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FOREWORD

Water reactors represent a high level of performance and safety.
The technology used for water reactors is mature.

Plants based upon this

technology will undoubtedly continue to provide the primary thrust of nuclear
power for some time.

At the same time there are substantial programmes for

development in Member States for improvement of the technology and for new

concepts for water cooled and moderated reactors.

in 1987 the IAEA established the International Working Group on
Advanced Technologies for Water-Cooled Reactors (IWGATWR).

Within the

framework of the IWGATWR the IAEA Technical Report on Status of Advanced
Technology and Design for Water Cooled Reactors, Part I:
and Part II:

Light Water Reactors

Heavy Water Reactors, has been undertaken to document the major

current activities and trends of technological improvement and development for
future water reactors.

Part I of the report dealing with Light Water Reactors

(LWRs) was published in 1988 (IAEA - TECDOC - 479).

Part II of the report covers Heavy Water Reactors (HWRs) and has
now been prepared.
States.

This report is based largely upon submissions from Member

It has been supplemented by material from the presentations at the

IAEA Technical Committee and Workshop on Progress in Heavy Water Reactor
Design and Technology held in Montreal, Canada, December 6-9, 1988. The
Agency wishes to thank all the contributors who provided material, and in
particular the consultant, Mr. John Stevens, who compiled Part II of the

report, and the secretaries from the Agency's Division of Nuclear Power, who
typed the report.
It is hoped that this part of the report, containing the status of
advanced heavy water reactor technology up to 1988 and ongoing development
programmes will aid in disseminating information to Member States and in

stimulating international cooperation.

EDITORIAL NOTE
In preparing this material for the press, staff of the International Atomic Energy Agency have
mounted and paginated the original manuscripts and given some attention to presentation.
The views expressed do not necessarily reflect those of the governments of the Member States
or organizations under whose auspices the manuscripts were produced.
The use in this book of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of their
authorities and institutions or of the delimitation of their boundaries.
The mention of specific companies or of their products or brand names does not imply any
endorsement or recommendation on the part of the IAEA.
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1. INTRODUCTION

1.1

EVOLUTION OF HWRs

While heavy water moderated power reactors (HWR) entered commercial
utility service somewhat later than their gas-cooled, graphite-moderated and
light water reactors (LWR) counterparts, their origins date back to the

1940s.

The first heavy water moderated critical assembly, Chicago Pile-3

(CP-3) was completed at Argonne in May 1944, while (ZEEP) and the first high

powered heavy water moderated research reactor (NRX) were commissioned in

Canada in 1945 and 1947 respectively.

These were followed by heavy water

moderated reactors built in several countries for plutonium production and for
research purposes.

Many of these early reactors remain in operation today.

In the development of heavy water moderated reactors for electricity

generation, a primary incentive lay in the excellent neutron economy of heavy
water moderation along with fuel economy resulting from on-load refuelling.

In some states, heavy water reactors have been developed with the aim of the
use of natural uranium as fuel in order to operate the nuclear power plants
independently of uranium enrichment facilities.

In the evolution of heavy water power reactors, several alternative
coolants have been investigated by a number of countries.

A number of

experimental and prototype reactors were built to evaluate these alternative

coolants.

Examples include:

Coolant

CO
HO

Reactors

- EL-4 (France), Lucens (Switzerland).
- SGHWR (UK),ATR (Japan), CIRENE (Italy), Gentilly-1(Canada).

Organic - WR-1 (Canada).
DO

- MZFR (Germany), NPD and Douglas Point (Canada), CVTR and
- PRTR (USA).

Of these alternative coolants, pressurized heavy water is used in all
currently operating commercial heavy water moderated reactors.

Japan has

announced its intention of constructing a commercial-sized (600 MWe)

demonstration ATR employing boiling light water coolant.

The use of organic

coolant has been successfully demonstrated in the Canadian WR-1 reactor but
there are currently no plans to proceed with commercial application.

dioxide cooling is no longer being actively pursued.

Carbon

Further considerations

regarding choice of coolant are discussed later.
Turning now to the commercial pressurized heavy water cooled reactors,
two basic types have been developed.

One type, developed by KWU (today

Siemens) in the Federal Republic of Germany, employs a pressure vessel
containing the complete reactor core.

The first commercial unit of tnis type

is Atucha-1 (367 MWe, gross) built in Argentina.

It is being followed by the

larger Atucha-2 unit (750 MWe, gross) now under construction.

The other type

of pressurized heavy water reactor was originally developed in Canada (the
CANDU reactor).

it employs several hundred pressure tubes rather than a

single pressure vessel.

The following table lists commercial heavy water

reactors which are in operation or under construction in various countries;

Country

No. of Units

Unit Size (MWe)

Pressure Vessel Type
Argentina

1

(367 MWe)*

1

(750 MWe)

1

(642 MWe)

Pressure Tube Type
Argentina
Canada

22

(542 - 950 MWe)

India

12

(220 - 250 MWe)

Pakistan

1

(150 MWe)

Republic of Korea

1

(642 MWe)

Romania

5

(642 MWe)

* MWe gross

Both types of commercial heavy waters reactor share several key

characteristics :
(i)

Their excellent neutron economy makes practical the use of the oncethrough natural uranium fuel cycle which has characterized
operation of these reactors to date.

(il)

With the well-moderated lattice employed for these reactors,
geometric separation between individual fuel cells in the lattice
is sufficient to allow practical access for on-power refuelling.
On-power refuelling offers several fundamental benefits.

Firstly,

capacity factor benefits from elimination of the need for periodic
refuelling shutdowns.

Secondly, on-power refuelling provides the

primary means for controlling long-term reactivity balance and core
flux distribution.

AS a result, tne need for in-core reactivity

and flux distribution control mechanisms is minimized.

Thirdly,

on-power refuelling permits prompt replacement of defective fuel,
thereby minimizing fission product contamination of the reactor

coolant system.

Finally the access for on-power refuelling also

provides a potential for in-service inspection.
(111)

Reactivity changes over the full range of operating conditions from
cold shutdown to full power are small.

This further (see (11)

above) reduces the required reactivity worth of control devices and

minimizes local flux distribution perturbations.

As a result,

problems with transient local fuel overrating are minimized.

(iv)

As a consequence of (111) above, the self-regulating characteristic
of certain other reactor types, having a strong negative power
coefficient of reactivity, is absent.

As a result, these heavy

water reactors can benefit substantially, in terms of optimum

operation, from the use of closed-loop automatic reactivity
control.

In practice, this has proven to be completely practical

through the use of either analogue or digital control systems (the
latter being widely used in recent vintage reactors).

The

provision of closed-loop automatic reactivity control, combined

with the small overall power coefficient of reactivity noted in
(111) above, results in flexibility in responding to demand power
changes.

Performance, in terms of operating reliability and

avoidance of operator error in reactivity control, has proven
excellent.

(v)

With the well-moderated lattices employed in these reactors,
removal of the coolant heavy water from the fuel cells increases
reactivity.

This is obviously an important consideration in the

design of safety shutdown systems needed to cope with a loss ot

coolant accident (LOCA).

Safety shutdown must be both reliable and

prompt to avoid excessive fuel temperatures.

Early designs

embodied a number of different approaches to satisfying this

requirement.

More recent designs in both pressure vessel and

pressure tube concepts have effectively standardized on a common
approach, viz., the provision of two independent and diverse
shutdown systems, each fully capable of handling the full spectrum
of potential LOCAs.

The foregoing key characteristics of the current commercial heavy water
cooled and moderated reactors establish a useful datum for further discussion
of alternative coolants since these key characteristics would, in some cases,
be significantly affected by use of an alternative coolant.

To date, these

alternative coolants have only been employed in experimental or prototypical

reactors of the pressure tube type.

CO

Cooling

Given early success with CO

cooled, graphite moderated power

reactors in the UK and France, it was only natural that application of

this coolant be considered for heavy water reactors.

TWO potential

advantages were apparent, viz., low neutron absorption by the coolant and
high coolant outlet temperatures achievable at moderate coolant
pressures.

Disadvantages derived from the relatively poor heat transfer

and heat transport properties of C0„ (relative to most liquid
coolants).

Had the development of beryllium metal as a practical in-core

structural and fuel cladding material been successful for high
temperatures, CO

cooling in heavy water reactors might have reached

commercial application.

Light Water Cooling

Light water as a coolant offers many of the advantages of heavy water and
is, of course, less expensive.

Its major disadvantage is its relatively

high neutron absorption (compared to heavy water).

This can be partially

overcome by allowing the coolant to boil in the core, thereby reducing
its density.

Even so, the power coefficient of reactivity will be

strongly positive, introducing control problems and safety concerns,
unless special measures are taken.
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One such measure, as employed in the

British SGHWR and the Japanese ATR, involves reducing the moderator
(DO) to fuel ratio through use of a closer lattice pitch.

The

resulting "harder" neutron spectrum can lead to a zero or even negative
power coefficient.
enriched fuel.

The disadvantage is that it requires the use of

A second possible measure is the use of steam compressors

at the core inlet r.o maintain an essentially constant average coolant
density irrespective of reactor power.

Good neutron economy is

achievable (permitting natural uranium fuelling) at the expense of
coolant system complexity.

This approach is employed in the Italian

CIRENE prototype reactor.

Organic Cooling

Polyphenyl coolants offer a number of potential advantages including high
coolant outlet temperatures (already proven to beyond 400°C) at moderate
system pressures and essentially zero coolant activation and activity
transport.

Disadvantages include higher neutron absorption (relative to

heavy water), significant coolant makeup and purification costs

(resulting from radiolytic chemical reactions), and combustibility of the
coolant.

While successfully taken to the concept demonstration phase in

the WR-1 reactor in Canada, the high cost of commercial development is
not considered justified at the present time.

Future prospects are,

however, considered excellent for process heat applications, e.g., for

hydrocarbon recovery from deep-bed oil sands deposits.

1.2

STATUS OF HWRS

The pressurized heavy water cooled, heavy water moderated reactor, in

both the pressure tube and pressure vessel variants, is fully proven in

commercial application in several countries.

Achieved lifetime capacity

factors have been among the best of all other commercial reactor types.
Safety performance in terms of both the general public and operating personnel
has proven excellent.

The promise of low fuelling costs arising from the

inherent neutron economy of heavy water moderation and on-power refuelling has

been amply demonstrated.

This inherent neutron economy offers excellent

prospects for a wide range of fuel cycles including low enrichment uranium,
use of reprocessed uranium from light water reactors, plutonium recycle, and
thorium high conversion cycles.

11

While meaningful capital cost comparisons between competing reactor types
are difficult to derive because of the diversity and number of factors
influencing capital costs in various countries, it can fairly be stated that
commercial heavy water reactors have achieved acceptance in a number of
countries.

The cost of heavy water upkeep in operating plants is significant

but is more than offset by the fuelling cost advantage noted above as compared

with competitive systems.
In summary, and at the present time, the pressurized heavy water cooled,
heavy water moderated reactor system, in both the pressure tube and pressure
vessel variants, is a fully proven, commercially accepted alternative to light
water reactors.

Future prospects for wider application are excellent because

of the great flexibility in potential fuel cycles and, in the case of the

organic cooled variant, the high coolant outlet temperatures (above 400°C)
which can be achieved.

1.3

INCENTIVES FOR ADVANCED TECHNOLOGIES FOR HWRS

Most energy forecasts predict that the world demand for electricity will
increase steadily through the next century.

Prime factors in these forecasts

include the increase in population, increased urbanization and predicted

greater use of electricity to increase output per capita.

Because of its flexibility of use, cleanliness, safety and efficiency in
domestic and industrial applications, electricity is a highly favoured energy
source.

This has encouraged, and will continue to encourage, the development

of new electro-technologies which will help make tne production of goods and

services less energy-consuming.

Reliable low-cost electricity, plant site flexibility, high technology
employment opportunities and fuel cost savings are among the economic benefits
which put nuclear power in an advantageous position.

When these factors are

combined with an assessment of the full impact of the alternatives, it is
clear that nuclear-generated electricity is poised to make an ever-increasing
contribution to the world's energy needs through the next century.

Beyond the production of low-cost reliable electricity, nuclear power
technology will likely be widely used for district heating and for the
production of process heat suitable, for example, for the in-situ production

12

of oil from tar sands deposits.

Indeed, in the future, nuclear power may be

called upon to provide the process heat required for gasification of coal and

to generate the electricity required for the hydrogénation of coal gas to
supplement declining oil resources.
Even though the technology of reactors is relatively young it has
demonstrated many achievements as an electrical power generation system.
These achievements include an unsurpassed safety record, high annual and

lifetime capacity factors, low electricity cost and a broad range of other
performance strengths which together indicate that tne technology is
fundamentally sound.

However no product stands still.

Known capabilities not

yet fully exploited, such as advanced fuel cycle options, indicate that the
heavy water reactor technology, as for other types, will continue to pay
strong dividends on research, development and design investment.

This

provides a strong incentive for improvement on a continuing basis.

Electricity production is one of the key factors in a competitive economy
and there is constant pressure to reduce electricity cost.

Power from nuclear

reactors is one of the lowest cost sources of electricity production and
relies on aggressive, forward looking research, development and design

initiatives for greater achievement in all of the factors which contribute to
safe operation and low electricity cost over a long useful life.

A unique feature of the heavy water system is its ability to accommodate
a wide range of fuels, in order to achieve economic or strategic aims.

While

most heavy water reactors currently use natural uranium fuel, the use of
slightly enriched uranium fuel would result in a significant improvement in
fuel cycle costs and uranium utilization.

Plutonium and/or uranium from spent

fuel from light water reactor (LWR) fuel can also be efficiently burned in
existing HWR reactor designs, offering a synergism between the HWR and the
LWR.

Long-term energy security is assured through the use of thorium in a

thermal converter, HWR, which has the potential to reduce dependency on

uranium to essentially zero in the long term.

1.4.

DESIGN AND DEVELOPMENT OBJECTIVES FOR ADVANCED HWRs

The competitive challenges associated with heavy water reactors are to

reduce capital investment while maintaining advantages in high nuclear safety,
low electricity generating costs and good performance.

The relatively simple

13

oil and coal burning generating stations set the capital investment standard
for large thermal plants.

Capital cost reduction and schedule reduction in

combination with simplification is identified as the most effective
improvement strategy for competing with oil or coal.

Public confidence in advanced HWR designs, as with past designs, will be
earned by showing that safety concerns have been given priority attention.

In

particular, the safety of the public and operating staff will be assured and

the environment will be protected while the benefits of low cost electricity
are provided.

Investor confidence in advanced designs will be earned by similar
demonstration that economic, operational and safety performance is based on
experience, proven technologies and conclusive research and development.

Hence the design and development objectives for advanced HWRs focus upon

safety of the plant and the public, capital cost reduction, and continued
improvements in operating performance.

1.4.1

Safety

The safety of operating plants has been improved by incorporating the
results of experience and technological development.

For future plants, a

number of objectives are identified by various countries.

One primary safety

objective is to maintain or improve plant, worker and public safety and
perception of safety. Heavy water reactors have proven to be safe in operation.

A target which is being pursued in several national programmes is to
reduce the man-sievert (man-rem) burden on operating and maintenance staff.
This is being achieved through such means as careful optimization of tritium
management, early detection of leaks, rapid detection and location of failed
fuel, shielding, coolant purification, and control of material and sealing
properties.

A related target is to maintain or reduce the chronic station

release which is already typically less than 1% of the derived release limit.

If there is a choice to be made between safety provided by "active "

systems requiring electric power or other forms of external energy, and
"passive" systems relying on natural processes such as thermal-syphoning or

14

gravity, and if cost difference is not clearly in favour of "active"
approaches, then the "passive" alternative will be chosen.

The man-machine interface is to be improved witn modern display
technology and ergonomie techniques to improve the effectiveness of the
operator and reduce the potential for human error.

The improved interface can

be expected to include utilization of expert systems and other computer
assisted techniques to better manage the information presented to the operator.

Fuel ratings demonstrated in existing heavy water stations have been
shown to be very good in terms of fuel performance and safety points of view.
Nevertheless fuel development will continue related to alternative fuel cycles
beyond natural uranium including slightly enriched fuel, plutonium spiking,
and fuel derived from light water reactors.

in all this work safety

considerations will continue to be important.

Core melt frequency targets are becoming tighter with goals now being
expressed as the order of less than 10

per reactor-year.

requirements will meet evolving international practices.

Seismic

The public risk from

radioactivity release to the environment might be further reduced.

For this

purpose the controlled containment venting system is under consideration.

1.4.2

Plant Cost
In order to reduce the plant cost, both the initial "overnight" cost

(without interest or escalation) and the interest during construction must be
lowered.

Interest during construction accounts for a sizable fraction of the

total installed plant cost.

In addition, in areas of uncertainty in load

growth, the time available between a decision to build and the requirement for
power can turn out to be very tight.

These factors point towards shorter

schedules for engineering and construction as main objectives.

The

development of modules which can be built in controlled shops at one location
and then transported by sea or land to the final site is one technique under

development.

This approach which is proposed by one vendor company may

provide two benefits in that both faster construction can be achieved and
quality control is more readily provided in proven manufacturing facilities.

A closely linked objective is to reduce the financial risk for
customers.

Relative to some other sources of energy a large nuclear unit

requires a large capital investment.

Hence an objective is to ensure througn

15

proper risk evaluation and control the certainty of designs, time schedules
for a project, and operating performance.
objectives linked to the matter of risk.

There are a number of ancillary
One goal is to make a standard

design so as to reduce costs and expedite licensing.

At the same time, the

design should accommodate the needs of a variety of shared financing or other

contractual arrangements with one or more organizations without significant
design or documentation changes.

Ease of design, manufacture, installation, commissioning and operation
will lead to greater confidence in cost and time schedules.

To the extent

feasible at any time, computer-aided design, drafting, documentation and
management systems are being introduced and are being supported by research

and development.

The objectives include ensuring efficient and effective

gains in productivity and quality as well as supporting lower plant costs and
shorter schedules.

A subsidiary objective is to use the computer-assisting

technologies to complete a much larger fraction of the engineering for a
project before pouring the first concrete.

The manpower effort required to engineer and construct a repeat model of
an existing nuclear generating station represents a large fraction of the
total station cost.
current level.

A goal is to reduce the manpower required to half the

In terms of the engineering effort, this level of reduction is

expected to demand particular attention to techniques which improve
repeatability with little re-engineering.

1.4.3

Plant Performance

Heavy water reactors, in the aggregate, enjoy a lead in lifetime capacity
factor.

In order to maintain this advantage a number of design objectives are

being addressed.

A higher lifetime capacity factor objective of 94% is the

goal for some new designs.

Over the next decade, as more reactor units reach

the end of their design life, more attention by utilities will be focussed on

design life and ability to extend life by component replacement or
refurbishing.

Since the cost of a nuclear power station is characterized by a

large initial capital cost and low operating cost, a plant which is capable of

operating for an extended period of time will be economically attractive.

In

order to meet this objective of a long life, some designs presented by one
vendor are beginning to specify for a few components, (e.g. calandria shells),

lifetimes of 100 years where such components can not easily be replaced.
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For

other items, replacement, layout space, shielding, access routes and lifting
capability, and component design are receiving additional emphasis so as to

provide a total station lifetime of 100 years.

Many utilities are at the point where nuclear power is a large fraction
of the total generation.

As this trend continues, there will be a need to

adopt load following operation for nuclear units, including the use of nuclear
units for grid frequency control.

clearly this capability must be a part of

the advanced design in order to meet the needs of the market.

Some existing

heavy water reactors already satisfy a target of 10,000 cycles for power
manoeuvering daily for 30 years.

Fuelling options continue to receive attention both to reduce operating
costs and to increase independence in terms of energy supplies.

In some

countries this will remain a major component in R & D programmes and plant
design.

1.5

OUTLINE OF THE DEVELOPMENT OF ADVANCED HWRS

The trends in HWR design and technology are directed towards meeting the
objectives highlighted in the previous section (Section 1.4). These trends
include development focussed upon fuel options, evolutionary improvements in
existing plant designs, new concepts for plants, utilization of new
technologies for managing information, and safety.

In the CANDU reactors to this date a large number of fuel bundles have
been irradiated with a low lifetime defect rate (Section 2.2.3) and a
similarly good performance has been demonstrated in the prototype Fugen
reactor with both UO

and mixed oxide (MOX) fuel (Section 3.5.1) and with

Atucha I (Section 2.1) fuel assemblies.

However, in spite of its good neutron

economy, the heavy water reactor reaches relatively low burnup when operated
with natural uranium, slightly enriched uranium offers the potential of higher
burnup with about the same fabrication costs.

Where there is a strong focus

on a strategy to reduce dependency on foreign supplies of natural uranium,
then development of fuel options including MOX fuels can result in high

utilization of plutonium.

Work is going on in several countries to look at

lightly enriched uranium fuel, plutonium utilization, and cycles which involve
tandem operation with LWRs. Sections 2.1.2, 2.2.3, 2.3.2, and 2.5.3. describe
these activities in Argentina, Canada, the Federal Republic of Germany, and
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Japan respectively.

As well, there is ongoing work to improve the burnup

level for natural uranium fuel and Section 2.2.4.1 outlines some of these
developments.

The Darlington Nuclear Generating station (4 x 881 MWe, net) in Ontario,
Canada represents a continuous improvement evolving from the Bruce A and Bruce
B multiple unit stations which have been in service for a number of years.
The advances in the multiunit CANDU design have been focussed on
simplification and improvement of major structures, reduction in the number of
major system components, better accessibility to components and systems, and
increasing use of computers for routine control as well as safety system
operation and monitoring (Section 3.2.1).

Relatively large units (500 MWe) in

multiunit stations are also under design in India (Section 3.4).

There are four CANDU 6 MK I single unit HWR stations in service.
these are in Canada; one is in Argentina and one is in Soutn Korea.
under construction in Rumania.
of about 645 MWe, gross.

Two of
Five are

Each of these nine units has a design rating

The next design which has evolved from this model is

the CANDU 6 MK II with a rating of about 797 MWe (net).

This design, which is

described in Section 3.2.3, includes enhancements to safety, availability, and
operability.

The increased power output rating offers a much lower specific

capital cost.

There is an increased use of computers in areas such as tne

safety systems.

The CANDU 3 with a net electrical output in the range of 450 MWe is a
recent version of the CANDU model.

This design was started in 1982 in

response to a shift in generation demands in many parts of the world towards
units of smaller size and faster delivery schedules.

Smaller units in a

number of situations promise a better match to the rate of load growth, to the
requirements for stability in smaller electrical grid systems, and to the
pressures of financing.

The CANDU 3 design described in Section 3.2.2 has

included enhanced safety, a target of 94 % capacity factor, and a 30 month
construction schedule. Both the CANDU 3 and the CANDU 6 MK II development
utilize modular construction techniques.

Further development on CANDU HWRs covering power levels up to 1150 MWe
are improving the ability to compete with coal, and include features in the
plant design to provide life extension to 100 years, good load following and
frequency control, and fast construction schedules.
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Advanced control centres

build upon the many years of experience in CANDU with digital computer
controls.

Advanced techniques, including computer-aided design and

manufacturing, complement the delivery and managerial processes which are
significant parts of the development content (Section 3.2.4)

In the Federal Republic of Germany the Siemens Pressurized Heavy Water

Reactor line (PHWRs) originated from the multipurpose research reactor MZFR
(57 MWe), which was placed in service in 1966 and shut down in 1984 after 18
years of highly successful operation.

This line of HWRs, which uses a

pressure vessel, was continued in the Atucha I reactor and the Atucna II, a
750 MWe HWR currently under construction in Argentina.

Because of the HWR's

similarity to the pressurized light water reactor (LWR), it was possible to

adapt features from the development of the LWR to the HWR.

Improvements

specific to HWR components or systems have been achieved in terms of reduction
of tritium content, hydraulically driven control rods, fuel storage capacity,
and in alternative fuel cycles.

Section 3.3 describes features of the HWR

designed by Siemens-KWU with reference to the arrangement of the main plant
buildings, the design of the reactor building, and design of components.

Some

of the most important principles applied in the HWR design, using Atucna n by
way of example, are related to the safety philosophy, reactor core design,
reactor protection, high pressure heat sink and automatic on-power refuelling.
A 380 MWe HWR has been developed by the Argentine engineering company
ENACE in cooperation with Siemens in the Federal Repuolic of Germany.

This

represents an advanced model of the Siemens PHWR series and is described in
Section 3.1.
The heavy water reactor programme in India noted in Section 2.4 includes

stations based upon multiples of two units rated at 235 MWe and newer designs
of twin unit 500 MWe. One underlying theme of the programme is to fit HWRs

into a long term national fuel objective.
fuel derived from the spent fuel from HWRs.

Later stages will use the fissile
A second underlying theme

continues to be the development of indigenous capability in all aspects of
R & D, engineering, manufacturing, construction and operation, and this
reflects in evolutionary changes and standardization in design features which
are described in Section 3.4.

The Advanced Thermal Reactor (ATR), a heavy water moderated, boiling
light water cooled reactor developed in Japan, is a unique reactor witn a
flexibility in terms of nuclear fuel in the utilization of plutonium,
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recovered uranium and depleted uranium.
reactor.

Fugen is a 165 MWe ATR prototype

The Fugen project was begun in 1967 and the plant has been in

commercial operation since 1979 achieving an average of about a 60% load

factor for more than eight years.

The expected performance of MOX fuel has

been demonstrated successfully by the operation of Fugen.

A 606 MWe ATR

demonstration plant programme is now proceeding witn the target of commercial
operation in 1997. This is described in Sections 2.5 & 3.5.

1.6

IAEA PROGRAMME ON HWRs

In order to provide an international forum on the development of the

technology of advanced water reactors, the Agency has launched in its Division
of Nuclear Power a programme on Advanced Water Reactors.

An International

Working Group on Advanced Technologies for Water Cooled Reactors (IWGATWR) was

established in May 1987. The objectives of the IWGATWR are:

In the areas relevant to advanced technologies in light and heavy water

reactors with emphasis on their safety and reliability:

a) to assist in defining and carrying out the Agency's programmes in
accordance with its Statute,
b) to promote an exchange of information on national and multi-national

programmes, new developments and experience, to identify and review problems
of importance and to stimulate co-operation, development and practical

application of water cooled reactors,

c) to provide Member States with information about the current status and

development trends of advanced technologies for water cooled reactors.

The scope of this Working Group covers:

i) improvements of current water cooled reactors,
11) evolution of water cooled reactor design and technology,

111) new water cooled reactor design concepts.
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The focus of the IWGATWR addresses:

- programmes assessment and planning,
- system analyses and fuel utilization strategies,

- research, development, design and cost related aspects
. of reactor core

. plant systems and components
. reactor and plant structures and containment,

- plant operation and maintenance.

The Working Group will co-ordinate its activities with other Agency

programmes as well as with related activities of other international
organizations.

This report, in two parts,

represents the first comprehensive effort

within the framework of the IWGATWR to document all major current activities
in the application of advanced technologies to future water cooled reactors

and thereby to contribute substantially to meeting the objectives b) and c)
noted above.
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2. RESEARCH AND DEVELOPMENT PROGRAMMES FOR HEAVY WATER REACTORS
2.1

ARGENTINA

2.1.1

Introduction
Argentina has concentrated its effort on natural uranium (natU) fuelled,

and D20 cooled and moderated pressurized heavy water reactors (PHWRs).
The Comision Nacional de Energia Atomica (CNEA) operates two commercial

nuclear power plants (NPP):

since June 1974, Central Nuclear Atucha I (CNAI), 320 MWe net

pressure vessel type, Siemens, and
since November 1983, Central Nuclear Embalse (CNE),600 MWe net
pressure tubes type, AECL.

A third PHWR is under construction and is scheduled for commercial
operation in 1994. This is called Central Nuclear Atucha II (CNAII), 692 MWe

net, pressure vessel type.
CNEA and Siemens/KWU.
Power Plan.

This is being built by ENACE, a joint venture of

A fourth HWR, is included in the National Electric

It is to be in operation about 1999.

In addition, current electric power demand projections support an
important increase in the nuclear generation capacity before 2010, even with
optimistic hypothesis about hydroelectric power developments and with moderate

growth rates.

The approved policy calls for increases in nuclear power to

occur with HWRs.

2.1.2

Advanced Fuel Cycles in CNAI
The use of advanced fuel cycles in the Argentine HWRs is being considered

as a means to achieve savings in both resource and economic costs.

This is

particularly important in the CNAI case where the fuel fabrication cost of the

natU fuel is high.

This cost has triggered several initiatives to find a

practical way to increase drastically the discharge burnup so reducing the
component of the fuel fabrication cost in the total unit energy cost.

As a

by-product, the reloading frequency and thus the use of the refuelling system
are decreased as will be the spent fuel storage volume.

22

Work has been initiated to evaluate the replacement of the once-through
natU cycle by:

i)

a once-through, slightly enriched uranium cycle (SEU);

11 )

the recycle of plutonium with natU:

111)

a once-through thorium cycle (OTT).

The first alternative is the one in the most advanced stage.

i'he work

summarized here reflects the results accomplished in possible fuel cycle
alternatives.

Except for the SEU case there is not yet a firm decision to

implement these cycles.

2.1.2.1

Slightly enriched uranium cycle

The fuel management scheme in CNAI defines three zones.

The fresh natU

fuel enters through the intermediate zone where it reaches a 2800 MWd/MgU
burnup.

It is then shuffled to the central zone wnere it remains until a

burnup of 5100 MWd/MgU is achieved,

and it is further shuffled to the

external zone where the stay inside the reactor is completed.

The average

output burnup is approximately 6000 MWd/MgU.

The optimum enrichment for the SEU cycle is around 1.2% U-235, but
intermediate steps with homogeneous cores at lower enrichments are planned so
that the limits in local power density and total channel power are not
exceeded.

The first step will be with O.85% U-235}

the rest of this section

will refer to this level of enrichment.

Twelve 0.85% fuel elements are already at CNAI and will be loaded soon.

A basic condition is that the loading and management scheme for these first
SEU elements follows the normal path of the natU elements without exceeding
the established operating limits.

Six channels have been chosen in the

intermediate zone, next to the central one, and these have a larger margin for
cooling.

As well they are instrumented so that tne temperature jump when the

fuel enters can be measured.
5100 MWd/MgU.

The burnup for shuffling to the central zone is

At this burnup the increase in reactivity produced by the

shuffling is equivalent to that of a natU element.

The further burnup increase in each zone will be approximately the same

as the natU elements and the estimated discharge burnup for the SEU fuel
elements is 8300 MWd/MgU.
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Once the first six SEU elements are moved to the central zone the
remaining six will be introduced, continuing with the measurements.

The elements will spend 120 full power days (fpd) in the entrance

(intermediate) zone and 110 fpd in the other two.

For a natu fuel element,

the overall residence time is around 190 fpd.

These results have been evaluated in a full core model calculation with
full representation of the positions of the control rods.

The power density

and channel power, in the positions where the fresh SEU fuel is introduced,

increase between 18% and 20%.

In the neighbouring channels the change is

between 3% and 5% and the channel power remains below the safety limit.

The axial power distribution for the SEU fuel channels was fed into the
COBRA IV-I code.

The worst situation, corresponding to the fresh SEU fuel,

was analyzed and the resulting values of cladding and coolant temperatures,

quality and void fraction were found to be within the nominal operation
range.

The steps for the introduction of 0.85% fuel are as follows:

- To fabricate and load the other six SEU fuel elements.
- To fabricate twenty four more elements, possibly with minor changes in
the design, which will compensate for the increase in pellet-cladding

interaction defect probability due to the increase in burnup.

The

discharge burnup for these twenty four elements is estimated at 9000
MWd/MgU.

- To begin massive introduction with the goal of achieving a. 0.8b% enricned
homogeneous core.

The estimated burnup of the equilibrium core is 11 600

MWd/MgU.

During the transition phase, the fuel management scheme will be based on
three zones and two possible paths.

The fuel will include some improvements

in order to diminish the failure probability associated with refuelling and
the resulting power cycles.

Assuming a load factor of 0.85 the annual requirements of fuel will be
205 SEU instead of 395 natu elements.

Assuming tails of 0.27% the decrease in

uranium resources consumption is approximately 30% with a correspondingly
significant annual cost saving.
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2.1.2.2

Recycle of plutonium

The use of UO -PuO mixed oxides (MOX) fuel elements for CNAI has
been analyzed from a neutronic and thermohydraulic point of view in the

"spiking" alternative, that is using as few MOX fuel elements as practical in
an otherwise natu core.

The considerable increase of the fabrication cost for

Pu-bearing fuel elements, favours this alternative compared to the homogeneous
Pu distribution in the core.

A drawback is that this local concentration of

fissile material produces channel power peaking effects and correspondingly an
increase in coolant steam quality.

The possibility of introducing MOX

"spikes" in CNAI without removing the existing coolant channel flow nozzles

was analyzed.
could be saved.

This way, the outage time required to withdraw the nozzles
On the other hand, this approach implies a severe restriction

on the maximum acceptable Pu enrichment in the "spikes".

The neutronics cell

calculations have been performed with the WIMS code and reactor calculations
with the PUMA code.

WIMS was previously checked in the prediction of

bucklings in Pu cells and isotopic composition of irradiated fuel.

In the analysis, the isotopic composition of Pu in the MOX fuel was taken
as 239/240/241/242=67.1/26.7/4.9/1.3.

burnup of 6000 MWd/MgU.

This corresponds to the CNAI output

The Pu enrichment was graded in the MOX clusters in

order to increase operational margins.

For average Pu enrichments greater

than 2.0%, the internal power form factor exceeds 1.12 (which is the upper

limit for the natu case) some time during the burnup evolution.

This poses a

first limit to the Pu content.
The calculation shows that 0.5% Pu is the maximum enrichment that can be
tolerated.

The nozzles in the positions analyzed are such that the maximum

powers allowed are relatively low, and even if the margins in the natu case

are important, the introduction of more than 0.5% Pu causes the limits for
local power density and Departure from Nucleate Boiling (DNB) to be exceeded.

Hence, this first analysis indicates that the

transition from the

present natu to the Pu "spiking" mode without removing the nozzles is possible
with a 0.5% Pu enrichment level.

The distribution of 39 of these "spikes" in tne CNAI core results in an
increase in average burnup of 1500 MWd/MgUj the MOX elements reach a value of
12 000 MWd/MgU.

This low value of Pu enrichment is not attractive from a
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strictly economic point of view.

The increase in Pu enrichment up to a

maximum of 2.0% could be possible if the nozzles are removed.

This would

allow reaching MOX burnups of around 30 000 MWd/MgU.

2.1.2.3

Once-through tiiorium cycle (OTT)

At the present low prices of natu/ OTT appears as the only

cost-meaningful approach in PHWRs for the exploitation of the superior fissile
properties in a thermal reactor spectrum of U-233 bred from Th-232.

It

requires separate pure thorium and low enrichment uranium fuels for the sake
of reaching an adequate extraction burnup in eacn;

while in the former the

U-233 steadily formed increases the neutron multiplication, an opposite effect
is observed in the latter due to consumption of the U-235 not compensated by
sufficient fissile plutonium bred from U-238.

By delaying indefinitely the reprocessing of the irradiated thorium fuel,
- like in the natu cycle, - two important hindrances of the U-233 recycle
schemes are overcome:

reprocessing and active fuel fabrication. (Hence, no

U-233 credit favors the costs).

On this basis, OTT was considered for

advanced fuel cycle long-term planning in addition to the options discussed

above.

Foreseeable advantages over SEU are reductions in spent fuel storage

volume and in natu consumption, the latter at the expense of thorium which is
cheaper and more abundant.

If the time comes for reprocessing the difference

between the isotope number ratios for the spent fuel in both cycles, - about
0.015 U-233/Th-232 and 0.003 fissile Pu/U, - results in a much smaller
facility for recovering the same amount of fissiles in this costly stage of

the fuel cycle.

Among the three known OTT schemes, special attention is being paid to

Milgram's one, where only about 1.7% enrichment uranium fuel is required, with
reduced procurement problems and separated by a narrower gap from the
experience that will be gained in the Argentine PHWRs [1]. For local values
of the economic parameters and the extraction burnups computed by Milgram, the
preliminary evaluations of the cfs for OTT indicate further reductions with
respect to the best SEU core.

In order to confirm the feasibility of this

cycle, two non-trivial tasks are necessary:

- the development, evaluation and fabrication of the required high burn-up
- about 60,000 Mwd/MgTh - thorium fuel, and
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- a reliable analysis of these two-fuel cores to optimize their parameters
for a safe and efficient operation.
The first of them is outlined in the following section, the other in the
next sections.

The present capabilities for core neutronic analysis have to be extended
in several directions for thorium/u-233 fuels:

- expansion of existing nuclear data libraries,
- incorporation of codes for non-linear diffusion calculations due to the

presence of Pa-233,
- eventual improvement of the models for fission products and for mutual
interaction of existing resonances.

These advances have to be combined with those relative to two-fuel
cores.

Such improved tools are necessary to perform reliable neutronic and

thermohydraulic analysis;

first, to find an acceptable solution to the

problem of power peaking in fresh low enrichment uranium fuel;

then, to

optimize the core and the fuel management.

2.1.2.4

Development of high burnup fuels

The above mentioned cycles imply the use of fuels of higher burnup than

in the natural uranium case.

Thus, work on the specifications of the

materials and fuel behaviour studies have been initiated.

The studies related

to oxide fuels with extended burnup include:

a)

Lower density pellets
Densities of 0.96 of the theoretical value are presently used in natural

uranium fuel.

The use of higher burnup fuel requires pellets with higher

porosity and tnus lower density, as well as being dimensionally stable.
In the fuel fabrication line for CNAI, commercial UO
(amonium uranyl tricarbonate) is used.

powder ex-AUC

For the density adjustment and

lowering, and reuse of the scrap, U_0 powder is normally mixed up.
3 o
It can be introduced in the line in quantities up to 8% without modifying

the fabrication conditions.

In order to achieve lower densities,

experiments have been done also with three other different technologies:
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Deactivated powders.

Tnese are production oxide powders subject to

thermal treatment at higher temperature in an H2 atmosphere.

densities lower than 10.45

g/cm

For

these powders exhibit the

drawback of higher open porosity than in the other methods and
correspondingly a water content higher than the values specified.
This complicates the fabrication procedures and also favours the

gas migration towards the cladding.
Powder with organic additives.
products were used.

additive used.

Different commercially known

The kind of porosity produced depends on the

It varies in the form and distribution of the

corresponding pores.

This affects the tailoring of the material in

terms of the redensification as a function of the discharge
burnup.

This implies a change of parameters in the presintering

stage for ex-AUC powders.

Powders with UO

precursors.

Such precursors can be AUC

corresponding to the UO- used in the production, or ADU (amonium
diuranate).

These present the most interesting behaviour.

It is

not necessary to change the high density fabrication procedures.
They have also less problems of scrap and open porosity.

For very high burnup fuel, special geometries like hollow pellets are
being considered.

b)

Simulation of Zr-4

clad corrosion

The increase in fuel failure probability, due to pellet-cladding
interaction (PCI)

and stress corrosion cracking (SCC)

associated with

these fuels, determined the adoption of a programme for the modification
of the cladding specifications and the utilization of Zr or Cu liners.
Actually, out of pile experiments have been performed with tnermal
treatment of the Zr-4
C.

tubes, at temperatures between 500 and 700 degrees

The tubes were tested for stress corrosion in the presence of I.

Explosion tests were also done.

The first results show that for higher

burnup fuels it would be convenient to use materials witn a greater
degree of recrystallization, because these materials have more plasticity
than those subject to stress relief treatment.

This is true for the

burnups involved in the homogeneous enrichment case.
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c)

Irradiation tests
Because the CNAI fuel element is very long (530 cm), it is planned to
introduce into the core a segmented fuel element for the analysis of the
behaviour of fuel with various enrichments and compositions.

The

segmented rods will be located at the external ring of the cluster and
between spacers, in such a way that the segments can be removed in the

pool with a specially designed cutting machine.

The segments will be

examined in hot cells so that the proposed changes in design can be
qualified.

The results will also be used for the adjustment of the codes

which predict the fuel behaviour specially for very high burnup cases
such as those for thorium fuels.

As mentioned in the "spiking" discussion, the eventual removal of the
nozzles in CNAI could allow considerable increases in Pu enrichment and
burnups.

If this concept was followed, the required MOX fuel fabrication

technology is different and not an extension of the existing one as in the
case for SEU. The associated costs thus have to be evaluated.

In the

existing MOX fuel laboratory, fabrication technologies have been developed.
Six MZFR type Pu fuel pins (0.55%) were fabricated and are oeing irradiated in
the High Flux Reactor (HFR) at Petten:

-

A 0.5 MWd/MgU irradiation simulating a shuffling at the end of life with
Csl doping has been completed.

No defects have been observed at the

non-destructive post irradiation examination.

The microscopic

observation of the individual pellets showed the expected appearance for
this very low burnup.

The destructive examination of the sheatiis is in

progress.
-

An irradiation up to 15 000 MWd/MgU followed by a power slope was started
in 1988.

The next step is the fabrication of Pu-bearing CNAI-type segmented rods
to be introduced in CNAI.

A new facility is being installed for fabricating

full length fuel elements.

29

2.1.3

Other R & D for HWRs

2.1.3.1

Chemistry of reactors

In Argentina, a considerable effort is aimed at investigating various
chemical aspects of nuclear plants to control corrosion, wear processes and
activity build-up, and to develop specific chemical treatments for cleaning,
maintenance and lay-up while minimizing radiological cost.

In Atucha I, the studies of deposits on some primary circuit components
indicate that their crystalline structure is similar to the base metal.
general rule, deposits of the NiCr O

As a

type, such as those on main pump

seals, are found on austenitic steels.

These oxides play an important role in

the passivation of stainless steel and are not disturbed by reductive attack,
a characteristic that has to be taken into account during decontaminations.

An accurate method to determine the specific activity of the deposits has been
developed.
A model calculates the average activity on the fuel elements of a reactor
that operates under continuous refuelling, based on the assumption of "crud"
interchange between fuel element surface and coolant in the form of
particulate material only, and using the "crud" specific activity as an
empirical parameter determined in each plant.

Following release of "crud"

from fuel surfaces, coolant transport and deposition in other areas contribute
to the spread of activity out-of-core, specially at the steam generators
outlet.

The composition of transported activated-corrosion products varies

with the type of reactor.

Magnetite - Fe O

main specie in HWRs and is supposed to be a

- has jaeen identified as the

Co carrier, although there are

also nickel ferrites - Ni Fe
O - due to the use of stainless steel.
x 3-x 4
The transport of radionuclides as a particulate matter has been demonstrated
in Atucha I.

Particles have been characterized and their size distribution

has been well defined.

Relevant values of mass and activity are related to oxide species,
particularly magnetite.

Radionuclides are distributed in a different way;

Co is associated with the largest particles and
ones, producing compounds of the NiCr O

type.

Cr to the smallest

Adsorption of Co (II) on

to magnetite and its transformations like colloidal interactions are the
foundations to be used in decontamination procedures, together with

dissolution kinetics and their parameters.
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Knowledge of operational performance of systems, components, structures,
and transformation of the oxides at different conditions allows
decontamination of the primary circuit in pressure vessel reactors, based on
inducing a crud burst through chemical and physical perturbations.

The main objective in decontamination is to obtain the best
decontamination factors with minimum personnel exposure and minimum material
injury.

The choice of a technique depends on the chemical composition of the

products to be removed, the type of metal in contact with the decontamination
solutions, the shape of the component to be cleaned, the accessibility and the

costs.

The available decontamination procedures are the physico-chemical

perturbation to cause a crud burst, hard or smooth chemical methods, cleaning
emulsions and the most recent HERO (high efficiency removal of oxides).
Chemical methods differ from each other, but they generally include redox
reactions involving the cations and subsequent dissolution using complexing
agents.

The electrochemical (HERO) method is based on a controlled voltage

application, using an adequate chemical transport fluid that breaks up
adhesion between the oxide and the metal as a first step.

HERO has been

applied successfully in the decontamination of main coolant pumps, pump silver
seals, valves, and fuelling machines.

Studies have been carried out on the transport and deposition of

corrosion products in steam-water cycles of HWRs.

An investigation programme

has been completed in Atucha I which indicates that most of the iron in
transport is provided by the low pressure turoines, turbine extraction side of
the preheaters and condenser.

The mass balance in the steam generator shows a

cumulative value of lOg/h in each one at steady state, which is counteracted
by an effective release of crud via blow down during transient operations.

The transport of Cu and Zn comes from the tubing of the condenser and almost
95% of it remains at the steam generator, either on its surface or as part of
the sludge.

A special chemical treatment has been developed and qualified for

cleaning steam generators.

Its goal is an adequate attack and dissolution of

the copper and iron deposits.

The use of stainless steel for the Atucha II condenser allows chemical
control with an all-volatile treatment.

In plants where condensers are still

made of brass, the pattern of distribution of aggressive non-condensable

pockets can be predicted with a simplified mathematical model and this is used
for tubing inspection strategies.
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2.1.3.2

Tritium concentration reduction

The tritium content of the heavy water systems increases during the
operating lifetime.

One of the methods available to reduce occupational

exposure is to limit such content to a reduced value.
process for upgrading heavy water.

Atucha II includes a

A method developed to reduce the Tritium

content in the coolant uses the available upgrading columns to concentrate

Tritium in the bottom of such columns during operation.
The expected concentration at the end of Atucha II's lifetime was
estimated in as Ci/1. After such reduction, the expected value will be lower
than 16 Ci/1.

2.1.3.3

Leak detection

The leak-detection methods currently available can determine a leak but
not readily locate it.

In the case of HWRs, as a result of neutronic capture,
2
is converted into T (tritium), which is radioactive.

some H

Consequently effort has been directed to a system for on-line tritium

monitoring of the environmental air in the rooms in which a leak might occur.

As back-up measures, and in order to obtain a quantitative evaluation of
the leak, such measures as condensate flows, sump levels, inventory balances,
and pressurizing pump flow rates are utilized.

For the location of the leak, a set of moisture and temperature detectors
are laid down in the zones of the primary and moderator pipes to map the
location of a leak.

On the basis of the experience acquired in the Atucha I Nuclear Power
Plant, microleaks of 0.5 kg/h or less can be accurately detected with such a

system.

2.2

CANADA

2.2.1

Introduction

At the present time, CANDU HWRs generate 15% of the electricity produced
in all Canada.

In the Province of Ontario, - 36% of all Canadians, - CANDU

HWRs currently supply about half of the electricity from two major nuclear
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sites, Pickering and Bruce, each with eight reactors.

This level of nuclear

production will increase shortly as the four units at Darlington are
commissioned starting in 1989. As a consequence, Ontario enjoys one of the

lowest electricity rates and most reliable systems in the world.

Electricity

in Ontario is produced in the nuclear stations typically at about half the
cost of power from stations which burn coal.

As well, nuclear power minimizes

coal-burning pollution.

Similarly, CANDU supplies almost a third of the power used in the
Province of New Brunswick and has been a major contributor to export earnings

for that province derived from power sold into the United States.

There are

CANDU HWR stations based upon the CANDU 6 model in New Brunswick, yuebec,
Argentina, and the Republic of Korea.

Romania has five CANDU 6 units under

construction.
In terms of broad objectives for the national HWR programme, low capital

cost takes on special significance.

This is important particularly in the

context of funding for domestic and foreign projects since both borrowers and
lenders may be operating near their limits of credit for many years into the
future.

Other requirements are that nuclear power stations must be of a size

appropriate to the grid load demands and grid stability;
and maintenance costs;

options;
impact.

offer low operating

provide low fuelling costs with flexibility on fuel

and assure high reliability, safety and minimal environmental
In addition, the broad objectives include recognition of the need for

localization and collaborative technology development.
Capital cost reduction is pursued through improvements in the design,
such as power uprating, simplification and modularization.

Cost reduction is

also being achieved through the use of new engineering technologies such as
Computer Assisted Design (CAD) which lead to improved productivity and control
of quality.

Fuelling cost can be reduced by using low enriched fuel.

Ontario Hydro have been studying a standardized four unit station design
using the Darlington "A" design as a reference.

The study objectives are to

shorten the schedule for the first unit in service, to reduce the capital cost

and to provide high confidence in achieving schedule and cost targets.

The CANDU 3, with a net electrical output in the range of 450 MWe, is the

latest and also the smallest power station of the current CANDU family.

The

CANDU 3 is an advanced design which exploits proven technology to compete with
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coal-fired generating stations, thereby making nuclear power available to a
wide range of utilities with low or uncertain load growth.
in the detailed design stage.

Mk 2.

The CANDU 3 is now

The new model of the CANDU 6 is called the

It has an output from 650 to 800 MWe depending upon uprating options.

An Advanced CANDU is under conceptual design and covers a power range of 700 1150

MWe.

These designs are described in Section 3.2,

while this section

outlines the specific activities in research and development which underly and
support the CANDU HWR.

Today, in Canada, that part of the R & D programme targeted specifically
at CANDU heavy-water reactors has the following three objectives:

(A)

to sustain and improve existing CANDU power-plant technology,

(B)

to develop improved nuclear power plants that will remain competitive
compared with alternative energy supplies, and

(C)

to continue to improve understanding of the processes underlying reactor

safety and develop improved technology to mitigate tne consequences of
upset conditions.

The programme is structured to span short-term and long-term needs.

rhat

is, work in support of existing CANDU reactors invariably provides technology
useful to the next generation of CANDUs.

Conversely, the improved

understanding of aspects such as components and systems, and the tools such as
computer codes stemming from long-term R & D, sustain a pool of multidisciplinary expertise available to tackle problems arising in today's
plants.

This expertise and the associated specialized-research facilities are

concentrated mainly at three centres of Atomic Energy of Canada Limited (AECL)
- the Chalk River Nuclear Research Laboratories, the Whiteshell Nuclear

Research Establishment, and the Sheridan Park Engineering Laboratories - and
at Ontario Hydro's Research Laboratories.

Canadian universities,

manufacturers, and suppliers also provide expertise in their areas of
specialization.

Most of the programme is administered through the CANDU Owners' Group

(COG)

which consists of the three utilities in Canada which operate CANDU HWRs

- Ontario Hydro, Hydro Quebec and New Brunswick Power, - along with AECL.
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2.2.2

CANDU Fuel Channels [2]

A CANDU reactor has several hundred horizontal fuel channels, each

consisting of an outer calandria tube and an inner pressure tube.

An

insulating gas annulus between the pressure tuoe and calandria tube minimizes

heat transfer from the high-temperature heavy water coolant to the
low-pressure, low-temperature heavy water moderator.

R & D on CANDU fuel

channels dominates the work in support of objective (A) and the overall goals

are:

(i)

to obtain a better understanding of pressure tube and calandria-tube
behaviour under reactor conditions, and

(11) to develop improved fuel-channel components.

Fuel channels in existing CANDUs were assembled in situ and as a result
are time consuming to replace.

A significant R & D programme is under way to

develop a factory-assembled fuel channel for future CANDU reactors that will
significantly reduce the time required for its installation and replacement.

The R & D programme encompasses laboratory investigations,
research-reactor irradiation studies, and an extensive programme of

power-reactor surveillance involving in-reactor examination and destructive
examination of fuel channels removed from power reactors by the utilities.

By

removing fuel channels from power reactors specific information is obtained on
the condition of fuel channels in the reactor, along with a valuable stock of
irradiated material for more fundamental studies.

2.2.2.1

Corrosion and Deuterium Pickup [3,4]

Some problems have occurred with operational pressure tubes and the root
cause of all these problems has been Delayed Hydride Cracking (DHC).

For

delayed hydride cracking to initiate, hydrides must be present and there must

be a minimum concentration of stress and size/sharpness of a defect.

The

hydrogen isotopes that contribute to hydride formation are the sum of the

initial as-fabricated hydrogen concentration and the pickup of deuterium from
the corrosion reaction.

A predictive capability is being developed based on

an in-reactor parametric study that is examining the effects of irradiation,
temperature and chemistry on corrosion and D_ pickup.

Other experiments are
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investigating the effect of boiling on the local chemistry at the

pressure-tube surface.
life of a pressure tube.

Such information will provide a guide to the useful
Preventative measures that minimize pickup through

adjustment to the heat transport chemistry and/or composition of the
pressure-tube alloy are also part of the programme.

Alternatively, the use of

metallic inserts in the tube that have a greater affinity for hydrogen than
zirconium can prevent precipitation of zirconium hydride and eliminate DHC.

Detailed engineering has recently been completed for application of such
devices to control pickup at the ends of the fuel channels.

Both irradiation and hydrogen decrease the flaw tolerance of zirconium
alloys.

The mechanical properties and flaw tolerance of pressure tubes and

calandria tubes are being studied as function of fluence using burst tests,

tensile and small-specimen fracture-toughness tests.

These continue to extend

the insight needed to ensure leak-before-break and provide end-of-life
criteria.

2.2.2.2

Creep and Growth [5,6]

The dimensions of the calandria tube and pressure tube change during
service due to creep and growth.

The former process is enhanced by

irradiation and the latter is solely an irradiation phenomenon.

Accelerated

tests are in progress in high-fluence test reactors to confirm the predictions
that have been used to establish the design allowances in operating reactors.
The weight of fuel and the channel imposes a load that causes the horizontal

channel to sag between the end supports.
contact with other reactor internals.

Excessive sag could result in

In addition, the hotter pressure tube

may sag and contact the calandria tube between tube-to-tube (garter-spring)
supports.

Both forms of contact are undesirable.

Since sag is largely

controlled by creep, there is an extensive programme looking at in-reactor

creep, and diametral expansion.

The modelling of the two phenomena has

achieved an advanced level of sophistication.
The integrity of a pressure tube may be impaired by the presence of
flaws, an excessive concentration of hydrides or deformation beyond design

allowances.

The collection of related data from power reactors has required

the development of sophisticated inspection systems to minimize reactor down
time.

Improvements have been made in instrumentation, the in-reactor delivery

system for the instrumentation and data collection.
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For example, refinement

of the ultrasonic method to look at waves emanating from the crack tip
provides precise size and position information for defects.

2.2.2.3

Non-Destructive Examination of Fuel Channels

The focus of the programme on fuel channel non-destructive examination is
to improve existing techniques and to develop new techniques as required.

In

the case of operating fuel channels, the programme addresses several generic
needs, including:

(i)

locating the tube-to-tube supports within existing reactors,

(II)

detecting and measuring the various parameters affecting

pressure-tube integrity such as hydride levels, corrosion levels and
signs of cracking, and

(III)

monitoring clearances between fuel channels and reactivity mechanisms.

The second part of the programme focusses on providing the inspection
techniques that will be required for the manufacture of new fuel-channel

components including end fittings.

2.2.2.4

Improved Fuel-Channel Systems [7]

Improving the long-term reliability and the replaceability of CANDU fuel
channels will lead to significant cost savings.

A programme of work to

address the design aspects of this goal is underway.

it includes activities

such as improvements to rolled-joint technology, fuel-channel leak-detection
technology, calandria tubes, and tube-to-tube spacers.

There is also work

aimed at further understanding on limiting fuel-bundle vibration and the
fretting wear that ensues.

In summary, output from the current R & D programme on fuel channels is
ensuring their continued reliable operation in current reactors and will
provide operators with advance warning of the need for maintenance or
replacement.

Longer term research will provide components with a higher

tolerance to in-service conditions and a longer service life.

2.2.3

Reduced Operating Costs

The cost of electricity produced by CANDU plants is already among the
lowest from nuclear reactors in the world.

This is due largely to CANDU's

very favourable annual and lifetime capacity factors and a fuelling cost which
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is typically half that of LWRs.

Nevertheless, R & D continues to find ways of

reducing the operating costs even further, through the programmes described

below.

2.2.3.1

Chemistry and Materials of Heat Transport Systems [8]

Research in the chemistry and materials of CANDU heat transport systems
is aimed at:

(i)

keeping radiation fields from corrosion products and fission
products as low as reasonably achievable, and

(ii)

preventing premature failure of components by corrosion.

Although the CANDU system has a very low radiation-dose rate and much is
understood about the movement of the radioactive species, improvements in the
efficacy of decontamination processes are being sought.

In particular, the

CANDECON process is being modified to better remove contaminated oxide films
from stainless-steel components, and the development of a new dilute process
for the dissolution of fission products is well advanced.

Steam generators in CANDUs have performed exceptionally well (a hundred
times better in terms of leaks than the industry average), but changes in
design and operating conditions require reappraisal of the tubing and support

materials and the recommended chemistry control regime.

Currently, research

is targeted at understanding the accumulation of deposits in steam generators
and the chemical and corrosion processes that occur within and beneath this

deposit.

Since the complete retardation and/or removal of such deposits from

operating steam generators seems very difficult, it is imperative that the
processes are understood and materials and chemistry are selected to obviate

failure.

Most of the studies involve Incoloy-800 as the preferred tubing

material and all-volatile treatment as the chemistry of choice for the
secondary system.

2.2.3.2

Improved Components and Inspection [9,10,11]

Improved reliability and performance, combined with reduced maintenance,
are necessary for new CANDU plants to achieve goals of lower construction and
operating costs, 94% overall long term average capacity factor, and 36 months
between outages.
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The programme to achieve these goals focusses on

improvements to critical out-reactor components and the ability to inspect
them.

Currently, work is specifically aimed at:

- better technology for valve and gasket sealing and maintenance,
- validation and improvements to the steam-generator thermalhydraulics
code THIRST,

- improved non-destructive technology for inspecting heat exchange

equipment,
- better design guidelines to minimize vibration and fretting wear
problems in heat exchange equipment, and

- generic developments to improve the technology for remote repairs in
hostile environments.

2.2.3.3

improvements to Current CANDU Fuel [12]

The fuel for CANDU reactors consists of small, robust bundles,
approximately 10 cm in diameter by 50 cm long, 12 or 13 of which are loaded
into each horizontal fuel channel.
elements containing natural UO

The bundles are assembled from 28 or 37

pellets.

The bundles are pushed along the

fuel channel in successive steps, during on-power refuelling, and discharged

when they have reached a core-average burnup of about 8.0 MWd/kg, after a
residence time of about 1 year in the reactor.

To date, 500,000 fuel bundles

have been irradiated, with a low lifetime defect rate of about 0.1% on a
bundle basis (less than 0.009% on an element basis).

and replaced without a reactor outage.

Failed fuel is detected

Defected fuel or fuel that has reached

burnups of two or more times the average is often examined in detail.

Sucn

examinations :
(i)

identify causes of failure for feedback to operators and fuel

fabricators,
(ii)

broaden the data base on the performance of CANDU fuel, and

(iii) identify improvements that can be incorporated in subsequent fuels.
Computer codes such as ELESIM and ELESTRES that model CANDU fuel are often
used to analyze the observed behaviour, evaluate proposed improvements, and
predict behaviour at untested conditions such as higher burnup.

39

2.2.3.4

Thermalhydraulics Thresholds [13]

One reason for the low fuel defect rate is the near-zero probability of
fuel overrating during normal operation and even during upset conditions.

The

two independent shutdown systems are set to trip the reactor before any fuel

element approaches the critical heat flux (CHF).

Since the trip points are

conservatively set and the critical heat flux (or critical channel power) is
conservatively estimated, there is an incentive to more accurately define both
of these to provide larger margins to trip or to raise the permissible
operating power.

areas.

Research and development are continuing in several related

For example, critical channel powers are measured in electrically

heated bundles simulating improved fuel designs.

While a high-temperature

water loop with a power supply of 12 MW has been used for such tests, most
experiments are presently carried out in Freon.

more rapidly and at much lower cost.

This permits them to be done

Furthermore, operation at post-CHF

conditions can be conveniently explored with lower risk to the equipment.

Data from such tests serve to validate advanced thermalhydraulics codes such
as ASSERT, used for the analysis of CHF and post-CHF conditions in the
subchannels of fuel bundles.

2.2.4

Reduced Capital Cost

There is an on-going challenge for the plant designers to come up with

less expensive concepts and designs.

Several R & D programmes under objective

(B) address this challenge.

2.2.4.1

CANFLEX, a New Fuel Bundle [14,15]

One way of reducing the capital cost of a new CANDU plant is to increase

the power output from a reactor core of a given size.

This can be done by i

(i)

increasing the power generated in the fuel bundle, and

(li)

flattening the global radial flux thus increasing the power generated

in the fuel channels around the core periphery.

A new fuel bundle, called CANFLEX, is being developed to take advantage of

both of these approaches.

The 43-element CANFLEX bundle represents an

evolutionary step from the proven 37-element bundle and its 28- and 19-element

predecessors.
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Due to a slight reduction in the diameter (and increase in the

number) of the peripheral elements in the bundle/ relative to the 37-element
design, the CANFLEX fuel bundle is expected to be capable of a power output of
1250 kW (vs. 1035 kW) without exceeding the proven linear element rating of 65
kW/m.

If made with natural UO , CANFLEX allows reactor designers to take

advantage of option (i) above.

If made with slightly enriched UO? (say,

1.2%), CANFLEX also opens option (11). During reactor operation, a globally

flat neutron flux is achieved via refuelling rates in the inner and outer
regions of the core optimized to achieve maximum fuel burnup at maximum power

output from the core.

Relative to natural uranium, an added benefit of slight

enrichment is a reduction in the fuel cycle cost of up to 35% through use of
CANFLEX fuel, for typical costs of natural uranium, fuel fabrication, and
on-site storage, transportation, and disposal of the spent fuel.

Also, the

burnup is expected to be 3 times higher and the disposal volume of spent fuel
3 times smaller.

The CANFLEX bundle is expected to be available for

large-scale demonstration in a CANDU reactor in 1993. The bundle is also

regarded as the design of choice for other fuel cycles in CANDU reactors such
as the recycling of uranium and/or plutonium from discharged LWR fuel and the
eventual utilization of thorium.

2.2.4.2

Advanced Computer Technology for CANDU Engineering & Construction

The application of advances in information processing technology to all
aspects of the design, engineering and construction of a nuclear generating
station is one of several programmes to make nuclear power more competitive.
This programme will result in a reduction up to 20% in blue- and white-collar
labour costs on the next generation of CANDU reactors.

Cost reductions of

this magnitude are essential for nuclear power to compete effectively with

other energy options.

The systems required to achieve these goals are being

established using vendor software where possible, complemented with in-house
developments.

(i)

These include activities such as:

developing efficient interfaces between vendor software and in-house
engineering codes,

(II)

customizing vendor software

(III) developing tools not yet available from vendors.
The overall programme is being resourced by both the AECL Research Company and

its sister organization, CANDU Operations.

This, combined with the commitment
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to use these tools in the CANDU-3 design, will ensure that the systems

developed meet the needs of CANDU designers.

A phased approach is being used,

with design and engineering analysis the top priority.

The resulting

engineering databases will be integrated with procurement, material
management, and other construction systems over the next 5 years.

2.2.4.3

Heavy-Water Production Processes [16,17]

Heavy water represents about a tenth of the capital cost of a CANDU
station.

Therefore, reducing the cost of producing heavy water can make a

significant contribution to reducing the initial cost of a new CANDU plant.

On the other hand, the cost of heavy-water upkeep (recovery of leakage,
reconcentration to reactor grade and replacement of losses) has been

demonstrated to be low, and has only a minor impact on CANDU electricity costs.

Several processes are being studied which offer potential for lower
costs.

AECL has developed an attractive catalyst for hydrogen-water exchange

and has demonstrated its performance on a small pilot plant scale.

Process

optimization studies are in progress and scale-up tests are planned.

The

process recovers heavy water from steam-reformer hydrogen, and is referred to
as CIRCE (Combined Industrially Reformed hydrogen and Catalytic Exchange).
The deuterium source for the CIRCE process can be ammonia synthesis gas (1500
Mg NH /d will provide 60 Mg D 0/year) or the large hydrogen streams used
J

£

for heavy-oil upgrading (typically equivalent to 100 to 150 Mg D-0/year).
The possibility of demonstrating this process in a prototype plant during the

1990s is being evaluated.
Heavy water can also be recovered from electrolytic hydrogen very cheaply
with the AECL catalyst (the CECE or combined Electrolysis and Catalytic

Exchange process).

However, 100 Mg D 0/a requires 700 MW of electrolytic
£*

cell capacity;

such large-scale water electrolysis to produce industrial

hydrogen is not likely to be attractive for several decades.
Laser-based processes are at a much earlier stage of laboratory

development.

Selective multiphoton decomposition of deuterium containing

molecules in a natural mixture with their hydrogen analogues has been
demonstrated, and single step separation factors approaching 10 000 have been

obtained.

AECL is evaluating a variety of decomposition reactions to find an

attractive process.
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A practical process is not possible with abundant

molecules such as water, hydrogen or ammonia.

Therefore/ an exchange step

with water or hydrogen is an essential first step in the process to replenish
the deuterium concentration in the recirculating "working" molecule.

Detailed

studies of formaldehyde and of fluoroform by AECL, Ontario Hydro and others

have demonstrated very large separation factors, but the economics of a
process based on either of these molecules are at best marginal.

Recent

studies of the economic factors involved in a laser-based process have shown
that the criteria for selecting an attractive reaction are stringent.

2.2.4.4

Advanced Reactor-Core Concepts [18]

Slight enrichment of uranium offers new possibilities in CANDU core
design and fuel management.

Calculations done to date show that, while

existing CANDUs could readily burn enriched fuel without significant
modification to reactor systems and operating procedures, better performance
could be achieved with a single repositioning of the adjusters to another set

of sites.

Slight enrichment also offers the opportunity to trade off a

desirable attribute such as a thicker pressure tube or reduced volume of

heavy-water moderator against the traditionally excellent neutron economy.
New core concepts, new fuel cycles, and materials trade-offs can oe

successfully evaluated only with the right sets of data and computer codes.
R&D is in progress to measure and analyze nuclear reaction rates in various

fuels arranged in CANDU-type lattices in the zero-energy ZED-2 reactor at
Chalk River.

Recent fuels that have been or are being studied include oxides

of plutonium mixed with:

(i)

thorium

(II)

depleted uranium from enrichment-plant tailings as well as

(III) oxides of thorium mixed with uranium-233.

Such experiments are used to validate and improve the computation methods

comprising basic nuclear data from ENDF/B-V in conduction with the
lattice-cell code WIMS-CRNL, reactor code such as CITATION, and fuel-

management code FMDP.
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2.2.4.5

Computer Technology for Station Opération and Maintenance [19]

World wide, there is a growing interest in significant improvements to
the control and safety systems for nuclear power reactors.

This is in part a

consequence of the accidents at Three Mile Island and at Chernobyl.

The need

to reduce and hopefully eliminate operator error is being addressed with a
programme to help the operators during periods of system upset.

Advanced

computer-system technology, in particular expert systems, are seen as a

technology that offers a means of minimizing operator error and stress.
in turn will increase plant availability.

This

The major thrust of this programme

is to develop an expert system-based Operator Companion for CANDU plants.

Ultimately such a system would advise an operator on all aspects of CANDU

operation.

2.2.5

Reactor Safety Research

The overall objective (C) of the reactor-safety research programme is to
establish a sound technical basis for the analysis, and mitigation, of

postulated accidents in both existing and future CANDU reactors.

The approach

is to develop the fundamental science pertaining to accident conditions

through separate-effects experiments, to develop analytical models that
describe the essential phenomena, and to verify the models in large-scale
integrated tests.

2.2.5.1

Loss-of-Coolant Thermalhydraulics [20,21]

A unique feature of the CANDU reactor is the configuration of the primary

heat-transport system.

The behaviour of the system under accident conditions

would be particularly influenced by the large array of individual horizontal

fuel channels that are connected to the inlet and outlet header pipes.

Thus,

a thorough understanding of the performance of this configuration under all

plausible accident conditions is essential.

A two-fluid, one-dimensional,

transient code CATHENA has been developed to analyze the thermalhydraulic
response of the CANDU primary system.

In addition to the six conservation

equations, constitutive equations are used to calculate mass, momentum, and

energy transfer between the two fluids and the wall.

The code includes

auxiliary models to describe the behaviour of components such as pumps,
valves, abrupt area changes, and the reactor pressurizer.
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Separate-effects experiments are being done to improve understanding of
such phenomena as horizontal two-phase flow, flow regimes and their
constitutive relations, and countercurrent-flow flooding phenomena.
Experiments are also being performed to characterize the two-phase flow
behaviour of components such as pumps, steam generators, fuel channels, and

flow distribution headers.

Large-scale integrated experiments are performed in loops that represent
the features of the full reactor heat-transport system.

Tests have progressed

in a stepwise manner from a relatively small facility, RD4, to a full-

elevation facility, RD14, which has most of the attributes of the full-scale

heat-transport system.

RD14 consists of two full-scale, full-power,

electrically heated channels, full-scale feeders, and two full-height steam
generators in a figure-of-eight configuration.

The loop is designed so that

fluid mass flux, transit times, and pressure/enthalpy distributions in the
primary system section of the loop are the same as those in a typical CANDU
reactor under both full-power and natural-circulation conditions.

The

experimental programme has included over a hundred experiments covering a
variety of conditions and phenomena.

These include:

(i)

partial inventory two-phase thermosiphoning tests,

(ii)

secondary-side depressurization tests,

(iii) small- and large-break LOCAs,

(iv)

loss-of-flow simulations, and

(v)

two-phase flow-stability tests.

The facility has recently been modified to a multichannel system which
provides 5 parallel channels at various elevations for each pass (10 channels
total).

The new facility will allow a study of the interaction between

parallel channels in both thermosiphoning and blowdown/emergency-coolant-

injection transients.
2.2.5.2

Fuel-Channel Behaviour at High Temperature [22,23]

Studies of fuel-channel behaviour at abnormal high temperatures are being

carried out to ensure a sound understanding of the conditions under which the
residual heat in the fuel channels can be transferred to the moderator, thus
preventing the loss of integrity of the fuel channels.

Computer models, such

as CHAN and CATHENA, have been developed to predict the heat transfer from
fuel to the moderator, the resulting temperature transients in the fuel
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channel, and the deformation of the fuel-channel components.

Experimental

programmes are being carried out to elucidate such phenomena as

thermal-contact conductance, pressure-tube sag and ballooning at temperatures
less than 700°C, and Zircaloy/steam reactions.

In addition, 32 fully

integrated tests have been performed which, in combination with the
separate-effects tests and modelling, have demonstrated the effectiveness of
the moderator as a heat sink.

Indeed, the only situation for which the

pressure-tube integrity may be questionable is when the tube is subject to a

non-uniform circumferential temperature distribution before it balloons into
contact with the moderator-cooled calandria tube.

To address this situation,

several experiments are being carried out including measurements of
circumferential temperature distributions under stagnated two-phase flow
conditions, the effect of flowing molten Zircaloy from a fuel bundle on to the
pressure tube, pressure-tube embrittlement due to hydrogen/steam reactions,

and calandria tube integrity due to pressure tube rupture.

2.2.5.3

Fuel Behaviour at High Temperature [24,25,26]

The current focus of the R&D programme on high-temperature fuel behaviour
is to expand understanding of fuel behaviour above 1100°C, and any subsequent

fission-product release and transport.

The programme includes separate-

effects studies of phenomena associated with severe fuel damage and fissionproduct release, the development of codes to describe the various phenomena,
and in-reactor integrated tests with instrumented fuel elements to bencnmark
these codes.

The work on severe-fuel-damage is currently focussing on such

phenomena as the interaction of Zircaloy and UO , emissivity changes,

cladding relocation, and fuel oxidation.

These phenomena affect fuel

temperatures and integrity which, in turn, affect fission-product releases.
Fission-product release experiments are being done to examine the effects of
oxidation rates in steam and air, grain growth, oxidation products, and oxide
morphology.

There is now an extensive database for oxidative release of

fission products based on data from more than 60 experiments in the

temperature range of 400-1700°C.

Further laboratory and hot-cell experiments

will extend the database to 2600°C, and will examine the effects of the
UO /Zircaloy reaction on fission-product releases at these high

temperatures.

In-reactor tests have proceeded in two stages.

In the first

stage, a series of loss-of-coolant transients were carried out with fuel
sheath temperatures up to about 1050°C.

The main observations of these tests

were that fuel sheaths strained to only about 5%, fission gas releases were
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small, and sizes of fuel pellet fragments differed little from fuel following

a normal operation and reactor shutdown.

The second stage of these

experiments will be carried out in the Slowdown Test Facility in the NRU
reactor, beginning in 1989. In these integrated tests, tne focus will be on
the release of fission products from fuel operating at temperatures in the
range of 1500-2400°C, and the subsequent transport of the fission products in

the primary system.
A suite of computer codes is being developed to describe the phenomena
observed in the separate effects and integrated tests.

are FOXSIM (simulates UO

Examples of the codes

oxidation in the air or steam), FROM (a full-range

Zircaloy oxidation model), and FREEDOM (simulates fission-product release

during oxidation).

These sub-models are being incorporated into ELOCA, which

describes the behaviour of a CANDU fuel element in high-temperature transient
conditions.

ELOCA, in turn, is part of an integrated software package,

CANSIM, that describes both fuel and fuel-channel behaviour during postulated
CANDU accidents.
2.2.5.4

Hydrogen Combustion [27]

Hydrogen-combustion studies have focussed on understanding the nature of
deflagrations, detonations and transition from deflagration to detonation in
containment, and on mitigation techniques.

Fundamental experiments have been

carried out to establish such properties as laminar burning velocities,
flammability limits, detonation cell sizes, and the physicochemical effects of
diluents.

Separate-effects experiments have been performed to examine the

effects of gas venting, gas turbulence, and combustion scale.

Special

facilities for these experiments include the Containment Test Facility, in
which intermediate-scale experiments can be done, up to and including
atmospheric-pressure detonations.

Taken as a whole, the experiments have

covered virtually all aspects of the physics and chemistry which influence the

progress and consequences of hydrogen combustion.

The resulting database is

used to develop computer codes describing the various phenomena, such as VENT,
which is a mechanistically based code that describes combustion overpressures

in a compartment.
2.2.5.5

Transport of Aerosols and Fission Products [28]

Transport phenomena of aerosols and fission products are being examined
in both basic and integrated tests.

A key objective of these tests is to

understand the nature of the aerosols emitted to containment.

This is being
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addressed in programmes examining the formation and transport of structuralmaterial and fission-product aerosols in the primary system due to hightemperature accidents, aerosol production due to the flashing of two-phase

jets from a break in the primary system, and the development of CANDU-specific
aerosol codes.

Another key objective is to elucidate longer-term containment

behaviour, particularly the release of fission-product species (e.g. iodine
and tellurium) to the gas phase.

A large number of experiments has been

carried out to establish the fundamental chemistry of iodine in containment,

including the determination of the aqueous thermal chemistry, radiation
effects, organic iodide production, and iodine partitioning.

Many of the

characteristics of iodine transport and chemistry are being incorporated into
the LIRIC code.

Large-scale integrated tests, being conducted in the

Radioiodine Test Facility, are being used to verify LIRIC.

These tests are

duplicating all of the conditions expected in containment, including radiation

fields, impurities and pH ranges.
2.2.6

Other R & D

In addition to the targeted programme described above, R & D is carried
out in Canada on a broad range of topics, among them the following:

- management of radioactive wastes, including irradiated fuel from
commercial, prototype, and research reactors,
- environmental sciences,
- radiation biology,

- radiation dosimetry, including the safe handling and measurement of

tritium,
- isotopic enrichment, including tritium and uranium, and

- blankets for fusion fission hybrids.

2.3

2.3.1

FEDERAL REPUBLIC OF GERMANY

Introduction
Heavy Water Reactors have been developed with the aim of using natural

uranium as fuel in order to operate the nuclear power plants independently of

uranium enrichment facilities.

The use of heavy water as moderator (and in

most cases as coolant) offers the great advantage of an excellent neutron

economy.
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This is especially the case with the Siemens Pressurized Heavy Water

Reactor (HWR) of the pressure vessel type because of its low content of
structure material in the core.

The heavy water reactor of the Siemens-type

has today - among all economically operated reactors - the lowest uranium
requirements related to the electrical energy produced.

By use of alternative

fuel cycles (like slightly enriched uranium or use of plutonium spikes) this
property can be still improved considerably.

The line of the Siemens-HWR originated from the Multipurpose Research

Reactor (MZFR, 50 MWe), which was placed in operation at the Nuclear Research
Center in Karlsruhe (West Germany) in 1966. It was shut down in May 1984,
after 18 years of very successful operation.

The construction of the 367 MWe gross Atucha I (CNA-I) nuclear power
plant, a development derived from the MZFR, was started in Argentina in 1968.

It was handed over in 1974 and has shown, up to now, a time availability of
nearly 83%, which has been one of the best in the world.
Based on the very positive experience obtained from the implementation of
the Atucha I project and the high availability of this plant, Siemens/KWü
group received from Argentina a contract for the 750 MWe Atucha II unit.

The

Atucha II unit is based, in principle, on the design of Atucha I and should
comply with the latest codes and guides issued by the International Atomic
Energy Agency (IAEA), with Argentine regulations, and with the applicable

German requirements.

The Atucha II nuclear power plant is being built next to Atucha I, 110 km
northwest of Buenos Aires, on the south bank of the Rio Parana de las Palmas.

Approximately 75% of the civil works are completed and the greater part of the
electromechanical equipment is at the site.

Handing over date of the plant is

scheduled for 1994.

The ARGOS, a 380 MW HWR plant which has been developed by the Argentine

engineering company ENACE (of which Siemens holds 25% of the shares)
represents an advanced continuation of the Siemens HWR series.

2.3.2

Programmes for Research and Development of Heavy Water Reactors

Due to the similarity of the HWR with the LWR it was possible to adapt

the development steps of the light water reactor to the heavy water reactor.
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This was made feasible by handling both concepts in one company, thus assuring
the necessary exchange of experience.
Specific improvements for HWR components or systems were achieved in the
following items:

- reduction of tritium content
- hydraulically driven control rods
- fuel storage capacity
- alternative fuel cycles
2.3.2.1

Reduction of Tritium Content

The specific tritium content, due to the leak-tight D_O systems in
4 Ci/m
3 within 40 years of full power
Siemens reactors amounts to about 5X10
operation.

In connection with continuous further optimization it is possible

to withdraw up to 10

Ci/a using a system somewhat larger than the normal

heavy water purification system.

As a consequence the tritium content can be

kept economically smaller than 300 Ci/m with the corresponding reduction of

personnel dose for maintenance and repair.
2.3.2.2

Hydraulically driven control rods

HWRs actually in operation or under construction use control rods which
are moved by magnetic jack friction drives.

They penetrate the reactor core

at angles between 18° and 25° to the coolant channels in order to maintain the

top of the reactor pressure vessel free for the operation of the refuelling
machine.
The new design of slimmer hydraulically driven rods (18 mm in diameter
instead of 80 mm) together with a more advantageous geometrical arrangement
allows a better shaping of the power density distribution over the core

resulting in a greater load flexibility.

The hydraulically driven rods are

moved or maintained in position by means of the drive force of the main
coolant pumps.

They are integrated in the reactor pressure vessel.

Therefore

the reactor room and hence the reactor building can be smaller.
2.3.2.3

Fuel Storage

For the storage of the spent fuel elements compact racks have been
developed, thus increasing the storage capacity per square meter from 54 fuel

elements (Atucha I) to 130 fuel elements.
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Studies have shown that with this

new storage concept xt is possible to locate the spent fuel pool inside the
containment with a storage capacity up to 40 years of operation with slightly

enriched uranium as fuel.
2.3.2.4

Alternative Fuel Cycles

The heavy water reactor has an extremely good neutron economy.

In its

basic version, fuelled with natural uranium, the consumption of natural

uranium is only approx. 80% of that of light water reactors.

One of the main

features of Siemens HWR today is the possibility of operating the plant with
alternative fuel cycles beyond natural uranium, including:
Slightly enriched uranium
Plutonium spiking

Tandem operation with light water reactors.

2.3.2.4.1

Slightly Enriched uranium

In spite of its good neutron economy the heavy water reactor reaches
relatively low burn-up when operated with natural uranium.

Therefore, the

fuel cycle costs are mainly predetermined by the fuel fabrication costs.

This

situation can be improved essentially by using slightly enriched uranium in
the same fuel assembly, thus obtaining importantly higher burn-up at the same
fuel fabrication costs.
No modification in the power plant would be necessary when operating with
slightly enriched uranium.

Therefore, a switch back to natural uranium

operation (in case of unavailability of enriched material) would be possible

at any time.
2.3.2.4.2

Plutonium Spiking

Another alternative in the fuel cycle is the recycling of

(self-generated) fissionable plutonium.
By using some plutonium fuel assemblies in selected core positions the

reactivity of the core is increased, thus increasing the burn-up of the
natural uranium fuel assemblies.

The only necessary modification in the plant would be to change the
throttle at the inlet of each coolant channel in which the spike assemblies

are inserted to adjust the coolant flow to the increased channel power.
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2.3.2.4.3

Tandem Operation with Light Water Reactors

For better exploitation of uranium resources a combination of LWRs and
HWRs is possible.

In this concept heavy water reactors burn to a further

degree the spent fuel coming out from light water reactors since this fuel

contains still a considerable amount of fissionable material.

This would

require reconstruction of the spent LWR fuel assemblies by means of special
assembling equipment.

2.4

2.4.1

INDIA

Introduction

India decided to adopt the Pressurized Heavy Water Reactor concept
(PHWR), using pressure tubes for its nuclear power programme.

This decision

was influenced by the availability of national facilities to manufacture all

the components required for a PHWR so indigenous self sufficiency could be
achieved.

It also fitted well into a long term three phase nuclear policy

which envisaged PHWRs as the first phase.

Fast Breeders using fissile

plutonium (from PHWR spent fuel) and thorium fertile (from the monozite sands
abundantly available in India) are the second phase, to be followed by Fast
Breeders using Uranium 233 (produced from FBRs in the second phase) in the
third phase.

2.4.2

Indian PHWR Programme

The Indian nuclear power programme based on PHWRs started with the
Rajasthan Atomic Power Station (RAPS) of 2x220 MWe. The first unit (RAPS-1)

was largely built from equipment supplied from Canada.

This went into service

in 1973. The second unit (RAPS-2) provided a major opportunity for
indigenization.

This unit was built and commissioned by indigenous efforts.

This was declared to be in commercial operation in 1981.

Following RAPS, India built two 235 MWe PHWR units at Madras Atomic Power

Station (MAPS).

The first unit became operational in 1983 and the second unit

in 1985. Following from MAPS all PHWRs built in India are wholly indigenous.
The units at RAPS were to a large extent modelled after Douglas Point G.S.,

the first Canadian prototype CANDU - PHWR.
52

The units at MAPS also followed

the concepts of RAPS but have modified containment and pressure suppression

systems.
The Narora Atomic Power Plant (NAPP) consists of 2x235 MWe units.

first unit obtained

The

criticality in March 1989 and the second is expected to

go critical in 1990.
The Kakrapar Atomic Power Plant (KAPP) also consists of 2x235 MWe units
under construction and expected to go into operation in 1990/91.

Construction

work on 2x235 MWe units at RAPP-3 and 4 and 2x235 MWe units at KAIGA has

commenced.

In addition to these work on 4 more units of 235 MWe is expected

to commence before 1990.

in order to contribute 10,000 MWe of nuclear power to the grids by the
turn of the century, it was decided to develop a 500 MWe riWR.
be built at Tarapur and commissioned in 1996/97.

8 are to be commissioned in the same period.
planned.

Two units will

Four units called RAPP 5 to

Six more 500 MWe reactors are

Thus India has a large commitment towards HWRs for its nuclear power

(Table 2.4-1).

2.4.3

R&D Studies in Support of Safety at PHWRs

Computer codes have been developed to study and analyze system and
component/equipment dynamic behaviour during transients.

These include fuel,

primary heat transport system, steam generators, heat exchangers, pumps and
turbines.

The codes have been validated against tests conducted in the 235

MWe PHWRs which have covered:

(i)

flow coast-down studies on class IV power failure,

(II)

thermosyphon cooling of reactor core,

(III) plant behaviour on load throw-off,
(iv)

PHT system behaviour during LOCA.

Experimental studies relating to LOCA have oeen taken up with reference
to blow-down studies, steam water interaction in headers, and rewetting of hot
horizontal channels.

Experimental studies have been conducted in connection

with the suppression pool for containment including:[29]

(i)

oscillatory behaviour during vent clearing,

(11)

pressure transients in down-comer,
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TABLE 2.4-1. THE INDIAN NUCLEAR POWER PROGRAMME (PHWRs)

UNIT

CAPACITY

YEAR OF COMMISSIONING

OPERATIONAL

RAJASTHAN ATOMIC POWER STATION

2x220

1973,1980

2x235

1983,1985

2x235

1989,1990

2x235

1990,1991

2x235

1995

2x235

1995

235 MWe PROJECTS

4x235

1996 ONWARDS

TAPP 3 & 4

2x500

1997 ONWARDS

RAPP 5 to 8

4x500

1997 ONWARDS

RAPS-1 & 2
MADRAS ATOMIC POWER STATION

MAPS-1 & 1

UNDER CONSTRUCTION

NARORA ATOMIC POWER PROJECT

NAPP-1 & 2
KAKRAPAR ATOMIC POWER PROJECT

KAPP-1 & 2

RECENT CONSTRUCTION STARTS

KAIGA ATOMIC POWER PROJECT

KAIGA-1 & 2
RAJASTHAN ATOMIC POWER PROJECT

RAPP-3 & 4

RECENT COMMITMENTS

FUTURE PROJECTS

500 MWe PROJECTS
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6x500

(iii) steam condensation efficiency,
(iv) effect of variation in depth of submergence, pressure in dry well
and wet well.

Studies are also on-going in the areas of metallurgical properties of
Zircaloy and the integrity of rolled joints between pressure tuoes and end
fittings.

Experimental studies have been started on means to ascertain the position
of garter springs in a channel and methods to reposition garter springs which
may have moved.

A level 1 PSA has been carried out for a standardized 235 MWe PHWR
towards :
(i)

identification of dominating initiating events,

(ii)

identification of accident sequences,

(iii) event tree methods,
(iv) quantification of dominant accident sequences and assessment of core

melt frequency.

2.5

JAPAN

2.5.1

Introduction

The Advanced Thermal Reactor (ATR) is a heavy-water moderated
boiling-light-water cooled reactor developed in Japan with outstanding
flexibility for nuclear fuel utilization.

This is because of the superior

properties of the ATR in the use of plutonium recovered uranium and depleted
uranium.

The ATR has been developed as a national project in Japan since 1967.

The prototype of the ATR is the Fugen reactor (165 MWe).

This

has been

in commercial operation since 1979 with a load factor of approximately 62% and
total electrical output of 8.05 billion kWh.

It had achieved approximately

50 500 operating hours by the end of March 1988. A total of 385 MOX and 362
UO

fuel assemblies have been loaded into the core and 247 MOX and 276 UO

assemblies discharged with no fuel failure up to the present.

Fugen was

developed and is operated by the Power Reactor and Nuclear Fuel Development
Corporation (PNC).
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The Japanese Atomic Energy Commission (JAEC) decided in 1981 to develop a
600 MWe class demonstration plant with a target of commercial operation in
1998.

The demonstration plant has been designed to be loaded fully with MOX

fuel.

The conceptual design was proposed by PNC and transferred to EPDC in

1983.

EPDC is engaged in design optimization work emphasizing economic

considerations.

The construction of subsequent plants will follow assessment

of such aspects as the state of construction of the demonstration plant, the
economy of the ATR and the plutonium inventory in Japan.

2.5.2

Role of ATR in the Nuclear Fuel Cycle in Japan

The development and commercial use of ATR has the following implications
for the fuel cycle in Japan (Fig.2.5-1).

(1)

An underlying strategy for the development of nuclear power in Japan is
to move from LWRs to Fast Breeder Reactors (FBRs).

The ATR is recognized

as a type of reactor which supplements this strategy.

Plutonium

utilization in ATR will lead to a reduction in the required amount of
natural uranium and enrichment work.

Enriched
Uranium

Natural
Uranium

Enriched Uranium Fuel
c^sj-^Enric

LWR Cycle

fw**]

Depleted
Uranium
Recovered Uranium

ATR Cycle
Natural
.
Uranium

Recovere
Uranium

FIG.2 5-1 The nuclear fuel cycle in Japan.
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Enrichment

(2)

Plutonium use in ATR will allow adjustments of the amount of plutonium
during the period before commercialization of the FBR. This will cut
down the cost for plutonium storage and management and make effective use
of plutonium with less reduction of Pu-241 during storage.

(3)

Utilization of plutonium in ATR will contribute to the establishment of
technology in plutonium handling and utilization prior to the
commercialization of FBR.

(4)

The construction of ATR will provide additional flexibility in the
nuclear fuel cycle of Japan toward changes in the date of introduction of
FBR.

(5)

Commercialization of ATR is expected to reduce the dependence on foreign
countries for energy supplies.

2.5.3

Prototype ATR "FUGEN"

In October 1964, the Japan Atomic Energy Commission (JAEC) established
the power reactor development programme in Japan.

Subsequently, in May 1966,

the JAEC decided to establish a national policy for the development of the

Advanced Thermal Reactor (ATR) and Fast Breeder Reactor (FBR).

The Power Reactor and Nuclear Fuel Development Corporation (PNC) was
established in October 1967, and assumed the responsibility for the
development of ATR and FBR. Thereafter, PNC completed a conceptual design of
a prototype ATR "Fugen" and built full scale development facilities at the

Oh-arai Engineering Center.

These facilities include the deuterium critical

assembly test facility, 14 MW heat transfer test loop, component test loop and
the full-scale reactor safety development facility.

The construction of Fugen at Tsuruga-shi in Fukui prefecture was approved
by the government in November 1970, and its construction began in December

1970.

Fugen first became critical on 20 March 1978 and commercial operation

began on 20 March 1979.
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2.5.4

ATR Demonstration Plant

The conceptual design work for the next stage called the ATR

Demonstration plant began in 1973 by PNC in parallel with the construction of
Fugen.

After a review of safety, performance and economy, JAEC decided to

develop a 600 MW class ATR demonstration plant.

In June 1982 the Electric

power Development Company (EPDC) was nominated to continue design and
undertake the construction of the plant in close cooperation with electric
utilities and PNC.

At present, the fundamental design is being modified from

the viewpoint of economy, and this work will be finished in 1989.

The environmental survey of the proposed construction site in ohma-machi,

Aomori prefecture has been completed.

Excavation is expected to start in 1992

and operation in 1998.

2.5.5

R & D for the ATR

2.5.5.1

R S D for Major Components of the Demonstration Plant

An important focus in the R & D programme is on components and equipment
for the demonstration plant (Ohma Power Station).

from the design of Fugen.

Major items are derived

However modifications have been introduced to

enhance safety, reliability, maintainability and economic performance.

The

following R & D programmes are proceeding with development and endurance tests
to confirm design changes from Fugen and tests to enlarge the knowledge base
about material and performance of systems.

(1)

Pressure Tube Assembly
The pressure tube assembly in the demonstration plant will be fabricated

from heat treated Zr-2.5% Nb and 403 SS (modified).
same as in Fugen.

These materials are the

However additional material data, such as tensile strength

and toughness, are being accumulated through tests.

AS well, tests are on

going with specimens in Fugen to add to the data base of information about

behaviour after irradiation including creep and mechanical properties.
Each Zr-2.5% Nb pressure tube is mechanically joined to a 403 SS
extension tube by a rolled-joint method.

The rolled-joint at the lower end

has a design which is slightly altered from Fugen in order to reduce the

residual stress resulting from rolling.
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(2)

Seal Plug

The seal plug used at the end of the pressure tube assembly is modified
from Fugen in order to reduce cost and improve maintainability.

(3) Failed Fuel Detection System

In Fugen the failed fuel detection system is based upon manual sampling
of the coolant.

In the demonstration plant an automatic system is proposed

which will measure the radiation level of noble gas in the coolant from each
channel.
(4)

Boric Acid Injection System
This infection system replaces the moderator dump system used in Fugen.

(5)

in-service Inspection Techniques

in-service inspection (ISI) devices for pressure tubes, outlet and inlet
feeders, and steam drum nozzles are being developed.

A remotely controlled

ISI unit has been developed at the Oh-arai Engineering Center which is able to

do ultrasonic flaw detection, visual inspection of the inner surface, and
inner diameter measurement.

This equipment was used in 1984 for ISI of

pressure tubes in Fugen.

(6)

Fuelling Machine

The design of the fuelling machine for the demonstration plant is
modified from that for Fugen.

The design changes increase the number of fuel

assemblies that can be handled at a time so reducing the required refuelling
time while improving reliability and maintainability.

A full scale machine is

used as a test device.

2.5.5.2

R & D for Plutonium utilization [30]

One of the most important objects in the ATR development programme is the
establishment of plutonium utilization technology.

This work is supported by

the experience with MOX fuel in Fugen.
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(1)

Core Characteristics with MOX Fuel
To clarify the core characteristics when using MOX fuel, work has been

carried out using a deuterium critical assembly (DCA) at the Oh-arai
Engineering Center.

This work has included consideration of power and neutron

flux distributions in the core and in fuel assemblies, reactivity
coefficients, control rod worth and the influence of control rods on adjacent
fuel assemblies.

Design and reactor operation codes have been developed from

the experience of Fugen and these tests.

It is now planned to use gadolinium bearing fuel rods for reload
assemblies and to this end a MOX assembly with a few gadolinium bearing rods

is now loaded in the DCA. In parallel, the thermal-hydraulic characteristics
of this fuel are being measured in a 14 MW heat transfer loop which can
simulate actual power distribution.

(2)

Core Management with MOX Fuel
TOO

Plutonium is produced as the result of neutron capture in
239

240

subsequent beta decay to
Pu. The isotopes
Pu,
243
Pu are formed from successive neutron capture.

Am, which is the product of the decay of

241

Pu,

242

u and
Pu and

Pu with a half life of

14.4 years, has a large neutron capture cross section in the thermal energy

region which is nearly equal to that of

B.

Therefore the reactor

characteristics, especially the burn-up, are influenced by the amount of
941

Am in the MOX fuel.

Evaluation has been carried out using the WIMS code and library for each
„ 241
plutonium
>nium isotope and
Am along with Fugen operational input and

experimental results from the DCA.

(3)

MOX Fuel Performance

irradiation tests and post irradiation examinations of MOX fuel continue

as noted in Table 2.5-1.
(UKAEA).

This includes assemblies in Fugen and one from SGHWR

Three MOX fuel assemblies, consisting of 36 fuel rods, have been

loaded since the 9th cycle into Fugen.

One of these will be irradiated for

about 4 years and the others for about 6 years to reach the design discharge
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TABLE 2.5-1. MOX FUEL IRRADIATION TESTS
InVUtlon

Va*clor

Irradiation

Pliât

Type

Tests

Ko. of 1».

flurn-upOW/U
(fax.
Pellet

NH. L.R.R Pu, Earlchnnt

Av«.
kMbly
CM/oO

(»to

Irradiaticn Period

HBWR

HWR

1 F A - 1 59
1 F A - ] 60
1FA-423
1 FA-5 1 4
1 FA-529

1
1
1
1
]

12.500
6.070
6,670
53.80034.720

9.420
5.340
5.000
42.690'
28,870

348
325
4S5
500
500

2.
2.
0.
4.
6.

StXlM

PWR

S« ton

S« to*

2
1

8.750
6.680

5.340
2,830

5 12
381

5. 0
4. 0

71.11
71. U

- 72. 5
- 72. 5

Sutoi-CEn
HBWR

rw-iHR
HWR

Sucton-GBTt
1FAS54/555

I

38.050 25.370
18.580* 15.920*

472
492

4. 0. 5. 0

3. 4

71.11
85. 7

- 76.11
- (8*. 9)

FM»

S G H WR

HWR

Stufen!

1

9.880 6.420

489

1. 7

75.10

- 77. 4

Daw.

S GH WR
Fdf«.
•of*>

HWR
HWR
HWR

StMdird
Standard
Seoent

3

1

23,000 16.900
14.300*
6.300*

427
492
394

1. 06
1. 75
2. 25

84. 8 - 83. 5
85.12 - (92.12)
87. 4 - (92.12)

Tut
specl•m»

fuel

Plut
Fiel

BoU : Seeat fmla ot Taftn ire »oder poat Imdlitlon

2

3
8
91
64
0

68.
69.
15.
79.
80.

6 - 70. 3
3 - 70. 3
6 - 16.10
7 - (88.11)
6 - 86.10

•Initions.

* : »t Itojt 198")

burn-up of the ATR demonstration plant.

In addition, two 36 element MOX

assemblies which are so called "segmented fuel" and use zr-lined cladding or
hollow pellets have been irradiated since March 1987 in the programme to
develop high performance fuel.

Six gadolinium bearing MOX fuel assemblies are

scheduled to evaluate the characteristic of gadolinium in the MOX fuel after
burn-up to the level of 40 000 MWd/t.

(4)

Fabrication of MOX Fuel

MOX fuel assemblies for Fugen are fabricated in the Plutonium Fuel
Fabrication Facility (PFFF) at the PNC Tokai Works.

The PFFF has a capacity

of 10 t/yr. A new design is complete for a facility with increased automation
and a capacity of 40 t/yr to supply fuel for both Fugen and the ATR

demonstration plant.

2.5.5.3

R S D for Reactor Safety [31]

Research and development in the area of safety is proceeding for the
demonstration plant.

This involves using full-scale test facilities and

developing and validating analysis codes.

The development activities include

the following:
(1)

Thermal-hydraulic Tests

Full scale tests have been carried out on transient dryout, post-dryout

heat transfer and natural circulation in a loss of power accident (LOPA) in a
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14 MW heat transfer loop (HTL) under conditions which cover the variations in
anticipated transients and accidents in the ATR.

(2)

Plant Dynamics Analysis
A plant dynamics-analysis code FATRAC had been developed to cover

thermal-hydraulic behaviour under normal and abnormal transient conditions in
the reactor cooling system.

Individual functions in the code have been

verified by experiments conducted in HTL and measurements in Fugen.

The

prediction accuracy of FATRAC has been improved for measures such as pressure
and water level in the steam drum, and the flow rate of the main steam, feed
water and recirculation water.

(3)

R & D for LOCA and ECCS

LOCA analysis codes have been developed for the specific characteristics
of the ATR.

The code system consists of a blowdown code for large-break LOCA

(SENHOR), a small-break LOCA (LOTRAC), a heatup code (HEATUP), and a

reflooding code (FLOOD).

Basic models within the codes have been verified by

separate effects tests and integral tests. A full scale experimental facility
i
has been used for blowdown tests? this facility represents the size and
structure of the real reactor as much as possible so as to avoid the scale
effect on two-phase flow characteristics.

Reflooding tests have been

conducted as integral tests combined with blowdown.

Other separate effect

tests have been done under various conditions of reflooding velocity, initial
temperature, linear heat rate, and fuel configuration (e.g.normal cluster and
ballooned cluster).

Analysis methods, for the cases of an inlet feeder break and a pressure
tube rupture, are being established and the validity confirmed by tests to

show the cooling of fuel.

2.5.5.4

R & D for operational Performance

To minimize radiation buildup, the primary coolant water chemistry of
Fugen is controlled by hydrogen addition to reduce oxygen concentration and to

protect 304 SS items from inter granular stress corrosion cracking.

AS well,

improvement in the method for backwashing condensate demineralizer resins,
oxygen injection to the feed water line, and partial decontamination have

aided holding down radiation levels.
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In the moderator system, studies have been carried out to improve the
quality of the heavy water by nitrogen gas reduction in the helium cover gas,
cooling of the resin beds, and improvement of the resin.

A plant data logging and processing system (PDLPS) and maintenance
management system (MMS) have been applied in Fugen to improve the plant
reliability.

Work is now underway on a fault tree analyzer (FTA) and a fuzzy

controller for future improvement in reliability.

2.6

PAKISTAN

2.6.1

Introduction [32]
The evolution of safety related features embodied in the current designs

of heavy water power plants has been shaped by several factors, notably
operating experience, research and development programmes, safety analysis

programmes, and international perspectives regarding appropriate nuclear
safety standards and practices.
Application of new regulations and design features in older nuclear power
plants is not a straight forward proposition.

Technical studies and analyses

along with supporting research and development are prerequisites in order to

establish the extent to which safety or other benefits will be achieved.
The safety criteria for CANDU plants include limits on the frequency of

process failures and the reliability of the safety systems.

The criteria

further define maximum values for the calculated radiation dose to the public
for any process failure (single failure) and for any combination of a process

failure and the unavailability of a safety system (dual failure).
risk based approach originally developed in the early 1960's.

This is a

This approach

requires the analysis of all possible process failures to demonstrate the
adequacy of the safety systems.

Furthermore this analysis is extended to

include all such process failures combined with assumed unsafe failure of any
one of the safety systems.

Larger plants were designed and built elsewhere in the 1970's and
included alterations in the concepts and details of safety systems.

The

moderator dump was replaced by a faster shutdown mechanism using absorber
rods.

Then two independent and diverse shutdown approaches were introduced

using absorber rods for one system and poison injection for the other.
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A major modification was the change from a low pressure to high pressure
emergency injection (ECIS) system.

This change followed loss-of-coolant

studies with new computer codes which made practical the analysis of a wide
range of sizes of pipe breaks.

Through these studies small breaks were

identified which had the potential for stagnated coolant flow in the core.
Other changes or altered emphasis over time are related to seismic

considerations, plane crashes and other impacts, and implications of fires.
Today safety systems are designated under two groups, each group capable
of providing shutdown, core cooling, and monitoring after an accident.

A

second seismically qualified control area is also provided in current designs
with this well separated from the main control room.

2.6.2

Issues in Backfitting New Safety Features in Older Plants

It must be recognized that older plants were designed and constructed in
accordance with the best engineering and safety practices then prevalent.

It

is also true that a high degree of safety consciousness exists in the nuclear

community and as a result constant improvements are being incorporated to
enhance safety and availability throughout the lifetime of a plant.

Thus if the plant operation to date has not revealed weaknesses, the
safety targets are being consistently met, and no serious deficiencies have
been revealed in the initial safety criteria and practices, then there would
appear to be no justification for wholesale changes merely to comply with the

latest safety perspectives. However it is believed that continuous comparison
must be made of the safety level of the plant with current standards.

One

aspect of this approach is a periodic revision of the Final Safety Analysis
Report so that current safety concerns, based upon the experience accumulated
from accidents, abnormal incidents, unusual occurrences, and R & D can be

adequately examined for a particular plant.

Some major issues have become apparent and need to be fully evaluated in
the context of the older plant.

There are physical implications and a need

for pragmatic evaluation of the risk and cost-to-benefit relation.

A number

of these issues are noted in the following;

-

Application of common mode failure and single failure criteria to
process systems as well as the provision of a second, diverse
shutdown system.
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Use of qualified equipment.

The concept of qualified equipment was

not well developed in the 1960's when plants such as KANUPP were
being constructed.

Seismic qualification.

New analysis will be required and modified

or new supporting structures might become necessary.

-

Improvements to the control systems.

Enhancement of plant safety

as well as plant availability can be advanced through improvements
to control systems to maintain parameters within limits during
transients and so reduce physical stress and the number of trips.
There is a basic need to accommodate the problem of obsolescence.

Improvements in the man-machine interface.

Using current

technologies, improvements can be made in the presentation of

information to the operator in terms of meaningfulness and
timeliness for both normal and transient situations.

Improved

operator understanding of the dynamics of the plant and clearer
operating guidance can be provided through new methods for
capturing and arranging information.

2.6.3

The Programme at KANUPP

Several hundred changes have been implemented at KANUPP since the plant
was commissioned.

Backfitting of minor changes has been a regular process at

KANUPP for the past many years. A considerable effort is made to ensure that
only essential, economic and well engineered changes are implemented.

These backfitting steps are necessary mainly as a result of obsolescence
and the clear need for technical improvements and removal of deficiencies.
Obsolescence has become a major problem for continued operation of KANUPP.
This problem is particularly severe in the area of plant computers and process
instrumentation.

A development programme for replacement of obsolete

equipment and upgrading of control and safety has been initiated.

This covers

the following areas:

-

Process control instrumentation,

Computer systems including control room improvements,
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Turbine monitoring instrumentation (in progress),

Nuclear instrumentation,

-

Plant internal and external communication (in progress),

-

Switchyard extension,

Revision of the Final Safety Analysis Report using current methods
to identify weaknesses and deficiencies for immediate action.

2.6.4

Conclusions

It has been concluded that wholesale changes to comply with the latest
safety criteria are not feasible in KANUPP.

However analysis and review of

existing safety systems and operating procedures will continue.

The focus of development effort will be upon the problem of obsolescence

in older plants.

2.7

ITALY

2.7.1

Introduction [33]

CIRENE is a 40 MWe heavy water moderated, boiling light water cooled

prototype plant which has reached the stage of pre-operational testing in
1988.

The current proposal for the CIRENE programme is now directed towards

using this small nuclear power station for experimental work.

Among the research and development programmes that are being considered
are the following three associated with core design optimization, passive
safety studies, and components inspection techniques.

2.7.2

Core Design with Reduced Void Reactivity [34,35]
CIRENE has a positive void reactivity effect.

the design and safety systems.

void reactivity.
and AECL.
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This is fully addressed in

Nevertheless there has been a desire to reduce

As a consequence a number of options were assessed by ENEA

This work resulted in identification of a design which would

produce the maximum reduction in void reactivity, given a fuel bundle design
which remains externally identical to the present design.
preliminary review of the implications of the modified fuel bundle has
shown that all safety related targets can be reached using existing and proven
technology.

Further analysis efforts will be required to confirm:

an appropriate choice of reactor shutdown system trip parameters to
maintain adequate shutdown capability with the modified void
reactivity and power coefficents.

-

control strategies for CIRENE with a negative power coefficient.

-

optimum bundle and core designs to maximize core power output while
still reducing the void coefficient.

The critical mockup facility RB-3 can be used to make neutronic
measurements in support of this programme.

These measurements can include

void reactivity, and flux distribution in the bundle and across the lattice
for various fuel designs.

These tests, carried out with and without coolant,

can be used to validate analytical results.

2.7.3

Passive Safety Studies

Preliminary studies indicate that it may be possible to significantly

increase the level of safety of some CIRENE safety systems without necessarily
introducing drastic plant modifications.
backup scram system.

This applies, for instance, to the

In principle, the operation of the liquid absorber rods

can be driven by flow reductions in the core to prevent a number of
hypothetical LOCA power excursions leading to early core disassembly.

Design studies are under way aimed at assessing:

the potential of the existing or new systems of the plant
(emergency condenser, suppression tank, high pressure ECC) for a
more effective mitigation of the consequences of severe accidents

with the loss of the heat sink, and
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the feasibility of experiments that would demonstrate the validity
of specific design solutions and their possible interest for
application in other reactor concepts.

2.7.4

Components Inspection Techniques [36]

Plans have been made to develop non-destructive examination and
diagnostic tools and techniques for the CIRENE plant.

An illustrative example

is represented by the fuel channel inspection system which is made of a

customized version of the Canadian measurement head "CIGAR" driven and
controlled by electro-mechanical equipment designed and manufactured in
Italy.

Following the completion of the pre-service inspection of the sixty

tubes for the fuel channels in CIRENE the R & D programme will be directed
towards aspects such as:

-

the accurate sizing of fretting corrosion defects including

assessment of related eddy current techniques.

extending the performance and flexibility of the "CIGAR" device for
a wider range of application through making it more compact,
digitization of information, and application of expert systems for

interpretation of data.
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3. NUCLEAR POWER PLANT TECHNOLOGIES AND DESIGNS

3.1

ARGENTINA

3.1.1

Introduction

A major objective in Argentina is to use the national capabilities for
the peaceful application of nuclear technology.

In the area of nuclear power,

growing experience has built up an increasingly active role for the Argentine
Atomic Energy Commission (CNEA).

The examples presented in the following

sections illustrate this point by reference to a variety of tasks.

These

tasks have been directed towards improving the operation, safety, and
performance of the nuclear stations in Argentina.

3.1.2

Technology improvements for HWRs

The present state of the technological knowledge and development in
Argentina has evolved through the following:

participation in the construction and the responsibility for the
operation of the nuclear power Atucha I (CNA I, in operation since 1974),

-

participation in the engineering and responsibilities for the
construction and operation of the nuclear plant Embalse (CNE, in
operation since 1983),

-

responsibilities in the engineering, construction and project management
for Atucha II (CNA II, startup foreseen in 1994),

technology transfer agreements with AECL in Canada and KWU/Siemens in the

Federal Republic of Germany,

the design of the ARGOS HWR 380.

Throughout the development of its nuclear programme, Argentina has aimed
for independence, using its own uranium and fuel cycle technology.

Its choice

of heavy water reactors was dictated, at least in part, by the fact that it
enables natural uranium fuel to be used.

However, use of advanced fuel cycles

has been considered from the beginning of the programme.
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3.1.3

Design Improvements [37]

In the design of the Argos HWR 380, ENACE has adopted advanced design
conditions and has embodied a number of features to achieve safety and economy
in operation.
ENACE is the architect-engineer company for the future nuclear power
projects of the Argentine nuclear programme.

The major shareholder is the

Argentine National Atomic Energy Commission (CNEA).
agreement with Siemens.

It has a licensing

Under this agreement, ENACE has the right to use the

Siemens - KWU HWR (pressurized heavy water reactor) technology, which was
originally developed for the MZFR reactor in the Federal Republic of Germany.

ENACE is currently building Atucha II (HWR pressure vessel type), which
is Argentina's third nuclear plant.

During the last few years, considerable attention has been given to the
prospect for small and medium sized power reactors.

Argos HWR 380 is intended

for use in Argentina and countries where the grid is too small to accept large
(e.g. 1000 MWe) units.

It will also permit greater flexibility in terms of

financial situations and power demands.

Argos HWR 380 complies with the safety requirements of the Argentine
national regulatory authority and relevant international safety standards,
guides and recommendations.

The design has also incorporated special safety

features which reflect lessons learned in the nuclear safety field.

At the

same time, a considerable effort has been made to limit investment costs and
to ensure the economic performance of the plant.

(i)

Nuclear Steam Supply System

The flow diagram (see Figure 3.1-1) and main technical characteristics
(Table 3.1-1) are practically the same as those of the Atucha type nuclear
power plants.

The 367 MWe Atucha I plant (CNA I) has achieved high

availability and its overall operating performance has been excellent. Atucha
II (CNA II), a 745 MWe unit, is under construction.

The design of the reactor

coolant system of Argos HWR 380 NSSS (see Figure 3.1.-2) is very similar to a
standard two-loop PWR. The moderator circuit includes a moderator tank,
within the reactor pressure vessel, and three moderator circuits comprising
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1 Reactor

B LP Turbine

2 Steam Generator

9 Condenser

3 Reactor Cooling Pump
4 Moderator Pimp
5 Moderator Cooler

10 Preheater
11 Feedwater Pump

6 HP Turbine
7 Moisture Separator

Pump
13 Main Condensate Pump

12 Main Cooling V&ter

i——i Condensate /

Reactor Coolant

I___I Feedwater

Moderator

Mam Steam

Cooling Water

FIG.3.1-1. ARGOS PHWR 380: simplified flow diagram.

one moderator pump and a cooler per loop.

Moderator and coolant are held at

essentially the same pressure, enabling the use of. thin-walled coolant
channels.

As the moderator and coolant systems are interconnected, common

auxiliary systems can be used for water quality.

The Argos HWR 380 pressure vessel and core design (see Figure 3.1-3) is
also similar to that of the Atucha I and II reactor types.

contains 244 vertical fuel channels.

The moderator tank

The fuel assemblies are identical to

those used in the Atucha designs.

A total of 60 hydraulically actuated control and shutdown absorber rods
are vertically inserted from the upper part of the vessel through the
moderator tank.

Forty-five of them are shutdown rods, - allowing for

quick shutdown and maintenance of safe long-term subcriticality, - and the

rest are power and power density control rods.

The position of the vertical

control rods provides a flat power distribution allowing the reactor to be

operated at 100 per cent of rated power from the very beginning.
gives the reactor outstanding

This system

load-following capabilities.
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TABLE 3.1-1. ARGOS PHWR 380: MAIN TECHNICAL DATA OF THE REACTOR CORE
(comparative table)

CNA 1

ARGOS
PHWR 380

Type of fuel

Sintered peietizad natural uranium
37 rods

Refusing

on bad

Number of
fuel
assembles

253

244

451

Active
length (mm)

5300

5300

5300

Bumup
(MWd/MgU)

6000

6600

7500

Mean
fuel-rod
power
(Wfcm)

232

223

232

29

60

18

Number of
mam coolant
loops

2

2

2

kL moderator

2

3

4

3080

2573

5150

(kg")

222

150

222

Operating
pressura (bar)

115

115

115

Coolant
temperature (*C)

270/305

277/314

Z78/312

Average mod.
temperature (*C)

140/210

165/220

170/220

Number of
control rods

Cootart
flow rate
per loop
(Kg/3)
Id moderator
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CNA II

1 Reactor Pressure Vessel

2 Steam Generator

3 Main Coolant Pump
4 Moderator Cooler

5 Moderator Pump
6 Pressurtzer
7 Pressurtzer ReBef Tank
FIG.3.1-2. ARGOS PHWR 380:

16J

1 Reactor pressure vessel
2 Reactor cover
3 Moderator tat*

4 Codant channel

5 Control rod gufcfe lube
6 Lower filer pieces

primary system in normal operation.

7 Upper Mer pieces

6 BortMctf Injection fine
9 Closure bete
'CROSS SECTION A-B
14 Moderator tnfet
10 Ctosure gastet
15 Mxbracf outiat
11 CoobntWet
16 Moderator Wet cfetj&uter
12 Coolant ouOet
13 Moderator tenk ctosure head
17 ^4Jdmate^ (WOctcotecter

FIG.3.1-3. ARGOS PHWR 380: core cross-section.
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The Argos HWR 380 is also designed for automated on-load refuelling (see

Figure 3.1-4), with a single refuelling machine.

The fuel assembly transport

system is located within the reactor building and includes a fuel pool with a
capacity which can be tailored up to the designed lifetime of the plant.

refuelling procedure is monitored from the control room.

The

A special feature is

the possibility of inserting irradiated fuel assemblies into the core in the
same way as fresh ones.

1 NEW FUa STORE
2 MANIPULATING BRIDGE
3 SPENT FUEL POOL
4 TRANSFER VESSEL
5 REFUELING »MCI «HE

FIG.3.1-4. ARGOS PHWR 380: fuel reload.

(ii) Fuel Cycles

Using natural uranium fuel, a fuel consumption of 0.99 fuel assemblies

per full power day (corresponding to 6000 MWd/MgU discharge burn-up) is

compatible with a load cycle of 100-80-100 per cent of rated power,

in the

equilibrium burn-up core condition, the fuel loading scheme is three-zone -

one way (Figure 3.1-5).

That is, fresh fuel is introduced into a channel at

an intermediate radial position.

From there, partially used fuel is shuffled

to the core center and finally to the reactor periphery.
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By adopting this

0.1

0.2

0.4

0.8

( R / R Core)
HEW FUEL

0.9

1.0

Core radius

(O.MWd/Kg)

———————-o ( ZONE 2 )
PATHWAY FOLLOWED BY FUEL ASSEMBLIES IN THE REACTOR

____________________

(ZONE 3)

(ZONE1)
SPENT FUEL
(6.6MWd/Kg TO FUEL POOL)

FIG. 3. 1-5. ARGOS PHWR 380: radial distribution of coolant channel power.

radial shuffling scheme and by flattening the radial power distribution, an
average discharge burnup of 6600 MWd/MgU can be obtained in the case of a

minimum reactivity reserve.
The average discharge burn-up can be further increased through the use of
a low enriched uranium (LEU) cycle or fuel spiked with plutonium.

In both

cases the natural uranium requirement is reduced.
A smooth transition without reactor power reduction from a natural

uranium equilibrium core to an LEU cycle can be done without changes in
reactor thermal design or fuel element design.

The converse transition from

homogeneous LEU core to natural uranium cycle is also possible at any time.

This is a special feature of ARGOS fuel design.

There is no additional power

peaking in the axial direction because a full length fuel column is used.

The
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insertion of LEU assemblies yields a greater channel power and reactivity jump
than that of natural uranium assemblies.

in the equilibrium core state a

modified fuel loading scheme involves fresh fuel insertion at the reactor
periphery and more radial shuffling operations of the fuel elements in the
core.
Another way to achieve a more efficient fuel cycle is using plutonium in
some fuel elements only, - the so called spiked elements option.

The

insertion of plutonium spiked assemblies in the natural uranium reactor core

increases the fuel burn-up in these assemblies and in the surrounding natural
uranium assemblies, and the thermal power in the channel where they are
inserted.

The amount of plutonium added in the fuel is limited by the thermal

hydraulic margin and technological limits.

Thus, the best position to

introduce the Pu-spike is the peripheral core region where the margin is
high.

The transition without power reduction, from homogeneous natural

uranium core to equilibrium Pu-spike core with 20% of the total fuel channels
selected to lodge plutonium assemblies, is shown in Figure 3.1-6.

Transition from natural uranium to Pu-spike
Two Pu enrichment levels
BU
Mwd
KU

BU BURN UP OF NATURAL
URANIUM ASSEMBLIES

FR-CHANNEL FORM FACTOR

FR
0

200

400

600

800

1000 1200

1400 1600 1600 2000

f.p.d.

FIG.3.1-6. ARGOS PHWR 380: discharge natural uranium burnup.
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Argos HWR 380 main data for the three fuel cycle options are shown in
Table 3.1-2.

TABLE 3.1-2. ARGOS PHWR 380: MAIN DATA FOR VARIOUS FUEL CYCLE OPTIONS
Natural

LEU Option

Uranium Option
(reference
case)

Pu-spiked. Option

Natural Uranium ' Plutonium
assemblies
' assemblies
(803!)

'

(20%)

r
i
i

Fuel

consumption
(fa/fpd)

0.99

0.41 0.48

0.54
0.06
1

Average

residence
time
( f pd)

246

594

407

0.71
0

1.00 0.71
0
0

Discharged
U-235
Pu

'

0.68
2.10

1

0.29
0.24

0.15 0.18
0.29 0.28

6.000

14.500

9.200

per channel
(MW)

4.6

4.6

4.3

Pu production
(kg fiss Pu
/GWe fpy)

430

215

Average
burn-up
(MWd/tHM)
Average (

814

r
i

Fissionable
material (35)
Fresh U-235
Pu

i
i
453

thermal power

'
'
t
'
11.040
i
i
t
4.6

0.18
0.81
26.000

6.0

Abbr ev i at i one LEU - low enriched uranium ; fa - fuel assembly;
fpd - full power day; HM heavy metal; fpy - full power year;
fiss Pu - fissionable plutonium.
Note: The vertical dotted line shows average values.

The Argos HWR 380 is also an efficient generator of byproducts.

The fuel

transport system can be used during reactor power operation to remove fuel

assemblies containing rods for cobalt-60 generation without jeopardizing
energy availability.

77

(iii)

Basic Safety Criteria

The basic safety criteria applied to the design of the Argos HWR 380
require that:

it should ensure normal operation within the internationally recommended
system of dose limitation.

it should follow all relevant international safety standards, guides and
recommendations and, in particular, those which have been issued by the
International Atomic Energy Agency.

it should comply with Argentine nuclear safety requirements which are

based on quantitative probabilistic safety criteria.

In particular, it

should comply with a risk limit line following specific probabilistic
regulations on failure analysis.

Through probabilistic safety assessment

and decision aiding techniques, it should ensure that all risks to people
are kept as low as reasonably achievable.(Figure 3.1-7)

10
10

10

10

Dose

10

( Sv )

Accidents involving core meltdown
RCA : No containment failure, filter system failure

RGB: Containment Isolation failure - High pressure case
RCC: Containment Isolation failure- Low pressure case

FIG.3.1-7. ARGOS PHWR 380: limiting criterion curve (Norma Calin 3.1.3).
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it should reflect lessons learned in the field of nuclear safety.

The

power supply to safety systems should be highly reliable, sensitive early
detection of coolant and moderator leakages has to be ensured,
containment integrity should be assured under any conceivable
circumstances, and the radiological consequences of severe accident
sequences, even those leading to core melt-down, should be mitigated.

Compliance with these criteria, coupled with the well-known intrinsic
safety advantages of heavy water reactors, gives the Argos HWR 380 a high
level of safety.

(iv)

Probabilistic Criteria and Special Safety Features

A feature of the Argos HWR 380 is that its safety design is mainly based
on probabilistic safety criteria.

A priori probabilistic safety analyses

(PSA) were carried out at the design stage and their results fed back into the
reactor design, taking into account the most recent reliability figures and
design criteria.

Additionally, the Argos HWR 380 includes the following features:
a)

High pressure heat sink:

under normal shutdown conditions, the residual

heat can be removed through the steam generators maintaining coolant
recirculation either by operating the main coolant pump or by natural
convection.

The Argos HWR 380 includes the additional possibility of

using the moderator system as a high pressure heat sink.

For this

operation mode, the moderator is pumped from the bottom of the moderator
tank, cooled in the moderator coolers and injected into the main coolant
system.

In an emergency core cooling situation, the moderator system

serves also as a high pressure injection system.

The necessary

communications for the different operation modes are performed
automatically according to the general design philosophy which require

that no operator action should be necessary within the first 30 minutes
after any conceivable incident.
The high pressure residual heat removal (RHR) system is designed for high
pressure and temperature.

In all conceivable incidents, it can keep the

reactor in a hot condition after shutdown as long as it is required or,

if convenient, it can cool it down, following a predetermined temperature
program.

All branches of the RHR chain are triply redundant and
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physically separated.

Since the steam generators are also available for

heat transfer, the plant has two diverse, high pressure, highly available
heat sinks for accident sequences.

b)

Auxiliary and emergency power; one point confirmed by the probabilistic
safety assessment of the Argos HWR 380 is that the power supply is in the
critical pathway for risk.

Accordingly, the auxiliary power supply has

been designed to assure adequate reliability levels and a high degree of
protection against interruptions.

The system is divided into two

diverse, redundant and independent systems which are located in separate

sections of the switchgear building.

Moreover, in the case of a common

mode failure of the normal power supply, an emergency system takes over
the feed of safety-related loads.

This emergency power supply system is

divided into three redundant systems, which are physically separated.
Each of these systems consists of one diesel generator, a
non-interruptible AC bus bar, and a DC supply with batteries, rectifiers

and converters.

In case of a prolonged loss of power, the design also

makes provision for an external transportable generator to be switched
into the emergency power net.

c)

Leak detection:

this is achieved by using tritium detection.

highly sensitive leak detection method.

This is a

Therefore, even the smallest

leaks can be detected long before they can threaten the integrity of the
primary boundary of the reactor systems.

in the case of leakage,

localization and further repair can be achieved with a minimum effort and
at a very early stage.

d)

Vented containment:

perhaps the ultimate lesson learned in the field of

nuclear safety is the need to ensure the confinement of radioactive

material in cases of severe hypothetical accidents involving core
melt-down.

For that purpose, the Argos HWR 380 is equipped with a

venting system whose objective is to prevent fracture of the steel
containment and the consequent uncontrolled release of radioactive
materials into the environment that could occur in an extreme case.

As

example, Figure 3.1-8 shows the vented containment system behaviour in a
hypothetical accident scenario derived from a total loss of electrical
power ("emergency power case").

After reactor shutdown, the temperature

of the reactor coolant would increase as a result of residual heating in

the core.
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First, the heat is removed through the steam generator relief

Activity Inside containment i
(related to initial activity)
-LOSS of ELECTRICAL POWER

-Live steam safety valves
actuation

-Primary safety valves
actuation

-Rupture of the rupture disk
on relief tank
-Primary water evaporation
finalized
-Start of the ewe meltdown
-Moderator water »vaporalton

-&>V depressurizatlon

-Start of the corlum/concrfte
interaction

-Sump water evaporation

-.—3 rj

-Vented cnntaiment actuation

Containment pressure (bar)
FIG 3 1-8 ARGOS PHWR 380 emergency power case — containment behaviour

valve and then, when the primary pressure reaches a level that would
actuate the safety valve, the coolant is discharged to the pressurizer

relief tank, where the pressure would eventually lead to bursting of a
rupture disk.

Radioactive coolant steam would then be released into the

containment environment, where it would be retained.

The design of this

extremely important boundary includes provision for reliable isolation of

pipes and ducts penetrating the steel sphere by redundant valves.
Otherwise, there would be an immediate release of radioactive material
into the reactor building annulus, followed by
into

an uncontrolled release

the environment and a subsequent unacceptably high public exposure

and environment contamination.
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Following the containment isolation, which can be ensured either by

automatic or by human action, all consequences would be limited within
the containment environment.

melt.

The core would dry out and eventually

The cladding of the fuel rods would burst and its temperature

would increase until a zirconium-water reaction takes place.

Hydrogen,

along with fission products, would be released into the containment
environment.

There, another important system of the containment would

become effective; the early ignition of the hydrogen by appropriate
ignition heads.

This effect will ensure the integrity of the

containment, by avoiding a later hydrogen deflagration with possible

rupture of the steel sphere.

Following this catastrophic scenario and still in the absence of
electrical power supply, the melting core is assumed to penetrate the
bottom of the reactor pressure vessel and come into contact with the

floor of the reactor vault.

There might then be an exothermic reaction

between the molten core material and the concrete.

The released energy

would increase the pressure inside the containment significantly.

One of tthe most significant features of the Argos HWR-380 design would
now become effective.

The containment design pressure of about 5 bar

would be reached only after around 11 days, when all the short-lived
fission products would have already decayed and most of the radioactive
material would have been deposited on the containment surfaces.

This is due to the favourable relation between the very large containment
volume and the comparatively small energy content of the primary system.

Without any counter measure at this stage, pressure would increase inside
the containment up to its rupture level, which would be reached some 20
days after the initiation of the described hypothetical scenario.

A

containment rupture would lead to an uncontrolled release of the

radioactive materials still remaining in the containment.

The Argos

HWR-380 design therefore incorporates venting, to permit the controlled
release of gases and aerosols from the containment into the environment
through a filtering system, relieving the pressure and thus avoiding
containment failure.

The efficiency of the filtering system ensures that

the resulting projected dose to the most exposed individual must not

exceed 0.1 Sievert.
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3.1.4

Operational Improvements

3.1.4.1

In-Core Fuel Management

prom the very beginning of station operation CNEA assumed the
responsibility for the on-power refuelling programs of both nuclear plants,
in the case of CNA I a modified fuel loading scheme (3 zone-1 way) was
implemented allowing a 5% increase in the mean discharged burnup level.
Subsequently, CNEA's homogeneous three dimensaonal diffusion code
used for core follow-up in both nuclear plants.

PUMA was

Future development in the

neutronic software package is directed to:

-

resonance absorption calculation with space dependence,

-

cell calculation with a new method for collision probabilities,
flux calculation with finite element code (DELFIN) applied to
flux behaviour near the boundary of high absorption elements.

3.1.4.2

Nuclear Power Plant Embalse (CNE)

The subject of radiation growth is widely connected with the long terra
behaviour of the Zr-Nb 2.5% pressure tubes.

During a cold shutdown of the station at Embalse, the actual positions of
the garter springs were determined in eight channels with a device developed
in Argentina.

The average external plus internal dose during the 20 days

measurements was 8.4mSv/man, with a 19mSv maximum individual dose.

Most

springs were found displaced from their original mounting positions and
contacts between both tubes can be expected.

On several occasions CNE has been subject to strong transients due to
perturbations in the electrical network which is characterized by a low degree
of interconnection.

Plant transients were simulated and the results allowed

some station control algorithms to be modified to improve the plant behaviour.

An intensive effort is under way to digitize the present analogue control
of the CNE fuelling machine.

in the D O supply system.

Its aim is to eliminate operational difficulties

The process was simulated using identification

techniques with the inclusion of random functions.

Work proceeds on an

adaptive control system subject to adjustments in abnormal situations by an
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expert system.

Another desirable feature for this fuelling machine is to be

able to extend its operation range to ambient temperature. The stresses to
which it is subject in such condition have been verified and found to be
admissible.

3.1.4.3

Nuclear Power Plant Atucha I (CNA I)

There is a surveillance program for the pressure vessel of CNA I.
Argentina has participated in the discussion and interpretation study of the
first set of irradiated probe results.

Progress in developing local

capability will probably allow handling the second set of irradiated probes in
Argentina.

During the last scheduled outage of CNA I, the pressure vessel was

inspected with imported ultrasonic hardware and local software.

A backfitting operation is being performed on the CNA I computer system
to increase the information available to the operators.

A Siemens R-40

computer has been bought and will replace the original (year 1973) hardware.
A further step is being considered to interface it to a personal computer
system to permit CNEA to develop and install an operator support expert system.

The original welded-Lip Leakproof seal for a CNA I steam generator
inspection door was modified using an AISI-316 L steel graphite spiralled
gasket.

The collective dose estimated during the qualification tests on a

mock-up is less than 50% of the historic 0.88sv for the open-and-close
operations with the original design.

At CNA I, the original DIN 1626 St 37 carbon steel piping conveying the
high pressure turbine steam discharge to the moisture separators was
considerably thinned by the combined effect of corrosion and erosion. 2.25c-Mo

carbon steel rolled plate (ASIM) was selected to manufacture the replacement
piping.
As a consequence of the rupture of one in-core level measurement tube,
some internals of the moderator tank have been harmed.
carried out at the time this report is being written.

Repair tasks are being
These tasks have

demanded an important development of working techniques and tools.

The Safety Report and Emergency Manual is being reviewed using updated
plant operation information and full-validity computer codes developed in
ENACE for design purpose.
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3. 2

CANADA

3.2.1

Multi-Unit CANDU Station Design, Darlington

3.2.1.1

Introduction [38]

Recent advances in Ontario Hydro's multi-unit Candu station designs are
described by reviewing features of the Darlington Nuclear Generating Station
which represents the latest evolution in a series of stations listed in Table
3.2.1-1.

In terms of design development the stations can be divided into two

series as follows:
Series 1:

Pickering NGS A & B

Series 2:

Bruce NGS A & B and Darlington NGS

In Series 1, the Pickering NGS A plant acted as the reference plant in
the development of the Pickering

NGS B design.

In the second series Bruce

NGS A served as the reference plant for Bruce NGS B.

In turn Bruce NGS B was

used as the reference plant for Darlington so that conceptually they are very
similar.

However the Darlington station as a whole incorporates a number of

significant design features aimed at improving constructability, reliability
and maintainability together with enhancements in provisions for control and
mitigation of serious process system failures.

These advances are highlighted

below.

TABLE 3.2.1-1. ONTARIO HYDRO'S NUCLEAR GENERATING STATION PROGRAM
STATION

RATING (NET)

FIRST UNIT
IN-SERVICE

Pickering NGS A

4 x 515 Mwe

July 1971

Pickering NGS B

4 x 516 Mwe

Hay 1983

Bruce NGS A

4 x 741 Mwe

September 1977

Bruce NGS B

4 x 837 Mwe

September 1984

4 x 881 Mwe

September 1989

SERIES 1

SERIES 2

Darlington

NGS
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3.2.1.2

Station Layout

The Darlington NGS layout, shown in Figure 3.2.1-1, is conceptually
similar to the Bruce NGS "A" and "B" designs.

The major structures in the

layout are the four Reactor Buildings, four Reactor Auxiliary Bays, Powerhouse
and Vacuum Building.

One major difference is the relocation of the fuelling

facilities from the Central Service Area (CSA) to both ends of the fuelling

duct.

This change eased the congestion in the CSA area and provided increased

fuel handling system flexibility.

Another feature of the Darlington plant

layout is the Tritium Removal Facility building located adjacent to the Vacuum
Building.

FUELLING FACILITIES
AREA (WEST)

POWERHOUSS
(TURBINE IIALLi
TURBINE AUX BAY)

REACTOR BUILDING

AND REACTOR AUX BAY
(UNIT NO. 31

_
'FUELLING FACILITIES
AUX. AREA (EAST)

FIG 3 2 1 - 1 The Darlington Nuclear Generating Station

3.2.1.3

Reactor Buildings

Figure 3.2.1-2 shows a cutaway view of the Reactor Building layout.

The

layout is very similar to the Bruce arrangement with the reactor and the

primary heat transport (PHT) circuit components located within the containment
envelope.
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The PHT pump motor units and steam generators penetrate the

2 Shutdown Cooling Heat Exchanger
3 Pressurizer
4 Heavy Wat« Storage Tank

9
10
11
12

5 Feeder Cabinet

13 Heat Transport Pump

6 Calandria
7 Shield Tank
8 Reactivity Mechanism Deck

14 Bridge Crane
15 Main Steam Line

1 Fuelling Duct

Fuelling Machine Head
Fuelling Machine Bridge Column
Fuelling Machine Transport Trolley
Steam Generator

16 Oeaerator

FIG 3.2 1-2. The Darlington GS reactor building.

containment envelope and the reactivity mechanisms deck area is also outside
containment.

This arrangement maximizes the number of components outside

containment where they can be serviced on-power and in lower radiation

fields.

One major change has been the relocation of the PHT pumps from the

sides of the reactor to between the steam generators and the reactor face.
This arrangement results in a change from a square to a rectangular Reactor

Building containment plan thereby reducing the containment envelope roof span
with resultant structural cost savings.

Another major change has been the

relocation of the shutdown cooling system (SDCS) from outside to inside the

containment envelope thereby mitigating the effects of a SDCS LOCA.
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Reactor

3.2.1.4

The Darlington reactor assembly, shown in Figure 3.2.1-3, is very similar

to the Bruce NGS designs with the following features:
480 horizontal fuel channel assemblies.
Low temperature, low pressure DO moderator in a cylindrical
calandria vessel.
-

Shield tank assembly.

Reactivity control is by zone control, control absorbers and adjusters
similar to Bruce NGS B and the Candu 600 MWe units.

15 MODERATOR OUTLETS

1 CALANDRIA
2 CALANDRIA MAIN SHELL

3 CALANDRIA SIDE TUBESHEET
t CALANORIA SUB-SHELL

5 FUELLING MACHINE SIDE TUBESHEET
6 LATTICE TUBES
7. ENO FITINGS

16 NOZZLES FOR VERTICAL REACTIVITY CONTROL
UNITS AND VIEWING PORT
17 THIMBLES FOR VERTICAL CONTROL UNITS
18 GUIDE TUBES FOR VERTICAL REACTIVITY

CONTROL UNITS
19 END SHIELD COOLING PIPING

8 FEEDERS
9 CALANDRIA TUBES

20 SHIELD TANK
21 SHIELD TANK EXTENSION

10. SHIELD TANK SOLID SHIELDING

22 RUPTURE DISC ASSEMBLY

11 STEEL BALL SHIELDING (ENO SHIELD)
12. MANHOLE

23 MODERATOR OVERFLOW

13. EMERGENCY DISCHARGE PIPES
U MODERATOR INLETS

55 INLET AND OUTLET STRAINERS

24 PRESSURE BALANCE LINES

FIG.3.2.1-3. The Darlington NGS reactor assembly.
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3.2.1.5

Heat Transport System

A simplified Darlington PHT system flow diagram is shown in Figure
3.2.1-4.

Major changes in the Darlington PHT system design from the Bruce

design are the re-adoption of two interconnected primary heat transport loops,
elimination of the two zone core and associated separate preheaters and the
reduction in the number of steam generators from eight to four.
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FIG 3 2 1-4 The Darlington NGS primary heat transport system

These changes resulted in lower demands on the containment system in the
event of a LOCA, simplified PHT circuit piping and reduced heavy water
inventory.

One drawback with the two loop arrangement is the reduced reactor

flow with three pumps running (i.e.

from 80% on the Bruce units to 65%J.

Tne

high reliability of the PHT pumps established over the past 11 years has made

three pump operation a very infrequent occurrence.

With regard to the steam generators, the new Babcock and Wilcox Canada
design includes such features as:

410 SS lattice bar support plates in place of the carbon steel

rigid tre-foil broached plate design

flat bar U bend supports which facilitate bundle thermal expansion

-

variable hydraulic resistance at the first support plate on hot leg
side to promote bundle penetration to minimize sludge build-up
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vented preheater baffles to reduce pressure drop and tube vibration

from cross flow
handholes adjacent to the tubesheet secondary face to facilitate

access for lansing.

The PHT auxiliary systems are very similar to the Bruce NGS B systems.

There is an improvement in the reliability of the shutdown cooling system with
the addition of a standby circulating pump.

3.2.1.6

Fuel Handling

The well proven on-power fuel handling approach has been increased in

flexibility and reliability through the use at Darlington of two auxiliary
areas for fuelling facilities, one at each end of the station, and a central
service area for fuelling machine maintenance.

Figure 3.2.1-5 illustrates the

overall station fuel handling system and the main features of the fuel
handling system at reactor unit 1 and the adjacent West fuelling facility

auxiliary area.

Refuelling of the four units is carried out by three trolley mounted
systems on two parallel tracks running the full length of the station directly

below the reactors.

In this illustration one trolley is shown in the

auxiliary area with one head receiving new fuel while the other head
discharges fuel into the irradiated fuel storage bay.

At unit one a second trolley system is shown with the heads picked up on
the unit bridge system and positioned to refuel a channel.

The fuel handling equipment design is similar to the Bruce NGS B
equipment with only detailed improvements being made as a result of operating

experience at the Bruce station.

3.2.1.7

Control and Instrumentation

(i)

Main Control Room

One feature of the Ontario Hydro four unit station arrangement is the
central control room,

prior to Darlington the standard arrangement was in a

square format with the control panels for each unit occupying one quadrant.
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REACTOR No. 1
REACTOR
N«. 1

I

REACTOR

I

No. J

CENTRAI
StRVICt AREA

REACTOR
N«, l

REACTOR
No. i

WEST FUELLING FACILITY
AUXILIARY AREA

FUEILING MACHINE TRANSPORT

IHOUEr. SOUTH
2. FUEI LING MACHINE TRANSPORT
IHOUEY. NORTH WEST

ACIIINE HEAD AND
SUSPENSION ASSEMBLIES
IHANSfER TABLES
S. CA1E MARY WELLS
6 CATENARIES

POWER TRACK FOR SOUTH
TRANSPORT TROLLEY

1. POWER MACK FOR NORTHWEST
i. SHIELD DOOR
10. NtW IUEL TRANSFER MECHANISMS
11. ANCILLARY PORTS
II. CALIBRATION FACILITIES

II.

IRRADIATED FUEL TRANSFER
MECHANISMS

U. SERVICE AREA REHEARSAL
FACULTIES ISARr)

IS. inilADUIED fUEL RECEPTION

BAT

II

INIERIAY CONVEYOR

17. »IRAOtAI ED FUEL STORAGE BAY
II. FFAA BRIDGES
1>. FUELLING DUCT

20. REACTOR AREA BRIDGE ASSEMBLIES
21. BRIDGE CARRIAGES

FIG.3.2.1-5. The Darlington NGS fuel handling system showing the West fuelling facility auxiliary area.

For the Bruce stations the fuel handling system control panels were located in

the centre of the control room,

on Darlington NGS the control room layout was

changed to a linear arrangement as shown in Figure 3.2.1-6.

This arrangement

reduced the unsupported span thereby eliminating extra deep beams and their
associated reduction in head room.

installation.

The linear layout also facilitated cable

The Fuel Handling system (FHS)

control panels and the Common

Services Panels are located on the opposite wall.

This arrangement allowed a

reduction in the floor area taken up by the FHS panels and removed them from
the centre of the control room where they were an irritant to the operating

staff.
PASSENGER
ELEVATOR

SHIFT
SUPERVISOR

CONTROL
EQUIPMENT
ROOM 1

WORK
CONTROL
AREA

COMPUTER
EQUIPMENT
ROOM 1

FLOOR ELEVATION 115.000

CONTROL
EQUIPMENT
ROOM 2

CONTROL
EQUIPMENT
ROOM 3

CONTROL
EQUIPMENT
ROOM 4

COMPUTER
EQUIPMENT
ROOM 2

COMPUTER
EQUIPMENT
ROOM 3

EQUIPMENT
ROOM 4

COMPUTER

UNIT 1

VISITOR

Lossy

FREIGHT
ELEVATOH

UNIT 4

WINDOW

WINDOW H

FUEL HANDLING
CONTROL EQUIPMENT

ROOMNOM

CONTROL ROOM
COMj,,ON

300 mm REINFORCED

CONTROL

COMMON PROCESS

EQUIPMENT ROOM

COMPUTER ROOM

CONCRETE

REMOVABLE

STAIRS

STAIRS

LOCAL COMMON

COMPUTER
MAINTENANCE

CONTROL EQUIPMENT
ROOM

SHOP
FUEL HANDLING

CONTROL EQUIPMENT
ROOM NO. 3

UNIT, FUEL HANDLING AND SEQUENCEOF-EVENTS MONITOR MAINTENANCE

COMPUTERS ROOM'

FUEL HANDLING
CONTROL EQUIPMENT
ROOM NO. 4 (FUTURE)
FUEL HANDLING

CONTROL EQUIPMENT
ROOM NO. 2

FIG.3.2.1-6. The Darlington NGS central control area layout.
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With regard to the control panels the major advancement on Darlington has
been increased use of colour graphics.

There are twelve CRT monitors on the

unit control panel, a 50% increase from the reference plant.

The colour

graphics system constitutes the primary source of plant data and alarms for
the operator and provides for operator interaction with the plant control
computers.

Call up of data on the CRTs is facilitated by the use of a

light-pen in addition to keyboard selection which is slower and more error

prone.

Sufficient hardware instruments are provided on the unit control panel

to allow safe shutdown in the unlikely event of complete loss of the CRT
display system.

(11)

OH 180 Programmable Controllers

A major advance in the control area was the introduction of programmable
controllers.
Darlington.

There are 1500 OH 180 programmable controllers being used at
This device was developed by Ontario Hydro Research Division

since the equipment commercially available at that time could not meet all of
the Ontario Hydro requirements.

Over a 6 year period the OH 180 has been

successfully evaluated against requirements in the following areas:

temperature, vibration, electrical transients, radio frequency interference,
seismic loading, circuit stresses, failure modes and effects, component aging
and replacement.

The benefits of the OH 180 programmable controller over

relay logic shown in Figure 3.2.1-7 include:

-

facilitating the implementation of logic changes.

-

allowing logic testing using simulation techniques prior to
installation.

facilitating checkout and testing by providing on-board diagnostic
software.

facilitating in-plant maintenance by monitoring and generating
alarms and indications covering field device status, output
signals, input and powered output ground fault detection and EPROM
board problems.

These devices are also being used on design changes in our operating
plants.
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•

REPLACEMENT FOR RELAY LOGIC

•

1500 OH 180's APPLIED ON DARLINGTON NGS

INCLUDING SPECIAL SAFETY SYSTEMS

•

ADVANTAGES:
FACILITATES IMPLEMENTATION OF LATE LOGIC
CHANGES

ALLOWS LOG IC TEST ING PR1 OR TO INSTALLATI ON

FACILITATES CHECKOUT AND TESTING BY
PROVIDING ON-BOARD DIAGNOSTIC SOFTWARE

FACILITATES MAINTENANCE BY MONITORING AND
GENERATING ALARMS AND STATUS INDICATIONS

FIG 321-7 The OH 180 programmable controller

3.2.1.8

Special Safety Systems

(i)

Shutdown Systems

Darlington has two diverse independent shutdown systems:

SDS-1 utilizing

32 gravity drop shutoff rods and SD2 with liquid poison injection.

The trip

parameters, sensing devices and mechanical components are similar to Bruce
NGS B.

One major difference is in the extensive use of computers as shown in

Figure 3.2.1-8.

Each shutdown system has:

three trip computers (one per channel)

three display/test computers (one per channel)

a monitoring computer.
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SAFETY MONITOR
COMPUTER

FIG 3 2.1-8 The shutdown computer systems (SCS)

Each of the three channels of each shutdown system is provided with a

trip computer which monitors safety parameters against setpoints, performs the
setpoint modification, alarming and trip seal-in functions.

Individual

channel trip signals are voted on by two out of three relay logic to release
the shutoff rods (SDS-1) or open poison injection valves (SDS-2).

Individual channel display/test computers are used to drive the main
control room displays, which include trip parameter setpoints and readings,
and receive their information via optical link from the trip computers.
Optical links also connect the display/test computers with the shutdown system

monitor computer for each shutdown system.

The principle role of the SDS Monitor Computer is in the performance of
tests.

The Operator selects and executes system test procedures utilizing a

keyboard/CRT arrangement connected to the Monitor computer.

Test results are
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transmitted to the Safety Monitor computer.

There is one Safety Monitor

computer for the station and its function is historical data storage.

Emergency Coolant Injection System

(u)

The Darlington ECIS design shown in Figure 3.2.1-9 differs from that of
the Bruce NGS B Station in one principal respect:

infection is accomplished by high pressure pumps ratner than gas

pressure accumulators.

Use of high pressure infection pumps provides an extended supply of high
pressure ECI/ giving a relatively long-term controlled injection period, of
particular importance when coping with a small-break LOCA.

Injection
Waler

Storage
Tank

to other units

II
Post Accident Water Cooling System
Spray Header

TTTT

TTTT
ECß
Moderator

Heat Exchanger

FIG.
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3.2.1-9. The Darlington Nuclear Generating Station A emergency coolant injection system.

Containment

(iü)

Darlington uses the negative pressure containment system, a feature of
all the Ontario Hydro multi-unit CANDU installations.

The containment

envelope is the internal boundary defining the following spaces shown in

Figure 3.2.1-10.

the four reactor vaults

-

the fuelling duct

the pressure relief duct

the pressure relief manifold

the vacuum structure

the fuelling machine head removal area

the two fuelling facility auxiliary areas

FUELLING MACHINE HEAD
REMOVAL AREA

FUELLING FACILITIES
AUXILIARY AREA WEST

FUELLING FACILITIES
AUXILIARY AREA EAST

_TL

_n
FUELLING DUCT

REACTOR V A U L T
NO. 1

REACTOR VAULT
NO. 2

REACTOR VAULT
NO 3

REACTOR VAULT
NO 4

PRESSURE RELIEF DUCT

o———o TYPE I V A L V E

PRESSURE RELIEF
VALVE MANIFOLD

0-— -o TYPE II V A L V E

0----0 REVERSE FLOW VALVE

FIG.3.2.1-10. Containment system.
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One major difference from previous station designs is in the use of two

different types of main pressure relief valves.

Tnere are a total of 16

valves divided into two physically separated banks of eight valves.

Each bank

is made up of five Pickering NGS valves and three Bruce NGS valves thereby
providing relief path diversity.
The unique and effective performance of the Negative Pressure Containment
System in minimizing tne overpressure peak and duration is shown in Figure
3.2.1-11.

Following a postulated loss of coolant accident, the resultant

pressure rise (to 97 kPa for large LOCA) in the reactor vault, fuelling duct

and pressure relief duct will cause the self-actuating pressure relief valves
to open, linking the pressure relief duct to the vacuum building.

Heavy water

and steam and air from the reactor vault enter the vacuum building causing the

pressure to rise.

This causes the water, stored in the top of the vacuum

building, to be forced along a series of pipes to spray nozzles which

distribute dousing water throughout the vacuum structure, condensing steam and

reducing vacuum building pressure.

Containment pressure returns to

subatmospheric in a short time following the initial positive pressure
transient from a loss of coolant accident.

_j, Overpressure Period
4 * fc, ^_________
Subatmospheric
Hold-up Period

Pressure
Reactor Vault

j

Dousing
Begins

[

Pressure Relief
Valves Open

40s

(typical)

Time

Filtered Air Discharge
Begins
(repressurization time)

FIG.3.2.1-11. Containment pressure following a LOCA.
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To maintain the containment below atmospheric pressure for the long-term
following a postulated accident an Emergency Filtered Air Discharge System
(EFADS) is provided.

This comprises two 100 percent exhaust fans and two 100

percent filter units with a rated capacity of 1.65M /s.

The filter units

contain moisture separators, electric heaters, prefilters, HEPA filters and

charcoal filters and are designed to ensure that radioactive releases to the
environment do not result in exposures to the public above the regulatory
limits.

The system exhausts air directly from the vacuum structure and is

manually activated when containment pressure approaches atmospheric.

The

system is operated to maintain containment pressure in the range of 0.25 kPa
and 1.0 kPa below atmospheric indefinitely.

This system has been backfitted

into the other Ontario Hydro stations.
3.2.1.9

Tritium Removal Facility (TRF)

The Darlington NCSA Tritium Removal Facility is designed to reduce the

levels of tritium in Ontario Hydro nuclear generating station DO
inventories.

This facility is the largest tritium extraction system in the

world being a factor of 20 larger than the only other commercial facility
located at Grenoble in France.

The design feed rate is 360 kg/hr and with a

steady state tritium concentration of 10 Ci/kg the heavy water product
concentration will be 0.28 Ci/kg.

The major systems in the tritium facility are shown in Figure 3.2.1-12.
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FIG.3.2.1-12. Tritium removal facility block diagram.
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The tritium is extracted from DO vapour by way of catalyzed isotopic

exchange while in contact with tritium depleted deuterium gas. The tritiated

gas is then subjected to cryogenic distillation to separate the deuterium and
tritium.

The concentrated tritium is then immobilized by way of a chemical

reaction with titanium creating a metal tritide.
contained in a vessel for storage.

The tritide is further

An Air Cleanup System (ACS) has been

provided to recover tritium in the event of an acute leak of tritium.

In the

event of a leak the room is isolated from the normal building ventilation

system and the ACS is valved in.

The air is filtered and then processed

through a recombiner where the hydrogen isotopes are oxidized.

The resultant

moisture is then removed on molecular sieve dryers,

The tritium extraction system was designed and the components were

supplied by Sulzer.

The tritium immobilization system has been developed,

designed and fabricated by Ontario Hydro Research Division.

The TRF building

and services were designed and the complete facility was constructed and
commissioned by Ontario Hydro.

The complete facility has been successfully

commissioned and declared in-service in October 1988.

3.2.2

CANDU 3 [39,40]

3.2.2.1

Introduction

The CANDU 3, with a net electrical output in the range of 450 MWe, is the
latest and smallest version of the successful CANDU nuclear power plants

offered by AECL.

The design of the CANDU 3 began in 1982 in response to a

shift in electrical generation demands in parts of the world towards units of
smaller size, and toward faster construction schedules.

The overall requirements set for the CANDU 3 were demanding and, in many
cases, competing.

These included:

- enhancement of plant safety,
- 94% lifetime capacity factor,
- 30 month construction schedule,
- utilization of proven system components and technologies,
- ability to replace or modernize any aspect within a 90 day outage,

- reduced man-rem exposure, and
- electrical generation cost competitive with coal-fired stations.
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The CANDU 3 design was developed by a closely integrated team, with
representation from all interests and disciplines, including safety,
construction and operations.

The result is a small nuclear power station that

satisfies all of the design objectives and makes the advantages of nuclear

power available to a broad spectrum of countries and utilities at a relatively
low capital cost.
An overview of the CANDU 3 is presented in the following sections, with
an emphasis on factors impacting on safety, economics and performance.

3.2.2.2

Station and Reactor Building Layout

The CANDU 3 generating station (Figure 3.2.2-1) consists of five
principal buildings and several auxiliary structures.

The distribution of

equipment and services among the buildings is primarily by function.

The

principal buildings of the CANDU 3 are, to the maximum extent feasible,

self-contained "islands" with the minimum number of connections to other
buildings.

An advantage of the CANDU 3 station layout during both

construction and operation of the station is the all around access to all
principal buildings.

1 REACTOR BUILDING

2 GROUP 1 SERVICE BUILDING
3 GROUP 2 SERVICE BUILDING
4 REACTOR AUXILIARY BUILDING
5 MAINTENANCE BUILDING

6 TURBINE BUILDING
7 ADMINISTRATION BUILDING
8 PUMP HOUSE

FIG.3.2.2-1. CANDU 3 station layout
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Consistent with the Canadian safety philosophy, all systems in the CANDU

3 are assigned to one of two groups»

Group 1 and Group 2.

In general, Group

1 systems serve normal power production requirements, while Group 2 systems
have a safety or safety support function.

The systems of either group are

capable of shutting down the reactor, maintaining cooling of the fuel and
providing plant monitoring in the event that all or part of the other group of
systems is unavailable.

In addition, the Group 2 systems have the

responsibility of mitigating any accident condition, including earthquake,
tornado, and a loss of coolant accident.

The implementation of the two group approach is apparent in the CANDU 3
station layout (Figure 3.2.2-2).

All Group 2 services, except for the Group 2

Raw Service Water System, are totally accommodated within the Group 2 Service

LEGEND
1
2

REACTOR BUILDING
GROUP I SERVICE BUILDING

2.

DIESELS

3

GROUP 2 SERVICE BUILDING

3*

SECONDARY CONTROL AREA

30

GROUP 2 DIESELS

4

REACTOR AUXILIARY BUILOINO

4>

IRRADIATED FUEL STORAGE BAY

4b

IRRADIATED FUEL STORAGE BAY
PURIFICATION AND COOLING

4C

ECC AND DjO RECOVERY

4|)

UMBILICAL AND PERSONNEL ACCESS

4«
41

MAIN CONTROL ROOM
NEW FUEL LOADING

4g

ECC HIGH PRESSURE TANKS

4h

BUILDING VENTILATION FANS (ABOVE 4bJ

5

MAINTENANCE BUILDING
TURBINE BUILDING
ADMINISTRATION BUILDING
PUMPHOUSE
ECC LOW PRESSURE TANK

GROUP 1 AND
GROUP 2 SYSTEMS

D-*-

FIG.3.2.2-2. CANDU 3 site plan.
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Building and the Group 2 portion of the Reactor Auxiliary Building.

These

structures, and all equipment within them, are seismically and environmentally
qualified including protection against tornados.

All Group 1 services are

provided from the Group 1 Service Building, or other Group 1 areas of the

station.

Most of the Group 1 areas are not seismically qualified beyond the

requirements of the National Building Code.

The irradiated fuel bay is fully

qualified and the main control room is seismically qualified to an extent
sufficient to assure operator survival.

The CANDU 3 station layout results from detailed study and review of

safety, constructability, and operability.

Specifically, this layout

maximizes safety and facilitates the CANDU Two-Group approach wnile reducing
the construction schedule by simplifying, minimizing and localizing
interfaces, by accommodating many contractors without interference, by
providing ready access to all areas and allowing flexible equipment
installation sequences, and by minimizing material handling requirements.

Figure 3.2.2-3 shows the Reactor Building, a conventional reinforced
concrete structure with a steel liner, featuring several steel bulkheads,
positioned around the perimeter wall adjacent to the base slab.

All umbilical

connections from the Reactor Building, ranging from feedwater lines to

instrumentation and electrical supplies, pass through these bulkheads;

other

penetrations in the containment structure are limited to the steam lines, the
personnel airlock and the equipment hatch.
The Reactor Building is surrounded by the Reactor Auxiliary Building
which interfaces with the other principal buildings and accommodates the
umbilical connections, the Main Control Room, and the Irradiated Fuel Storage

Bay.

A Reactor Building section is illustrated in Figure 3.2.2-4, and a plan

of the Reactor and Reactor Auxiliary Building is shown in Figure 3.2.2-5.

A

very large portion of the Reactor Building is accessible during reactor
operation, and the arrangement of structures and components facilitates
inspection, maintenance and component replacement.
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FIG 3 2 2-3

CANDU 3 reactor and reactor auxiliary building

PENETRATION
STHUCluBF
TO TURBINE BUILDING

SECTION C-C

BAND

PERSONNEL
ACCESS ROUTE

FIG 3 2 2-4 CANDU 3 reactor building section
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CONNECTING
STHUCTUOt
TO GROUP 2

SERV CE BU1LOING

'

D-*

EMERGENCY CORE COOLING
AND OyO RECOVERY

TO
MAINTENANCE

BUILDING

IRRADIATED FUEL

STORAGE BAY

IRRADIATED FUEL
STORAGE BAY
COOUNO AND
PURIFICATION

FIG 3 2 2-5 CANDU 3 reactor and reactor auxiliary building plan at elevation 100 m

3.2.2.3

Nuclear Steam Plant Systems and Components

The major components of the CANDU 3 Heat Transport System, shown in

Figure 3.2.2-6, are the 232 fuel channels, two steam generators, two reactor
coolant pumps, reactor inlet and outlet headers and the interconnecting

piping.

Heavy water coolant is fed to the fuel channels from the inlet

headers at one end of the reactor and is returned to the outlet headers at the
other end of the reactor.

The equipment arrangement, with the pumps at one
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• STEAM TO TURBINE

STEAM GENERATOR 1

-FEEDWATER

—

—

INLET
HEADERS

REACTOR
(232 ruEL CHANNELS)

OUTLET

HEAOEf S

i—

STEAM TO TURBINE

STEAM GENERATOR J

- FEEOWATEH

FIG.3.2.2-6. CANDU 3 heat transport system flowsheet.

end of the reactor, and the steam generators at the other end results in
unidirectional core flow.

This facilitates refuelling from the outlet end of

the reactor with a single fuelling machine.

The CANDU 3 reactor assembly

(Figure 3.2.2-7) comprising the calandria, the end shields, and the
surrounding steel shield tank, is similar in design to the reactor assemblies
of Bruce and Darlington.

Design features have however been incorporated to

facilitate seismic qualification, and to reduce on-site construction labour.

The CANDU 3 fuel channel (Figure 3.2.2-8), while utilizing established
components and technology, has been designed to facilitate fast installation
and replacement.

The need to access only the outlet end of the fuel channel

for refuelling permits reduction of the inlet end fitting diameter.
turn facilitates the modular fuel channel design.
and replaced as fully assembled modules.
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This in

The channels are installed

SHIELD
WATER
OUTLET

FIG 3 2 2-7 CANDU 3 reactor structures assembly

Devices for reactivity control, e.g. shutoff rods, adjustors and flux
detectors, are identical to those used in the CANDU 6 design.
the zone control system.

An exception is

CANDU 3 substitutes a system of solid zone control

rods, that utilize components from the adjuster system, for the liquid zone
control system employed in previous CANDU plants.

The CANDU 3 is refuelled utilizing a single CANDU 6/Pickering type

fuelling machine at the outlet end of the reactor.

During the refuelling of a

channel, the channel is first defuelled by the fuelling machine utilizing
coolant hydraulic forces to discharge the irradiated fuel;

new bundles

together with selected irradiated bundles are then installed in the fuel
channel.

The fuelling machine discharges irradiated fuel directly through the

containment wall to the irradiated fuel bay and receives new fuel via a nearùy
new fuel port.

This eliminates fuel transfer mechanisms and the need for new

fuel loading personnel within containment.
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FIG.3.2.2-8. CANDU 3 fuel channel assembly.
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3.2.2.4

Safety Enhancement

While building on the excellent safety features of CANDU, the CANDU 3

incorporates many safety enhancements.

These include:

(1)

Comprehensive separation of the Group 1 and Group 2 systems.

(2)

Increased containment pressure capability, thereby eliminating the
need for dedicated pressure suppression systems.

(3)

Increased heat removal capability of Group 2 systems, including a
full pressure feedwater system and provision of Group 2 services to
the shutdown cooling system.

(4)

Increased pressurizer and reduced bleed condenser sizes to maintain
Heat Transport system inventory over a wider range of upset
conditions.

(5)

Improved moderator circulation to increase the capability o£ the
moderator heat sink following a coincident loss of coolant accident
and loss of emergency coolant injection.

(6)

Improved man-machine interface, simplified control operations, and
alarm function, in combination with increased automatic testing.

3.2.2.5

Advanced Plant Control Centre

Computerized plant control has been operational in CANDU plants for 17 years
but the advanced display and control system for the CANDU 3 will provide a
substantial improvement.

The design objectives are to:

reduce capital cost and schedule,
reduce potential for operator error thus reducing the potential for
serious accidents that threaten public safety and the owner's
investment,
-

reduce staff complement on the site, and
improve the plant capacity factor.

Tne most apparent difference is a complete redesign of the main control
room.

The traditional vertical control panels are replaced by a few desk-type

consoles with a number of interactive CRT displays.

Centrally positioned in

the room will be a large, computer-controlled dynamic plant mimic that
provides a plant status overview and a consistent plant model for all control

centre staff.

To ensure continuous control under all circumstances, a
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critical function backup facility, with an identical operator interface, will
be provided in case of total failure of the main display and control system.

The advanced display and control system will provide information to the
operator which has been processed to reflect the context of his specific

objectives in each particular situation.

Also available to the operator is a

computerized plant equipment status system and interactive computerized
flowsheets for all systems.

To ensure that the plant equipment status is

always current, means will also be provided to tie the operational database
into a computerized work control system.

The universal problem of alarm overload is being addressed by defining a
small number of meaningful alarm messages backed up by a decision support
system.

In addition, the following features of the annunciation system are

designed to reduce alarm overload:
categorization by system and/or function,

-

categorization by time,
separation on the basis of significance with respect to maintenance
of plant operational states and

-

a simple means to allow authorized station staff to apply conditioning
logic to any alarm.

All procedures required in the control centre will be computerized to

allow the operator to rapidly find what is required.

These will be much more

than the computerization of the printed operations manuals and will include
animation for enhanced understanding of complex processes.

These computerized

operating procedures will be backed up by a set of symptom oriented emergency
procedures and a display of critical safety parameters.

When the root cause

of an incident or upset cannot be determined quickly, these symptom oriented

emergency procedures will ensure safe shutdown of the plant.

3.2.2.6

Constructability

The design of the CANDU 3 has been simplified and modularized to take
advantage of parallel, cost effective shop fabrication methods.

The modules

of the Reactor Building are installed by a Very Heavy Lift (VHL) crane through
the top of the Reactor Building which is open during construction.

Modules in

the reactor building are generally vertically oriented with vertical cable and
piping runs to minimize "cross-talk" between modules.
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Fast construction is

facilitated by the station layout.

The first CANDU 3 (in Canada) is planned

in a 35 month construction schedule (first concrete to in-service);
subsequent units will achieve the target 30 month construction schedule
(Figure 3.2.2-9).
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FIG 3 2 2-9 CANDU 3 construction schedule

3.2.2.7

Life Extension

The concrete structures and the reactor assembly have design lives in

excess of 100 years.

All other components can be replaced within a 90 day

outage, including fuel channels, steam generators, and turbine internals.
These components have operating lives of 40 years or more (at 94% capacity
factor), except for the fuel channels which have an operating life of 25
years.

Most components may therefore by replaced once or twice over a 100

year operating life.

The ability to easily and quickly replace components results from the
integration of layout, system design, component design, and maintenance
tooling during the early stages of design.

Ease of component replacement offers two big advantages to the station

owner.

One is plant life extension. As components reach the end of their

operational life they can be easily replaced, permitting the station life to

be economically extended indefinitely.

This not only avoids the cost of

constructing replacement stations but also defers the cost of decommissioning.
Ill

The second major advantage of easy component replacement is the insurance
value.

In the event that any component reaches end of life prematurely due to

any reason (design, manufacturing, or operating procedure deficiency for
example) it can be easily replaced, therefore avoiding a shortening of the
station life or an extended outage.

3.2.3

CANDU 6 Mk2 [41,42]

3.2.3.1

Introduction

A three year CANDU 6 Improvement Programme was completed in 1988 March.
The basis for improvement was to build on the strengths of the Wolsung CANDU 6
design.

The Improvement Programme was focussed on four areas discussed in tne

following sections.

Figure 3.2.3-1 presents highlights of improvements to the

nuclear steam supply system.

Doubl* Contelnmem« Option

Open Top Comme*««
(l>'0(eel Schedule Deduction)

Computeriied Reecto»
Shutdown 5r«t*«H*
(Update el 0«l«n)

TT

roet T

1*-^' Reduce* lo 1
. J
pvolecl Schedule Reduction)

I17H NeKtor Output

(Power Output Improvement)

Equipment Hatch
(Simplification «nd
Co«t Reduction)

Fuel Trmtor Wit*r Leek
(Pro)«! Schedule Reduction)

FIG 3 2 3-1 Improved CANDU 600 highlights NSSS and containment
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3.2.3.2

Update of Design

This aspect of improvement includes safety, availability and operability,
and renewal of technology.

One example which has elements of most of these

characteristics is the application of computer technology to CANDU special

safety systems.
In the safety system application, computers largely replace conventional
control technology for the duplicate shutdown systems and for emergency core
cooling.

This step in improvement is based on 17 years of operating CANDU

reactors by computers. In addition, CANDU 6 has 5 years of operating
experience with computer control of shutdown system trip logic.

Ontario

Hydro's new Darlington Generating Station applies full computer control to the
duplicate shutdown systems and to emergency core cooling.
Self-monitoring computer programs will identify hardware and software
faults when they are revealed in operation and automatically select a safe
shutdown condition.

Computer control simplifies operator actions associated

with the longer-term post accident operation of emergency core cooling.

Tnus

the possibility of operator error is reduced.
Probabalistic risk assessment studies have led to service water system

changes and other relatively simple changes to improve availability,
maintainability and achieve a core melt frequency as low as 10~

year.

per reactor

Use of data highway technology has permitted a major reduction in

control cabling.

Specialized components in the fuel handling system have been

replaced with standard components to protect against recurrent obsolescence.

3.2.3.3

Design Simplification and Cost Reduction

There are a large number of items for this class of improvement.

The

most significant item is the elimination of the containment dousing water
spray system.

This deletion results from reassessment of the containment

system design requirements, improvements in containment performance analysis

and application of advances in fission product pathway knowledge for the
complete range of loss of coolant accident cases.
Dousing was a major sub-system of containment.

Its deletion results in

significant simplification and cost reduction, especially since installation
of dousing was a major and difficult construction activity.
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3.2.3.4

Power Output Improvement

CANDU research and development progress since the original design for
CANDU 6 has made it practical to increase the nuclear steam plant power
output.

A significant power increase can be achieved with only minor changes

in design and small increases in equipment construction costs.
capital cost per kilowatt is reduced significantly.

Specific

The elements of this

power output improvement are:

First Stage
Three steps in reassessing power levels permit the output to be increased
by 7%.

CANDU 6 core coolant outlet operating conditions indicate that actual
margins are larger than the design specification.

Comparisons between

design, commissioning, and operating results have permitted actual
margins to be well quantified.

New analysis has shown tnat 7% higher

power output is achievable using the existing core flow and steam
generator sizing.

Full-scale, full-power heat transfer test data have shown that the
37-element CANDU fuel heat transfer performance permits significantly
higher fuel powers.

CANDU 6 power output improvement is based on the

higher 37-element fuel power limits now licensed for Bruce Generating
Stations "A" and "B".

A revision in refuelling practice for fuel channels in the central, high
power region of the CANDU core is in use at Ontario Hydro's PicXering
Generating Station.

This practice reduces power increase after

refuelling and this reduces the needed margin between time averaged power
and trip set points.

This permits an increase in average fuel channel

powe r.
The 7% power output increase permitted by these three steps is achieved

with no design change to the existing CANDU 6 nuclear steam plant and

with minimal effect on operating margins.

114

Second Stage

A 12% increase in nuclear steam plant power output is achieved by 2
additional steps in combination with stage one.

CANDU 6 operating station experience has shown that calibration
procedures for regional core overpower protection have a much smaller
uncertainty than allowed for in design.

Reduced uncertainty allowances

permit an incremental increase in operating power.

Core flow can be increased to permit higher reactor power by changing
only the heat transport pump impellers.

Capacities of steam generators

and a limited number of other nuclear steam plant heat exchangers need to
be adjusted to match the higher power.

The 12% increase requires only minimal design change and has a negligible
affect on construction.

Operating margins for the reactor are retained

at current values.

Third Stage

A 17% increase in nuclear steam plant power output is achieved by
combining the 2 preceding stages with 3 refinements to the CANDU 6
reactor.

The central, nominally flattened, high power region of the reactor core
is defined by the refuelling pattern.

The number of channels in the high

power region can be increased by modified refuelling.

This raises

reactor power output with only a marginal reduction in fuel burn-up.
Coolant flow reoptimization is necessary to maintain a uniform flow to
power margin and results in a size change for a small number of fuel
channel coolant feeder pipes.

Anchors, at the bottom of the reactor, position the shutoff rods and
other reactivity mechanisms.

Anchor materials are changed to reduce

neutron absorption and alleviate localized reduction in channel power.

The CANDU 6 reactor has a few vacant lattice positions, some of which can

accommodate fuel channels without cascading changes.

The selected 8
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additional fuel channel positions are fully integrated with the reactor
core and with the heat transport system.

The 17% power output

improvement requires the adoption of pumps and heat exchangers within the
range of Darlington component sizes.

Operating margins are increased

relative to the original design.

3.2.3.5

Project Schedule Reduction

Construction schedule reduction was investigated and quantified by
considering a number of significant factors which impact the construction
schedule as the dominant part of the overall project schedule.

Tne

construction of the CANDU 6 containment building and internal structure and

the installation of the nuclear systems typically are on the critical path.

A

number of factors were investigated to identify reductions in the duration of
this critical path.

Open Top Construction

Improved access to the reactor building interior is provided by delaying
the completion of the reactor building dome.

A temporary cover provides

weather protection and permits the use of an external heavy-lift crane to
move equipment and materials into the building.

When open top access is

no longer needed, permanent steel formwork for the dome is lifted into

place to permit dome completion in parallel with activities inside the
building.

Modules
System modules include moderator system pump and heat exchanger

subassemblies, and major valve stations for the shutdown cooling and
emergency core cooling systems.

Structural modules include stairwell

assemblies and the internal formwork for the reactor vault concrete.
Figures 3.2.3-2 to 3.2.3-5 show examples of modules and their

installation.
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FIG.3.2.3-2. One complete moderator module.
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FIG.3.2.3-5. Proposed steel vault for 600 MW CANDU reduced schedule study.

Modules can be built in a wide range of sizes and work.

Work with an

experienced builder of very large modules for off-shore oil platforms has
resulted in the identification of large modules for factory assembly of
the complete CANDU 6 Mk 2 unit.

The modules are based on the standard

CANDU 6 design with building structures revised for module manufacture,
moving and shipping.

The largest CANDU 6 Mk 2 module comprises the complete internal
installation for the containment building above the grade floor
elevation.

The module includes the reactor and fuel handling system, the

primary cooling system, steam generators and the main nuclear auxiliary
systems.

It can be shipped on a conventional seagoing barge in

conformance with Lloyd's shipping requirements.

The major benefit of using very large modules for building the CANDU 6 Mk
2 is reduced cost.

A shorter project and site construction schedule

result from the increased number of parallel activities, improved work
access and generally higher labour efficiency when factory-built modules

are used.
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Schedule Analysis

Schedule analysis was used to assess the effect of improvements which
benefit the construction schedule and to identify other critical path
activities requiring improvement.

This process continued until the

number of parallel activities on the critical path increased, indicating
that further improvement would require changes in construction and in
design for construction beyond the scope of an improved replica design.

A 51 month schedule from first concrete to full power is achievable for
the CANDU 6 Mk 2

The best achieved so far (Wolsung-1) had a

corresponding period of 62 months.

3.2.4

Advanced CANDU Concepts

3.2.4.1

Introduction [43]

AECL has undertaken the design and development of a series of advanced

CANDU reactors in the 700-1150 MWe size range.

The prime objective is to

create a series of advanced CANDU reactors which are cost competitive with
coal fired plants for large electricity generating stations.

In addition, a

fast construction schedule, enhanced safety, high capacity factor, good load

following and frequency control, long operating life and provision for plant

life extension to 100 years are all objectives.

Key factors in achieving

these objectives are an advanced control centre, modules, and use of advanced
information technology in the design process.

Conceptual designs already show the potential for a specific capital cost

at least 25% lower and a unit energy cost 15% lower than would be achieved by
replication of one of the operating CANDU 6 reactors.

Progress is summarized

in the following sections.

3.2.4.2

Plant layout and Design

The advanced CANDU concepts incorporate a flexible plant layout for ease
of plant siting and to permit various multi-unit configurations.

This will be

achieved through close specification of the interface between the nuclear
steam plant and the balance of plant and with the extensive use of standard
modules.
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Where practical, modules will be factory built and shipped to a

station site.

At land-locked sites large modules will be assembled from

smaller modules.

The reactor design will incorporate the single-ended fuel channels being

developed for the CANDU 3 reactor.

These fuel channels can be factory

assembled which significantly reduces the time required for installation into

the reactor.

In addition, this modular design also greatly reduces the time

required for removal and replacement.

This will make it possible to

completely retube the reactor within a short maintenance outage to ensure that
the target lifetime capacity factor of 94%, with a 3 year operating period

between planned maintenance shutdowns, can be achieved.

3.2.4.3

Safety and availability [44]

The target is to reduce the predicted core melt frequency to less than
10

per reactor year.

This will ensure that very severe events, wnich

might lead to exposure to the public or economic damage to the plant, will be

very unlikely.

It is intended to achieve the required level of performance

with the simplest, most passive design possible.
Rapid advances in computer technology combined with low cost computing
power provide opportunities to substantially improve the man-machine

interface, simplify plant control operations and provide advanced decision

support facilities for the operator. The automatic, computerized testing of

safety systems is another area which will be expanded.

Tnese improvements

will lead to a practical improvement in safe, economical plant operation.

3.2.4.4

Simplification and Cost Reduction

The use of passive systems and components will be expanded in the
advanced CANDU to reduce dependence on active systems and to decrease
complexity and cost.

For example, the capacity of the pressurizer will be

increased to accommodate reactor coolant volume changes from cold shutdown to
full power conditions.

This will permit a substantial reduction in coolant

feed and bleed requirements and a less complex coolant recovery system.
change will not increase the amount of heavy water»

This

it will merely be

relocated.
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Current CANDU practice is to locate instrumentation in rooms inside

containment which are accessible during operation.

Installation of tubing to

connect process instruments to systems is a significant analytical and
construction activity.

Tubeless process instrumentation is an area of

emerging technology which will be applied inside the containment of advanced
CANDU plants to simplify the plant and reduce design and construction cost.

Data highways have already been applied outside containment in the CANDU
6 Mk 2 and CANDU 3 designs.

To achieve significant improvements in noise

reduction and higher data transmission rates, fibre optic data highway
technology is being investigated.

Further developments will enable the use of

data highways within containment.

This will provide a major simplification in

construction with attendant schedule improvements.

3.2.4.5

Advanced Technology in Engineering

Starting with the CANDU 3 AECL has undertaken an integrated computeraided approach to the design of CANDU reactors.

The advanced CANDU series of

reactors will extend the use of this technique to all phases of a project

including computer aided manufacture of components and modules.

improve the schedule and quality while reducing the cost.

This will

In addition, the

electronic plant model and database created during design will form the basis
for an extensive plant status monitoring system to assist with station

operation.

3.2.4.6

CANDU Advanced Control Room [45J

CANDU control rooms have always been in the vanguard of the most
effective applications of new technology and innovative design, to provide

power plant operators with the best tools to assure low cost, continuous and
safe production.

The rapid evolution in programmable electronics technology enables
dramatic improvements in the next generation CANDU control room.

A package of

features called the Operator Companion, will inform and advise tne operator on

all aspects of plant operation in a manner that was not possible with
conventional instrumentation and control systems.
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Some features that will be available for advanced CANDU reactors are the
followingj

Context Sensitive Information

The traditional large area of panels containing complex configurations of
handswitches, recorders, meters and indicator lights will be eliminated.
The control room will be a compact module containing a few sit-down

computer consoles that will provide to the operator information that has

been processed to reflect the context of his specific objectives and
tasks in each particular situation.

Operating procedures will be written

at the beginning of the design process and form an essential part of the
base for the information system design.
Smart Procedures

Detailed operating instructions will be available on colour graphic
screens.

The operator stress level will be reduced by the use of voice

annunciation and automatic confirmation of essential prerequisites to
action.

The computer will edit and simplify the procedure based on its

knowledge of the actual state of the plant (e.g. it will not display an

instruction to turn on a pump that is already on).

Operation Decision Support Expert Systems
A number of expert systems, focussed on specific applications will be
provided.

Already available is a system to inform the operator which

channel to fuel next and another to indicate the exact location of small

fuel defects.

One expert system called the Operator Companion will provide the operator
with root cause diagnostic information during major plant operation and a

"what if" query facility to help him predict the consequences of his
actions before initiation.

It will be based on an integrated set of

expert systems utilizing a base consisting of plant variables, design

data, CADDS data and heuristics.

The output is in the form of

recommendations with the rationale for each recommendation provided on
request.
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Presentations

Complex plants really consist of several different plants depending on
the current state (e.g. full power operations, low power operations,
shut-down,).

Within the control room there will be a large dynamic

colour graphic mural mimic which can depict the major equipment and
system status of the entire plant.

Current plant data at the most

detailed level will be available on console screens in the form of
computerized flowcharts, graphs, topographically organized data and other
forms of information.

Cognitive science recognized that humans are particularly effective in
learning to associate significant meanings from shapes and patterns.

Control room displays will exploit this factor by presenting alarm
configurations and plant parameter deviations in the form of
interprétable patterns.

Operation Information System

Developed by Canadian utilities and AECL, this facility will
electronically integrate and automate many of the tedious, labour
intensive activities associated with operating a nuclear station.
example:

For

maintenance records, work control, man-rem statistics,

equipment status, event logging and reporting, and work scheduling.

The

intention is to gain a significant reduction in both operating cost and
operator stress levels.
3.2.4.7

Operator Training

Since the plant display and control system and the operating procedures

are being designed in parallel with the plant, it will be possible to provide
a full scope plant simulator early in the project schedule.

Tnis will ensure

that there is adequate time available for proper staff training.

This will be

especially important on the advanced CANDU series of plants oecause of the

very short construction schedule.
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3.2.4.8

Fuel Cycle Options [14,15]

The basic CANDU concept allows the use of a wide range of fuels.

The

optimal fuel cycle for any utility depends on political, economic, and

strategic considerations.

With current and projected uranium and enrichment

prices, the use of slightly enriched uranium is economically attractive in
CANDU reactors.

The optimal enrichment is around 1.2%,

which would result in

improvements in fuel cycle costs and uranium utilization of about 25% compared
to the use of natural uranium fuel.

In addition, the burn-up is about three

times greater than with natural uranium fuel, and therefore the volume of

spent fuel produced would be reduced by a corresponding factor.

The CANDU reactor is also synergistic with other reactor types, allowing
utilization of the uranium and/or plutonium recovered from LWR spent fuel.
For example, plutonium from LWR fuel can be used to produce electricity in a
CANDU reactor without significantly degrading the quality of the plutonium.

Thus, the plutonium can be effectively "stored" in CANDU, before use in a fast
breeder reactor.

The thorium fuel cycle is the CANDU answer to long-term

energy sufficiency, with near-breeding being possible.

The advanced CANFLEX fuel bundle developed by AECL will facilitate the
achievement of the higher burn-ups resulting from enrichment, by lowering the
linear element rating, and by changes to the fuel pellet design.

The CANFLEX

bundle will also permit deep daily load following cycles, and could be
operated at up to 20% greater power per bundle without exceeding linear
element ratings already proven in CANDU reactors.

3.3

FEDERAL REPUBLIC OF GERMANY [46]

3.3.1

Introduction

The Siemens HWR is a pressure vessel type.

This means there is a high

degree of similarity between the technology of the heavy water reactor and

that of the Pressurized (Light) Water Reactor (LWR).

With many of its important technical design principles and significant

ideas, the LWR has acted as the forerunner of the HWR.

Moreover, in many

aspects the HWR can be considered to be the very image of the LWR, and vice

versa.
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Arrangement of Main plant Buildings (Figure 3.3-1)

3.3.2

The overall plant building arrangement is similar for both HWR and LWR
nuclear power plants.

This applies particularly to the highly standardized

main buildings which are not site-dependent:

reactor building, including the main steam and feedwater valve

compartment >

-

turbine building;

-

switchgear and emergency power supply building.

PHWR

PWR

10

1
2
3
4
5
6

Reactor building
Main steam and feedwater valve compartment
Reactor auxiliary building
Vent stack
Turbine building
Switchgear and emergency supply building

7 Generator transformer
8 HV unit auxiliary power transformer
9 Off site system transformer
10 'Radioactive waste processing building
11 'Workshop and stores building
12 'Administration building and canteen
'site dependent

FIG 3 3-1 PHWR/PWR arrangement of mam buildings

These buildings form functional units that are largely independent of the

reactor type (LWR or HWR). The site-dependent buildings, such as the
circulating water structures and the supporting systems building, are arranged
in such a way as to best suit the site characteristics.
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Comparison of HWR and LWR Buildings (Figure 3.3-2)

3.3.3

For both the LWR and HWR there are two hermetically separated principal
circuits»

the reactor coolant or primary circuit, and the feedwater-steam or

secondary circuit.

1 Reactor
2 Steam generator

8 LP turtine

3 Reactor coolant pump
4 Moderator pump
5 Moderator cooler

9
10
11
12

Condenser
LP prehester
Fwdwatertank
Feedwaler pump

6 HP turbine

13 Main cooling water pump

7 Molstureseparator

14 Main condensate pump

__ Reactor coolant
l——l Moderator
Main steam
Condensate/
Feedwater

Main cooling water

HWR

Simplified Flow Diagram

1 Reactor

2 Sleam generator
3 Reactor coolant pump
4

5 HPpreheater
6 HP turbine

7 Moisture saparator

8 U> turbine
9 Condenser
10 LPpreheater

11 Feed watar tank
12 Feedwater pump
13 Mein cooling water pump

14 Main condensate pump

Reactor coolant/
Moderator

Main steam
Condensate/
Feedwater
Main cooling water

LWR

Simplified Flow Diagram

FIG.3.3-2. HWR/LWR simplified flow diagram.
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to
oo

1
2
3
4
5

Reactor pressure vessel
Steam generator
Refueling machine
Fuel pool
Accumulator

6 Reactor building crane

7 New fuel store
8 Residual heat removal pump

9 Pipe duct
10 Cable spreading area

(

1 Operating compartments

11 Main steam and feedwaler

1

i Equipment compartment!

valve compartment
12 Safety Injection pump room
13 Transfer tube
14 Manipulating bridge

1~~l Water

1
2
3
4
5
6
7
8
9

Beactor pressure vessel
Steam generator
Refueling machine
Fuel pool
Accumulator
Reactor building crane
New fuel store
Residual heat removal pump
Pipe duct

10 Cable speadlng area
11 Main steam and feedwater
valve compartment
12
13
14
IS Borated water storage pool
16 Component cooler

LHWR

LWR

Reactor Building Cross-Section

Reactor Building Cross-Section
FIG 3 3-3. LHWR/LWR reactor building cross-section.

r

| Operating compartments

1

1 Plant compartments

CD Water

The secondary feedwater-steam circuit consists of the turbine, the
condenser, condensate pumps, low pressure preheaters, feedwater tank and
pumps, and the high pressure preheaters.

These are practically identical for

both the HWR and LWR thus providing a common base of operational experience.
In the LWR HO acts as both the coolant and the moderator.

In the HWR

the DO coolant and the DO moderator are functionally decoupled and the

moderator is maintained at a lower temperature than the reactor coolant.

In

normal operation the heat transferred to the moderator coolers is used for
heating feedwater.

The moderator system shown in Figure 3.3-2 also serves as

a high pressure injection and heat removal system in the event of an emergency.
Thus apart from the core, which differs in nuclear and mechanical design,

the moderator system constitutes the only difference in the flow diagrams of
the two reactor types LWR and HWR.

3.3.4

HWR Reactor Building (Figure 3.3-3)

The reactor building consists of double containment, a spherical steel
shell housing the reactor building interiors and an outer concrete building.

The inner steel containment is designed to sustain the maximum pressure
in postulated accidents?

it houses the nuclear steam supply system (NSSS)

with all components of the primary circuit, the refuelling machine and the
pool for spent fuel elements.
design.

The latter was included in the HWR advanced

The outer concrete building serves as a protective shield against

external events and as a radiation shield.
The space between the two structures forms the reactor building annulus
which houses important safety and auxiliary systems.
The isolating and safety valves of the secondary feedwater/steam circuit

are located in the main steam and feed-water valve compartment, an annex to
the reactor building.

3.3.5

The Reactor Coolant (Primary) System (Figure 3.3-4)

The components of the reactor coolant system of the HWR are comparable in
design and arrangement with those of the LWR. The reactor pressure vessel is
positioned vertically at the centre of the system.

A reactor coolant loop,
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Steam generator 2
Moderator
cooler

Reactor coolant system
Pressurizer system
Moderator system

PHWH

Reactor Coolant Piping and Pressurizing System

RMctor

coolant
pumpl

PWR

Reactor Coolant System
FIG.3.3-4. PHWR/PWR reactor coolant systems.
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two of which constitute the primary circuit of the PHWR 380, consists of a
coolant pump, a steam generator and the interconnecting coolant piping along
with the pressurizer and the pressurizer relief tank.

Figure 3.3-4 also shows

the moderator system specific to the HWR. The Argentine PHWR 380 is equipped
with three parallel moderator circuits.

The steam generators (SG) of the LWR and the HrtR are similar U-tube

designs.

The HWR steam generator has a shorter and flatter primary channel

head in order to minimize the DO inventory requirement.

For the same

reason, the steam generator tubes are smaller in diameter (18 vs. 22 mm) and
wall thickness (1.0 vs. 2.2 mm), thus offering a larger integral heat transfer
area for the same SG shroud diameter.

It is important to note that the same

well-qualified material, i.e. incoloy 800, is used for the steam generator

tubes in both steam generator types (Figure 3.3-5).

1 Main steam outlet
2 Drier
3 Manhole with cover
and swivel device
4 Feedwater nozzle
5 Cyclone
6 Feedwater ring
7 Shroud
8 Grid
9 Tube bundle

10 Inspection parts
11 Slowdown nozzle
12 Support brackets
022 x 1,2mm

018x1

13 Primary channel head
14 Outlet nozzle
15 Inlet nozzle
16 Manhole with cover
17 Drainpipe

mm

18 Partition plate
19 Recirculation flow
restrictor

FIG.3.3-5. PHWR/PWR steam generator.

The reactor coolant pumps of the HWR are of a very similar type and
design to those of the LWR. Both reactor types use single-stage centrifugal
shaft-seal pumps driven through a gear coupling by an induction motor.

Only

the shapes of impeller and diffuser are slightly different in order to account
for the higher NPSH required for the HWR pumps due to a somewhat higher
pressure loss in the coolant channels.

An additional gas seal is used for the
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HWR pump to avoid escape of DO and tritium into the surrounding

compartments (Figure 3.3-6).

Curved tooth
coupling
Oil coolerAxial bearing

Radial bearing
Lantern

Removable section
Standstill seal

Gas seal
Hydrodynamlc

Casing

shaft seal

(three-stage)

Diffuser

Diffuser

Radial bearing

Impeller

PHWR

Impeller

PWR

FIG.3.3-6. PHWR/PWR reactor coolant pump with integrated oil supply.

1 Vent nozzle
2 Central spray nozzle
3 Nozzle for safety and

relief valves
4 Box-type spray manifold

and spray nozzles

5 Instrumentation nozzles
6 Manhole
7 Spray shirt
8 Surge line nozzle
9 Instrumentation nozzle

10 Heater rods

PHWR

PWR
FIG.3.3-7. PHWR/PWR pressurizer.
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The pressurizers (Figure 3.3-7) are similar in geometrical and functional
design.

The size relates to coolant volume and expected change in magnitude

and rate of change of plant power level.
are not immersed directly in water.

In the HWR pressurizer the heaters

Rather they are accommodated in thimbles

to avoid D O and tritium leakage during heater replacement.

Pilot operated

relief valves are actuated when there is high primary system pressure.

These

valves release into the pressurizer relief tank.

3.3.6

Reactor Pressure Vessel and Internals (Figure 3.3-8)

The differences in the reactor vessel design relate to core configuration
and performance features.

-

The vessel of the HWR is larger than that of the LWR due to the

higher water-to-fuel volume required for the HWR.

The HWR relies on the favourable use of on-load refuelling.

As a

result the closure head is penetrated by a large number of nozzles, one
for each coolant channel.

On-load refuelling is done by a fuelling

machine that operates directly above the pressure vessel closure head.

Since there is no need to open the pressure vessel for refuelling,
the closure head flange is welded onto the pressure vessel lower part.

To minimize DO inventory, both the lower and upper plenums of

the pressure vessel contain filler pieces.
The PHWR 380 uses hydraulically driven shutdown rods integrated
into the pressure vessel in contrast to the LWR which uses mechanical
drive mechanisms located above the pressure vessel closure head.

-

For the HWR boric acid injection lines are provided for fast boron

injection into the moderator thus giving a second independent and diverse
shutdown system.

The moderator in the HWR is kept separate from the coolant thus

allowing the moderator to be maintained at a lower and pre-set
temperature.

The pressure between the moderator and the coolant is

equalized by openings in the top head of the moderator tank.

Hence
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thin-walled coolant channels can be used which have low parasitic neutron
absorption.

In the LWR the fuel bundles are not surrounded by individual

coolant channels.

Instead the open core is contained in the core baffle

and barrel.
Control rod drive

Upper filler pieces

mechanism

Control rod
Control rod guide
assembly

Coolant Inlet
nozzle

Upper support grid

Moderator tank
closure head
Boric acid

Coolant Inlel nozzle

Injection - line
Coolant channel

Upper core plate

Support column

Moderator tank

Fuel assembly
Core shroud

Pressure vessel

Pressure vessel

Moderator
piping ling

Core barrel
——— Lower support grid
Flow skirt

Lower filler piece

PHWR

PWR

FIG.3.3-8. PHWR/PWR reactor pressure vessels and internals.

In spite of the above noted differences the two pressure vessel types LWR
and HWR share many features in design and materials.

As an example there are

no penetrations in the regions surrounding the core, i.e. below the coolant
and moderator loop nozzles.

The material used for the components of the

primary coolant circuit, e.g. for the pressure vessel, pressurizer, main pump
casings, and interconnecting piping, is 20 MnMoNiSS for both reactor types.

3.3.7

Reactor Core and Fuel Elements
Fuel element design and core layouts differ appreciably between the LWR

and HWR due to inherent differences in the neutron physics properties of light
water and heavy water.

As a result the HWR requires a heterogeneous hexagonal

array of fuel bundles in well spaced channels, the DO in the space between
£*

the channels acting as the moderator and separated from the coolant.

Neutron

physics for the LWR demands a small water-to-fuel volume ratio leading to a
close-packed arrangement.

through the two cores.

Figure 3.3-9 shows the horizontal cross sections

Figure 3.3-10 gives a comparison between a 37 element

fuel rod bundle as envisaged for the PHWR 380 and a 16 x 16 fuel rod assembly

as used for Biblis type LWRs.
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Moderator

inlet
1

outlet
I

Coolant
inlet Icold)

Coolant
outlet Ihoil

Coolant outlet

Coolant inlet

Moderator tank

Control rod

-x Fuel assembly
Reactor pressure
vessel

outlet

inlet

Modetalor

PHWR

PWR

FIG.3.3-9. PHWR/PWR cross-section of reactor core and reactor pressure vessel.

PHWR

Closure

View from Top

37 Rod bundle

PWR
16x16
Arrangement

plug

- Coupling
Top end
fitting
Filler
body

Section A-B
Fuel rod
- Coupling
Fuel rod

Spacer
grid
Hold-down

End plug
Fuel

assembly

Spacer

spring
assembly

Supporting tubeCladding
Cladding —

012,92x0,57 mm
Pellet
End plug-

i

length
390cm

Active

length
530cm

**10'75 * °'725 mm

- Bottom end lilting

FIG.3.3-10. PHWR/PWR fuel assembly and fuel rod.
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In terms of the fuel assemblies there is analogy in geometry and
material.

In both cases the cladding material is Zircaloy, and the fuel

consists of uranium dioxide pellets,

whereas there is only a slight

difference in rod diameter (12.92 mm for the HWR and 10.75

significant difference exists in fissile enrichment.

mm for the LWR)

a

The HWR uses natural

uranium with the potential of appreciably enhanced fuel utilization.

Using

low enriched fuel would lead to still better performance in that regard along

with substantial increase in burn-up and fuel cycle cost savings.

The burn-up

arising with the use of low enriched fuel in HWRs (about 20 000 MWd/t) will be
well supported by the technological experience achieved for LWR fuel (about
45 000 MWd/t).

3.3.8

Instrumentation and Control (Figure 3.3-11)

3.3.8.1

In-core and Qut-of-core Neutron Flux Measurement

Similar neutron detectors are used for monitoring the reactor power in
both types of reactor.

These are ionization chambers located outside the

reactor pressure vessel.

PRA

SRA

SRA

SRA

IRA

'RA

PRA

PRA

power range assembly

IRA

intermediate range assembly

SRA

source range

PODA

power distribution detector assembly

PHWR

assembly

PRA

power range assembly

IRA

intermediate range assembly

SRA

source range assembly

PDDA

power distribution detector assembly

PWR

FIG.3.3-11. PHWR/PWR neutron flux instrumentation.
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Both types use in-core self-powered detectors for measuring power
distribution.

In the HWR vanadium is used for the emitter material;

in the

LWR cobalt is used.

3.3.8.2

Control and Limitation Systems

Figure 3.3-12 shows the block diagrams of the power control systems for
the two reactor types.

The common principle for controlling the output of the

nuclear station lies in setting a reference power level for tne reactor power

Seîpoini Control
Sefpornt C o n t r o i

and Limitation
Power Distribution
Control
Control Rod Portion
Control
Control Rod Petition
Generator Load Control
Mom SteQffl MQIUKU*

Preuurv Control
Mom Stec» Minimum
Pressure Control
Neutron flux Control
Moderator lefftpernnjre
Control

Tank

PHWR

SC
SCL

S*tp«nt Control
S*tpo?n* Control
and Limitation

POC

PDW Ostnbution

RPC

Control
Control Rod Position
Control

H

Control Rod Potition

LC

Generator Load Control

Pmax C

ham Steam Maximum
Prwtiurt Control
Mom Strom Kinimum

P m in C
TC
p

fl

Prenure Control
Average Coolant
Temperature Control
Reactor Power

Condenser

PWR

Ftedwater lanK

FIG.3.3-12. PHWR/PWR NPP control system.
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control system.

The turbine-generator then is controlled to deliver output

power to the grid system in such a way that the main state variables (e.g.
main steam pressure, reactor core power distribution) remain under control.
Variations in the block diagrams are due only to inherent differences between

the two reactor types.

For example, boron and demineralized water injection

as a control feature is not relevant to the HWR whereas moderator temperature
control is not applicable to the LWR.

In addition to the control systems, limitation systems are provided in
both designs.

These limitation systems act before unacceptable operating

conditions are reached.

The setpoints for process variables are either the

initial states assumed for the accident analysis or marginally below the trip
limits of the reactor protection system.

There are limitation systems for the

total and for the local reactor power, film boiling, coolant pressure, coolant
inventory, and load rejection as shown in Figure 3.3-13.

Variations in

implementation are again due to inherent differences between the HWR and the
LWR.

For example, control rod inadvertent drop and secured demineralized

water injection are aspects not relevant to the HWR.

LIMITATION SYSTEMS

PWR
(Convoy)

PHWR
(CNA2)

Reactor Power

X

X

Power Density
Control Rod Inadvertent Drop

X

X

Control Rod Insertion
Control Rod Speed
Film Boiling
Reactor Coolant System Energy

X

X

X

X

X

n.r.

X

X

X

n.r.

Coolant Pressure
Coolant Inventory

X

X

X

X

Main Steam Minimum Pressure
Load Rejection

X

X

X

X

Reactor Coolant Pump Failure
Feedwater Pumo Failure

X

Coolant Injection Concentration

X

Secured Demineralized Water Injection

X

n.a.
n.r.
n.a.
n.a.

X

n.a. not applicable

n.r. not required

FIG 3 3-13 PWR/PHWR listing of limitation systems in NPP
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The limitation systems have a multichannel configuration;

they

constitute an essential part of the Siemens/KWU defence-in-depth safety
philosophy.

Limitation systems operate in the region between single channel

operational control systems on the one hand, and the very stringent reactor
trip event and engineered safety feature actuation on tne other hand, to bring

about smooth but reliable countermeasures to prevent reactor trips (Figure

3.3-14).

Safety 1 & C Systems
•
Protection System
Reactor
Engineered Safety
Core Protection Trip
Features Actuation
• Integral- and local • Reactorreactor power
and
limitation
turbine
• Bank movement
trip
limitation
actuation
• Rod dropping
• Local power
surveillance
• Control rod
actuation

. i

A- Safety System
Y- Support Features
• Emergency
power supply
(Diesel)

• Coolant pressure
• Coolant inventory
• Safety Injection
• Residual heat removal
(moderator system*)
• Feedwater supply
• Containment Isolation
• Main steam Isolation
• Main steam relief station

..

• Ventilation

A

N

• Overfeed protection
of steam generator

Control rod
system
Extra boratlng
system**

Rod drop
system
Fast boron*
Injection system I

Engineered
safety
features

•2V

Emergency power
system
Ventilation system

FIG.3.3-14. PHWR*/PWR** safety I&C systems.

3.3.8.3

Reactor Protection Systems

The coincident logic of the reactor protection systems (Figure 3.3-15) is

common to both reactor types.

There are two diverse channel groups (type A

and type B) each measuring a variable in strings of triple redundancy.

Safety

systems are actuated if two-out-of-three measurement values of one channel

group exceed a pre-set limit.
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Initiation-channel group
-Type A -

Initiation-channel group
-Type B -

2-out-of-3

2-out-of-3

1-OUt-of-2

FIG.3.3-15. Reactor protection system — coincidence logic.

3.3.9

Safety Related Systems and Engineered Safety Features

During normal operation, the moderator system in the HWR maintains the
moderator at a lower temperature than that of the reactor coolant.

The

moderator is led from the top of the moderator tank to the moderator pumps,
pumped to the moderator coolers and sent back to the bottom of the moderator
tank (Figure 3.3-16).

PWR

PHWR

1 Reactor pressure vessel

2 Steam generator
3 Reactor coolant pump
4 Pressurlzer

5 Pressurlzer relief tank
6 Safety Injection pump
7 Moderator pump

8 Moderator cooler

9
10
11
12

Residual heat removal pump
Residual heat removal cooler
Intermediate cooling circuit
Secured service cooling water system

FIG.3.3-16. PHWR/PWR reactor coolant and heat removal system.
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For residual heat removal operation, the moderator system is switched
over by valves.

In this mode of operation, the moderator is extracted from

the bottom of the moderator tank, and sent through the moderator coolers into
the cold legs of the reactor coolant loops and also directly into the reactor
coolant inlet annulus of the reactor pressure vessel.

In this case, the

moderator system forms the first link in the residual heat removal chain and
acts as a high pressure heat sink thus providing the same function as the
residual heat removal system in the LWR.

During emergency core cooling, the moderator serves as a high pressure
injection system for reflooding and cooling the reactor core.

Additionally,

water is injected into the coolant loops and into the upper plenum of the
reactor pressure vessel by high pressure safety injection pumps.

In the LWR,

safety injection pumps suck from the flooding water storage tank directly;
switch-over to the sump occurs after the flooding water tank has been emptied.

As the steam generators are also available for heat transfer, the reactor

has two independent high pressure heat sinks for most of the accidents to be
considered (Figure 3.3-17).

PHWR

MS

PWR

relief station

MS

relief station

1 Reactor pressure vessel
2 Steam generator
3 Reactor coolant pump

5 Main feedwater pump
6 Start up and shut down pump
7 Moderator pump

4 Main condensât pump

8 Moderator cooler

9 High pressure preheater
10 Emergency feedwater pump

FIG 3 3-17 PHWR/PWR mam steam and feedwater system
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For both types of plant, similar approaches are taken for such aspects as
the location of emergency power supplies, the control room, reactor protection

systems, and switch gear so as to protect against external impact (Figure
3.3-18).

An equally passive barrier concept is applied to both LWR and HWR designs
(Figure 3.3-19).

The primary function of the holdup systems is to remove

radioactive substances and liquid wastes from the coolant and ambient air, and

to collect this material for release only in a controlled manner.

Differences

occur only due to the D_O specific systems in the HWR, e.g. DO upgrading.

3.3.10

Summary

There is a high similarity in the technical design of the two reactor

types LWR and HWR by Siemens/KWU.

This is based upon many common features in

engineering approaches including quality control systems, management
techniques, material selection, and experience gained in operation and
maintenance.
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FIG.3.3-18. PHWR/PWR engineered safety features.
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FIG.3.3-19. PHWR/PWR radioactive barriers and holdup system.

3.4

INDIA

3.4.1

Evolutionary Improvements in Indian HWRs

The units at the Rajasthan Atomic Power Station (RAPS) are largely
identical to the Douglas Point Generating Station, although RAPS-2 has a bleed
condenser in the PHT system as in Pickering G.S. These units have a dousing
system for pressure suppression in containment.

The apprehension that a

spurious dousing incident could incapacitate the unit for a long duration led
to a major change in the design of the units at MAPS.

The reactor building containment at the Madras Atomic Power Station
(MAPS) is designed to withstand full pressure during the initial phase of a
LOCA and is provided with a pressure suppression pool in the basement.

In

addition, there is a partial double containment for the reactor building.
Unlike the open loop process water cooling for all the heavy water heat
exchangers in RAPS, in MAPS a closed loop process water system has been
adapted which in turn is cooled by sea water.

Some of the changes that have been implemented in later plants are as
follows:

a)

In RAPS & MAPS the DO recovery dryers were all situated within the
reactor building.

This was inconvenient in terms of maintenance.

Hence

in NAPP, the majority of these have been brought out of the reactor
building.

b)

The piping layout, particularly of the DO systems, was cramped in RAPS
& MAPS.

In NAPP the layout was generously spread out resulting in

extremely large building areas.

In the subsequent units this has been

optimized.

c)

In order to enhance availability of tne unit during the trip of an

operating boiler feed pump (BFP), it has been decided to provide 3x50%
BFPs in all HWRs.

d)

Subsequent to the TMI-2 accident instead of one Auxiliary Boiler Feed

Pump (ABFP) and Auxiliary condensate Extractor Pump (ACEP), 2 each have
been provided in all Indian HWRs to improve reliability of steam

generator make-up water availability during a class IV power failure.

145

e)

While only 2x100% Diesel Generators (DG) were provided for RAPS and MAPS,
3x100% DGs are being provided for subsequent reactors.

In the 500 Mwe

PHWRs, 4x50% DGs are provided, two each in two different locations.

f)

In the original design only two sources of power supply were available

for the three channels of protection and control instrumentation.

Due to

undesirable outages during power transfer, independent power supplies to
all three channels are now provided.

g)

The operation of RAPS & MAPS has resulted in a rich experience in tne

integration of HWRs into weak regional electricity grids with substantial
variations in voltage and frequency.

Several studies in this respect

have resulted in better control system adjustments to improve HWR
availability in developing countries with weak grids.

3.4.2

HWR Standard Design

A standardized 235 MWe design is planned for plants from Narora station

onwards and similar concepts are extended to the 500 MWe design.
data is listed in Table 3.4-1.

Technical

Tne experiences at RAPS, MAPS and NAPP nave

helped set the basic philosophy for the standardized design, viz:
a)

A two unit (2x235 MWe) module at each site to take advantage of the

infrastructural facilities, with a possibility of repeating the module
for a 4x235 MWe station.
b)

Each unit with identical equipment and piping layout (no mirror image) to
the maximum extent feasible so that engineering and drawings for each
unit can be identical.

c)

identical design for all major nuclear components to reduce tne

manufacturing time cycle.
d)

A standardized site/plant layout.

3.4.2.1

Plant Layout

RAPS is a two unit station with two reactor buildings having the service
building in between.

The turbine building is common to both reactors with

equipment laid out as a mirror image, although that is not the case for the
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TABLE 3.4-1. TECHNICAL DATA OF STANDARDIZED 235 MWe AND 500 MWe HWRs
235 MWe

500 MWe

AUSTENITIC SS.
6M DIA. x 5M LONG

AUSTENITIC SS.
7.8M DIA. x 6M LONG

ZlRCOLOY-2/Zr-Nb
306

Zr-Nb
392

82.6mm DIA.

102mm DIA.

19 ELEMENT,495mm LONG
7000 Mwd / TeU

37 ELEMENT.495mm LONG

CALANDRIA
MATERIAL
SIZE

PRESSURE TUBES
MATERIAL
NUMBER
SIZE
FUEL
TYPE
BURN UP I AVERAGE )

700O Mwd / TeU

CONTROL & SHUT OFF
CONTROL RODS/ZONE CONTROL

SHUT OFF
RAPS / MAPS

MODERATOR DUMP

OTHERS
PRIMARY
SECONDARY

14 CADMIUM RODS
12 LIQUID RODS

28 CADMIUM RODS
6 NOZZLES FOR POISON
INJECTION IN MODERATOR

140 Te
70' C

290 Ta
80° C

55 Te

150 Te

249° C
293° C
87 Kg/cm2

260° C
304° C
101 Kg/cm 2

MODERATOR
QUANTITY
TEMPERATURE

COOLANT
QUANTITY

TEMPERATURE
OUTLET
PRESSURE

BOILERS
TOTAL NUMBERS

4 I 8 IN RAPS/MAPS I

STEAM CONDITIONS
FLOW
PRESSURE

1090 TONNES/hr

40 Kg/cm2

3000 TONNES/hr

425 Kg/cmz
I AT THE STEAM
GENERATOR }

reactor buildings.

The central area in the turbine building serves as a

loading bay for both the units.

initial operation and maintenance experience

in RAPS indicated the need for additional space in the plant, particularly in

the service and turbine buildings.

MAPS is essentially the same as RAPS except that it provides more space
in the service and turbine buildings.

Being a sea-side station, it also has

an indoor switchyard.
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NAPP was planned as a four unit station with common service buildings and
common turbine building.

The equipment layout was unitized and a mirror image

concept was not adopted.

Each turbine unit has its own loading bay.

there is

a primary and moderator coolant purification building for two units in between
the reactor buildings.

All these have resulted in a spread out plant.

The

common facilities like the waste management plant and heavy water upgrading
plants are also at a distance from the reactor units.

KAPP layout is similar

to NAPP except some of the auxiliary plants like the waste management plant
and upgrading plant have been located close to the main plant.

The position

of the switchyard also has been changed to a location closer to the main
turbine building.

The main control room, which is located in the main turbine

building at NAPP, has been relocated in KAPP to a building adjoining the
turbine building.

The four unit concepts adopted in NAPP/KAPP are very useful

if work on all the four units is started at about the same time.

If only two

units are constructed initially and the remaining two are built much later,
the advantage of this layout is lost.

Also this layout does not provide the

flexibility to allow two 235 MWe units and two 500 MWe units at the same site.

The current layouts for 235 MWe and 500 MWe designs are based on two unit
modules and have the following salient features.

Most of these features are

also provided in NAPP and KAPP stations:

1)

Optimal use of premium space around the reactors.

2)

Cost effective design of the structures and systems.

3)

Improved radiation zoning of the station areas.

4)

Physical separation of the structures and buildings on the oasis of
their seismic classification.

5)

orientation of the turbine building radially or at an angle to the
reactor building and relocation of other safety related buildings
so that the strike probability of low trajectory missiles from LP

turbines becomes insignificant.
6)

Minimizing of construction schedules with the help of mecnanized

handling of the construction materials and major reactor components
including the calandria, end shields and the steam generators.
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7)

Housing of all heavy water handling systems including PHT and
moderator purification system, small LOCA handling system, heavy

water vapour collection system, and deutration and de-deutration
system in a physically separated and specially ventilated reactor
auxiliary building.

Figures 3.4-1 and 3.4-2 show the layout for KAIGA and the 500 MWe design

respectively.

The two unit module contains two reactor buildings, active

FIG.3.4-1. KAIGA layout.
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FIG.3.4-2. 500 MWe PHWR general station layout.

service building including spent fuel bay (two in case of 500 MWe, one

attached to each unit), safety related electrical and control buildings, two
reactor auxiliary buildings (one dedicated to each unit) arid the two turbine
buildings.

3.4.2.2

Containment

From RAPS onwards, the containment systems of the successive reactors
have undergone progressive improvements in various aspects.

RAPS uses a

dousing system in which water, stored in a very large tank at the top-most
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floor of the containment, is released through fast acting valves and sprayed

over the steam air mixture after a loss of coolant accident to limit the
building pressure.

In MAPS and all subsequent reactors a pressure suppression

system is used where the steam air mixture is led (by rupture of a pressure
actuated plastic diaphragm) to a large body of water (suppression pool) stored
in the basement of the containment.

This change has been made mainly to avoid

a system which uses actuated valves for dousing.

The RAPS reactors have a single containment envelope of reinforced
concrete with a cylindrical vertical section and a pre-stressed concrete dome.

In MAPS a partial double containment has been used with the primary
containment of pre-stressed concrete and the secondary containment of rubble
masonry.

NAPP onwards all reactors including 500 MWe have full double

containment construction with the primary one of pre-stressed concrete and the
secondary of reinforced concrete.

All the containment buildings have their

inner surface coated with epoxy/vinyl paints for improved leak tightness and
ease of decontamination.

The concept of double containment is extended to

cover the entire reactor building including the main air lock, ventilation
ducts and all penetrations.

A negative pressure is maintained in the annulus

between the walls which reduces the ground level release to a very low value.
Figure 3.4-3 shows the RAPS, MAPS and NAPP containment designs.

In NAPP, for

an effective separation of DO and HO areas, the light water part of the
steam generator is outside the primary containment.
erected from the sides of the top-most floor.

the same concept.

The steam generators are

The KAPP containment is also of

However, in KAPP it was decided to erect the steam

generators by a high capacity crane.

Four holes have, therefore, been

provided in the secondary containment and the containment heignt reduced by
about 10 metres.

Based on improvements achieved regarding heavy water losses in the

operating units and with an objective to keep the complete coolant system
within the containment it has been decided to locate the full steam generator
within the primary containment.

Accordingly a dome over dome concept has been

adopted for the latest 235 MWe and 500 MWe reactors.

Holes are provided in

both primary and secondary containments for erection and removal (if
necessary) of the steam generators.

Figure 3.4-4 shows the current 235 MWe

and 500 MWe containments.
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All reactors from NAPP onwards are provided witn tne following engineered

safety features which help in minimizing the radioactivity release to
environment in the event of a loss of coolant accident:

1)

Post accident depressurization which is done by running the
building air coolers with the emergency power.

2)

Controlled discharge from primary containment through iodine
filters to the stack.

In view of the double containment provision

depressurization can be delayed until the fission product removal

system described below becomes effective.

3)

Fission product removal from containment atmosphere (both primary
and secondary) by recirculating the building air through iodine
filters.

3.4.2.3

Reactor System

The pressurized heavy water reactor of the horizontal pressure tube type

is fuelled with natural uranium and moderated and cooled by heavy water.
Separate circuits are used for the coolant and the moderator.

Whereas the

coolant is normally maintained at high temperature and pressure, the moderator
is kept at low temperature and pressure.

An austenetic stainless steel

reactor vessel known as a calandria is located horizontally in a shielded
vault.

It houses a number of zircaloy/Zr Nb pressure tubes (306 in 235 MWe

and 392 in 500 MWe reactors) in a horizontal orientation and the pressure
tubes contain fuel and coolant.

Another set of thin zircaloy tubes known as

calandria tubes surround the pressure tubes and allow a carbon dioxide filled
annular insulating gap between the coolant and moderator.

Garter springs

between the pressure tube and calandria tube prevent the tubes from touching
each other.

Each pressure tube holds a string of fuel bundles with individual

bundles being about half a metre long.

The fuel bundles are loaded on-power

at one end of the pressure tube and discharged at the other.

Bidirectional

fuelling in alternate pressure tubes results in symmetrical flux shape in the

axial direction.
the coolant flow.

154

The fuelling is normally carried out along the direction of

A bank of steam generators (boilers) and pumps is arranged at each end of

the reactor.

The flow through the reactor is in opposite directions in

adjacent channels and the two banks are connected in a series loop like a

figure of eight.

3.4.2.4

End Shields

In RAPS and MAPS the calandria (the main reactor vessel) is of complex
design with S shaped dump ports at the bottom.
dump tank through an expansion joint.

The calandria is welded to the

The end shields are very heavy (120

tonnes) structures, consisting of 300mm steel slabs shrunk into the end shield
shell.

In NAPP the dump system for reactor shut down was replaced by

mechanical shut off rods.

The design of the end shield was also modified

wherein the thick steel slabs were replaced by steel balls which are poured
into the end shields at site.

This design feature reduces the weight of the

fabricated end shield to be transported to 60 tonnes.

In NAPP, the

calandria-end-shield assembly has a common tube sheet located in the end
shield and the calandria is welded to the tube sheet at site.

This

arrangement makes the alignment of the coolant channels easier and is also
better suited for seismic designs.

This design has been standardized for all

235 MWe units from NAPP onwards and adopted in 500 MWe design.

3.4.2.5

Steam Generators

In RAPS/MAPS the steam generators consist of number of small inverted titube heat exchangers connected to a common steam drum.
the tube material.

Monel has been used as

This design is not amenable for proper in-service

inspection and has not been designed for seismic conditions.

NAPP onwards a

steam generator with an integral steam drum has been used and the capacity has
also been doubled so that only four steam generators are used.

A more

corrosion resistant material incoloy 800 has been used for the tubes.

The

steam generators are designed for seismic conditions and in-service
inspection.

The 500 MWe steam generator is an extrapolation of the NAPP steam

generators.

Here the manufacturing is simplified and reliability increased by

eliminating the economizer section which exists in the 2J5 MWe design.
However due to increased primary temperatures that have been adopted, the
steam generators are not proportionately larger.

Fig. 3.4-5 shows the steam

generator for the 500 MWe reactor.
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FIG 3 4-5 500 MWe PHWR steam generator

3.4.2.6

Coolant Channels

The pressure boundary of each fuel channel assembly (Figure 3.4-6)
consists of a pressure tube with two end fittings.

The latter are joined to

each end of the pressure tube by a special roll expanded joint.

Axial

shielding is provided by a removable shield plug fitted in the end fittings.
A replaceable channel seal plug seals the end fittings when the fuelling

machine is not connected to the fuel channels.

Till recently the material of the coolant tubes has been Zircaloy-2.

However, in view of metallurgical behaviour and service life, it is now
planned to use coolant tubes of Zr. 2.5% Mb in all the future 235 MWe reactors
and the 500 MWe reactors.
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FIG 3 4-6 Fuel channel assembly

3.4.3

On-Power Fuel Handling Systems for HWRs

Recognizing the importance of the on-power fuel handling systems for the
success of heavy water reactors, India laid great emphasis on continually
updating the design, manufacturing technologies, and operations practices of
this equipment.

All the designs and components of the fuel handling systems

for India's first HWR, RAPP-1, were obtained from Canada.

For RAPP-2 and all

subsequent reactors, the design and manufacture of fuel handling equipment
have been progressively indigenized.

For NAPP and subsequent 235 MWe

reactors, as well as for the 500 MWe HWRs, the equipment design is fully
Indian.

3.4.3.1

Ambient temperature operation of FM heads during on-power fuelling

For RAPP-1, heavy water in the fuelling machine (FM) head was required to
be controlled at 93°C.
used.

A complex process system and associated controls was

Unsatisfactory operation of the system coupled with high failure rates

of elastomeric seals and hoses prompted re-evaluation of the requirements of

this system.

After a careful study and numerous qualifying experiments, the

heating system has been eliminated without in any way affecting the safe
operation of the fuelling machine heads, end fitting, or fuel bundles.
'Ambient temperature1 on-power fuelling is now standard in all Indian HWRs and
to date about 3500 channels have been successfully refuelled in this mode.
Failures of elastromeric seals, and hoses have come down drastically.
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3.4.3.2

Changes in layout of fuel handling equipment

While RAPP-2 and the twin units at MAPP have the same equipment layout as
in RAPP-1, from NAPP onwards, for all 235 MWe reactors, a drastically modified
layout has been adopted.

Seismic considerations and requirements for improved

containment and sealing of the fuelling machine vault atmosphere have
necessitated a redesign in the way in which the fuelling machine head is moved

across the reactor face (in the 'X1 and "Y" directions).

A fuelling machine

service area is located beneath each of the two fuelling machine vaults.

The

fuelling machine heads, mounted on a 'column and bridge" structure move
between the service area and the fuelling machine vault througn a hatch in the
vault floor.

When the fuelling machine head is brought down to the service

area the vault atmosphere is sealed off by compression seals actuated by the
fuelling machine bridge.

A 'Roll-on-shield' system is incorporated in the

fuelling machine vault to move over the hatch after the machine is brought
down to the service area.
In the 500 MWe HWR layout further improvements have been made.

The two

(North and South) fuelling machine service areas are connected by a 'fuelling

machine tunnel1 which has sealing and shielding doors.

This tunnel, together

with the 'fuelling machine air lock', also located at the same elevation,
permits a direct passage for the movement of the fuelling machine heads to and

from the reactor building.
In 235 MWe HWRs a common spent fuel storage bay is shared between two

reactors.

However, each 500 MWe reactor has a dedicated spent fuel storage

bay enabling short and direct transport of fuel from the reactor to the
storage bay.

An important feature of the layout in the 500 MWe design is that

the north and south side spent fuel transfer system equipments are independent
of each other.

Hence, even when the underwater equipment of one side is oeing

maintained, refuelling of the reactor can continue using the other side.

Provisions have been made such that on-channel fuelling operations can proceed
at the same time as the spent fuel bundles (removed from the previously
refuelled channel) are being transferred from the reactor to the storage bay.

3.4.3.3

Calibration and Maintenance Facility (CMF)

For the 500 MWe HWRs, a light water calibration and maintenance facility
(CMF) for the fuelling machine heads and associated equipment has been
provided.
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The CMF has two full-size, ambient temperature, full pressure,

coolant channel assemblies.

Two fuelling machine heads can carry out all the

on-power refuelling operations on these two channels.

Water hydraulic, oil

hydraulic and electrical controls are provided such that after any major
maintenance, the fuelling machine heads can first be tested, calibrated and

proven to be reactor worthy.

Besides the two coolant channels, the CMF also

has a "hot test facility" to simulate the operations performed by the fuelling
machine head when clamping on to a reactor end fitting during on-power
refuelling.

Numerous test rigs to independently assemble, test, calibrate and

fine tune various subassemblies of the fuelling machine head (such as ram
assembly, snout assembly, and coolant channel closure plugs) are located in

the CMF.

3.4.3.4

Modified Fuelling Machine Pressure Vessel Design

in RAPP and MAPP, the main pressure vessel of the fuelling machine is
made of modified SS 403 forgings which are required to be semifinish machined,

welded, heat treated, and finally finish machined to very close tolerances.
The relatively large wall thickness of the vessel, the fact that SS 403 is not
easily weldable, and requirements for stringent distortion control during
welding and heat treatment have all tended to make this design difficult to
manufacture.

A new design has been made for NAPP and subsequent projects.

This pressure vessel does not require any welding.

The individual parts of SS

403 are forged to optimal size and shape, heat treated and precision finish
machined.

A metallic seal in conjunction with a bolted flange-joint is used

to make up the pressure vessel assembly.

3.4.3.5

Modifications in Guide Sleeve Assembly

in RAPP and MAPP, hydraulic cylinders, located inside the fuelling
machine pressure vessel were used to move the guide sleeve between the
magazine rotor and end fitting.

In NAPP and subsequent reactors, these heavy

water actuated cylinders have been dispensed with.

Installation and removal

of the guide sleeve is now done by the rams of the fuelling machine head.The

same rotor position is used to hold the guide sleeve as well as the ram

adaptor, thus saving precious space.
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3.4.3.6

Ram Assembly

The ram assembly has long been considered to be one of the most crucial
parts of the fuelling machine and much effort has been put into improving its
design and performance.

Although ram assemblies in 235 MWe projects still

follow the same basic concept as in RAPP-1, many changes in individual
component details have been incorporated.

In the earlier design, the drive

mounting for RAM-B (one of three co-axial rams in the ram assembly) was such
that removal of the ram assembly as a whole from the rest of the machine was
difficult and time consuming.

Now, the RAM-B drive has been made integral

with the ram housing such that modular assembly and disassembly is feasible,
in RAPP-1, RAM-B is actuated by a recirculating ball screw.

Roller screws

have been extensively tested and used in place of ball screws with successful

results.

In the 500 MWe fuelling machines, the rams will be powered by a specially
developed rack-and-pinion drive.

Besides duplicated oil hydraulic motors, the

rams have additional heavy water actuated 'emergency' drives.

This concept,

however, results in increased overall length of the fuelling machine head.

To

compensate for this to some extent, each coolant cnannel will have thirteen
fuel bundles (12 in the core region) in addition to two 'fuel locators'.

The

fuel locators help reduce the ram stroke as they enable the coolant channel
shielding plugs to be located nearer to the end fitting closure plugs.

3.4.3.7

Oil Hydraulic Controls

From NAPP onwards, a major change is that all oil hydraulic circuit
components (such as directional valves, relief valves, and flow control
valves) are located in the accessible area.

in RAPP and MAPP these are

located on the fuelling machine head and hence are inaccessible during
on-power refuelling.

It is believed that the disadvantages due to the

increased number of hoses with the modified design is more than offset by the
increased capability to attend to a malfunction in the oil hydraulics.

3.4.3.8

Electrical Controls

In RAPP-1 and RAPP-2, the electrical control of the fuel handling system
was based on hard-wired logic circuits and Germanium transistor technology of

the 1960s.

In MAPP the electrical control system was updated by the use of

silicon-transistors and integrated circuits.
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In NAPP the fuel handling system

is designed around a dedicated digital computer supported by two
micro-computers.

For the 500 MWe fuel handling system a design based on the

use of Programmable Logic Controllers is under development.

3.4.4

Safety Systems in HWRs

The basic design of the 220/235/500 MWe units is similar, however, a
number of significant design changes have been made progressively from

Rajasthan to Madras to Narora and finally in the 500 MWe units.

These design

changes have been made from consideration of currently prevailing safety
standards, seismicity, improved availability, and ease of maintenance as
appropriate to the conditions in India.

The distinctive safety related characteristics of the Indian HWRs are

described below.

3.4.4.1

Shut-down Systems

Indian HWRs have used one or more of the four types of shut-down

mechanisms, namely moderator dump, solid mechanical shut-off rods, liquid
poison tubes and liquid poison injection.

Moderator dump has been used in

RAPS/MAPS and is found to achieve adequate depth and rate of negative
reactivity insertion for small cores.
shut-down systems are provided.

For NAPP reactors, two diverse

The primary shut-down mechanism consists of

14 solid mechanical shut-off rods (spring assisted gravity drop) which will
make the reactor sub-critical in less than two seconds.

The second shut-down

system, which is also fast acting, comprises 12 vertical empty tubes in the

calandria which are promptly filled with boron solution from a tank kept under
helium pressure.

For maintaining the reactor sub-critical in the long term,

when xenon load has decayed, there is a third automatic but slow-acting
shut-down system which injects boron solution into the bulk moderator.

This

automatic liquid poison addition system (ALPAS) is fully independent of the
manual boron addition system provided for controlling excess reactivity of the
initial core.

In the 500 MWe design two independent shut-down systems having adequate

reactivity worth for long term cold shut-down capability have been provided.

The shut-down system number one (SDS-1) consists of 28 spring-assisted

gravity-drop shut-off rods.

The activation of the second shut-down system
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(SDS-2) results in the rapid injection of concentrated gadolinium nitrate
solution into the bulk moderator through six horizontally distributed poison
infection nozzles.

3.4.4.2

Emergency Core Cooling System (ECCS)

The ECCS system of RAPS and MAPS uses the relatively cool heavy water in
the moderator system for emergency injection into the primary heat transport
(PHT) system.

The moderator system circulation pumps and heat exchangers are

used for the purpose.

The signal for initiation of emergency injection is

derived from PHT system low pressure.

At the time of the NAPP design, fresh analysis indicated the need for
modification of the emergency injection system existing at RAPS.

It became

necessary to engineer a new high-pressure injection system as well as for long

term cooling to replace the moderator water injection by a separate dedicated
light water system.

The emergency core cooling system in current Indian HWRs involves the
following stages:

i)

High pressure DO injection.

11)

Intermediate pressure H?0 injection.

ni)

Low pressure HO injection.

iv)

Low pressure long-term recirculation.

Fig. 3.4-7 shows a simplified schematic of the system.

The first two

stages of a high and intermediate pressure injection are provided by a system
of accumulators containing water with nitrogen gas tanks to provide tne

necessary pressure.

When the water in the accumulator is exhausted, low

pressure injection followed by recirculation provided by pumps take over.
While the initial low pressure injection is provided from an overhead tank,
the long-term recirculation is provided through the containment suppression
pool water.
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ACCUMULATORS

SUPPRESSION
POOL

FIG.3.4-7. NAPP ECCS schematic (235 MWe PHWR).

For accidents involving very small break LOCA which are within the

capacity of PHT pressurizing pumps, additional provisions have been made so

that small break LOCA can be handled without involving the ECCS described
above.

These additional provisions involve collecting the spilled DO

through appropriately located drain lines into a tank and pumping it back to
the primary coolant system storage tank after cooling it in a heat exchanger.

The ECCS system for the 500 MWe reactor design is shown in Fig. 3.4-8.
The large LOCA ECCS operates in two stages.

The initial high pressure stage

uses gas pressure to inject water into the reactor core from two H O
accumulators located in the reactor building.

The second stage of emergency

core cooling starts wnen the water in the high pressure injection tank is
exhausted.

During this stage, valves at the outlet of the recirculation pumps

and valves in the line from the suppression pool open to supply water to the

PHT system.

The suppression pool water stored in the basement of the reactor

building will be used for emergency core cooling.

163

• RAB

-x—@-&
—M—(A/)—tX—

-*w—c4
TYPICAL FOR LOOP 'A'

t&—t»—
FOR LOOP B

KCS HEAT EXCHANGERS_
13 x 50%)

-HÄ-

- ,^^

ROOM

i*' *:--; SHUT DOWN
' COOLING CKTj

J_t ;ROH

RIH •
T

F/H VAULT

L _
1

F/M

VALT SERVICE AREA

1

T*i -'

"*
**

1-J
~l

F/H VAULT

REACTOR CORE

^

FIG.3.4-8. ECCS flow sheet (500 MWe PHWR).

In addition to mitigating large LOCA situations, which ultimately

culminate into down-grading of heavy water in the breached loop, provisions

have been made to handle small LOCA conditions without resorting to HO
injection.

The scheme involved is similar to that described earlier for the

235 MWe reactor designs.
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3.5

JAPAN

3.5.1

Features of the Advanced Thermal Reactor (ATR) [47]

The basic features of ATR can be summarized as follows:

(1)

The whole core can be fuelled with MOX fuels, resulting in high
utilization of plutonium.

(2)

Heavy water is used as the moderator.

light water.

It absorbs fewer neutrons than

This results in better neutron economy and fuels can be

burnt more efficiently.

(3)

The coolant void reactivity coefficient can be designed to be near zero.
This characteristic allows easy control and regulation of the reactor,
thus contributing to stable and reliable operation of the plant.

(4)

Since the control rods are moved into and out of the moderator at near

atmospheric temperature and pressure, their operation can be expected to
be highly reliable.

(5)

The use of pressure tubes allows easy identification and removal of
defect fuel.

This is a benefit in maintaining the coolant in a clean

condition.

(6)

The reactor cooling system is divided into two independent loops.
Accordingly, if a loss of coolant accident should occur, the consequences
of the accident are limited to one loop.

3.5.2

Design of ATR Demonstration Plant [48]

A design modification is being carried out against the fundamental design
which has 648 pressure tubes.

The major point of this modified design is to

reduce the number of pressure tubes by adopting the gadolinium bearing fuel

rods in the reloaded fuel assembly which can mitigate power peaking of newly
loaded fuel in the core.

It is expected that the number of pressure tubes may

be reduced by about 5% (32 pressure tubes).

The following descriptions,

however, are based on the modified design.
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(1)

Plant

The ATR Demonstration Plant has a direct cycle reactor cooling system.

It is capable of generating 606 MWe of gross electric power, about 3.7 times
that of Fugen, with 1930 MWt reactor thermal power.

Table 3.5-1 shows some of

the major plant features of Fugen and the ATR Demonstration Plant.

A

simplified system description of the ATR Demonstration Plant is shown in

Figure 3.5-1.
TABLE 3.5-1. ATR PLANT DESIGN DATA
I t e m s

Demonstration Plant

Fugen

(1) Plant Output

55 7
1 65
3 0

Thermal power MW
Electric power MW
Thermal efficiency

%

(2) Fuel
Number of fuel assemblies

1.930
6 0 6
3 1

224
2 8
1 4. 4
MOX, UOz
Zry-2
0. 8 6
2. 0
17. 000
5 7. 4
8. 2 4
3 4

Number of rods in an assembly

Pellet diameter mm

Pellet material
Cladding material
Internal diameter of cladding mm

Fissile material content (Put 4- 23S UU
Average burn- up MWd/t
Maximum liner heat r a t i n g kN/ro

Moderator to fuel volume ratio
Fuel inventory ton
(3) Reactor Proper
Core

Lattice pitch mm
Pressure tube
Material
Calandria tank
Outside diameter mm
Height mm

7. 9 5 0
5, 040

9, 40 0
4, 8 5 0
181

49
—

7 6
13

2

2
24. 500
3. 3 0 0
6 9

81.5

ton

Control rod (Number)

B 4^r>
Stainless steel
(4) Primary Cooling System
Number of loops

Flow rate

7.600
9 10
6 8

t/h

Steam flow t/h
Steam drum pressure kg/cm 2

(5) Turbine

Steam pressure kg/cm z

90

3

2
50

6 5
2 8 0. 5
1.500

63. 5
279

Steam temperature "C
Rotation speed rpm

4

Zr-2.5Nb
117.8
4. 3

Zr-2.5Nb
1 1 7. 8
4. 3

Inside diameter mm
Thickness mm

D 2 0 inventory (Calandria tank)

1 2.
MOX
Zry-2
0.
3
31. 0 0 O'
4 9.
8.
9 0
6, 7 2 1
3, 7 0 0
240

4,053
3, 7 0 0
240

Diameter mm

Height mm

6 16
3 6

3, 6 00

Effects of Modifications and Improvements
Items
Electric power MW
Number of pressure tubes
Core diameter mm
Number of rods in an assembly
Average burn-up MWd/t
Coolant flow rate t/hr
Number of control rods
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Fugen

1 65
224

4. 05 3

2g

17. 000
7, 60 0
49

Demonstration Plant

Ratio

606

6 16

3. 6 7
2. 7 5

6.721
36
31. 0 0 0
24, 500
89

1. 6 6
1. 2 8
1. 8 2
3. 2 2
1.82

Key to Cornponent

Primary Containment Vessel

0

Calandna tank

0

Outlet pipe 1616)

0

Steam drum (2)

©

RCP (4)
Water drum (2)

©
0

Inlet feeder pipe (616)

0

High pressure steam turbine

(V) Low pressure steam turbine

@

Pressure tube assembly

@ Control rod drive unit
0

Boric 3dd injection tank

(Ti) Moderator surge tank
(£y Heavy water purification resin brd
(£s) Boric acid removal resin bed
@

Bone acid solution tank

($2) Heavy water storage tank
@

Pre heater

([s) Recombiner
^0) Accumulator

^)

Fuelling machine

(cz) Fuel carrier

Borir Acid Concentration rpnlrol Sys

@

Refr gerator

@

Condensate storage tank

(5^ Off gas hold up column
Boric Acid

@ Stack

Recovery Sys

Abb
HPCI

High pressure coolant injection

LPCI

Low pressure coolant injection

APCI

Accumulated pressure
coolant injection

RCIC

Reactor core isolation coolirg

RHR

Residual heat removal

CUW

Clean up water

SRPC

Steam release pool cooling

HGP

Helium gas purification

CFD

Condensate filter demmeralizer

CAC

Containment air cooling and

clean up
CW FW Condensate water Feed water

FIG 3 5-1 Schematic flow diagram of the ATR demonstration plant
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FIG.3.5-2. General arrangement of the reactor.

(2)

Reactor
The reactor consists of 416 pressure tubes in a vertical orientation,

calandria, and radiation shields.

Each pressure tube is surrounded by a

calandria tube and contains a fuel assembly.

Refuelling is done from the

bottom of the reactor, while control rods are driven into and out of the core

from the top, as shown in Figure 3.5-2.

(3)

Pressure Tube Assembly

A pressure tube is made of heat treated Zr-2.5% Nb, which is attached by

a rolled-joint to the top and bottom extension tubes of stainless steel.

The

inlet feeder pipe and tne outlet feeder pipe are welded to each of the
extension tubes.

The shield and seal plug are inserted in the lower part of

the bottom extension tube.

(4)

Fuel Assembly

The fuel assembly consists of 36 fuel rods arranged in three concentric
rings (6, 12 and 18 from inner to outer ring) around the centre support tube,
as shown in Figure 3.5-3.

The fuel rods are neld in their respective position

Fugen

Demo. Plant

Spacer Support tube
Fuel rod
Fuel rod
36 rods

28 rods

Parameter

Fugen

Demo, plant

4493

4388
Bundle dia., mm

Clad o.d.,

mm

111.6
16.46

14.50

0.88

0.90

Clad wall
thickness, mm

Pellet dia.,

mm

111.6

14.40

12.40

Fissile content',

MOX type B 1.8/2.3

Core inner region
21/43

(Outer rod/Mid &
Inner rod), wt%

UO, type

B 1.9/1.9

Core outer region
2.6/4

4

1- Reloading
1.6

FIG.3.5-3. Fuel assembly.
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by the lower and upper tie plate and by 12 spacers between the ends.
rod is composed of MOX fuel pellets and a zircaloy-2 cladding.

A fuel

The core

average fissile material contents are about 2.6 wt% for the initial loading

fuel and about 3.3 wt% for subsequently reloaded fuel.

(The inner and

intermediate ring fuel rods contain more fissile material compared with those
of the outer ring.)

(5)

Reactivity Control System

There are 89 control rods, thirteen of which are regulating rods of
stainless steel and the rest are safety rods of B C which are inserted into
the core at reactor shutdown or trip.
of two subsystems:

The boric acid control system consists

the boric acid rapid injection system as a backup system

for the safety rods, and the boric acid concentration control system which

adjusts for the reactivity change due to fuel burn-up.

(6)

Reactor Coolant System
The primary coolant system consists of two independent cooling loops.

Each loop contains 308 pressure tube assemblies, inlet and outlet feeder
pipes, a steam drum, a water drum, two reactor coolant recirculating pumps and

valves.

Check valves are provided just upstream of the water drum, as a

barrier for a down-comer rupture or a water drum inlet pipe rupture accident,
so that emergency core cooling water could be injected into the core through
the water drum.

(7)

Emergency Core Cooling System

The emergency core cooling system is composed of three subsystems;

high

pressure coolant injection system, low pressure coolant injection system and a

coolant injection system maintained under pressure by high pressure

accumulators.

They are designed to be capable of injecting sufficient cooling

water into the core to prevent damage to the fuel and cladding following a

LOCA due to a break in the coolant pressure boundary.

Each subsystem is

composed of two identical loops which are independent of each other.
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(8)

Residual Heat Removal System
The residual heat removal system has a cleanup function during operation

and a residual heat removal function during reactor shutdown or on loss of
off-site power.
(9)

Fuel Handling System
The fuelling machine operates during reactor shutdown and it is capable

of accommodating a maximum of six fuel assemblies.

The fuel transfer

equipment serves to transfer fresh and spent fuel between the fuelling machine
in the reactor containment building (RGB) and the fresh and spent fuel storage

facilities in the reactor auxiliary building (RAB).

Between two buildings, an

underground water canal and two fuel carriers are installed as shown in Figure

3.5-4.

Demo. Plant

Fugen

Full rtorcpe

R »actor

H Fuelling f"l
I Irruwhmel j

A A
„Transfer port

™ —Underground
wator canil

Magazin«

Magazine

- f S O 98m

13.0m

15.2m

Fuelling machin«

Refuelling Method

Fuelling machine

OH Powe»
(dulgrwd for On Power)
Number of Magazjne Tubo 4
Numb*r of Fuel AtMmbhei Refuelled
3/ooe vint

Refuelling Method
• Off-Power
Number of Megexln* Tube 9
Number of Fuel AnvmhUe* Refuelled
Spent Fuel Remevel
. 6/one visit
Freah Fuel Loading
: 3/one vUft

FIG 3 5-4 Fuel handling system
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3.5.3

Improved Points in ATR Demonstration Plant Design

The same component design theme as in Fugen is adopted in the important
systems, such as the pressure tube assembly, and the control rod and its drive
mechanism.

In order to enhance the economy, availability and reliability,

however, some modifications and improvements have been made recognizing

experience in Fugen and improvements in LWRs.

Typical modifications and

improvements are described in the following notes, and some of the effects are

shown in Table 3.5-1.

(1)

Increase of Average Channel Power

In order to make the core more compact, the average channel power is

raised by 26% compared with Fugen.

This is achieved by adopting a 36 rod

cluster fuel assembly instead of the 28 rod assembly used in Fugen, and by
adjusting the fuel enrichment of MOX fuel depending upon whether it is loaded

in the centre region of the core or the outer region.

The design of the fuel

assembly is shown in Figure 3.5-3.

(2)

Elimination of Dump Space in the Calandria Tank
A boric acid rapid injection system is installed instead of the moderator

dump system adopted in Fugen.

Hence the dump space in the calandria tank may

be omitted and the diameter of the calandria structure is reduced, as shown in
Figure 3.5-5.

The boric acid injection system injects boric acid into the

core through the control rod guide tubes in the event of an emergency.

(3)

Modification of Fuel Handling System

In order to make fuel handling easier and to shorten the time required
for transferring fuel assemblies between the reactor containment building

(RGB) and the fuel storage facilities, an underground water canal is installed
instead of a transfer chute, as shown in Figure 3.5-4.

(4)

Modification of Fuelling Machine

In order to shorten the time for refuelling, the fuelling macnine is

equipped with 8 magazine tubes for handling more fuel assemblies at one time
compared to Fugen (4 magazine tubes), as shown in Figure 3.5-4.
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The fuelling

Fugen

Demo. Plant
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Boric acid

„Dump valve

injection sys.
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D2O dump sys.

i* H.

FIG.3.5-5. Shutdown device and calandria tank.

machine contains equipment to separate the fuel string from the shield and
seal plug which is normally coupled with the fuel assembly.
in the magazine within the fuelling machine.

Fuel is located

The shield and seal plug is

reset into the bottom of the pressure tube thereafter.

AS a result of this

modification, the height of the fuelling machine is reduced.

The fuelling

machine is limited to operate in the reactor off-power condition, though that

of Fugen is designed to operate in both reactor on-power and off-power
conditions.

(5)

Modification of Reactor Containment Vessel

In order to realize use of the bottom part of the reactor containment
inner space, a hybrid type containment with semi-spherical steel top and steel

cylinder with flat concrete bottom is adopted, instead of the all steel
containment vessel adopted in Fugen as shown in Figure 3.5-4.

(6)

Prevention of Delayed Hydrogen Cracking (DHC) of Pressure Tube

The rolled joint profile is slightly modified to prevent cracking of the
pressure tube without requiring stress relieving after making the rolled joint.

(7)

Reduction of Radiation Fields attributable to Crud

Stainless steel pipes, with lower cobalt content, are used in the reactor
coolant system to reduce the induced radioactivity by corrosion products.
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(8)

Countermeasures against Stress Corrosion Cracking (SCC)

Stainless steel 316L stainless steel, which is modified version of Sd 316
more resistant against stress corrosion cracking, is used in the reactor
coolant system, instead of SS 304.

3.6

PAKISTAN

3.6.1

Introduction [49]

Karachi Nuclear power Plant (KANUPP) is a heavy water moderated and
cooled pressurized reactor of the CANDU design of the early sixties.

The

control and instrumentation (C & I) of the plant is based on conventional
analogue electronic and pneumatic systems with the exception of the control of
reactor power, boiler pressure, and turbine load which are on direct digital

control.

The plant and its C & I have generally operated quite satisfactorily

since it was commissioned in 1972. However, it is becoming increasingly
difficult to maintain the two decade old instrumentation and computers.

A

stage is fast approaching when the plant may not be operational due to the

unavailability of its C & I.
The backfitting and upgrading of C & I equipment once or possibly twice
during the lifetime of a plant, because of rapid technological developments,
can be expected to become a normal part of life extension.

A project has been

initiated at KANUPP for the replacement and upgrading of obsolete C & I
equipment in order to keep the plant operational up to and beyond its
originally intended life.

3.6.2

The Basic Problem and Possible solutions
The average life of a nuclear power plant is typically assumed to be over

30 years but that of the C & I is only 10 years or less.
problem.

This is the basic

The last two decades have seen two or three generations of

C & I equipment from various manufacturers including those which supplied the
instrumentation to KANUPP.

even worse»

The situation with respect to the computers is

both plant control and fuel handling computers became obsolete a

year after the plant went into service.
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Some specific examples of obsolescence are as follows:

Unavailability of spares at the component and board level;

unavailability of technical support for both electronic and
pneumatic instrumentation.

It is now becoming difficult to obtain

even such items as recorder charts and ink capsules.

-

Computer parts such as core and bulk (drum) memory, and analogue
input subsystem spares are no longer available.

-

Turbine monitoring instrumentation spares are not available.

Vacuum tubes for neutron power instrumentation channels are no
longer available.

Some strategies are available for combating obsolescence:

Local fabrication.

In many cases this may involve a level of

investment not practical particularly for items already obsolete in
design elsewhere in the world.

Sub-system replacement.

This is possible in some cases such as

replacement of teletypes with electronic printers, and analogue
meters with digital meters.

One-to-one replacement of all obsolete equipment.

Unfortunately,

in most cases equipment sufficiently similar to allow this is not

available.

The standards and designs that have evolved over the

last 20 years result in new equipment that is not compatible with
the old systems.

Functional replacement of systems.

This approach would use current

technology to implement the proven KANUPP systems.

This is a major

effort but is seen to be the only feasible solution both
technically and economically.
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Modification Policy and Present Progress

3.6.3

A system of change approvals (CA) has existed at KANUPP since before

commercial operation.

Several hundred CAs have been implemented to-date.

this has established a well proven procedure that has the fortunate benefit
that all plant documentation today reflects these changes.

The implementation

of changes have been mainly due to the following reasons:

-

removal of deficiencies,

technical improvements, and obsolescence.

Some of the changes made so far are itemized below:

Mechanical

Dump tank false bottom to avoid

Computers, c

-

Computer system modifications

pump cavitation

Pump house screen

Plant computer memory expansion

Process Service Water (PSW)

Regulating system improvements

heat exchanger piping

PSW heat exchanger titanium tubing

Surge tank I & C

Turbine ventilation

Replacement of paper tape by
punched card I/O devices

Breakdown orifices in bleed and

Replacement of Teletype by

feed valves

electronic printers

Modifications to helium blower seals

Vibration supports for channel

resistance temperature
detectors (RTDs)
Modifications to closed DO
collection system
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Mechanical

Computers, C

Probe for end fitting leakage
detection
Firewater system (fibreglass pipe)

3rd air compressor

Reactor building ventilation air
dryer

Surge tank modifications

DO upgrading plant extension

3.6.4

Upgrading Project in KANUPP

3.6.4.1

General

The primary purpose of the upgrading project is to combat obsolescence and
not to improve plant safety.

Improvement in equipment maintainability and

control room operator information are themselves indirect improvements in
safety.
It is intended to minimize changes to control room layout, staffing
philosophy, and the general form and function of the operator interfaces.

Old

formats of documentation will be retained if new documentation is not as
readily understood.

Existing dimensional systems will be kept because of

operator familiarity.

3.6.4.2

Replacements

It is intended to replace the following equipment with modern technology
without introducing any significant functional change to the applications.

All analogue process C & I consisting of 200 measurement and 48

control loops typically for flow, level, pressure, and temperature
applications.
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Instrumentation for about 62 process parameters wnich provide limit
value binary signals for reactor protection and engineered safety
systems.

Complete computer systems for reactor, boiler and turbine control,
reactor coolant channel outlet temperature monitoring, annunciation,
and fuel handling.

Fire alarm systems

Turbine monitoring system

Nuclear instrumentation for reactor power, access control, equipment
and area monitoring.

3.6.4.3

Major Desirable Improvements

When a backfitting project is undertaken, desirable systems or features
which did not earlier exist can now be readily added.

Improved information presentation using computer generated displays

-

Improved internal and external communications including new cables,
electronic exchanges and radio links

Extension to the switchyard.

The system is fully loaded and cannot

cater for new systems and additional support facilities being
established around the plant.

The existing 4.16 KV system will be

supplemented by an 11 KV system for which equipment is more readily
available in Pakistan.

3.6.4.4

Replacement and upgrading of the closed circuit TV system.
Equipment And Systems Not To Be Replaced or Altered

A number of items will not be replaced because they have not been
adversely affected by obsolescence or other change to equipment affecting them
indirectly.

178

Typically items not being changed include examples as follows:

Primary sensors and detectors (RTD's, orifice plates)

will not be

replaced because it involves process modifications. Where
additional uses of existing measurements are needed, isolation

amplifiers will be used to provide more channels of data rather than
installing more sensors.
Final control elements (control valves);

Motor control centres, motor control logic, and switch gear»

Power distribution equipment;
Reactor protection final trip logic system.

3.6.5

Summary

The upgrading programme is not without some problem areas and these are
being addressed in the planning process.

For example, it is important that

changes be implemented in as short a time as possible because of the crucial
role that this station plays in the supply of electricity in Pakistan.
Retraining of operators without a simulator facility has to be accommodated.

Nevertheless, the programme is underway.

The engineering study for the

switchyard extension has been completed and invitations to tender are
imminent.

The new turbine machine monitoring equipment has been installed and

is now being commissioned.

The new CCTV equipment has been installed.

Engineering studies for improvements in the control room and for the general
C & I upgrading are complete.

It is foreseen that the participation by the engineers of the owner in
this upgrading programme will result in the additional benefits of a better

understanding of the original design, complete support for the future life of
the plant, and the experience to effectively participate in future projects.
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Annex 1
SUMMARY TABLES FOR HEAVY WATER REACTORS
UNDER DEVELOPMENT OR CONSTRUCTION

1.

Reactor:

ATUCHA II

2.

Country:

Federal Republic of Germany

3.

Reactor Supplier:

Siemens

4.

Types

PHWR, pressure vessel, 2 loops

5.

Power:

750 MWe gross

6.

Core:

451 fuel channels

7.

Reactor Coolant System:

Dual loop with no coolant and
four loops for lower

temperature D O moderator
8.

Steam Generators:

2, u-tube, Incolloy 800

9.

Safety Systems:

Redundant condition limiting system
Redundant reactor protection by
control rods and boron

injection systems
Double containment of inner steel

shell for pressure containment
and outer concrete building for
shielding and external events
10.

Fuel Cycle Length:

On-power refuelling

11.

Commercial Status:

Under construction in Argentina

12.

Remarks:

Start of commercial operations
scheduled for 1994
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1.

Reactor:

ARGOS PHWR 380

2.

Country:

Argentina

3.

Reactor Supplier:

ENACE

4.

Type:

PHWR, pressure vessel, 2 primary loops,
3 moderator loops.

5.

Power;

380 MWe gross

6.

Core:

244 fuel channels, vertical control
rods.

Reactor Coolant Systems:

DO coolant with lower temperature

moderator.
8.

Steam Generators:

2

9.

Safety Systems:

Two diverse and redundant shutdown
systems, high pressure ECC system,
double, vented containment.

10.

Fuel Cycle Length:

On power refuelling with radial
shuffling.

Natural uranium, low

enriched uranium or plutonium spike
cycles.

11.

Commercial Status:

Under detailed design.

12.

Remarks :

Reactivity control through
moderator temperature change

Load following capability.
Lower construction time.
Co-60 production; removal using fuel

transfer system.
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1.

Reactor:

ATR Demonstration Plant

2.

Country:

Japan

3.

Reactor Supplier:

Electric Power Development Company
(EPDC)

4.

Type :

Heavy water moderated, boiling light
water cooled reactor with vertical
pressure tubes, 2 loops

5.

Power:

606 MWe

6.

Core:

616 fuel channels, refuelling from
bottom, control devices enter from

top

7.

Reactor Coolant System:

Direct cycle, boiling light water cooled

8.

Steam Generators:

2 steam drums for moisture separation

9.

Safety Systems:

Safety rods enter from top

Boric acid rapid injection system
Redundant high pressure and low
pressure ECC systems
Containment
10.

Fuel Cycle Length:

15 months (12 months continuous
operation)

11.

Commercial Status:

Under preparation for construction

12.

Remarks:

MOX fuel

Off-power refuelling
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1.

Reactor:

Darlington

2.

Country:

Canada

3.

Reactor Supplier:

Ontario Hydro/Atomic Energy of Canada
Limited

4.

Type:

PHWR, pressure tube, 2 loops

5.

Power:

4 x 881 MWe net

6.

Core :

480 fuel channels, double-ended

on-power refuelling, flattened power
distribution, 37 element fuel
7.

Reactor Coolant System:

Two figure-of-eight loops with DO
coolant

8.

Steam Generators:

Four

9.

Safety Systems:

Two diverse shutdown systems

High pressure ECC system
Reduced containment volume around
reactors connected through

self-acting valves to vacuum
building which has dousing capability
10.

Fuel Cycle System:

Continuous on-power refuelling

11.

Commercial Status:

Under commissioning for first unit to
start 1989

12.

Remarks:

System simplification, advanced use of
computers in control and safety

systems.

184

1.

Reactor:

CANDU 3

1.

Country:

Canada

3.

Reactor Supplier:

Atomic Energy of Canada Limited.

4.

Type :

PHWR, pressure tubes, 1 loop

5.

Power:

450 MWe net

6.

Core :

232 fuel channels, single-ended
on-power refuelling, flattened power
distribution, 37 element fuel

7.

Reactor Coolant System:

Single figure-of-eight loop with DO
coolant, larger pressurizer

8.

Steam Generators:

Two

9.

safety Systems:

Two diverse shutdown systems
High pressure ECC system with improved
reliability,
Passive containment system,
All independent of each other and of

process systems

10.

Fuel Cycle Length:

Continuous on-power refuelling

11.

Commercial Status:

Under detailed design and commercial
offer

12.

Remarks:

Extensive use of modules to achieve a
construction schedule (first

concrete to in-service) of 35 months
Load following capability.
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1.

Reactor:

CANDU 6 Mk2

2.

Country:

Canada

3.

Reactor Supplier:

Atomic Energy of Canada Limited

4.

Type :

PHWR, pressure tubes, 2 loop

5.

Power:

800 MWe net

6.

Core :

388 fuel channels, doubled-ended
on-power refuelling, flattened power
distribution, 37 element fuel

7.

Reactor Coolant System:

Two figure-of-eight loops with D_O
coolant

8.

Steam Generators:

Four

9.

Safety Systems:

Two diverse shutdown systems,
High pressure ECC with improved
reliability,
Passive containment system,
All independent of each other and of
process systems

10.

Fuel Cycle:

Continuous on-power refuelling

11.

Commercial Status:

Ready for commercial offer

12.

Remarks:

Use of system modules to achieve a
construction schedule (first
concrete to full power) of 51 months
Ability to load follow
Extensive system simplification
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1.

Reactor:

Advanced CANDU

2.

Country:

Canada

3.

Reactor Supplier:

Atomic Energy of Canada Limited

4.

Type :

PHWR, pressure tubes

5.

Power:

700-1150 MWe net

6.

Core:

380-480 fuel channels, single-ended
on-power refuelling, 43 element
CANFLEX fuel

7.

Reactor Coolant System:

Two loop with DO or HO coolant,

larger pressurizer
8.

Steam Generators:

Four

9.

Safety Systems:

Two diverse shutdown systems,
High pressure ECC system with improved

reliability,
Passive containment,
All independent of each other system
and of process systems

10.

Fuel Cycle Length:

Continuous on-power refuelling with
natural or slightly enriched (1.2%)
or recycled uranium fuels

11.

Commercial Status:

Ready for offer in early 1990's

12.

Remarks:

Use of modules to reduce construction

schedule,
Flexibility to adapt different fuel

cycles,
Extensive load following due to CANFLEX

fuel.
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1.

Reactor:

HWR

2.

Country:

India

3.

Reactor Supplier:

Nuclear Power Corporation,
Department of Atomic Energy

4.

Type :

PHWR, pressure tube

5.

Power :

235 MWe

6.

Core:

306 fuel channels

7.

Reactor Coolant System:

DO coolant with lower temperature
moderator

8.

Steam Generators:

4

9.

Safety Systems:

14 Cadmium rods in SDS-1

12 Liquid poison rods in SDS-2

Double containment
10.

Fuel Cycle Length:

On-power refuelling

11.

Commercial Status:

Number of units committed

12.

Remarks:

Operational
-2 x 220 MWe RAPS 1 & 2
-2 x 235 MWe MAPS 1 & 2

Under construction
-2 x 235 MWe NAPP 1 & 2
-2 x 235 MWe KAPP l & 2

New construction starts
-2 x 235 MWe KAIGA 1 & 2
-2 x 235 MWe RAPP

Future
-4 x 235 MWe
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3 & 4

1.

Reactor:

HWR

2.

Country:

India

3.

Reactor Supplier:

Nuclear Power Corporation
Department of Atomic Energy

4.

Type :

PHWR, pressure tube

5.

Power:

500 MWe

6.

Core:

392 fuel channels

7.

Reactor Coolant System:

DO coolant with lower temperature
moderator

8.

Steam Generators:

4

9.

Safety Systems:

28 cadmium rods in SDS-1
Poison injection into moderator for
SDS-2

Double containment
10.

Fuel Cycle Length:

On-power refuelling

11.

Commercial Status:

Under detailed design

12.

Remarks:

Commitments for construction
-2 x 500 MWe TAPP 3 &< 4
-4 x 500 MWe RAPP 5,6,7 k 8

Future
-6 x 500 MWe
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1.

Reactors

CIRENE

2.

Country:

Italy

3.

Reactor Supplier:

ANSALDO

4.

Type:

BLR/HWR

5.

Power;

115 MW thermal, 40 MWe

6.

Core:

60 fuel channels
8 bundles per channel

18 pins natural or 1.15% enrichment
UO2/bundle
7.

Reactor Coolant System:

Direct cycle boiling light water

8.

Steam Generators:

1 steam drum for moisture separation

9.

Safety Systems;

Two diverse shutdown systems (Moderator
dump + liquid absorber rods

Emergency condenser
Redundant low pressure ECC
Large containment

10.

Fuel Cycle Length:

3 months

11.

Commercial Status:

Pre-operational testing

12.

Remarks:

Single-ended fuelling

Flexibility for different fuel cycles

190

Annex 2
LIST OF PARTICIPANTS
AND TITLES OF PAPERS PRESENTED AT

THE TECHNICAL COMMITTEE MEETING AND WORKSHOP
ON PROGRESS IN HEAVY WATER REACTOR DESIGN
AND TECHNOLOGY
Montreal, Canada, 6-9 December 1988
ARGENTINA

Title of Paper;

Mr. Roberto Solanilla
Empresa Nuclear Argentina de
Centrales Elêctricas S.A.,
Avenida Leandro N. Alem 712
1° piso (1001) Capital Federal
Argentina.
Telephone: 54-1-311 9106
Telex:
339213
Facsimile
00541-11-1260 or 2338

(through
announcer)

ARGOS PHWR 380:

Advanced Boundary Design Conditions for a
Heavy Water Reactor of the Pressure Vessel Type
(K. Frischengruber, J.A. Recalde, R.B. Solanilla)
Mr. J.A. Recalde
ENACE S.A.

Av. Leandro N. Alem 712,
2° piso (1001) Capital Federal
Argentina
Telephone: 54-1-311-6811
Telex:
339213
Facsimile
00541-11-1260 or 2338
CANADA

Mr. R. Boucher
Hydro-Quebec, Gentilly-2
Centrale Nucléaire Gentilly-2
4900, boul. Bécancour
Gentilly, Que.
Telex:
05-837-149
Facsimile: 819-294-5203
Mr. G.L. Brooks
AECL

CANDU Operations
Sheridan Park Research Community
Mississauga, Ont.
L5K 1B2

Telephone:
Telex:
Facsimile:
Title of Paper;

(416)-823-9040
06-982372
(416)-823-6120

Evolution and Status of Heavy Water Reactors

191

CANADA (cont.)

Mr. Jim Brown
Ontario Hydro Research Division
800 Kipling Avenue
Toronto, Ont.
M8Z 5S4

Telephone:

(416)-231-4111 (6152)

Mr. P.R. Burroughs

Ontario Hydro Head Office
700 University Avenue H15B1
Toronto, Ont.
M5G 1X6
Telephone:
Telexs

Title of Paper;

(416J-592-5210
06-217662

Advances in Ontario Hydro Multi-unit Stations Darlington NGS
Mr. J.T. Dünn
AECL Research Company
Chalk River Nuclear Laboratories
Chalk River, Ont.
KOJ 1JO
Telephone: (613)-584-3311
Telex:
053-34555
Facsimile: (613)-589-2039

Title of Paper;

Advanced CANDU Reactors
Mr. R.B. Finlay
AECL

CANDU Operations

Sheridan Park Research Community
2251
Speakman Avenue
Mississauga, Ont.
L5K 1B2
Telephone:
Telex:
Facsimile:
Title of Paper;

(416)-823-9040
06-982372
(416)-823-6120

Incentives for Improvement of CANDU and CANDU 3
Mr. J.R. Hardman
AECL

Sheridan Park Research Community

2251
Speakman Avenue
Mississauga, Ont.
L5K 1B2

Title of Paper;

192

Telephone:

(416)-823-9050

Telex:

06-982372

Facsimile;

(416)-823-6120

The Use of Advanced Fuel Cycles in CANDU
co-author: Mr. T. Yamaho, EPDC, Tokyo, Japan

CANADA (cont.)

Mr. André Joyal
Atomic Energy Control Board
Centrale Nucléaire de Gentilly
CP 360

Gentilly, Qe.
Telephone:
Facsimile:

(819) 294-5365
(819) 298-2544

Mr. J.J. Lipsett
AECL Research Company
Chalk River Nuclear Laboratories
Chalk River, Ont.
KOJ 1JO
Telephone: (613)-584-3311
Telex:
053-34555
Facsimile: (613)-589-2039

Mr. E.O. Moeck
AECL

Chalk River Nuclear Laboratories,

Chalk River, Ontario
KOJ 1JO

Telephone:
Telex:
Facsimile:

Title of Paper :

613-584-3311
053-34555
613-589-2309

The Canadian R&D Programme Targeted at
CANDU Reactors

Mr. J.T. Rogers

Carleton University
Colonel By Drive
Ottawa, Ont.
K1S 5B6

Telephone:
Facsimile:

(613)-564-2787
(613)-564-7153

Mr. J.D. Sainsbury
AECL
CANDU Operations

Mis s i s sauga, Ont.
L5K 1B2

Telephone:

(416)-823-9040

Telexs

06-982372

Facsimile:

(416)-823-8006

Title of Paper;

CANDU 6 Mk 2 Programme

FRANCE

Mr. Bernard Micaux
IRDI/DEDR/CRE

GEN de Saclay 91191

Gif sur Yvette Cedex
France
Telephone:

33 (1) 69 08 33 16

Telex:

604 641 f

Telefax:

33 (1) 69 08 82 60

193

FRANCE (cont.)

Mr. Philippe Lemoine
Electricité de France - liaison engineer
Technical and Training Services Division
Ontario Hydro
700 University Avenue, a7-hl
Toronto
Ontario M5G 1X6, Canada
Telephone: (416) 592-2475

FEDERAL REPUBLIC of

Mr. P-J. Meyer
Deputy Director
Siemens AG, Group KWU
Department U 5212
Hammerbacherstrasse 12+14
P O Box 3220
D-8520 Erlangen
Telephone: 09131-18 2127
Telex:
62929-0
Facsimile: 09131-184604

GERMANY

Title of Paper;

Comparison of Siemens KWU PWR and PHWR Concepts in Performance and Design

INDIA

Mr. Ch. Surendar
Director 500 MWe PHWR Group
Nuclear Power Corporation of India Limited
S-71 South Site, BARG

Trombay, Bombay 400 085
Telephone: 555 0746
Telex:
011-72316 NPB-IN

Title of Paper;

India PHWRs - Some Safety Related Studies

ITALY

Mr. M. Giuseppe Cannata
ENEL
"Gruppo CIRENE"

Via G.B Martini,3
00198 Roma,
Italy.
Telephone: 85092725
Mr. Giovanni Messore
ENEA
"Unità CIRENE"
Via Vitaliano Brancati 48
Roma
Italy
JAPAN

Title of Paper;

194

Mr. T. Wakabayashi
Power Reactor & Nuclear Fuel Development
Corporation
4002 Narita-cho
O-arai-machi
Ibaraki
Japan
Telephone: 0292-67-4141
Telex:

J 26462

Facsimile:

0292-66-1637

Characteristics of Plutonium utilization in ATR

JAPAN (cont.)

Mr. I.Suzuki
Electric Power Development Co. Ltd.
15-1, Ginza
6-Chome, Chuo-Ku
Tokyo 104,

Title of Paper:

Japan
Telephone:

(03) 546-2211

Telex:

EPDCTOK J 26273

Status of ATR Design & Technology
Mr. S. Kusunose
Electric Power Development Co. Ltd.
15-1 Ginza
6-Chome, Chuo-Ku
Tokyo 104

PAKISTAN

Title of Paper:

Japan
Telephone:

(03) 546-2211

Telex:

EPDCTOK J 26273

Mr. M. Azfar Beg
Senior Principal Engineer
Chashma Nuclear Power Project,
Islamabad
Pakistan
Telephone:

820463,813471-813478

Telex:

54140 cnpp pk

Issues Relating to Safety Evaluation and
Improvement of Safety Standards of Older Nuclear
Power Plants
Mr. Javed Iqleem
Senior Principal Engineer
Karachi Nuclear Power Plant

Karachi
Pakistan
Telephone:
Telex:
Title of Paper;

737221-30
2602 Kanupp pk

Computer Control and Instrumentation

Backfitting in a PHWR Plant
USA

Mr. P. Lang

Office of Nuclear Energy
U.S. Dept. of Energy
NE-4 2
Washington, DC 20545
U.S.A.
Telephone: 301-353-3313

Telex:

710-8280475

Facsimile:

301-353-3870/353-3486

195

Consultant;

Mr. J. Stevens
155 Thistledown Boulevard

Rexdale,
Toronto, Ontario
M9V 1J7
Canada
Telephone:

IAEA

(416)-741-4224

Mr. J. Kupitz
Mrs. W. Sheng
Scientific Secretaries

Nuclear Power Technology Development Section
Division of Nuclear Power
Wagramertrasse 5
P O Box 100
A-1400 Vienna
Austria.

196

Telephone:

43 (222) 2360-2814 (J. Kupitz)

Telex:
Facsimile:

1-12645
222-230184

REFERENCES
2.1.2.3

[I]

MILGRAM M.S., "Thorium fuel cycles in CANDU reactors:

a review",

AECL-8326, 1984.

2.2.2
[2]

CHEADLE B.A., COLEMAN C.E., RODGERS O.K., "Examination of

components removed from reactors", CNS International Conference on
CANDU Maintenance, Toronto, 1987.
2.2.2.1

[3]

COX B., Mechanism of Oxidation and Hydrogen uptake in Zirconium
Alloys, Atomic Energy of Canada Limited, AECL-9018, (1985).

2.2.2.1
[4]

SIMPSON L.A., CHOW C.K., "Effect of metallurgical variables and

temperature on the fracture toughness of zirconium alloy pressure
tubes", ASTM Special Technical Publication 939, (1987).
2.2.2.2

[5]

CAUSEY A.R., FIDLERLS V., In-Reactor Deformation of Zr-2.5 wt% Nb
Pressure Tubes, Atomic Energy of Canada Limited, AECL-9499, (1987).

2.2.2.2
[6]

DOLBEY M.P., "CIGAR:

An automated inspection system for CANDU

reactor fuel channel", ASM 8th Int'l. Conf. on Non-Destructive
Evaluation in the Nuclear Industry, Orlando, Florida, 1986.
2.2.2.4
[7]

CHEADLE S.A., "Confidence in fuel channel components", CNS
Conference, St. John, New Brunswick, 1987.

2.2.3.1
[8]

LISTER D.H.,PATHANIA R.S., AECL Research Programs in Systems

Chemistry, Atomic Energy of Canada Limited, AECL-7079, (1984).
2.2.3.2
[9]

KITTMER C.A., AIKIN J.A., REINWALD J.W., "Advanced techniques for
valve packing removal", CNS International Conference on CANDU
Maintenance, Toronto, Canada, 1987.

2.2.3.2
[10]

PETTIGREW M.J., TAYLOR C.E., TROMP J.H., "Vibration of heat

exchanger tube bundles in two-phase cross-flow: Design
guidelines", 1988 ASME Winter Annual Meeting, International
Symposium on Flow-Induced Vibration and Noise, Chicago, Illinois,
1988.
2.2.3.2
[II]

KITTMER C.A. (AECL), HARRINGTON A.J. (Ontario Hydro), "In-situ

sampling for pressure tube deuterium concentration", Remote
Techniques for Inspection and Refurbishment of Nuclear Plants
Conference, British Nuclear Energy Society, Stratford-upon-Avon,
UK, 1988.

197

2.2.3.3

[12]

HASTINGS I.J. (Editor), Proceedings of the International Conference
on CANDU Fuel 1986, October 6-8, Chalk River, Canada, Canadian
Nuclear Society, (1986).

2.2.3.4
[13]

CARVER M.B., TAHIR A., KITELEY J.C., BANAS A.O., ROWE D.S.,

MIDVIDY W.I., "Multidimensional simulation of the distribution of

flow and phases in horizontal bundles", international Topical
Meeting on Thermalhydraulics and Nuclear Reactors, Seoul, Korea,
1988, Korean Nuclear Society, Seoul.
2.2.4.1
[14]

GREEN R.E., BOCZAR P.G., HASTINGS I.J., "Advanced Fuel Cycles for

CANDU Reactors", Canadian Nuclear Association Conference, Winnipeg,
1988 Atomic Energy of Canada Limited, AECL-9755.
2.2.4.1 & 3.2.4.8

[15]

2.2.4.3
[16]

HARDMAN J.R. (AECL), YAMAHO T. (Electric Power Development
Corporation), "The use of advanced fuel cycles in CANDU", IAEA
Technical committee and Workshop on Progress in Heavy Water Reactor
Design and Technology, Montreal, Canada, 6-9 Dec., 1988.

GALLEY M.R., "Future trends in heavy water production", Fourth

Pacific Basin Nuclear Conference, Vancouver 1983, Atomic Energy of
Canada Limited, AECL-7547, (1983).

2.2.4.3
[17]

McALPINE R.D., EVANS O.K., IVANCO M., Selective Multlphoton

Decomposition Studies Relating to the Separation of Hydrogen
Isotopes, Atomic Energy of Canada Limited, AECL-9207, (1986).
2.2.4.4
[18]

McDONNELL F.N., DASTUR A.R., LANE A.D., "Advanced reactor core

concepts, focus for reactor physics activities in Canada", (proc.

International Reactor Physics Conference, Jackson Hole, Wyoming,
1988), Volume I, pp. 1-59 to 1-68.
2.2.4.5
[19]

SILLS H.E., ANDERSON J.W.D., "Operations decision support systems
for CANDU nuclear plant operations", Canadian Nuclear Association
Conference, Winnipeg, Canada, 1988.

2.2.5.1
[20]

RICHARDS D.J., et al., "CATHENA:

A two-fluid code for CANDU LOCA

analysis", (Proc. of 3rd Int'l. Topical Mtg. on Reactor
Thermalhydraulics, Rhode Island, USA, 1985), pp. 7E-1 to 7E-4.
2.2.5.1

[21]

RICHARDS D.J., "Validation of the CATHENA two-fluid code using
RD-14 experiments", (Proc. of Int'l. ENS/ANS Conference on Thermal
Reactor Safety, Avignon, France 1988).

2.2.5.2

[22]

198

TAMM H., et al., "Overview of the technical basis for the safety of
CANDU reactors", Int'l. Symposium on Nuclear Safety, Tokyo, Japan,
1987, Atomic Energy of Canada Limited, AECL-9559.

2.2.5.2

[23]

ROSINGER H.E., et al., "The determination and verification of
circumferential temperature distributions in CANDU-PHW reactor fuel
channel assemblies under coolant flow stagnation", (Proc. of int'l.
ENS/ANS Conference on Thermal Reactor Safety, Avignon, France,
1988) Paper 163.

2.2.5.3

[24]

2.2.5.3
[25]

IGLESIAS P.C., et al., "Measured release kinetics of ruthenium from
uranium oxides in air and steam", (Proc. of Int'l. ENS/ANS
Conference on Thermal Reactor Safety, Avignon, France, 1988).

FEHRENBACH P.J., WOOD J.C., Description of the Slowdown Test
Facility COG Program on In-Reactor Fission Product Release,

Transport and Deposition under Severe Accident Conditions, Atomic
Energy of Canada Limited, AECL-9343.
2.2.5.3

[26]

MACDONALD L.D., et al., "A transient fission product release model
for radioactive and stable species", The IAEA Technical Committee
Meeting, Preston, England, 1988.

2.2.5.4

[27]

TENNANKORE K.N., et al., "Hydrogen combustion issues and
containment integrity", (Proc. of the Int'l. Conference on Nuclear
Containment, Cambridge, England, 1988), Atomic Energy of Canada
Limited, AECL-9094.

2.2.5.5

[28]

GARISTO F., et al., "Reactor safety chemistry at whiteshell",
(Proc. of the Int'l. Conference on Water Chemistry of Reactor
Systems, British Nuclear Society, Bournemouth, UK, 1986).

2.4.3
[29]

VENKATRAJ V., SURENDAR Ch., (Department of Atomic Energy, India),

"Indian PHWRs - Some safety related studies", IAEA Technical
Committee and Workshop on Progress in Heavy Water Reactor Design
and Technology, Montreal, Canada, 6-9 Dec., 1988.
2.5.5.2
[30]

WAKABAYASHI, Toshio, "Characteristics of plutonium utilization in
ATR", O-arai Engineering Centre, Power Reactor and Nuclear Fuel

Development Corporation, Oarai-machi, Ibaraki-ken, Japan.
2.5.5.3

[31]

KITAHARA T., "R & D activities related to ATR safety",
International Symposium on Nuclear Safety - Water Reactor
Regulation and Safety, Tokyo, Japan, Dec. 8-10, 1987.

2.6
[32]

BEG M.A., HASHMI J., (Pakistan Atomic Energy Commission), "Issues

relating to safety evaluation and improvement in safety standards
of older nuclear power plants", IAEA Technical Committee and
Workshop on Progress in Heavy Water Reactor Design and Technology,

Montreal, Canada, 6-9 Dec., 1988.

199

2.7.1

[33]

MESSORE G.A., VILLANI A., "The use of a small nuclear power station

for experimental purposes", IAEA-SM-300/047, Grenoble, France, Oct.
1987.
2.7.2
[34]

MARTINELLI R. (ENEA), CHOW H., DASTUR A. (AECL), "Reduction of void

reactivity in light water cooled, heavy water reactors", 31st
NEACRP Meeting, Mito, Japan, Oct. 1988.
2.7.2
[35]

2.7.4
[36]

GROSSI A., VANOSSI A., "Measurements of void reactivity effects in
CIRENE mockup fuel channels at RB-3", 30th NEACRP Meeting,
Helsinki, Finland, Sept. 1987.

MARTINELLI R. et al., "The CIRENE-CIGAR fuel channel in-service
inspection system", A.I.M. Congress on Electrical Power Stations,
Luik, Belgium, Sept. 1989.

3.1.3
[37]

SOLANILLA R.B., RECALDE J.

et al, (CNEA/ENACE, Argentina),

"Argentina offers a 380 MWe PHWR with enhanced safety features",
Nuclear Engineering International, May 1987.
3.2.1.1
[38]

BURROUGHS P.R., (Ontario Hydro), "Darlington NGS - Advances in
Ontario Hydro multi-unit CANDU station design", IAEA Technical

Committee and Workshop on Progress in Heavy Water Reactor Design
and Technology, Montreal, Canada, 6-9 Dec., 1988.
3.2.2
[39]

HART R.S., "CANDU 300 - The Next Generation", 28th Annual
Conference, Canadian Nuclear Association, Winnipeg, Manitoba,
1988. Atomic Energy of Canada Limited.

3.2.2
[40]

Atomic Energy of Canada Limited, "CANDU 300, Technical Outline",

AECL Document pps-5-74-01010-003 (1987).
3.2.3

[41]

FINLAY R., SAINSBURY J., "Improving the
CANDU, Part A - nuclear plant, Part B of plant systems", The Int'l. Symposium
Availability and Safety, Korea Advanced
Daeduk, South Korea, 1986.

safety and availability of
evolution of CANDU balance
on Nuclear Power Plant
Energy Research Institute,

3.2.3
[42]

KEIL H., HASTINGS I., "Load-following technology of CANDU PHWR

power reactors", IAEA Seminar on Load-Following Technology, Korea

Advanced Energy Research Institute, Daeduk, Soutn Korea, 1988 .
3.2.4.1
[43]

DÜNN J.T., FINLAY R.B., OLMSTEAD R.A., "Advanced CANDU reactors",

IAEA Technical Committee and Workshop on Progress in Heavy Water
Reactor Design and Technology, Montreal, Canada, 6-9 Dec., 1988,

AECL Report - 9817.

200

3.2.4.3
[44]

3.2.4.6
[45]

Atomic Energy of Canada Limited, "CANDU 6 Probabilistic Safety
Study Summary", AECL-9607, (1988).

OLMSTEAD R.A., (AECL), FENTON E.F., (OH), "The advanced CANDU

single unit control room", in preparation for the Int'l. Conference
on Availability Improvements in Nuclear Power Plants, Madrid,
Spain, 1989. Atomic Energy of Canada Limited and Ontario Hydro.

3.3
[46]

MEYER P.J., (Siemens AG KWU Group), "Comparison of Siemens KWU PWRand PHWR-concepts in performance and design", IAEA Technical
Committee and Workshop on Progress in Heavy Water Reactor Design
and Technology, Montreal, Canada, 6-9 Dec., 1988.

3.5

[47]

SAWAI S., "ATR and its specific features", IAEA Inter-regional
Training Course on the Technology of Water Cooled Reactors, Chalk
River, Ontario, Canada, and Argonne, Illinois, USA, Oct./Nov.1984.

3.5
[48]

NAKAZAWA K., "ATR demonstration plant construction program", 10th
JUICE Meeting on Heavy Water Reactors, Tsuruga-shi, Fukui, Japan,
18 April 1986.

3.6
[49]

HASHMI J., HUSEINI S.D., IO.LEEM J., SIDDIQUI Z. , (Pakistan Atomic
Energy Commission), "Computer, Control and Instrumentation
Backfitting in a PHWR Plant" IAEA Technical Committee and Workshop
on Progress in Heavy Water Reactor Design and Technology, Montreal,
Canada, 6-9 Dec., 1988.

201

HOW TO ORDER IAEA PUBLICATIONS
An exclusive sales agent for IAEA publications, to whom all orders
and inquiries should be addressed, has been appointed
in the following country:
UNITED STATES OF AMERICA

UNIPUB, 4611-F Assembly Drive, Lanham, MD 20706-4391

In the following countries IAEA publications may be purchased from the
sales agents or booksellers listed or through
major local booksellers. Payment can be made in local
currency or with UNESCO coupons.
ARGENTINA
AUSTRALIA
BELGIUM
CHILE

CHINA

Comisiôn Nacional de Energfa Atomica, Avemda del Libertador 8250,
RA-1429 Buenos Aires
Hunter Publications, 58 A Gipps Street, Collmgwood, Victoria 3066
Service Courrier UNESCO, 202, Avenue du Roi, B-1060 Brussels

Comisiön Chilene de Energi'a Nuclear, Venta de Publicaciones,
Amunateguj 95, CasiJJa 188-D, Santiago

IAEA Publications in Chinese
China Nuclear Energy Industry Corporation, Translation Section,
P.O. Box 2103, Beijmg
IAEA Publications other than in Chinese
China National Publications Imports Export Corporation,

CZECHOSLOVAKIA

FRANCE
HUNGARY

Deutsche Abteilung, P.O. Box 88, Beijmg
S.N.T.L., Mikulandska 4, CS-116 86 Prague 1
Alfa, Publishers, Hurbanovo nämestie 3, CS-815 89 Bratislava
Office International de Documentation et Librairie,48, rue Gay-Lussac,
F-75240 Pans Cedex 05
Kultura, Hungarian Foreign Trading Company,

P.O. Box 149, H-1389 Budapest 62
INDIA
ISRAEL
ITALY
JAPAN
PAKISTAN

POLAND
ROMANIA
SOUTH AFRICA
SPAIN
SWEDEN
UNITED KINGDOM

USSR
YUGOSLAVIA

Oxford Book and Stationery Co., 17, Park Street, Calcutta-700 016
Oxford Book and Stationery Co.,Scindta House, New DeJhi-110001
Heiliger & Co Ltd
23 Keren Hayesod Street, Jerusalem 94188

Librena Scientifica, Dott. Lucio de Biasio "aeiou".
Via Meravigh 16, 1-20123 Milan
Maruzen Company, Ltd, P.O Box 5050, 100-31 Tokyo International
Mirza Book Agency, 65, Shahrah Quaid-e-Azam, P O Box 729, Lahore 3

Ars Polona-Ruch, Centrale Handlu Zagranicznego,
Krakowskie Przedmiescie 7, PL-00-068 Warsaw
llexim, P O. Box 136-137, Bucharest
Van Schaik Bookstore (Pty) Ltd, P.O. Box 724, Pretoria 0001
Di'az de Santos, Lagasca 95, E-28006 Madrid
Di'az de Santos, Balmes417, E-08022 Barcelona
AB Fritzes Kungl. Hovbokhandel, Fredsgatan 2, P O. Box 16356,
S-10327 Stockholm
Her Majesty's Stationery Office, Publications Centre, Agency Section,
51 Nine Elms Lane, London SW85DR

Mezhdunarodnaya Kniga,Smolenskaya-Sennaya 32-34, Moscow G-200
Jugoslovenska Knjiga,Terazije 27, PO. Box 36, YU-11001 Belgrade

Orders from countries where sales agents have not yet been appointed and
requests for information should be addressed directly to:
Division of Publications
International Atomic Energy Agency

Wagramerstrasse 5, P.O. Box 100, A-1400 Vienna, Austria

