leads to an improvement of the mechanical properties of the irradiated
polymer, whereas scission usually leads to a deterioration of mechanical
properties. Crosslinking and scission occur simultaneously when polymeric
materials are irradiated. The irradiation conditions can often be control-
led to favour crosslinking over scission. Crosslinking is favoured during
irradiation in vacuum and inert atmospheres, and at high dose rates. The
dose range required for most crosslinking applications is 50 to 200 kGy.

Radiation processing of plastics is an established industry with
about 500 electron beam (EB) accelerators in operation worldwide to produce
various crosslinked products such as wire insulation and heat-shrinkable
films and tubes. At present, radiation processing cannot be considered a
part of the commercial fibre-reinforced composite manufacturing industry.
Nevertheless, EB processing does seem to have potential applications for
several reasons. These reasons include:
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1. The continuing search for new matrix-fibre systems that can be
easily processed and have the required mechanical and chemical
properties. Radiation processing can convert a thermoplastic resin
to a thermoset polymer. The processing ease of thermoplastics can
be exploited, while still obtaining the high-temperature properties
of thermosets.

2. The importance of automation of processes using fibre-reinforced
composites to increase their use in high-volume consumer-oriented
industries such as the automotive industry. Production speed is of
primary importance, and extensive cure cycles limit production, EB
processing should be able to eliminate long cure cycles for some
free radical-initiated resin systems, which would significantly
increase production speeds.

3. Radiation processing can be easily retrofitted to many types of
process lines and can also be an off-line process to treat selected
products as required from a large processing facility, providing
production flexibility.

4. The advantages that have been identified over the past 25 years in
the radiation processing industry for the production of plastics,
including improved rate control, reduced curing times, and reduced
curing and ambient temperature without the need for chemical
initiators and solvents.

One potential application for electron beam processing of compo-
sites is for curing carbon fibre prepregs. These prepregs, carbon-fibres or
fabrics preimpregnated with liquid resin, are used in the aircraft industry
for hand lay-up application, producing a high-strength, low-weight construc-
tion material. Epoxy resins are commonly used to manufacture these pre-
pregs, but the curing, cycle is both time-consuming and expensive. Radiation
polymerization of most epoxy compounds proceeds by a cationic mechanism1.
These cationic reactions are inhibited by water, even at trace levels, and
thus, most epoxies are not currently good candidates for industrial-scale
radiation polymerization. Good radiation curing properties can be imparted
to an epoxy resin, however, by acrylating the terminal epoxy groups of an
epoxy oligomer2.

The objective of this experimental program was to design and manu-
facture a radiation-curable polymer-carbon fibre composite that meets all of
the mechanical and physical property specifications set by a leading manu-
facturer of aircraft components. The program was divided into two phases:
designing the composites and characterizing the selected resin system, and
mechanical and physical testing of the radiation-cured materials. This
paper describes our current work on mechanical and physical characterization
of the composites.

A resin system recommended by the resin supplier, combining an
epoxy diacrylate oligomer (50% by mass), a polybutadiene diacrylate oligomer
(30%) and the multifunctional monomor dipentaerythritol monohydroxypenta-
acrylate (20%), was selected for preparing our prepregs. The polybutadiene
diacrylate was included in the resin formulation to improve the flexibility
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and impact resistance of the epoxy diacrylate polymer. Dipentaerythritol
monohydroxypentaacrylate was added to improve the weatherability and the
flexibility of the formulation.

A plain weave carbon fabric, produced from polyacrylonitrile pre-
cursor (PAN) using a thermal decomposition process, was selected from the
prepreg aircraft manufactuer's qualified products list. The mechanical
properties of carbon fibres are not deleteriously affected by irradiation
in a vacuum to a dose of as much as 50 MGy. This excellent radiation stabi-
lity makes these fibres well suited for radiation-curable prepregs.

The prepregs were prepared using a standard bead hot melt process.
The selected resin content in the composite was 35 + 2%.

The second phase of the experimental program is the characteriza-
tion and the mechanical and physical testing of the radiation-cured carbon-
epoxy prepregs. All tests are being done by accepted American Standard of
Testing and Materials (ASTM) procedures. Prepregs were cured by irradiation
methods. The prepreg physical tests include measurments of the resin
content, gel fraction, volatile content, moisture content, resin flow and
ply thickness. Table 1 lists the mechanical tests and specifications for a
14-ply laminate made of carbon fabric-epoxy prepregs3. Tests are conducted
over the temperature range from 20 to 130°C (Table 1).

Experiments to date show that the average resin content in the
prepreg is about 36%. The maximum gel fraction of the cured polymer is
about 97% at a radiation dose of 50 kGy in a nitrogen atmosphere or in a
vacuum bag assembly. The polymer is completely amorphous with a softening
point of about 230°C. The cured lA-ply prepreg laminate thickness is about
2.8 mm. The mechanical testing results are discussed in the paper.
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Table 1. Industrial Carbon Fabric - Epoxy Prepreg Laminate Specifications1

Property2

Ultimate Tensile
Strength (MPa)

Tensile Modulus (GPa)
Tensile Strain (-m/m)

Ultimate Compression
Strength (MPa)

Compression Modulus
(GPa)

Compression Strain
(m/m)

Wet Compression
Strength (MPa)*

Temperature1

(°C)

20-130

20-130
20
130
20
70
130

20-130

20
70
130
20
70
130

Minimum*
Average

1275

145
9500
9500
1140
1070
930
131

8500
7700
7000
483
414
241

Minimum
Value

1100

117
7500
7500
1030
900
760
97

-
-
-

345
310
172

The laminate contains 14 plys all in the same fiber orientation (± 1°).
All properties will be measured using the American Standard of Testing
and Materials approved methods.
The time specified at the test temperature prior to the test is 10 ± 3
minutes for all dry tests and 2 ± 1 minutes for all wet tests.
At least five specimens are to be tested.
Specimen conditioning: soaked in water at 71°C for 14 days prior to
the test.


