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FOREWORD

Progress in technology developments and current public concern on safety of nuclear power plants
(NPPs) will result in a number of design improvements in the next generation of NPPs. In the
development of heavy water 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 countries, heavy water reactors (HWRs) have been developed with the aim of
the use of natural uranium as fuel in order to operate NPPs independently of uranium enrichment
facilities.

Heavy water reactor technology has also proven to be economic, safe and reliable. A mature
infrastructure and regulatory base has been established in several countries, notably in Canada, the
pioneer in the development of the HWR concept. Approximately 7% of all current operating plants
are HWRs. Two types of commercial heavy water reactors have been developed. Both the pressure
tube and pressure vessel variants have been fully proven. Sizes in the output range of a few hundred
MW(e) up to 900 MW(e) are available. Lifetime capacity factors of most of them have been among
the best of all commercial reactor types. Safety performance has also proven to be very good.

The continuing design and development programmes for HWRs in Canada are primarily aimed
at reduction of plant costs and an evolutionary type of enhancement of plant performance and safety
along lines similar to the light water reactor programme. These designs include the 450 MW(e)
CANDU 3 and the 665 MW(e) CANDU 6 MK2. Also under development are the 500 MW(e)
reactor in India and the 380 MW(e) ARGOS under joint development by an engineering firm in
Argentina and Siemens in Germany. Work is also proceeding in Japan and some other countries.

The current IAEA programme in advanced nuclear power technology promotes technical
information exchange between Member States with major development programmes. The Technical
Committee Meeting (TCM) on Advances in Heavy Water Reactors was organized by the IAEA in the
framework of the activities of the International Working Group on Advanced Technologies for Water
Cooled Reactors (IWGATWR) and hosted by the Atomic Energy of Canada Limited (AECL). The
TCM was chaired by P.J. Fehrenbach, the Canadian representative of the IWGATWR.

Sixty-five participants from nine countries (Canada, Czech Republic, India, Germany, Japan,
Republic of Korea, Pakistan, Romania and USA) and the IAEA attended the TCM. Thirty-four papers
were presented and discussed in five sessions. The meeting was opened by the Scientific Secretary,
V. Krett, of the IAEA Division of Nuclear Power, and the welcoming address was given by
G. Kugler on behalf of AECL.

All recommendations which were addressed by the participants of the Technical Committee
meeting to the IWGATWR have been submitted to the 5th IWGATWR meeting in September 1993.
They were reviewed and used as input for the preparation of the IAEA programme in the area of
advanced water cooled reactors.

This TCM was mainly oriented towards advances in HWRs and on projects which are now in the
design process and under discussion.
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SUMMARY OF THE TECHNICAL COMMITTEE MEETING

DEVELOPMENT PROGRAMMES AND NPP DESIGN
(Session 1)

Chairmen: G. Kugler, Canada
A. Kakodkar, India

The session provided an overview of the heavy water reactor (HWR) development programmes
ongoing in Member States. Nine papers were presented in this session: four from Canada, one from
India, two from Japan, and two from Romania.

Canada's development efforts focus on a variety of R&D programmes in support of both new
reactor designs and improvements in the operating CANDU stations. Canada has the single-unit
CANDU 6 and integrated multiple unit CANDU stations in operation. Two advanced CANDU
designs are under development: the CANDU 3 and the single unit CANDU 9. The CANDU 3 is a
450 MW(e) design, featuring a simplified design, a short construction schedule, achieved through
modular design and construction methods, improvements in plant layout and separation of safety from
normal process systems (i.e. those systems used in the generation of electricity), a modern control
room design employing state-of-the-art ergonomics, distributed control systems, and is designed to
envelop a number of different sites. The CANDU 9 design is based on the proven Darlington and
Bruce B designs (900 MW(e) class), with improvements based on the CANDU 3 work, and using
slightly enriched uranium (SEU 0.9% 235U) fuel to achieve power flattening and a consequent power
output of more than 1000 MW(e). Canadian R&D efforts are geared to the following areas: fuel and
fuel cycles, fuel channels, out-reactor components, safety, waste management, health and safety,
information technology, and heavy water production and tritium handling.

India's development efforts are motivated by the continued development of its HWRs in the
220 MW(e) and 500 MW(e) size range. Seven HWRs of 220 MW(e) are in operation, five under
construction and four under planning. The design of the larger 500 MW(e) HWR has been completed
and construction of these units is also being planned with site preparation and advanced manufacturing
of equipment already under way. India's specific development work focuses on improving fuel
channel inspection techniques for its currently operating reactors. For future designs, development
is ongoing in improving containment systems, better pressure tube materials, advanced I&C
technologies, and passive safety features. India is also developing advanced fuel cycles for use in
existing reactors with a view to exploiting its large, indigenous thorium resources.

Japan has been steadily pursuing advanced thermal reactor development as a part of its long term
plutonium recycle strategy. The 165 MW(e) Fugen reactor has been operating well since 1979 and
has logged a lifetime capacity factor of 64%. Of the total of 1005 fuel assemblies that have gone
through irradiation in this reactor, 529 are of the MOX type and the remaining are of the enriched
uranium type. All assemblies have seen their intended burnup without any failure. This is the largest
experience in terms of MOX utilization in any single reactor.

The next stage is to build a demonstration reactor of 600 MW(e) (D-ATR). This will eventually
lead the way to a commercial C-ATR of 1000 MW(e). Progressive design improvements to improve
economic performance are being carried out. These include optimization in quantities of material
used for reactor construction and improved fuel design with higher burnup capability. Fuel burnup
for C-ATR would be 48 GW-d/t as compared to 31 GW-d/t for D-ATR. Use of duplex pellets with
MOX plus gadolinium in the centre surrounded by MOX for fuel assemblies in the outer ring of the
core is an interesting aspect of fuel development for ATRs.

The ATR programme is backed up by extensive safety research in thermal hydraulic aspects. A
14 MW heat transfer loop and a 6 MW safety experiments loop have been used to generate data on



thermal hydraulics characteristics relevant to ATR safety. These include flow instabilities, blowdown,
critical heat flux and heat transfer coefficients. These data have been used to generate best estimate
codes for analysing ATR safety. Additional separate effects test relating to severe accidents were
conducted to investigate the core cooling with heavy water moderator and negative reactivity insertion
by coolant discharge in the heavy water region.

Romania is building five CANDU 6 units at Cernavoda. Research is under way to explore
advanced fuel cycles, power uprating and improvement in safety. SEU, MOX and thorium (OTT and
SSET) fuel cycles are being considered. Out-of-pile tests on 43 element bundle and irradiation trials
in SEU elements are being pursued. Studies on power flattening and alternate refuelling schemes for
getting higher power have been carried out. A flux mapping software has been evolved for off-line
analysis of core monitor outputs. PS A analysis is being carried out using IAEA assistance to meet
the requirements of the regulatory body. NDE of fuel channels and severe accident analysis are areas
where technical assistance is needed.

Work on Cernavoda Unit 1 is currently progressing under the new project management structure
of AECL-ANSALDO consortium (AAC) that came into effect in August 1991. The following Unit 1
milestones are:

October 1994: first approach to criticality.
- March 1995: Unit 1 in service.

Work on a second nuclear power station in Romania is in the planning stage. There is a need
to augment the electricity generation capacity.

In Canada a CANDU Owner's Group (COG) was formed between the CANDU owning utilities
and Atomic Energy of Canada Limited (AECL), the CANDU designer, to provide a framework for
cooperation in several programmes, the main one of which is the research and development area. In
1992, COG has organized a ten year strategic R&D plan divided in five major areas:
- Safety and licensing,
- Fuel channels,
- CANDU technology,
- Waste management,
- Radiological health and safety.

The plan is targeted towards improvement in performance through improved knowledge,
competent response capability to protect investment in CANDU technology, support safety and
licensing basis, improve design of future CANDU units to maintain viability, ensure high standards
of protection for plant workers, the public and the environment, and develop decommissioning and
waste disposal concepts. The whole R&D programme is divided into a large number of specific
research projects. These projects are monitored by working parties identified for specific topics under
each of the above major areas.

Conclusions

The main driving force in the further development of HWRs appears to be their continued merits
as a safe, reliable and economical reactor having the best neutron economy of any current design, thus
providing strategic advantages for countries wishing the option to use different fuel cycles, including
natural uranium fuel, slightly enriched fuel, MOX fuel, thorium, recovered uranium from
reprocessing, or spent fuel from LWRs burnt in the HWRs. All countries have programmes under
way that aim to further improve safety, reliability and economics. The programmes in India and
Japan are structured to satisfy their specific strategic requirements. Canada continues to be the most
active country advancing the CANDU PHWR design. Romania's efforts are concentrated on
completing its first nuclear power plant, Cernavoda 1, which is a CANDU 6 design. Romania
expressed interest in further collaboration with Canada in R&D.



FUEL
(Session 2)

Chairmen: I.J. Hastings, Canada
H. Mochizuki, Japan.

Five of the six papers in the session were related to the fuel cycle flexibility of heavy water
reactors, derived from the excellent neutron economy. The sixth paper examined the back end of the
cycle, focusing on spent fuel storage. P.G. Boczar (Canada) detailed the natural synergism of
CANDU PHWRs and PWRs. PWRs can be viewed as an efficient source of fissile material for
CANDUs via a number of potential fuel cycles: recovered uranium from conventional reprocessing,
TANDEM (unseparated U, Pu) and DUPIC (direct use of PWR fuel in CANDU, via dry processing).
T. lijima (Japan) outlined the experience with Pu utilization in the heavy water moderated, light water
cooled Fugen reactor. More than 500 MOX assemblies, a large proportion of the world experience,
have been successfully loaded over a 14 year period into the Fugen core. Use of Pu makes the
coolant void reactivity coefficient negative, providing good reactor stability. The effects of M1Am
accumulation and change of plutonium isotopic composition on the nuclear characteristics of ATR
were quite small, compared with those expected in a LWR. The Indian programme is examining the
feasibility of recycling Pu in the existing 220 MW PHWR. A. Kakodkar (India) reported that a MOX
7/12 fuel lattice (19-element bundle, central 7 rods with 0.4 wt% plutonium oxide, outer 12 rods with
0.2 wt% plutonium oxide) would give an exit burnup of 13 500 MW-d/t U while remaining within
the current operating configuration, without any change to existing reactor hardware. A combination
of two and four-bundle shifting is required. Both Japanese and Indian strategies see Pu utilization as
the link between current reactors and future fast breeder reactors in maximizing resource utilization.

A. Dastur (Canada) reported on the role on enrichment in optimization studies for CANDU
reactors, in a paper complementary with that of P.G. Boczar. Uses of slightly enriched uranium
(SEU, 0.9-1.2 wt% a5U in U) increases uranium utilization while reducing resource use and spent
fuel volumes. Additionally, SEU give a major cost advantage when used to increase reactor power
output, by increasing power from the channels at the edge of the core. This uses proven technology,
current experience envelopes and the existing reactor design in the CANDU 480/SEU concept to
achieve 1030 MW(e). To utilize fuel cycles that dictate extended burnup to be competitive, a reliable
fuel design is required. A.D. Lane (Canada) described the joint AECL and KAERI programme to
develop the CANFLEX 43-element bundle as the optimum carrier for advanced fuel cycles in
CANDU. A combination of reduced fuel rating and enhanced thermohydraulic characteristics
provides an increased operating margin for the bundle. The implementation programme includes a
demonstration in a commercial power reactor.

P. Pattantyus (Canada) described Canadian spent fuel dry storage. The concept is based on
storage in concrete canisters, which rely on passive conduction to dissipate the heat, and on a double
steel containment system to act as a barrier. A recent advance has seen the CANSTOR module, an
economical concrete vault like structure that stores the same fuel volume as 22 stand-alone canisters,
economizing storage area.

Conclusions

1. Neutron economy gives the HWR significant flexibility in the use of fuel cycles and paves the
way for continuing advances in uranium utilization and reactor optimization.

2. Japanese and Indian strategies see Pu utilization in the ATR and existing HWRs, respectively, as
a link to future fast breeder reactors.

3. Canada and the Republic of Korea are examining the feasibility of fuel and fuel cycle options,
including DUPIC, to increase uranium utilization in CANDU reactors. There is a development
programme for the advanced CANFLEX fuel bundle as the optimum carrier for high burnup fuel
cycles in CANDU.



4. Canada is also examining the use of slightly enriched uranium to optimize power output from
CANDUs, using proven technology within the existing experience envelope.

5. At the back end of the fuel cycle, a proven dry storage technology exists for CANDU spent fuel.

ADVANCES IN SAFETY SYSTEMS
(Session 3)

Chairmen: R.S. Hart, Canada
M.J. Driscoll, USA

The session reviewed conceptual designs under evaluation which offer prospects for enhanced,
cost-effective means of post-accident decay heat removal in pressure tube reactors.

Six papers were presented and discussed: five from Canada and one from the USA.

In the paper presented by D.N. Padhi, a simplified emergency core coolant system, based on the
proven gas-driven water tank concept, was described, which satisfied system design requirements
using one-way rupture discs and floating ball shutoff to eliminate the need for a large number of
valves. Advantages were also realized by placement of system equipment inside the containment
building. This system enhances reliability and performance while reducing capital, operating and
maintenance costs.

An integrated passive design for heat rejection through containment was described by N. Spinks,
involving use of an annular water jacket as an intermediate heat sink coupled to in-containment heat
sources and a finned outer containment wall. Core cooling is implemented by two diverse systems:
an emergency coolant injection system with some active functions, and a fully passive system using
the moderator.

A complete step-by-step review of decay heat removal mechanisms, fuel-to-moderator, and of
various design strategies for their enhancement was presented by R. Button, which established the
framework for appreciation of a spectrum of prospective and current research activities.

The paper presented by B. Sanderson described how a screen, positioned between the pressure
tube and calandria tube, reduces contact conductance and thereby avoids calandria tube dry out under
LOCA and loss of ECC conditions, without requiring significant moderator sub-cooling. The work
described establishes the basis for implementing passive control of calandria tube/pressure tube
conductance, to enhance CANDU safety, while at the same time opening new possibilities for
moderator heat utilization and passive heat rejection systems.

The paper presented by P. Hejzlar gave an overview of a pressure tube light water cooled reactor
that offers passive shutdown and heat removal in the 1000 MW(e) output range. The design utilizes
TRISO coated fuel, within a ceramic matrix. Passive shutdown is achieved by negative reactivity
coefficients in combination with the Doppler effect. In a LOCA, the fuel channels are flooded, and
heat is rejected via the containment structure. The concept utilizes the inherent safety advantages of
a pressure tube reactor, in combination with light water cooling and passive heat removal. The fuel
channel can survive LOCA without ECI, without damage to the pressure tube or to the fuel.

The final paper presented by J.W. Thompson discussed the creation of electronic pipework
databases for the Point Lepreau Generating Station. These databases provide a consistent and verified
data source of piping system geometry, location, orientation and sizing for plant piping systems.
Many nuclear steam plant and balance of plant systems are now complete, and work will continue to
include all significant systems. The database is now used for input data to the CATHENA code, and
will be used for input to other codes in the future. This approach enhances safety by assuring a
consistent and validated database, and reduces costs by avoiding repetitive work.

10



Conclusions

Developments of improved fuel channels, improved fuel and/or alternative coolants (e.g. organics)
and passive heat removal systems are envisaged that will:

Eliminate dependence on moderator pumps;
- Reduce dependence on the steam generator heat sink;

Reduce dependence on the ECC system;
Reduce dependence on the containment system;
Enable the reactor to economically recover from a LOCA and loss of ECC.

The ultimate goal is to reduce the frequency of core melt to a degree that further design provision
(e.g. core catchers) or consequence analysis is unnecessary.

This will complement concurrent efforts which rely upon operators and active systems.

SAFETY AND LICENSING
(Session 4)

Chairmen: S. Azeez, Canada
I. Dumitrache, Romania

Four papers were presented and provided a forum for discussion on a wide range of topics. The
papers were from Canada, the USA and India.

The Canadian approach to licensing was offered as an example of cooperative effort in protecting
societal requirements; in particular, it was noted that the regulatory environment has been
characterized by 'regulation by results' rather than 'regulation by prescription'. Analogies with other
breakthroughs in human endeavour have shown that evolving technologies cannot be regulated by
detailed prescriptive requirements. The danger being that specific requirements if mandated not only
stifle innovation and progress — but could become irrelevant. Instead, arguments were presented
recommending a progressive codification approach that factors growth in operating experience and
knowledge. The up-front licensing approach was described as an effective means to stabilize the
regulatory environment for new plants.

On the issue of licensability of designs other than LWRs in the USA, it was observed that
modifications to current NRC licensing requirements would be required to handle other designs such
as the CANDU reactors. This fact is being appreciated by the regulators.

The probabilistic safety assessment (PSA) approach was demonstrated as an effective technique
to identify dependent failures and their contribution to accident sequence frequencies. The PSA
approach has demonstrated the excellent response of the CANDU in limiting potentially serious
accidents, such as loss of coolant and loss of heat sink from becoming severe accidents because of
tiers of heat sinks available.

The paper from India described computer codes that are being developed to analyze reactivity
induced transients.

11



ADVANCES IN NPP COMPONENTS
(Session 5)

Chairmen: J.W. Thompson, Canada
G. Maußner, Germany

This session comprised nine papers in which the advances and future perspectives for NPP
components were described.

The first paper dealt with the design and properties of CANDU channel materials, from the point
of view of life extension, and improved safety margins under postulated accident conditions. In
particular, minor modifications to existing materials have resulted in the removal of concerns
regarding the adequacy of channels to meet lifetime requirements.

The second paper also dealt with modifications to design and material specifications for the
Siemens PHWR channel to ensure that they would meet their 32-year design life.

An approach to enhance the accuracy of diffusion theory calculations of in-core power
distributions using measurements from in-core detectors was described. The use of the enhancements
in on-line indications of operating limits was presented.

The control room design, "CANDU-ICS 90+", was presented as an evolutionary concept that
takes advantage of previous designs, operator feedback, advances in computer/display technology and
cognitive human factors engineering.

An overview of the performance of CANDU between 1971 and 1995 was given using the COG
database.

A computer tool to manipulate plant data from the Point Lepreau Generating Station was
discussed. The use of statistical signatures as an aid in plant diagnostics and pro-active signal
validation was discussed.

AECL is developing new heavy water production processes based on water-hydrogen exchange.
These are expected to maintain or somewhat reduce the cost of D2O for heavy water reactors.
Wetproofed catalyst development has progressed to the point that processes based on large industrial
hydrogen streams are expected to be available by the years 2000-2001.

. A paper was presented by AECL which described the design improvements in Wolsong Units 2,
3 and 4, that will lead to reduction in tritium releases that would occur during normal operation.

The final paper described technology advances to improve the design and operation of the heavy
water and tritium control systems in CANDU reactors. The technology of detritiating the heavy water
system and its role in D2O management was also reviewed.

Conclusions

The Working Group recognizes that significant advances have taken place in the areas of fuel
channel technology, instrumentation and control, and tritium and heavy water management.

These advances will contribute significantly to the safety and reliability of existing and future
heavy water reactors.

12



CLOSING SESSION
General discussion and conclusions

Chairman: P. Fehrenbach
Scientific Secretary: V. Krett

1. The TCM provided a very effective international forum for informed dialogue on technical
matters related to advancements in heavy water reactor technology.

2. In the main, advanced heavy water reactor designs and concepts under development are
evolutionary and are focused on further improving safety, reliability and economics by taking
advantage of the separation of coolant and moderator, and of the fuel cycle flexibility afforded
by the neutron economy, both of which are inherent in heavy water reactors.

3. There is significant and continuing R&D support directed at advancing heavy water reactor
technology, which is international in scope.

4. Slightly enriched uranium can be effectively used in existing heavy water reactors to reduce
fuelling costs, increase uranium utilization and reduce capital cost.

5. Synergistic fuel cycle links exist between heavy water reactors and fast reactors (Japan and India)
and between heavy water reactors and PWRs (Canada and the Republic of Korea) which provide
increased utilization of the fissile component.

6. Taking better advantage of heat sinks available in existing heavy water reactors for decay heat
removal can lead to both enhanced safety and improved economics.

7. Collaboration with the LWR community in areas of commonality, such as containment design and
cooling, and control room and information technology, should be pursued.

8. The emphasis in approach to improve reactor safety is on simplification and passivity, with the
ultimate goal of reducing core melt frequency to a degree that further design provision or
consequence analysis is unnecessary.

9. Reported advances in the areas of fuel channel technology, instrumentation and information
technology, and heavy water and tritium management technology will contribute to the safety and
reliability of heavy water reactors.

10. In view of the effectiveness of the TCM, it was recommended to suggest to countries with heavy
water reactor programmes to consider organizing TCMs of a similar nature on a regular and more
frequent basis (every two or three years) in specific areas of common interest related to heavy
water reactor technology, such as:

- fuel and fuel cycle technology,
- fuel channel technology,
- tritium management and control technology,
- analysis codes and validation approaches,
- phenomenology of beyond design basis accidents,
- probabilistic safety assessments,
- critical heat flux.

Consideration should be given to establishing cooperative research programmes in specific areas
from among the above topics.

11. Utility and regulatory inputs to proposed passive design concepts should be sought to assist in
focusing on limited development resources and acceptance of novel safety features.
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12. More detailed examination should be undertaken of the feasibility of using HWRs for burning of
actinides and fissile material from weapons cycles.

13. The near-breeder HWR design should be revisited as an economic alternative to the traditional
wisdom of focusing on the FBR for resource extension, including the possibility of the thoria
cycle.

14. It was recommended to place greater emphasis on understanding and implementing enhanced
tritium management and control techniques in Member States' heavy water reactors, as a potential
to reduce worker exposure.
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Abstract

CANDU 3, with a net electrical output of 450 MW, is the latest and smallest version of the
CANDU power system. Significant innovation built on proven CANDU reactor technology is
the basis of the CANDU 3 design. This, coupled with the commitment to reduce plant cost,
increase performance capacity factor, enhance safety features and incorporate technological •
improvements, makes CANDU 3 an advanced, world class product This paper describes the
following CANDU 3 features:
• A station layout to provide a flexible construction sequence, good system separation and ease

of maintenance and opération.
• An up-front engineering and licensing process prior to beginning construction.
• Enhancement and simplification of safety features with extended time scales for response,

thus limiting reliance on operator action for accident mitigation.
• Enhanced design capabilities through the use of the latest Computer Aided Design and

Drafting (CADD) technology.
• A 38 month construction schedule achieved by using modularization and open-top

construction and installation techniques.
• A more passive containment system incorporating a steel liner and eliminating the need for

active spray.
• A grouping and separation philosophy for maximum protection of redundant safety systems.
• Ease of equipment qualification and maximum protection of critical components.
• Replacement of centralized control and monitoring computers with a redundant distributed

control system and modem plant display system.
• A consistent, logical approach to control room design founded on human factors, automation

and event management.

1.
CANDU 3 maintains all traditional CANDU advantages, such as the use of natural uranium fuel
and on-power refuelling, added to it reduced man-rem exposure, reduced capital cost and
minimized construction schedules. CANDU 3 is also characterized by a high level of
standardization and modularization, where the majority of the equipment in the reactor buildings
is part of the modules. Completion of a large portion of engineering up front, prior to
construction, provides a highly flexible design which is readily adaptable to a wide variety of

sites and user requirements. The use of computers for safety systems and their support systems
reduces routine operator workload and the number of operating errors and provides higher safety
system reliability. Use of the Distributed Control System, multiplexing and data highway
technology reduces instrumentation and control wiring. Self-checking and testing also helps
improve fault detection while enhancing safety and reliability.

2. STATION LAYOUT
The principal structures of a CANDU 3 Nuclear Generating Station, as shown in Figure 1.2.3-1
are the Reactor Building (KB), the Reactor Auxiliary Building (RAB) the turbine building, the
Group 1 Service Building (GrlSB) and the maintenance building. Auxiliary structures include
the Group 1 pump house (main pump house). Group 2 pump house and administration building.
In general, Group 1 system sustain normal plant operation and power production, while Group 2
systems have a safety or safety support function.
To the maximum extent possible, the principal structures of the CANDU 3 are self contained
units with the minimum number of connections to other structures.
The principal buildings are connected via the RAB. The main control room is located in the
RAB. The secondary control room is located in the Gr2SB.
The CANDU 3 layout achieves the shortest practical construction schedule by simplifying,
minimising and localizing interfaces, allowing parallel fabrication of modules and civil
construction, eliminating construction congestion and providing access to all areas, providing
flexible equipment installation sequences and reducing material handling requirements.

2.1 Philosophy
All plant systems are assigned to one of two groups (Group 1 or Group 2); each group is capable
of shutting the reactor down, cooling the fuel and plant monitoring. All Group 2 services, except
for the low pressure Emergency Core Cooling (ECC) tank and the Group 2 raw service water
system are totally accommodated within the Gr2SB and the Group 2 portion of the RAB. Group
2 services are further divided into Group 2A and Group 2B, which are physically separate.
These structures and all of the equipment within them are seismically and environmentally
qualified
Group 1 services are housed in the Group 1 Service Building (GrlSB), Group 1 areas of the
RAB and in the auxiliary bay of the turbine building. The Group 1 areas are not seismically nor
environmentally qualified beyond local building code requirements, except for the RAB Group 1
and 2 areas, which are fully qualified seismically and environmentally. The RAB is also
environmentally sealed against the postulated event of a steam break occurring in the turbine
building. Implementation of the two-group approach is readily apparent in the CANDU 3 site
plan (see Figure 1.2.3-2).

2-2 The Reactor Building
The RB is a reinforced concrete structure with a full steel liner and pressure retaining
penetrations (a typical section is shown in Figure 1.2.4-1). The RB, which provides an
environmental boundary, a post-Loss of Coolant Accident (LOCA) pressure boundary and
biological shielding, is a principal component of the containment system.
The RB perimeter walls are separate from the building's internal structures. This provides
flexibility in the building construction and eliminates any interdependence between the
containment wall and the internal structures. The internal structures include the reactor vault
walls, the steam generator enclosure walls, the heat transport pump support walls, the reactivity
mechanism floor and intermediate floors. These walls and floors are sized to support all
imposed loads and to provide shielding. The internal structure includes four major steel floors
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FIG. 1.2.3-1. Station layout.
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FIG. 1.2.3-2. Two group separation philosophy.

and various steel structures, providing equipment and crane runway support, pipe restraints,
walk ways and stairs. The internal steel structure is designed to minirmze exposure to radiation
while maximizing the access for testing and maintenance of components. At the same time, it
minimizes construction costs and schedules.
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FIG. 1.2.4-1. Reactor building — section.

A large portion of the KB is accessible while the reactor is operating, facilitating on-power
maintenance, inspection and testing.
Entry into the KB is via two airlocks. The main airlock is attached to the RB by a hatch, with
both hatch and airlock door sills set at elevation 102.0 m. This airlock is sized to accommodate
all equipment and components required for routing maintenance, including a fuelling machine
and flasks for reactivity mechanisms. Replacement of larger components, such as the heat
transport pump motor, requires the removal of the hatch / airlock assembly.
The two major nuclear grade systems are the heat transport system, which provides a steady flow
of heavy water for direct fuel cooling, and the neutron moderator system. Major components of
the heat transport system are 232 fuel channels, two steam generators, four electrically driven
reactor coolant pumps, four inlet headers (each connected to its own pump), two outlet headers
feeding the steam generators, inlet and outlet feeders and the large external circuit pipes
returning the coolant from the steam generators to the pumps.



roo The arrangement, with the pumps at one end and the steam generators at the other, provides
unidirectional flow through the reactor core. This allows on-power refuelling of conventional
CANDU fuel bundles by means of a single fuelling machine operating at the core outlet only.
The other major nuclear grade system in the RB is the moderator system. It also uses heavy
water to thermalize the neutron flux. It is circulated for cooling and purification. It is contained
in the calandria shell of the reactor assembly. The calandria shell is a horizontal cylindrical low
pressure and low temperature (70°C) vessel. Its ends are closed by two end shields consisting
each of an inner and outer tube sheet joined by 232 fuel channel lattice tubes and the outer shell.
All devices for reactivity control penetrate the reactor from the top and from the sides. These
include mechanical shut-off rods, Mechanical Zone Control Units (MZCU's) used to regulate
the local and general flux levels, vertical and horizontal flux detectors for gamma and neutron
fluxes, adjuster units (used to shape the neutron flux to optimize reactor power and fuel
bum-up), mechanical control absorber units providing greater reactivity than that provided by
the zone control units. Liquid Injection Shutdown System (LJSS), etc. Each reactivity control
unit having in core components (except LISS) uses Zircaloy in-core guide tubes and supports for
its low neutron absorbency and fatigue resistance.

23 The Group 1 and Group 2 Service Buildings
The amount of equipment needing seismic or environmental qualification has been reduced
through careful segregation in the layout All plant service systems are assigned to one of two
groups (Group 1 or Group 2). Group 1 systems sustain normal plant operation and power
production, while Group 2 systems have a safety or safety support function. Each group is
capable of shutting down the reactor, cooling the fuel and monitoring the plant functions.
Group 1 services are housed mainly in the GrlSB, but also in Group 1 areas of the RAB and in
reserved areas of the turbine building. The Group 1 areas are not seismically or environmentally
qualified beyond local building code requirements, except for die Group 1 components in the
RAB.
Group 2 systems are accommodated within the Gr2SB and the Group 2 portion of die RAB,
except for the low pressure ECC tank and the Group 2 raw service water pumping station. The
Group 2 structures and all Group 2 equipment within them are seismically and environmentally
qualified. The Group 2 services are further divided for redundancy into Group 2A and Group
2B systems which are functionally and physically independent and separated.
2.4 The Maintenance Building
The maintenance building provides the facilities necessary for the maintenance of the plant
These include electrical, instrumentation and mechanical shops, die fuelling machine
maintenance centre, change rooms, plant stores, health physics laboratories and decontamination
facilities. This building also contains the heavy water management system, the spent resin
storage tanks and liquid radwaste management system. The maintenance building adjoins the
RAB and is in Une widi die reactor building main air-lock and equipment hatch.

2.5 The Turbine Building
The turbine building is a braced steel frame structure with a reinforced concrete substructure and
consists of a turbine hall, turbine auxiliary bays, the Group 1 recirculated cooling water pumps
and heat exchangers and the majority of the Group 1 class HI and IV electrical power
distribution systems, including the Group 1 diesel generators.

2.6 The Reactor Auxiliary Building
The Reactor auxiliary building (RAB) surrounds the reactor building and accommodates the
umbilicals which run between the principal structures, the main control room, and the irradiated

fuel storage bay and associated fuel handling facilities. It also houses die emergency core
cooling pumps and heat exchangers, group 2 feedwater tank and pumps, shield cooling,
irradiated fuel bay cooling, purification pumps and heat exchangers as well as RCW and group 2
RSW valve stations. The RAB is environmentally sealed against die postulated event of steam
line break occurring in the turbine building.

3. UP-FRONT ENGINEERING AND LICENSING
Up-front licensing and design is a key feature of CANDU 3. It allows generic design licensing
by the regulatory authority before the start of construction. This approach considerably
streamlines the licensing process, leaving only site specific issues strictly related to siting,
construction and commissioning for regulatory authority approval ultimately leading to a full
operating license.
By completing all engineering, design and licensing activities, the CANDU 3 schedule is
significantly reduced and site construction changes minimized.
This upfront licensing approach greatly reduces the risk of retrofits, cost escalations and
schedule delays during construction.

4. ENHANCED SAFETY FEATURES
Grouping and separation of appropriate systems and components in me CANDU 3 layout has
been chosen to enhance plant safety. Systems required to mitigate accident consequences are
contained in the Group 2 areas. Group 2 is further subdivided to provide redundancy and further
separation of safety systems. The separation of buildings by function has provided a natural and
more complete separation between Group 1 and Group 2 systems as well as better protection of
essential systems from natural events (tornado, hurricane, earthquake, flood, etc.).
Specific systems and component design changes with respect to previous CANDU designs also
contribute substantially to improved safety and plant response to emergency conditions. Some
of these are:
A. Improved shutdown system response. Each shutdown system has ion chambers on each side

of the core to recognize more easily fast flux tilts. The shut-off rods have been made lighter
to allow a faster insertion rate. Fast-trip logic for neutronic trips is also provided by the
shutdown system trip computers.

B. Monitoring by the use of computerized trip logic, testing and re-calibration functions, such
as re-calibration of the regional overpower system flux detectors.

C. Plant response to small loss of coolant accidents (LOCA) has improved. Changes
implemented in the ECC system arc designed to improve response, reaction time, and system
availability. These are:
- ECC system initiated for smaller pipe breaks on sustained low reactor pressure. This

signal provides detection of pipe breaks regardless of size, causing uncontrollable
draining of the heat transport system.

- All ECC system responses, including switching from high pressure injection to low
pressure recirculation mode, are carried out automatically.

- Computerization of ECC system instrumentation and control has simplified the panel
layout, providing a better man-machine interface and improving system testing and
monitoring.

These design changes minimize reliance on operator action following a LOCA, freeing
operator attention for monitoring and accident management activities.



D. An additional independent source of high pressure feedwater has been added to the Group 2
systems, enhancing both the capability and the response of Group 2 systems to mitigate a
steam generator emergency even before depressurization.

E. Separate and independent services such as cooling water, power, instrumentation to all
Group 2 users.

F. The secondary control area is equipped with control panels and instrumentation in close
correspondence with the main control room panels.

G. A larger pressurizer inventory reduces the severity of depressurization transients in the HT
system in the event of secondary side failures and promotes natural circulation (or
thermosyphoning) by providing a liquid-filled primary system for all steam generator
conditions.

H. The shutdown cooling system is seismically and environmentally qualified and supplied with
Group 2 services, providing over and above the traditional CANDU heat sinks an additional
and available heat removal capability following accident conditions.

I. Handling of new and irradiated fuel is simple, with no criticality concerns. Fuel can be
transferred to dry storage after cooling in water for about five years. Dry storage of
irradiated fuel in concrete canisters is a well proven, passive technique in use at Canadian
power plants.

5. CADP TECHNOLOGY WITH INTEGRATED DESIGN AND ANALYSIS

ro

The CADD technology was applied to the development of a comprehensive three dimensional
(3D) model of the plant systems. This technology allows precise control of the design
configuration via electronic database management, optimization of building arrangements and
construction sequences, and at the same time provides the capability to prove alternate
construction and installation sequences in order to provide optimum flexibility. Once the model
is developed, interfacing design and analysis software provide high quality and rapid verification
of the design. Similar tools are applied to all of the piping systems, components and equipment
3D modelling. Raceways, electrical, instrumentation and controls as well as HVAC were also
designed with extensive use of CADD technology. Interference detection within the same 3D
model and between components in the model and interfacing disciplines has greatly reduced
re-work and decisively improved confidence and quality of construction sequences.

6. CONSTRUCTION SCHEDULE
In the CANDU 3 design, particular attention was paid to minimizing the construction schedule.
The following features were factored into the design:
A. Maximized access for equipment installation.
B. Minimized and simplified reactor building internals.
C. Minimized number of components.
D. Simplified equipment installation.
E. Use a minimum number of prototypes.
F. Maximize shop fabrication and modularization.
G. Assure flexible construction schedule.
Implementation of these principles in the CANDU 3 design has resulted in a 38 month
construction schedule. The reactor building perimeter wall was removed from the critical path,
and because an open top construction model and extended modularization were adopted, many

activities can be completed in parallel. CANDU 3 provides superior equipment access for
installation and makes extensive use of prefabricated system and subsystem modules.
6.1 Modularization
Construction of the building internals are traditionally lengthy and are critical path items.
CANDU 3 has minimized construction and installation timings by maximizing the use of shop
fabricating and modules. Shop fabrication improves efficiency, increases access for installation
of equipment and piping and saves in requirements of site facilities. Large scale modules for the
KB and turbine building are factory assembled and then transported to site. Civil, mechanical,
process piping, HVAC, electrical, control and instrumentation disciplines are all involved in the
design of the modules and the systems included in them. The layout is configured to:
A. Optimize inclusion of equipment and piping contained in the building.
B. Maximize the module size in order to reduce the number of field-made connections within

the lifting capabilities of readily available Very High Lift (VHL) cranes.
C. Make use of internal RB concrete structures.
D. Provide horizontal support to the module steel frames.
E. Utilize the reactor building's temporarily open top for installation ease of the modules.
F. Respect the necessary access space for operation and maintenance of equipment.
G. Include enough clearance for installation of the same modules.
During construction, CANDU 3 can accommodate many separate contractors and flexible
material handling without significant interference. Modules are designed for vertical entry into
the RB. Large, very heavy lift cranes can install each major module - including the reactor
assembly - through the open RB top. This saves construction time by allowing early completion
of work in areas traditionally left open for equipment access. Modules can be manufactured in
various Canadian and international shops. Assembly of equipment, piping, instrumentation
racks and cable trays on each module is completed and inspected before site installation. Site
work consists only of final positioning, interconnection and commissioning of the modules.

7. CONTAINMENT SYSTEM
Modification of the containment system allowed elimination of the dousing system. Short term
pressure excursions within the RB are hence accommodated by a higher containment design
pressure. This eliminates the need for a short term peak pressure mitigation system such as the
dousing system, together with the system active component testing and spurious operation.
Post-LOCA heat removal is provided by environmentally qualified RB air coolers capable of
reducing containment pressure so that the building can contain fission products effectively
within the limits. Studies have indicated that with appropriate placement and good heat
exchanger design, long term pressure mitigation is effectively achieved with modest air cooler
capacities.
Containment leak tightness is improved by reducing the number of containment penetrations and
locating all penetrations in specific areas in the lower portion of the building.
The containment design also includes an on une gross containment leakage detection system.
Scoping accident analysis has demonstrated that post-accident public radiation exposures are
insensitive to actual rates of distributed leakage from containment.

8. DISTRIBUTED CONTROL SYSTEM
Data acquisition and process control functions for most Group 1 (non safety) systems are
performed by an advanced distributed Digital Control System (DCS) which replaces the
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traditional centralized control system. The data collected by the DCS ate then processed and
made available to the Plant Display System (PDS) which performs the monitoring and operator
interface functions, including alarm annunciation.
The DCS data acquisition system includes change of state event detection and time stamping,
including buffered binary input signals from the independent Group 2 systems. The time
stamped event data is transmitted to the PDS for alarm and event reporting functions.
The DCS control functions include low level control and interlocking functions for individual
process devices such as pumps and valves, as well as high level control and coordination
functions for group devices and systems. Examples of high level group control functions are
reactor regulation, heat transport system pressure and inventory control and steam generator
level control. Low level control functions include manual and automatic control modes.
Control mode changes, set-point changes and manual control actions are executed by the DCS
in response to operator control commands received from the operator interface systems and
devices.
In concept, the DCS consists of a number of signal scanning and processing stations linked by
high performance data highways. Process instrumentation and control devices are connected to
stations assigned to specific plant areas and functions in order to reduce the amount and
complexity of plant cabling and wiring. In order to provide adequate reliability and minimize
the need for separate manual backup, the system is divided into three separate channels to match
the channelization of redundant sensors and process devices.
The DCS features a fail safe design. If input data is invalid, control processors are programmed
to implement safe control action. In addition, self-checking features are provided to detect
component faults or data errors in the system. Cyclic operation and appropriate application
programs ensure that transient faults and data errors have no effect on DCS functions. Common
mode failures are minimized by designing for appropriate climatic and electromagnetic
immunity, for layout and for maintainability considerations.
Completely separate control equipment is used for the backup (Group 2) safety systems and their
support systems. The use of computers in safety systems applications reduces routine operator
workload, reduces a number of operating errors and frees operators from routine work, allowing
them to concentrate on more technically challenging issues. DCS in safety applications
introduces higher safety system reliability for reduced wear out, allows on Une self testing,
provides the capability to trip the channels in accordance with the fail safe philosophy (thus
eliminating all potentially unsafe failures) and provides the flexibility to optimize both safety
and production margins.
The DCS concept makes a significant contribution to the reduction of project cost and schedule.
Improved reliability is obtained by the elimination of a large amount of interconnecting wiring
and by the use of proven electronic devices, continuous comprehensive self-checking and a
more comprehensive redundancy and channelization.

9. PLANT DISPLAY SYSTEM
Interfacing with the DCS as well as with the operator in an ideal man-machine environment is
the plant display system. The PDS is a computerized system which has the capability to present
displays and controls to the operator suitable for human reaction and communication, and at the
same time it has the capability to interface with the digital control equipment of the DCS.
PDS includes two data base computers located in the Main Control Room (MCR), labelled PDS
"X" and PDS "Y", which receive the plant data through a preprocessor from the DCS. The
special safety system data is obtained from the field through a special set of data base computers
called the Safety System Monitor (SSM).

Information from the PDS and SSM are routed to redundant Local Area Networks (LAN's) and
eventually to operator workstations consisting of CRT's, function keyboards and a trackball in
the main control room. In addition to displays in the MCR, safety systems data are routed to
operator workstations in the Secondary Control Area (SCA).
Particular attention has been devoted to incorporate feedback from operating CANDU stations
and analysis of man-machine functions. The CANDU 3 control room is designed to be operable
by a single first operator who normally interacts with and is supported by additional staff.
Sufficient workstations provide access to all traditional control room functions: Plant control,
safety systems control, monitoring and testing, fuel handling, emergency communications, plant
state monitoring and diagnosis. Multiple redundant access points are provided.
The annunciation system includes a centralized annunciation interface (utilising a combination
of live mural mimic and CRT display), window annunciators and CRT-based annunciation
information access.
The central annunciation interface displays overview information only designed to direct
attention to problem areas and to support problem solving by the first operator and staff.
Detailed annunciation information is available at the various control workstations on demand.
The Safety Parameter Display System (SPDS) provides a critical safety parameter overview and
is integrated with the safety system control interface.

10. OPEN ARCHITECTURE
The display system is designed to accommodate the inevitable expansion in the fields of new
display functions, migration to new hardware platforms and future software packages. This is
accomplished by adherence to industry standards (use of industry standard LAN) resulting in an
open architecture philosophy, consisting of an open network of computers which provides an
expandable and flexible platform for the PDS software.

11. SUMMARY
CANDU 3, the smallest version of the CANDU power system, incorporates significant
technological improvements, resulting in increased performance capacity factors, enhanced
safety features, capital and operating cost advantages.
Extensive standardization and modularization provide a flexible construction sequence and
superior maintainability and operating convenience. Pre-engineering and licensing of a large
percentage of systems, components and structures makes the CANDU 3 a product readily
available and adaptable to a wide variety of site and user requirements.
A more passive containment system eliminates the need for active sprays. Grouping and
separation of safety and safety related systems virtually eliminates fault and failure propagation.
Use of a distributed control system and a state-of-the-art plant display system and control room
design considerably reduces cabling and wiring, improving ease of operation and reliability.
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Abstract

Pressurised Heavy Water Reactors ( P H W R ) form the main stay
of the first stage of Indian Nuclear Power Programme. The choice of
these reactors was based on their excellent neutron economy and their
amenability for indigenisation. As of now India has achieved self
reliance in not only building and operating these reactors but also in
all aspects of nuclear fuel cycle associated with PHWRs. Currently
seven PHWRs of 220 MWe capacity are in operation. Five more are in
construction. Four more such units would be takenup for construction
shortly. design of a larger (500 MWe) PHWR unit has also been
completed. Construction of these units would also commence soon.

The drive to achieve self reliance has not only led to the ability
to design, build and operate PHWRs but also has enabled mastering of
several new technologies which have been made use of for PHWRs with
advantage. Evolution of double containment with vapour suppression
pool system, adoption of zirconium-niobium alloy for coolant tubes,
secondary shut down system, primary shut off rods, advanced I 8 C
systems with computer support etc. are some examples of areas where
new technology has gone into the design of PHWRs. In addition several
technologies have been evolved for use during 0 S M phase. Remote
measurement and adjustment of creep of coolant channels, in-service-
inspection of coolant channels, identification of channels with significant
displacement of garter springs through vibration diagnostics, relocatisn
of garter springs, are examples of some technologies of this type.

One special advantage of PHWR system is the flexibility it
provides in adopting fuel cycle variations. Consistent with our interest
in thorium, several possibilities have been studied. Use of thorium
has been successfully carried out for power flattening in one of the
PHWR units recently.

Quantitative assessment of behaviour of fuel and coolant channels
under severe accident conditions is being pursued.

Several new technologies are being developed for an advanced
versions of Heavy Water Reactor ( A H W R ) . These include passive
containment isolation, passive cooling of containment, thermosyphon,
passive decay heat removal etc.

1. INTRODUCTION

India has been pursuing a policy of self reliance in development
of its nuclear power programme. The first stage of development of
its three stage programme (Fig. 1} is based on pressurised heavy water
reactors. The choice of this reactor, system was primarily based on
the Indian nuclear resource profile and the possibility of indigenisation
of technology. Today there are seven operating reactors of PHWR type
with construction of five more such units in various stages. All these
reactors are of 220 MWe capacity each. The first two reactors were
built in collaboration with AECL, Canada and are based on the design
of Douglas Point reactors. Subsequent reactors have seen progressive
design changes consistent with the evolving trends. The objective of
this presentation is to present an over view of the technology
development aspects in the context of our PHWR based nuclear power
programme.

2. BACKGROUND

M
CO

Technology development activities to begin with, were naturally
directed towards indigenisation of the manufacture of reactor components
and reactor construction. This process enabled quick reduction in the
import content. Almost all the important inputs required for construction
of a PHWR are today produced in India. This includes fuel, zircaloy
structural items, heavy water, reactor equipment, I 8 C, and the
necessary backup engineering and construction activities.

The next phase in the technology development essentially came
about due to the need to carryout design improvements. Provision of
passive containment energy management feature in the form of vapour
suppression pool and progressive adoption of double containment
philosophy has been an important improvement seen by our reactors.
(Fig.2).[!]. Change of endshield material and design in view of the
embrittlement problem seen with 'he 3^ nickel steel used in the original
design, modification 3f structural configuration of reactor to improve
its seismic response, incorporation of two independent fast acting
shutdown systems in the form of shutoff rods and liquid poison rods.
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addition of emergency core cooling system have been some of the
important areas of design improvements. Technology development
activities necessary to support these changes have been successfully
completed. Fig.3 shows these transitions schematically.

The third phase of technology development was directed towards
bringing in newer technologies to enable superior performance. Change
from use of zircaloy-2 to zirconium niobium alloy for reactor coolant
channels, associated joining techniques, computer based control system
for fuel handling and transport, other computerised systems for channel
temperature monitoring, disturbance recording and process control,
programmable digital comparator system, computer based reactor regulation
system are some of the instrumentation and control systems which have
been updated taking advantage of the power of computer.

3. TECHNOLOGY RELATED TO COOLANT CHANNELS,

Coolant channels are central to design of PHffRs of channel
construction. It would not be wrong to say that success of such reactors
would depend upon success of coolant channel design and associated
technologies. Coolant channels represent individual pressure boundaries
influenced by reactor environment in terms of neutron fluence and
hydrogen effects. Phenomenon such as delayed hydrogen cracking and
brittle rupture need to be very carefully guarded against. Apart from
good design, selection of right material and proper operational control,
we need to have good inspection and surveillance as well as adjustment
capability available at the operating station. Several techniques have
been developed for this purpose.

3.1 MEASUREMENT OF AXIAL CREEP

FIG 1 Evolving nuclear fuel cycle

In order to detect any anomaly in the creep deformation of coolant
channels and also to enable periodic adjustment of energy absorber
devices located at the ends of each channel, monitoring of axial creep
at regular intervals is necessary. Earlier this measurement used to
consume significant manreii expenditure. A scheme has been implemented
wherein t h i b measureiiient is now done using measurement of 'z' movement
of fuelling machine. W i t h tli:s scheme it is now possible to c&rrvou t
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measurement of creep across the entire reactor face in a very short
time with practically no manrem expenditure. Incidentally this scheme
also enables identification of anomalies arising out of problems .like
bearing seizure. An automated device for adjustment of the energy
absorber device has also been developed and would be implemented
in operating units soon.

3.2 INSERVICE INSPECTION OF COOLANT CHANNELS

Coolant channel inservice inspection system (BARCIS) has been
developed and deployed at power stations for carrying out non-destructive
inspection activities such as detection of flaws using eddy current and
ultrasonic testing, measurement of wall thickness, measurement of position
of garter springs, measurement of gap between coolant tube and -calandria
tube etc. under wet conditions.(Fig.4). In this scheme the fuel is
temporarily taken into the fuelling machine at one end and brought back
into the channel after completion of the inspection. More advanced
versions of this devise are being built.

In parallel, analytical modelling of coolant channel deformation
is also done and compared with inspection results. A typical comparison
is shown in Fig.5.

3.3 VISUAL INSPECTION OF CHANNELS.

In case it becomes necessary to examine the bore of a channel
visually a separate dry channel visual inspection system has been built.
This system carries a camera and propells itself along the length of
the coolant channel enabling the internal surface to be seen on a video
monitor.

3.4 VIBRATION DIAGNOSTICS FOR COOLANT CHANNELS

O1

While the channel inspection system does provide the capability
to carryout inspection of a large number of channels in one shutdown,
coverage of the entire core would still take a significant number of
years. It is therefore necessary to have a supplementary scheme which
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can quickly identify a coolant channel in contact or a coolant channel
with significant displacement of garter springs. A technique based on
measurement of vibration at either ends of the coolant channel caused
by the disturbance created by shutdown flow has been devised to identify
the coolant channels in contact with calandria tube. This procedure
enables screening the entire reactor core in about 3 to 4 days time.
The technique has been used as a screening method to identify channels
which are likely to be in contact so that further ISI efforts and
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subsequent garter spring relocation .efforts if enecessary could be
concentrated more effectively. A typical correlation showing the
distinction between healthy channels and the channels .that are likely
to be in contact is shown in Fig.6.

While the above technique has already been applied in the
operating units, we are also working on a technique which is aimed
at identifying^ channels, „with significant displacement of garter springs.
This technique utilises excitation by a shacker mounted at one end of
the channel and measurement of the response at both ends. A typical
result is shown in Fig.7.

3.5 RELOCATION OF GARTER SPRING OF COOLANT CHANNELS.

While we have changed over to tight fit garter springs now,
considerable displacement of garter springs was noticed in earlier
reactors after hot conditioning and before loading of fuels. In order
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As mentioned earlier we still employ energy absorber devices
at either end of the coolant channel. These devices require periodic
adjustment. Considerations of double ended gillotin brake in the coolant
tube or the rolled joint dictate availability of such a device which
will arrest the flying missile that would arise in such an event. We
have also noticed that under postulated conditions of severe channel
heatup, such energy absorber devices can cause an axial restraint against
free thermal expansion of the coolant tube and as a result the coolant
tube tends to sag in contact with the calandria tube in preference to
the more desirable ballooning mode which has potential of making a
larger heat transfer area available for evacuation of decay heat. It
has also been noticed that for coolant tubes with no axial restraint
the sagging threshold increases and is above the threshold for
ballooning. Thus from the point of view of safety under severe channel
heat up it is desirable to allow free axial expansion of the coolant
tube. A compact mechanical snubber which will allow such free thermal
movement but would restrain a flying missile consequent to a double
ended gellotin brake in coolant channel offers an ideal solution to meet
such conflicting requirements. A compact mechanical snubber which
can fit in the space of the existing energy absorber device has been
developed and is shown in Fig. 10.

ro
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to enhance the life of coolant channels from consideration of sag causing
contact with calandria tube a combination of mechanical flexing technique
along with electromagnetic pulsed technique was adopted. (Fig.8).

It was felt that this technique would be rather harsh for units
that have already seen some years of operation and hence a new tool
(INGRES) has been built for relocation of garter springs in operating
units. (Fig.9) . This tool is likely to be implemented in operating
reactors very soon.

3.7 COOLANT CHANNEL REPLACEMENT MACHINE

Some of our units would soon be ready for replacement of coolant
channel. We have been following with interest the coolant channel
replacement activities that have been carried out in Canada. A semi
automatic coolant channel replacement machine is being developed to
enable this task. We have also developed a rolled joint detachment
system using thermal shock as a part of this development. Fig.11 shows
a schematic coolant channel replacement machine.[2].
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ro 4. FURTHER THRUSTS

Technology is never static. It always continues to evolve and
it is necessary to be on the look out for the benefits that can be
derived with the availability of newer technologies. Hydrogen mitigation
system based on catalytic curtain recombiners. passive containment
isolation devices, improvement in hydraulic power systems for fuelling

machines based on newly available devices and decontamination technology
are some of the areas where considerable work has been done. We
expect to deploy many of these developments in our operating reactors
very soon.

With the availability of computer it should also be possible
to make available a fairly large knowledge base to the operator in the
form of efficient operator support systems. A fuel management system
based on inbuilt reactor physics and fuel analysis capability with online
information related to individual channel temperatures and position of
reactivity devices can become an efficient tool for achieving higher
level of optimisation in fuel management. Similar advantages can be
derived through PSA based operator support systems, safety parameters
display systems and other diagnostics based operator support systems.

5. TECHNOLOGIES RELATED TO THORIUM

The Indian nuclear power programme has thorium utilisation as
its ultimate objective. As a part of efforts for achieving this goal
we have been progressively scaling up various activities related to
thorium technology. As a result we have constructed two critical
assemblies based on uranium 233. A 30 kW reactor fuelled by uranium
233 will soon be operational. Thorium has also been used for achieving
initial power flattening in the first unit at Kakrapar Atomic Power Station
that has recently gone in operation. This trend will be continued.
Studies have been carried out for adoption of once through thorium
refuelling scheme alon« with conversion of a natural uranium fuelled
PHWR to a MÜX fuelled PHWR. Design of an Advanced Heavy Water
Reactor which would produce significant fraction of energy from thorium
is also being pursued.[3]. While this reactor design is being worked

out primarily -with "the objective of makinjf further progress in Thorium
utilisation, the reactor incorporates several features which enable it
to achieve a high degree of passive safety. The reactor is being
designed as a boiling light water cooled system which enables evacuation
of the entire heat from the reactor through thermosyphon. Isolation
condenser technologies are proposed to be used for containment cooling
and decay heat removal functions. Some experiments on isolation
condenser for containment heat removal have already been conducted.

6. CLOSING REMARKS

We are in an era where there is lot of discussion related to
safety of nuclear reactors. In modern day world any discussion related
to safety is bound to have repercussions all over. While safety debate
travels fast, migration of technology is a slow process and necessarily
expensive. There are also questions about evolving an appropriate
technology consistant with local needs. There are several examples
where technology transfer has failed primarily on account of inadequate
awareness of the local conditions. It is therefore essential that
indigenous strength in requisite technology is built along side the
development of nuclear power programme. This is necessary to prevent
programme from getting crippled on account of extraneous causes.[4].

It looks to me that Pressurised Heavy Water Reactor has several
inherent safety strengths. These strengths primarily arise on account
of use of heavy water as moderator, its existence in the core at lower
temperatures, low reactivity stored in the core and low pressure and
temperature environment for reactivity devices. There has been
a general awareness of these strengths.[5]. It is necessary that these
are quantified and the safety of PHWR even under postulated severe
accidents demonstrated. This coupled with elimination of the need to
replace the coolant channel within the economic life of the reactor and
continuous upgradation of technology can make PHWR system an optimum
choice both from the point of view of economic competitiveness and
public acceptance. It is necessary to make the positive aspects of



these inherent characteristics more visible through international
cooperative efforts. I hope that this meeting would make a good
contribution in this direction.
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Abstract

The CANDU 9 plants are single unit versions of the very successful four unit Bruce B design
incorporating relevant technical advances made in the CANOU 6 and the newer Darlington and CANDU 3
designs. The CANDU 9 plant descnbed in this paper is the CANDU 9 480/SEU with a net electrical output
in the range of 1050 MW In this designation 480 refers to the number of fuel channels, and SEU refers to
slightly ennched uranium.

Emphasis is placed on evolutionary design and the use of well-proven design features to ensure
minimum financial nsk to utilities choosing a CANDU 9 plant by assuring regulatory licensabilrty and reliable
operation. In addition, the CANDU 9 power plants reflect tue important lessons learned by utilities m the
construction and operation of CANDU units and, indeed, relevant expenence gamed by the world nudear
community in its operation of over 400 reactors of a variety of types. As a result, the CANDU 9 plants offer
a high level of investment security to the owner, together with relatively tow energy costs. The latter results
from reduced specific capital cost, reduced operation and maintenance cost, and reduced radiation exposure
to plant staff.

A high level of standardization has always been a feature of CANDU reactors. This theme is
emphasized in the CANDU 9 plants; all key components (steam generators, heat transport pumps, pressure
tubes, fuelling machines, etc.) are of the same design as those proven in-service on operating CANOU power
stations.

The CANDU 9 power plants are readily adaptable to the individual requirements of different utilities
and are suitable for a range of site conditions.

1. DESIGN BASIS

1.1 THE CANDU SYSTEM

The CANDU Nuclear Steam Supply System is shown schematically in Rgure 1-1

CANDU utilizes heavy water moderator and coolant Heavywaterdoesnotabsorb as many neutrons
as 'light" water. The practical implication of this neutron economy is that CANDU permits flexible,
uranium-efficient fuel cycles. CANDU can use natural uranium fuel, with the same isotopic content as when
the uranium is mined, low-enriched fuel, or spent fuel from light water reactors (LWRs).

1.2 THE CANDU 9

CO
CO

The CANDU 9 design follows the same evolutionary path as the earlier CANDU 6. which was a
single-unit design evolved from the Pickering multi-unit design The direct antecedents of the CANDU 9 plants
are the multi-unit Bruce and Darlington designs operated by Ontario Hydro CANDU 9 also incorporates
advanced features which were developed for the new, smaller CANDU 3
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Figure 1.1
CANDU Nuclear Steam Supply System

All of the basic and well-proven features which are the hallmarks of CANDU are retained These
include

- heavy water (DaO) moderation and cooling
- horizontal pressure tubes in a tow pressure low temperature moderator tank called the calandna
- standard CANDU 37-e!ement natural uranium or Slightly Enriched Uranium (SEU) fuel
- on-power refuelling which avoids refuelling outages

- two diverse, fast-acting and fully capable safety shutdown systems which are independent of each
other and of control functions

The CANDU 9 480/SEU is intended for utilities having a grid capacity suitable for 900 MWe to
1300MWe class units The output range of the CANDU 9 plants complements the established mid-size
CANDU 6 and the smaller CANDU 3

The use of slightly ennched uranium fuel (0 9% U^s) in CANDU 9 480/SEU. in place of the natural
uranium fuel (0 7% U&s) utilized in the operatong 4SO fuel channel Bruce and Dariington plants facilitâtes an
increase in net electrical output to the range of 1050 MW(e) This results from two factors

- The use of SEU fuel increases the reactivity differential between new fuel and depleted fuel This
allows higher reactivity fuel tobe maintained in the outer fuel channels, thereby increasing their power
output to levels approaching that of the inner channels

- The use of a 2 bundle shift refuelling scheme, facilitated by the use of SEU, instead of the 4 bundle
shift refuelling scheme used with the NU fuelled reactors, reduces the increase in channel power on
refuelling (known as the refuelling npple), thereby increasing the time averaged channel powers
without increasing the peak fuel bundle or channel power

Hence, the fuel and fuel channels of CANDU 9 480/SEU perform within the same operating limits as
CANDU plants now in service, including the maximum fuel burn-up in the high burnup fuel pencils In addition
all of the principal characteristics of natural uranium fuel that influence the handling and storage requirements
of new and irradiated fuel are retained in the SEU fuel (for example, no potential for cnticality when stored
in light water).

The emphasis placed on evolutionary design and the use of well-proven design features is intended
to ensure minimum financial nsk to utilities choosing a CANDU 9 plant by assuring regulatory licensability and
reliableoperation. In addition to this emphasis, me CANDU 9 reflects the important lessons teamed by utilities
in the construction and operation of CANDU units and, indeed, relevant experience gained by the world
nuclear community in its operation of over 400 reactors of a variety of types

The CANDU 9 plant designers have paid particular attention to the protectxjn of the owner's
investment and to minimizing energy costs This includes the minimization of capital cost, the provision of
a short and secure construction schedule, the assurance of a high capacity factor through the use of highly
reliable and easily maintainable systems and components, the maximization of component life, and the
provision for the fast and easy replacement of components at the end of their life Operations, maintenance
and Administration (OM&A) costs are further reduced by the automation of many operations activities (for
example, plant surveillance and operation work control), and by reduced radiation exposure to plant operating
staff

The CANDU 9 power plants are readily adaptable to the individual requirements of different utilities,
and are suitable for a range of site conditions For example, the space provisions within the reactor building
and the equipment and piping layout can accommodate different component sizes associated with different
cooling water temperatures and changes in me output range

A high level of standardization has always been a feature of CANDU reactors This theme is
emphasized m the CANDU 9 plants all key components (steam generators, heat transport pumps pressure
tubes fuelling machines etc ) are of the same design as those proven in-service on operating CANDU power
stations



1.3 BENEFITS OF CANDU 9 PLANTS

Large nuclear units (i e units with greater electrical output) offer a number of advantages to utilities
with compatible grid capacity These include economy of scale in capital cost economy of scale in operating
cost, and more effective land utilization

Modern design methods and features provide further economies in both capital cost and operation
costs through the use of advanced technologies, this is particularly true for construction methods (heavy lift
cranes, modularization, etc ) and control and information systems, where technology has advanced at a very
rapid rate Gains have also been made by utilizing the experience base developed by operating plants

The CANDU 9 plants exploit the CANDU expenence base by utilizing the proven systems,
components and technologies of the very successful Bruce B and CANDU 6 plants, updated by relevant
technical advances made in Darlington and CANDU 3, to provide a modem, economical and safe large
CANDU plant The design is also consistent with the Electnca! Power Research Institute (EPRI) top tier
requirements for Advanced Water Cooled Reactors and the established requirements of CANDU utilities

1.4 MODERN TECHNOLOGY

The CANDU 9 takes advantage of modern technologies throughout These include

1.4.1 DESIGN METHODS

The advanced design methods utilized for CANDU 9, facilitated by modern computer systems and
information management systems, provide a wide range of capabilities mat reduce capital cost, reduce
operations and maintenance costs, and enhance safety These include

• Reducing commissioning costs and schedule through use of the 3-D graphics and the database in the
station operating system

• Reducing manpower and schedule requirements in all aspects of the project including conceptual design,
detailed design, licensing, construction, and commissioning

• Reducing manpower and schedule requirements in all aspects of plant acquisition including conceptual
design, detailed design, licensing, construction, and commissioning

• Facilitating automation of many operations activities (for example, plant surveillance and operations work
control)

1.4.2 MODULARIZATION

Modulanzation consists of assembling groups of components, systems, or subsystems into complete
modules which are then put in place by a Very Heavy Lift Crane (VHLC), and subsequently interconnected
as appropnate. The modules are fabncated remotely from the umfBuildmgs in facilities established on site,
or available offsite

Modulanzatjon offers a number of advantages, including

• Construction schedule reduction, since module fabrication can proceed in parallel with civil construction
work

« Cost reduction due to the higher productivity of the shop environment

• Reduced site facilities and site staff dunng construction, especially when off-site module fabrication is
used

Ol

• Electronic 3-dimensional design, often referred to as Computer Aided Design (CAD) or Computer Aided
Engmeenng (CAE)

• The use of a common, controlled electronic database for all project activities
• Automated electronic data transfer (for example, from the 3-D model to analysis codes or to bills of

matenal)
• Simulation of construction sequences
• Checking of equipment and component spatial interferences

These capabilities result in substantial reduction in capital and operating costs by

• Optimizing construction sequences and equipment and module installation procedures and sequences

• Reducing engineering and construction problems by eliminating interferences and other space allocation
control problems

• Assunng consistency of data throughout the project (design, analysis, licensing, commissioning,
operation)

• Reducing information management and transfer costs For example, information can be transferred
electronically to participating partes, including manufacturers and the licensing body

• Providing information on an as-required basis For example a module fabricator having access to the
3 D graphics and database, can optimize fabrication methods and sequences, and is not limited to
translating from paper drawings

2. PLANT DESCRIPTION

2.1 PLANT LAYOUT

CANDU 9 plants are designed as self-contained single-unit power plants (Figure 2 1) Multiple-unit
CANDU 9 stations are achieved using single-units as building blocks (Figure 22.) The layout provides for
a short construction schedule by simplifying, minimizing and localizing interfaces, by reducing construction
congestion through the provision of construction access to all areas, by providing flexible equipment
installation sequences, and by reducing matenal handling requirements The relatively small and narrow
footpnnr of the CANDU 9 plant provides flexibility m the arrangement and construction sequence of
multiple-unit CANDU 9 stations, resulting in very effective land utilization. The relatively small exclusion
radius required for CANDU 9 plants (700m) further enhances land utilization

The layout is strongly influenced by the Two-Gtoup Separation Philosophy This safety-related
design approach requires that all plant systems be assigned to one of two groups (Group 1 or Group 2) Each
group can, by itself, shut down the plant, assure removal of decay heat from the fuel, and provide plant
monitonng. Generally, Group 1 systems sustain normal plant operation and power production and support
plant safety, whereas Group 2 systems are dedicated to plant safety The two groups are separated in the
layout so that a local hazard such as a fire cannot disable more than one group For widespread external
events, sucfi as an earthquake, at least one group is capable of mitigating the effects The layout also benefits
from the application of modern human factors design practices, including a plant wide 'Link Analysis" this
serves to improve operations and maintenance efficiency, and to minimize the frequency of human error

A single unit CANDU 9 station layout is shown m Figure 2-1 The pnncipal buildings comprising the
CANDU 9 plant are
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Rgure 2.1
Single Unit Station Layout

Figure 2.2
Multiple Unit Layout Options

The reactor building, a steel-lined, reinforced concrete structure, contains the reactor, the mam
reactor cooling system (the heat transport system), trie moderator system, and other support equipment The
reactor building assures containment of radioactivity in case of an accident The design improvements relative
to the CANDU 6 reactor building, including increased design pressure and the use of a steel liner, eliminate
the need for the complex and costly dousing system, eliminate the cost and inspection burden of
post-tensioning cables, and substantially reduce the potential for building leakage A section view through the
reactor building is shown in Figure 2-3

The reactor auxiliary building surrounds the reactor building, and contains the mam control room,
the fuel handling and irradiated storage facilities, and the piping and cabling which run between the main
buildings The reactor auxiliary building is protected against internal and external flooding and is qualified
to earthquake and tornado standards according to specific site requirements

The Group 2 service building contains essential Group 2 safety services including the secondary
control area, Group 2 diesel-generators, emergency water supplies, and safety shutdown systems The
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Figure 2.3
Reactor Building Section

Group 2 service building and its contents are seisrracally qualified and protected against design basis external
hazards such as tornadoes according to specific site requirements This safety philosophy places essential
Group 2 safety equipment m one area where it can be protected against external and internal hazards and
where it is isolated from the effects of accidents affecting Group 1 systems

The Group 1 service building contains the Group 1 diesel-generators and the Group 1 Class IV
and Class ill electrical power distribution systems

The turbine building houses the turbine generator and support equipment The turbine generator
axis lies along the reactor building radius, both to protect nuclear steam plant equipment from missiles due
to a postulated turbina breakup, and to minimize station land requirements

The maintenance building provides the facilities for the day-to-day maintenance of the plant
including shops, stores and change rooms It is located between the turbine building and the reactor auxiliary
building, with direct access to both On multiple-unit stations, the maintenance building crane halls are
connected, and extend the width of the station

The station services building accommodates certain services for the station such as heavy water
management, liquid waste management, overhaul facilities, and change rooms for contract staff Only one
station service building is needed for a multiple-unit CANDU 9 station, it can be located at either end of the
station or between units

2.2 NUCLEAR STEAM PLANT

This section gives a bnef descnption of the mam parts of the Nuclear Steam Plant, compnsing
systems and equipment within the reactor building, the reactor auxiliary building, and the Group 2 service
building

2.2.1 FUEL

The fuel for CANDU 9 plants is the standard CANDU 37-element bundle (Figure 2-4) CANDU 9
480/SEU utilizes uranium dioxide ennched to 0 9% 1)235 ~^ts level of enrichment is consistent with that
available in Recovered Uranium a product of spent LWR fuel reprocessing CANDU 9 plants can take
advantage of the CANFLEX fuel bundle when it is available

2.2.2 FUEL CHANNELS

The CANDU 9 plants use the proven CANDU 6 fuel channel (Figure 2 5) Each fuel channel consists
of a zirconium-niobium alloy pressure tube, centred in a Zircaloy calandna tube by annular spacers, and
expanded into stainless steel end fittings at both ends Each channel contains twelve fuel bundles Modest
improvements have been incorporated in the CANDU 6 fuel channel, including thickening the end sections
of the calandna tubes (to reduce sag), addition of a second set of pressure tube rolled joint grooves m one
end fitting (to reduce pressure tube replacement time), and more stringent metallurgical specifications for
pressure tube matenal that reduce initial hydrogen concentrations and increase resistance to toughness
reduction (m order to ensure a 35-year life)

Pressure tube replacement is not required for 35 or more years, however the design of the fuel
channels and the layout within the reactor building facilitate fuel channel replacement, required to achieve the
60 year plant design life

2.2.3 CALANDRIA AND SHIELD TANK

The reactor core consists of 480 fuel channels held in a square lattice array by circular end-shields,
and contained within a cylindncal low-pressure tank called the calandna (Figure 2-6) The calandna contains
the heavy water moderator at near-atmospheric pressure The CANDU 9 plants utilizes the proven Bruce
B/Oarlington (480 fuel channel) calandna Some limited improvements have been made, the most significant
is the relocation of the moderator system inlet and outlet nozzles to enhance moderator circulation in the
calandna. thereby providing improved cooling during potential severe accident conditions

The CANDU 9 plants adopt the basic Bruce/Darlmgton arrangement of a water filled steel shield tank
Surrounding the calandna Improvements to the shield tank include a cylindrical shape (rather than the
octagonal shape of Bruce and Darlington) to enhance seismic capability and better cater to severe accident
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Figure 2.5
Fuel Channel Assembly

Figure 2.4
37-Element Fuel Bundle

events, and supporting the shield tank by embedding the end structure into the reactor vault end walls (similar
to CANDU 6), rather than by supporting it from the floor as in Bruce B/Oartington. this stiffens the structure,
and further improves seismic capability The CANDU 9 shield tank design combines the advantages of the
Bruce/Dariington shield tank, including reduced construction time and access to the reactor vault dunng
reactor shutdown with the structural and seismic advantages of the CANDU 6 design

2.24 HEAT TRANSPORT SYSTEM

CANDU 9 plants utilize the basic single-loop Bruce B heat transport system arrangement with two
inlet headers and one outlet header at each end of the reactor and two single discharge single suction heat
transport pumps serving the inlet headers at each end of the reactor (figure 2-7)

At each end of the reactor, each inlet header provides coolant flow to alternate fuel channel inlet
feeders For large reactors this arrangement (derived from the Bruce B design) reduces the rate of reactivity
insertion in the event of a large Loss of Coolant Accident (LOCA) thereby increasing safety margins relative
to arrangements in which all inlet feeders at one end of the reactor are supplied by a single inlet header For
smaller reactors (such as CANDU 6) a similar benefit is obtained by dividing the heat transport system into
two independent circuits or loops

2.2.5 MODERATOR SYSTEM

Heat is deposited in the heavy water moderator dunng normal operation from direct gamma and
neutron interaction and through thermal conduction from the fuel channels This heat is removed by the
moderator cooling system which circulates and cools the heavy water in an external circuit connected to the
caiandna

2.2 6 REACTOR CONTROL

Reactor control is provided by reactivity control mechanisms consisting of light-water zone
compartments absorber rods, and adjuster rods all are located between fuel channels within the low pressure
heavy water moderator The overall reactor control system is described in Section 2210

227 RESERVE WATER SYSTEM

The reserve water system illustrated in Figure 2 8 which is an extension of the coolant recovery
system of the CANDU 6, includes a large high level reserve water tank located in the reactor building The
reserve water tank conceptually similar to the CANDU 6 dousing tank serves as a head tank for the shield
cooling system and provides passive cooling of the shield tank and end shields in the case of a loss of normal
cooling capability The tank also provides makeup water via gravity to the steam generators if required
provides makeup water to the moderator and heat transport systems if required and supplies water to the
ECC system sump m the event of a LOCA to ensure ECC pump net position suction head
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Figure 2.6
Reactor Assembly

In addition to the passive functions noted above, the reserve water system includes recovery pumps
that can return leakage from either the heat transport system or the moderator system to the appropriate
system.

2.2.8 FUEL HANDLING

The CANOU9 plants utilize the CANDU 6double-ended on-power refuelling system (see Figure 2.9).
On-power refuelling is performed by two fuelling machines, located at opposite ends of the reactor. These
machines transport new fuel bundles to the fuel channel to be refuelled, and toad them into the fuel channel
while the reactor is operating. Simultaneously used fuel bundles are removed from the fuel channel. The
fuelling machines subsequently transport the used fuel to the irradiated fuel storage bays. The refuelling
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Figure 2.7
Heat Transport System Simplified Composite Flow Diagram

operation is fully automatic. In the event that a defect occurs in a fuel bundle during reactor operation, the
fuelling machines can be used to remove the defective fuel, thereby limiting the release of fission products
to the heat transport system coolant Systems are provided for the detection and location of defective fuel.

Fuel handling system improvements relative to CANDU 6 include:

• Location of new fuel loading outside of the reactor building as in Bruce B/Dartington, to minimize
radiation exposure of staff loading new fuel.

• Moving the fuelling machines on transfer carnages that travel between the reactor face and the
reactor building wall (as in CANOU 3) ; this improves seismic capability and simplifies the fuel transfer
system.

CANDU 9 plants utilize the CANOU 6 fuelling machine design, with a number of enhancements,
adopted from the proven Bruce 8/Oartington fuelling machines. These include:

• A forged body housing with an end flange, thereby eliminating the costs and complexity of the large
Grayiok connection.
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Reserve Water System
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• Electnc dnves to replace the D2O hydraulic drives, thereby improving reliability and reducing
maintenance.

2.2.9 SAFETY SYSTEMS

The four Group 2 safety systems comprise the two diverse, dedicated reactor shutdown systems; the
emergency core cooling system, and the containment system. Each is separated from and is independent
of the Group 1 systems, and of all the other safety systems

Shutdown System No. 1 utilizes spnng-assisted, gravity-drop neutron absorbing rods, whichdrop into
the moderator, between the fuel channels.

Shutdown System No 2 utilizes honzontal perforated tubes through which a liquid neutron absorber
is injected into the moderator

Figure 2.9
Fuel Transfer System

The Emergency Care Cooling System (ECCS) (Figure 2 10) uses high pressuregas to inject ordinary
water into the fuel channels, followed by pumped rearculason and cooling of water within the reactor building
The emergency core cooling system is essentially the same as for Bruce B, but is replicated for each CAN DU
9 unit, whereas a single system serves the four Bruce B units Improvements incorporated include

• Placement of all ECCS equipment, except the gas tanks, within the Reactor Building, will eliminate
the need for a number of isolation valves.

. The use of one-way rupture discs to separate the heat transport system from the emergency core
cooling system, thereby greatly simplifying the emergency core cooling system and reducing both
capital and maintenance costs
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Emergency Core Cooling System

Figure 2.11
Control Centre Layout

2.2,10 INFORMATION AND CONTROL SYSTEM

Plant instrumentation, computer control systems control room man/machine interface and the plant
information system are provided by the ICS-90+ Systems (Information and Control Systems-90*)

ICS-90+ evolved from the highly automated CANDU control systems developed for the CANDU 6
stations and Darlington, and takes advantage of the dramatic developments in digital systems and
communications systems that have occurred in recent years The result is substantial improvements in safety
and reduced operating cost

The key benefits are

- Asubstantial reduction in the number of instrumentation and control components, leading to improved
reliability and reduced maintenance and construction costs

- Increased automation of surveillance tasks, which frees the operations staff from labour intensive
and/or stressful tasks, leading to reduced frequency of operator error

- Cost effective operations configuration control
- Improved operator understanding of the plant operational state at all times

The CANDU 9 main control room is illustrated in Figure 2-11

The containment system is a conventional dry single-unit structure, consisting of a
reinforced-concrete building with a steel inner liner which encloses the reactor and other nuclear steam supply
system components Each CANDU 9 unit has its own independent containment system Note that the
containment type is independent of the reactor type CANDU does not require a specific form of containment
system and can readily adopt other containment system arrangements to suit specific utility requirements

3. SUMMARY

The CANOU 9 plants are an evolutionary single unit development of the successful four unit Bruce B
design utilizing proven systems component designs and concepts CANDU 9 makes large modem CANDU
plants available to both Canadian and foreign utilities with compatible grid size and electnaty requirements
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Abstract

A key characteristic of the CANDU reactor design is the ability to meet
future requirements via incremental modifications as opposed to revolutionary
design changes. The main objectives for advancing CANDU technology are 1) to
reduce capital and operating costs, 2) to increase capacity factors, 3) to
increase passive safety, and 4) to enhance fuel/fuel cycle flexibility.
These objectives are being met by performing research and development in 6
key areas: fuel channels, fuel/fuel cycle technology, safety, heavy water
production, plant systems and components, and infomatlon technology. Fuel
channel improvements are gained through the elucidation and application of
basic materials science for life extension. Fuel and fuel cycle work is
focusing on advanced cycles, and on the development of a bundle to act as a
carrier for advanced fuels that improves burnup and economics. In safety,
the inherent features of CANDU are used to enhance passive or natural safety
concepts, such as the use of the moderator as an effective heat sink, and the
development of low temperature fuels. Heavy water processes are being
developed that can be used with existing hydrogen sources (such as
electrolytic hydrogen or steam reformers), or that can be used in a stand-
alone node. Plant systems and components work includes improvements to plant
components such as steam generators, and the application of advanced control
centre technology. Information technology is being developed to improve all
aspects of CANDU design, construction, and operation. This paper gives an
overview of some of the R&D in these areas that is supporting the incremental
improvement of current and advanced CANDU designs.

1.0 Introduction
A key characteristic of CANDU reactors is the ability to evolve the product
to meet future requirements via incremental modifications as opposed to
revolutionary design changes. Therefore, both current and future CANDU
reactors have the flexibility to use advanced technology, and AECL puts
considerable emphasis on supporting and improving its product through R&D.
Incremental improvements to fuel channels are a good example of how the CANDU
design has lent itself to evolutionary change. One of the earliest
improvements was the change from using Zircaloy-2 to the stronger Zr-2.5Nb
alloy for pressure tubes. This change had the additional benefit of
providing a more corrosion resistant pressure tube. Other improvements have
included alterations to the rolled joint between pressure tubes and out-of-
core steel piping to reduce residual stresses, and modifications to better
allow for pressure tube elongation with service.

Figure 1. Major areas of R&D for advancing CANDU technology.

The main objectives for advancing CANDU technology are 1) to reduce capital
and operating costs, 2) to increase capacity factors, 3) to increase passive
safety, and 4) to enhance fuel/fuel cycle flexibility. These objectives are
being met by performing research and development in the 6 areas illustrated
in Figure 1. An overview of some of the work being performed in these 6
areas is given below.

2.0 Fuel Channels
The goal of fuel channel R&D Is to Improve plant operabillty by extending the
life of pressure and calandria tubes. Fuel channel lifetime can be limited
by dimensional changes from creep and growth, and by increased susceptibility
of pressure tubes to fracture caused by irradiation and deuterium uptake.
The modular nature of fuel channels means that the heart of a CANDU reactor
can be replaced with more advanced technology as it becomes available and,
therefore, core life could be essentially extended indefinitely.
Fuel channel improvements require a sound understanding of basic materials
science, Including the effects of aicrostructure, texture and alloy chemistry
on creep, growth, fracture toughness and deuterium uptake. Controlling the
chemistry of the Zr-2.5Nb pressure tube alloy is a good example of how
susceptibility to fracture and dimensional changes can be improved by the
application of basic materials science. For example, careful examination of
the fracture surfaces of Zr-2.5Nb using microchemical techniques has linked
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Figure 2. Zr-2.5Nb fracture toughness as a function of CI content

reduced fracture toughness with the presence of ppa concentrations of
chlorine (Figure 2). As a result, pressure tubes that are very tough can now
be produced by ensuring lover chlorine concentrations. Ongoing R&D is
identifying further "microcheaistry effects" that are important for pressure
tube lifetime.
Minimizing hydrogen isotope concentrations in pressure tubes has received
particular attention because most cracks in tubes have been associated vith
the presence of hydrides. Several approaches are being pursued to ensure low
concentrations throughout the life of a pressure tube.
First, as part of our efforts to control alloy chemistry, a detailed
investigation of hydrogen uptake during pressure tube manufacture has alloved
the average initial concentration to be reduced from over 0.1 atZ (10 ppm) to
belov 0.05 atZ (5 ppm). Since the limiting hydrogen concentration is in the
vicinity of 0.3 atZ (the point vhere hydrides could begin to precipitate),
the initial hydrogen concentration can have a significant impact on pressure
tube lifetime, as shown in Figure 3 for three different hydrogen pickup
rates.
Secondly, research into the effects of alloy chemistry and oicrostructure on
corrosion is being applied to the development of surface modifications that
reduce deuterium pickup for the main body of the tube. Typical surface
modifications being examined include the production of surface grains that
have higher resistance to corrosion, modifications to the intergranular
structure to increase resistance to hydrogen mobility, and formation of oxide
layers that retard deuterium uptake.

Typical value
before new limit

0.05 0.1 0.15 0.2 0.25

Initial Concentration (at %)
Figure 3. Pressure tube lifetime vs initial hydrogen

concentration for 3 annual pickup rates.

Finally, modified rolled joints are being developed that reduce deuterium
ingress at the joint. The approach is to develop surface layers in the
rolled Joints that retard hydrogen transfer from the steel to the Zr-2.5Nb
pressure tube and/or reduce galvanic coupling between the surfaces.
It is stressed that fuel channel lifetime depends on all three major factors
- creep and growth, fracture toughness, and hydrogen content - since any one
of these factors could ultimately be life limiting. A systematic and in-
depth approach to understanding the fundamental mechanisms associated with
these phenomena is leading to considerable improvement in fuel channel
lifetime.
3.0 Fuel and Fuel Cycles
One of the features of CANDU reactors is low fuelling costs that result from
the low production cost of the simple natural uranium (containing 0.7Z U-235)
bundles and the excellent neutron economy that enables efficient use of
fissile material. The simple design, on-power fuelling and neutron economy
also give CANDU reactors the flexibility to use a number of fuel cycles.
These potential fuel cycles are Illustrated in Figure 4, and are further
described below.
3.1 Slightly Enriched Uranium
A relatively straightforward advanced fuel for CANDU reactors would be to use
slightly enriched uranium (SEU). An enrichment of 1.2Z is close to the
optimum for a range of enrichment and uranium costs. The burnup of SEU is
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about three times natural fuel, and, therefore, there is a corresponding
reduction in the volume of spent fuel and a reduction in fuel cycle costs of
about 30Z.
3.2 Recovered Uranium
Another alternative is to use recovered uranium (which is enriched to 0.9Z
U-235) from reprocessing LVR fuel. Approximately twice the energy could be
extracted from this fuel in a CANDU reactor compared to recycling the
recovered uranium through an enrichment plant for use in an LVR. The
potential burnup of such fuel would be about 14000 MWd/te, as compared to
about 7500 HVd/te for natural fuel.
AECL has been carrying out a cooperative program with Cogema to examine the
feasibility of manufacturing fuel from recovered uranium for CANDU reactors.
To date, we have performed R&D to characterize the recovered powder, to
develop pelletlzing and sintering methods, and to characterize the pellets.
An important consideration has been the volatility of Cs-137 during
sintering; however, our results have shown that the fields from Cs-137 in a
production-size furnace would be negligible,
3.3 LUR Fuel
The neutronic differences between CANDU and LVR reactors allow a unique
synergism whereby spent LVR fuel could be used in CANDU reactors. The higher
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Figure 5. Synergistic heavy water processes.
discharge burnup of LVR fuel and the harder spectrua produces a higher
concentration of plutonium in the spent fuel than there Is in spent CANDU
fuel (approximately twice as much). In addition, spent LVR fuel contains
about 0.9Z Ü-235, vhereas CANDU reactors burn the U-235 down to levels below
enrichoent plant tails. About twice as much energy could be extracted from
both the plutonium and the U-23S if used in a CANDU reactor as opposed to
recycling in an LVR. Moreover, owing to the high neutron economy, CANDU
reactors could burn spent LVR fuel without resorting to conventional
reprocessing to remove poisons and to enrich the fuel.
The direct use of LVR fuel in CANDU reactors (DUPIC) is being examined by a
joint Canada/Korea/US team, which is studying all aspects of this cycle,
including basic physics/engineering of the fuel, processing, and safeguards.
In principle, spent LVR fuel contains sufficient reactivity that it could be
used in a CANDU reactor without any processing. Nevertheless, external gamma
fields and fuel reactivity could both be Improved by using a simple dry
process to remove some of the fission products.
The DUPIC cycle is an attractive option. There are, however, important
challenges that must be addressed before this option can be considered
viable, such as remote fabrication of pelletized CANDU fuel bundles and the
scale-up of dry processing to full industrial production.
3.4 Thorium Cycle
Thorium does not contain any fissionable isotopes, but can be used to breed
U-233 when used with a fissile material (eg, plutonium or U-23S) to initiate
the cycle. Several cycles are possible. For example, thorium fuel could
first be Inserted in the outer low flux channels of a CANDU reactor to
produce U-233 (from neutron capture by Th-232, and subsequent radiative
capture and beta decay). The thorium fuel could then be removed from the
reactor to allow for the buildup of U-233 from Pa-233 (27 d half-life) decay,
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and subsequently burned In the higher-flux central channels without any
further processing.
Thorium fuel has some interesting possible benefits vith respect to reactor
safety. Since thoria has a higher thermal conductivity than uranla, there
should be less fission gas release. Also, since Th02 represents the highestoxidation state of thorium, it is not possible to further oxidize the fuel
and release large quantities of fission products and aerosols.

3.5 CANFLEX Fuel
A joint AECL/KAERI program is ongoing to develop an advanced fuel bundle
design that can be used as an optimum carrier for advanced fuel cycles.
CANFLEX (CANDU FLEXible fuelling) fuel is more subdivided than other CANDU
bundles and has 43 elements vith two pin sizes. When operated at current
bundle powers, peak linear element ratings are reduced by about 20Z. This
improves safety margins due to lower fuel temperatures, less stored energy,
and a reduced free inventory of fission products. The lower ratings,
combined vith optimized fuel element structure and composition, allow
extended burnup. In addition, critical heat flux and critical channel power
are improved by optimizing the number, design, and location of bundle
appendages, which act as local turbulence promoters. A key feature of the
CANFLEX bundle is that It can be used vith existing as well as future CANDU
reactors, in keeping vith our approach of ensuring that, to the extent
possible, advanced CANDU technology can be applied to existing plants.

4.0 Passive Safety Enhancements
The objective of this program is to continue to enhance the safety of CANDU
plants by examining and,.where appropriate, Improving the passive role of
existing systems, such as the fuel, the fuel channels, and the moderator and
shield tank heat sinks. A few of these concepts vill be described to
illustrate possible enhancements to CANDU safety.
Fuel is the first line of defense for reducing source terms under accident
conditions. The driving force for fission product release from fuel is the
high temperatures (and high temperature gradients) that are produced in fuel
under some accident conditions. These high temperatures can be reduced by
increasing the conductivity of the fuel. An example of this is shown in
Figure 5, which compares normal CANDU fuel radial temperature distributions
vith those of a prototype fuel that employs thin graphite disks between the
pellets to enhance heat transfer. As indicated in Figure 5, the "disk" fuel
operates at much lover temperatures than normal fuel, and has a much smaller
radial temperature gradient. This vould have significant impact on fission
product releases under accident conditions, since fission product mobility in
the fuel, fission product volatility, and the steam/sheath reaction rate
vould all be reduced. "Disk" fuel concepts have been tested in-reactor, but
considerable developmental work remains to establish the fuel as a viable
product.
A second example of passive safety enhancement is to increase the
effectiveness of the moderator as a heat sink under accident conditions.
During a severe accident, the pressure tube either expands at 700-800 C and
contacts the calandria tube at high internal pressures, or at lov pressures,
slumps into contact vith the calandria tube. In both cases, heat is then
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transferred from the fuel through the pressure tube/calandria tube interface
into the moderator. To ensure that the surface of the calandria tube does
not go into film boiling (and, therefore, restrict heat transfer into the
moderator), the moderator is subcooled. This is illustrated in Figure 6,
which summarizes several experiments carried out vith full diameter pressure
tube/calandria tube specimens in a water reservoir, under various severe
accident conditions leading to different contact temperatures. The broad
line separates the film and nucleate boiling regimes for various combinations
of contact temperature and water reservoir temperatures. As indicated by the
results, film boiling can be prevented at all contact temperatures by
maintaining about 25 degrees of subcooling in the vater reservoir.
Nevertheless, ve have been developing new fuel channel concepts that control
the conductivity between the pressure tube and calandria tube to ensure that
stable nucleate boiling vill occur under all conditions. Figure 6 includes a
recent data point from full diameter tests that indicates that the controlled
contact conductance concept ensures effective fuel cooling even vith zero
subcooling in the reservoir. R&D on this concept is ongoing, and if
successful, could lead to a fuel channel design that vould ensure effective
heat transfer vithout having to restrict moderator temperatures.
A final example of advanced safety R&D is passive hydrogen control. A vet-
proof catalyst system has been developed that recombines hydrogen and oxygen
at hydrogen concentrations that are veil below the combustion limit (catalyst
self-starting concentrations as lov as 0.5Z have been observed). The
catalyst has been demonstrated in large vessels as veil as flow tubes. The
large vessel experiments have shown that natural circulation (due to the heat
of reaction) is sufficient to reduce hydrogen concentrations at the rate of
12 kg/hr/m2 of inlet area using a 20 cm long bed. The response time is
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extremely fast; the catalyst takes only 15-20 seconds to begin efficient
operation after hydrogen is introduced into the atmosphere. Initial hydrogen
concentrations of 7Z are reduced to belov IX in typically 20-40 minutes,
depending on the size of the bed and volume of gas. Intermediate scale
combustion tests have shovn that the transients developed in 10-15Z hydrogen
mixtures have no effect on the catalyst.
Other passive enhancements being developed include zero void reactivity
coefficient fuel, simplified emergency coolant injection systems, and
containment heat rejection improvements.

5.0 Heavy Vater Production
A unique feature of CANDU reactors is the use of heavy vater for both
moderation and cooling. The goal of R&D on heavy vater production processes
is to ensure an economic supply of heavy vater for current and future plants.
The current standard method of producing heavy vater, the Girdler-sulphide
(G-S) process, is based on the transfer of deuterium betveen vater and
hydrogen sulphide. This process has the advantage of a fast reaction rate,

but a process vith lover capital and operating costs vould be very
attractive.
Alternatives to the G-S process, based on vater/hydrogen exchange, are
thermodynanically preferred, but historically have lacked a suitable catalyst
to speed up their slov reaction rates. Development of high-activity "vet-
proofed" catalysts has alleviated this problem, and three variants of the
vater/hydrogen exchange process are being developed. The Bain benefit of
these processes is potential savings in production costs relative to the G-S
process. They also pose little environmental concern because vater and
hydrogen are the only required chemicals.
The most straightforward process, CECE (Combined Electrolysis Catalytic
Exchange), is based on catalysing the transfer of deuterium from hydrogen
produced by the electrolysis of vater (see Figure 7). The vater in the
electrolysis cell becomes enriched in deuterium. This process is
economically attractive if it is associated vith an existing plant producing
hydrogen by electrolysis on vhat is today an unusually large scale (100 MV or
more).
A somevhat less cost-effective hydrogen production method is based on steam-
hydrocarbon reforming. Using a similar catalyst system as CECE, deuterium
can be extracted from the hydrogen stream by the CIRCE (Combined Industrial
Reformed hydrogen and Catalytic Exchange) process (Figure 7). Although more
costly, this process has the advantage that steam reforming is practiced
videly on a very large scale.
An alternative1 to CECE and CIRCE that does not rely on a separate plant
supplying a stream of hydrogen is the BHV (Bithermal Hydrogen Water) process.
Based on the same principle as the G-S process, except that the vet-proof
catalyst is used, a hydrogen gas stream is circulated past a water stream in
tvo columns at lov and high temperatures, respectively. Because the
separation factor depends on temperature, deuterium is concentrated in the
vater stream betveen the tvo columns. This process is more expensive than
CECE and CIRCE but allows stand-alone production of heavy vater.

6.0 Plant Systems and Components
High capacity factors are an inherent characteristic of CANDU reactors. R&D
effort is being directed tovards the improvement of components vhose changing
performance could limit the ability to maintain high capacity factors later
in reactor life.
One key component is steam generators, where such factors as vater chemistry,
corrosion, fouling, and heat transfer properties must all be monitored and/or
controlled. An aggressive R&D program is addressing these factors through
the development of expert systems for feedvater corrosion product control,
fouling models for the feedtrain and steam generator, transient chemistry and
crevice chemistry models, methods for evaluating corrosion susceptibility,
and models for the control of feedtrain chemistry. These developments can
be used to improve the performance of existing steam generators and to
improve designs to meet future CANDU requirements. Our longer-term vision is
to develop advanced corrosion and fouling probes/monitors, and information
systems models that correlate thermalhydraulic conditions, stress, chemistry,
corrosion and fouling into a "health map" of the steam generators. This
vould include a control room display that indicates steam generator status,



and provides response times and actions needed to return the steam generator
to acceptable conditions following a transient.
In addition to component improvements, advanced control centre technology is
being developed to enhance the operability of CANDU plants. The technology
includes plant Information systems and distributed control systems.
Prototype plant information systems are being developed and evaluated to
address human performance issues with mixed-media interfaces (i.e.,
instruments and display screens), alarm annunciation, plant operating
procedures, and plant fault diagnosis. An example is a critical safety
parameter display system that incorporates the display of plant critical
safety parameters and computerized procedure information. Using this
interface, an operator is able to quickly ascertain the status of the plant,
to note any trends, and to call up procedures for corrective actions.

7.0 Information Technology
The long-ter» objective of this program is to provide information systems
that improve efficiency during all stages of a CANDU reactor's life cycle:
from conception, through operation, to eventual decommissioning. The current
focus is to provide an integrated Information technology system for plant
design and construction. This includes the efficient use of computer-aided
design and drafting systems, the development of comprehensive plant
databases, the automation of traditional engineering and project activities,
and the integration of engineering with related tasks, such as document
control, procurement, project management and site engineering tasks. The
goal is to improve the constructability of CANDU plants and to shorten the
project schedule through reduced interferences and engineering rework.
There are a number of R&D activities that are being carried out to achieve
this goal. A good example is in the area of electrical and control design
which relies on close cooperation between a team of designers responsible for
a suite of tasks that range from creating elementary diagrams, panel layouts
and raceway routes, to panel wiring and cable routing, and finally to plant
end-to-end wiring. The products being developed to aid the performance of
these tasks are known as IntEC (Integrated Electrical and Control), and most
of its modules for CANDU 6 are now complete. The entire system is about to
be released to the Volsong 2 project.
Another example is piping design tools. Piping design involves three related
tasks: 1) piping layout, 2) pipe stress analysis, and 3) pipe support
design. À piping design environment has been developed that integrates these
functions and these tools are currently being applied to the design of future
CANDU reactors.

8.0 Conclusions
CANDU reactors, are supported by a broad range of R&D activities that are
bringing about incremental improvements to both current and advanced CANDU
designs. The improvements are based on in-depth understanding of the basic
science behind the various phenomena, integrated testing to prove out the
concepts, and the development of codes and methodologies to increase our
predictive capabilities.
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Abstract

D e m o n s t r a t i o n A d v a n c e d T h e r m a l R e a c t o r ( D - A T R , 606UWe) I s a . h e a v y - w a t e r -
B o d e r a t e d , b o i 1 i n g - 1 i g h t - w a t e r - c o o l e d , p r e s s u r e t u b e t y p e o f r e a c t o r b e i n g
designed for cons t ruc t ion , aaking the oost of the experience a v a i l a b l e f r o m the
c o n s t r u c t i o n and o p e r a t i o n of i t s p r o t o t y p e Fugen

Also underway is a s t u d y of a lOOOUWe class of ATR, w i t h i ts m a j o r enphasis
on i m p r o v e d core p e r f o r m a n c e and r e d u c e d c o n s t r u c t i o n costs. The s t u d y i s
expected to p r o v i d e v a l u a b l e i n s i g h t s in e v a l u a t i n g c o m m e r c i a l i z a t i o n of the ATR
p l a n t systc«

The s t u d y so far has i n d i c a t e d a d e s i r a b i l i t y of u s ing a longer , c l u s t e r
type of f u e l core composed of s m a l l e r - t h a n - t h e - e x i s t i n g d i a m e t e r of f u e l rods
to m a i n t a i n an inc rease i n core s i z e t o a m i n i m u m , w h i l e i m p r o v i n g t he core
per formance to a desired degree The t o t a l weight of the reactor s t r o c t u r e , the
reac to r coo lan t sys tem c o m p o n e n t s and t h e i r p i p i n g i s e s t i m a t e d to be less than
the co r r e spond ing v a l u e o f the D-ATR T h i s has been made p o s s i b l e t h r o u g h the
a p p l i c a t i o n s o f e v o l u t i o n a l concepts , i n c l u d i n g an i n t e g r a t i o n o f t he c a l a n d r i a
tank and i ts upper thermal shield vessel(a p a r t i a l l y integrated reactor des ign) ,
and a c o m b i n a t i o n o f s t eaa d r u m , w a t e r d r u m and r e c i r c u l a t i o n pumps i n t o an
i n t eg ra t ed s t r u c t u r e ( a n in teg ra ted d r u m w i t h i n t e r n a l pumps)

1. Introduction
Advanced The rma l R e a c t o r (ATR) i s a h e a v y - w a t e r - m o d e r a t e d , b o i l i n g - 1 t g h t -

wa te r - coo led reac tor and i t s i n h e r e n t core cha rac t e r i s t i c s a l l o w s e f f i c i e n t u se
of p l u t o n i n a and recovered u r a n i u m I t has been deve loped as a n a t i o n a l p r o j e c t
w i t h Power R e a c t o r a n d N u c l e a r F u e l D e v e l o p m e n t C o r p o r a t i o n ( P N C ) p l a y i n g a
m a j o r ro l e i n t h e p r o j e c t

I t s p r o t o t y p e . Fugen (165«We) w a s c o n s t r u c t e d i n Tsu ruga -Ci t y i n F u k u i
Prefec ture . I t has been opera t ing sa t i s fac to r i ly since i t went i n to operat ion in
«arch 1979

A d e m o n s t r a t i o n A T R p l a n t i s b e i n g d e v e l o p e d based o n t h e e x p e r t i s e a n d
o p e r a t i n g e x p e r i e n c e s a v a i l a b l e f r o m F u g e n a n d L W R s T h e D - A T R p l a n t i s
es sen t i a l l y i d e n t i c a l in i t s design concept to i t s predecessor Fugen and s t i l l

i n c o r p o r a t e s , f o r i m p r o v e d economy, o p e r a t i n g r e l i a b i l i t y a n d m a i n t a i n a b i l i t y ,
several design a o d i f i c a t i o n s

The D - A T R i s c o m m i t t e d fo r c o n s t r u c t i o n To be a b l e t o m a i n t a i n ATR
d e v e l o p m e n t p r o g r a m and to make ATR c o m m e r c i a l 1 y v i a b l e , however , s t i l l f u r t h e r
economic i m p r o v e m e n t s a r e c o n s i d e r e d i n e v i t a b l e

The paper d e s c r i b e s an o u t l i n e o f d e s i g n f e a t u r e s o f D-ATR and C-ATR. a l o n g
w i t h the h i s t o r y and o b j e c t i v e s o f ATR d e v e l o p m e n t

2. Objective of ATR development
T h e J a p a n e s e n u c l e a r e n e r g y d e v e l o p m e n t p r o g r a m s d e c l a r e t h a t F B R s l oaded

w i t h p l n t o n i u n f u e l sha l l c o n s t i t u t e p r i m e f u t u r e energy source In l i n e w i t h
the longer range s t ra tegy , the "Reprocess ing-RecycHng approach", in w h i c h spent
f u e l i s r e p r o c e s s e d t o r e c o v e r p l u t o n i u m a n d u r a n i u m , r e p r e s e n t s t h e b a s i c
approach in the energy s u p p l y p i c t u r e in Japan

ATR has i n h e r e n t f l e x i b i l i t y i n the k i n d o f f u e l i t can use, i t p e r m i t s t he
use of recovered u r a n i u m as w e l l as p l u t o n i u m f u e l s , and a d d i t i o n a l l y , the whole
core i s capab le o f b e i n g loaded w i t h p l u t o n i u m - u r a n i u m m i x e d - o x i d e (HOX) f u e l
T h e c h a r a c t e r i s t i c s o f A T R b e i n g s u c h t h a t i t c a n b e e x p e c t e d t o p l a y a
s u p p l e m e n t a r y r o l e i n t h e b a s i c n u c l e a r e n e r g y d e v e l o p m e n t a n d u t i l i z a t i o n
s t ra t egy s u m m a r i z e d s u c c i n c t l y by an express ion of "From LWR to FBR".

(1) Enhanced energy s e c u r i t y by an e f f i c i e n t use of nuclear f u e l
E f f i c i e n t u se o f p l u t o n i u m and recovered u r a n i u m in ATR w i l l c o n t r i b u t e t o

reduced u r a n i u m consumption. This essentially means, for a country l ike Japan
which is d e v o i d of d o m e s t i c u r a n i u m resources, the use of q u a s i - d o m e s t i c a l l y
ob ta ined energy source, thereby c o n t r i b u t i n g to an enhanced energy s e c u r i t y .

(2) Elevated domest ic expert ise in the nuclear f i e l d
The d e v e l o p m e n t of ATR r e l y i n g on domes t i c t e c h n o l o g i e s and e x p e r t i s e w i l l

se rve t o s t r e n g t h e n t e c h n o l o g i c a l bases o f t h e n u c l e a r f i e l d i n J a p a n
S i m i l a r l y , t h e d e v e l o p m e n t a n d p r o d u c t i o n o f U O X f u e l f o r A T R c o u l d c o n t r i b u t e
t o e a r l y e s t a b l i s h m e n t o f P l u t o n i u m - u t i l i z a t i o n t e c h n o l o g i e s t o p r e p a r e f o r
t h e days i n w h i c h p l u t o n i u m w i l l b e i n w i d e s p r e a d u s e

(3 ) G a i n i n g increased i n t e r n a t i o n a l u n d e r s t a n d i n g and r e c o g n i t i o n i n ou r n u c l e a r
pol icy

Under ever i n c r e a s i n g i n t e r n a t i o n a l pressure fo r non nnc lea r p r o l i f e r a t i o n ,
t h e d e v e l o p m e n t o f p l u t o n i u m - c o n s u s i n g A T R i s e x p e c t e d t o p l a y a n i m p o r t a n t
r o l e i n p r o m o t i n g i n t e r n a t i o n a l u n d e r s t a n d i n g a n d r e c o g n i t i o n i n o u r n u c l e a r
p o l i c y i n w h i c h J a p a n p r o f e s s e d r e p r o c e s s i n g o f s p e n t f u e l f o r p e a c e f u l u s e
of recovered p l u t o n i u m under the appropr ia te control and s u p e r v i s i o n



3. History of ATR development
H i s t o r y of ATR d e v e l o p m e n t t races i ts o r i g i n to a d e c i s i o n made in 1966 by

t h e J a p a n A t o m i c E n e r g y C o m m i s s i o n ( J A E C ) . I t d e c l a r e d t o d e v e l o p ATR, i n
a d d i t i o n to F B R , as one of the f u t u r e power reactors.

i t was agreed at t h a t t i m e t h a t we c o u l d bypass an e x p e r i m e n t a l reactor and
s ta r t i m m e d i a t e l y f r o m the p r o t o t y p e . This was because o f w i d e a p p l i c a b i l i t y to
A T R o f t h e t h e n e x i s t i n g L W R t e c h n o l o g i e s a n d o p e r a t i n g e x p e r i e n c e a n d o f
a v a i l a b i l i t y of i n f o r m a t i o n on heavy water reactors f rom Canada and E n g l a n d
where reactors s i m i l a r to ATR were b e i n g developed.

PNC was f o u n d e d in 1967 w i t h m a n d a t e of developing and c o n s t r u c t i n g ATR as a
n a t i o n a l p r o j e c t . I t i m m e d i a t e l y u n d e r t o o k t h e d e s i g n o f a p r o t o t y p e . T h e
p r o t o t y p e , named Fugen , was awarded a c o n s t r u c t i o n p e r m i t in N o v e m b e r 1970 and
s i t e c o n s t r u c t i o n work s t a r t e d a t T s u r u g a - C i t y , F u k u i P r e f e c t u r e i n December t he
same y e a r . I t w e n t i n t o o p e r a t i o n i n M a r c h 1979 a n d h a s b e e n o p e r a t i n g
s a t i s f a c t o r i l y s ince t hen . I t s l i f e t i m e capac i ty f ac to r i s 64X as of March 1993,
in s p i t e of 3 m o n t h s o f a n n u a l s h u t d o w n .

The f u e l a s s e m b l i e s loaded to and removed f r o m Fugen t o t a l 1005 as of March
1993. Of t h e m 529 are MOX and the r e m a i n d e r en r i ched u r a n i u m . I t may be w o r t h
noting that Fugen ranks the f i r s t among the thermal reactors in the world in the
n u m b e r o f M O X f u e l a s s e m b l y u t i l i z e d .

D-ATR i s r ega rded a f o l l o w - u p p l a n t t o t he p r o t o t y p e in t he o v e r a l l ATR
d e v e l o p m e n t p rog ram, t h e m a j o r o b j e c t i v e s o f D-ATR b e i n g t o d e m o n s t r a t e t h e
f e a s i b i l i t y and economy of a large u n i t in wh ich the exper i ence ga ined t h r o u g h
the c o n s t r u c t i o n , o p e r a t i o n and R&Ds of Fugen, and the o v e r a l l e x p e r i e n c e of
LVft was r e f l e c t e d . I n i t i a l des ign work of D-ATR was s t a r t e d in 1973 by PNC in
p a r a l l e l w i t h the c o n s t r u c t i o n of Fugen. JAEC reviewed and e v a l u a t e d the D-ATR
design and endorsed the c o n s t r u c t i o n of a 600MW class D-ATR in 1982.

I t was dec ided in 1982 t h a t E l e c t r i c Power D e v e l o p m e n t Company, L t d . ( E P D C )
unde r t akes the c o n s t r u c t i o n and o p e r a t i o n of the D-ATR a t the reques t of the
government and p r i v a t e u t i l i t i e s . S u b s e q u e n t l y , EPDC took over the D-ATR p r o j e c t
f r o m P N C w i t h t h e a s s u r e d s u p p o r t a n d a s s i s t a n c e o f t h e g o v e r n m e n t , t h e
u t i l i t i e s and PNC. S i t e e n v i r o n m e n t su rvey was s tar ted in 1983 at the p r o j e c t e d
Ohma c o n s t r u c t i o n s i t e i n A o m o r i p r e f e c t u r e . N e g o t i a t i o n s w i t h l and owners a n d
other p repa ra to ry work are underway a t the s i t e for the s t a r t of c o n s t r u c t i o n of
D-ATR.

The c o n c e p t u a l s t u d y o f C-ATR p l a n t , w i t h an e l e c t r i c c a p a c i t y o f lOOOMWe,
was a lso s t a r t e d in 1986 to be a b l e to c o n t i n u e ATR program i n t o a c o m m e r c i a l
stage. Th i s s t u d y has been sponsored by the M i n i s t r y of I n t e r n a t i o n a l Trade and
I n d u s t r y .

4. ATR' s features as seen from nuclear fuel cycle in Japan
A s seen f r o m t h e v a n t a g e p o i n t o f n u c l e a r f u e l cyc l e i n J a p a n , A T R o f f e r s

spec i f ic f e a t u r e s as described below.

(1) The use of heavy water as B o d e r a t o r and the pressure t u b e c o n f i g u r a t i o n
r e s u l t s i n f i s s i o n n e u t r o n s t o r e e n t e r t h e f u e l r eg ion a f t e r w e l l - m o d e r a t e d
w i t h m i n i m u m p a r a s i t i c a b s o r p t i o n i n t h e m o d e r a t i n g process. T h i s p e r m i t s
f i s s i l e p l u t o n i u a to be used in an e f f i c i e n c y a lmos t i d e n t i c a l to t h a t o f U-
235. The f e a t u r e i s o n l y s l i g h t i n f l u e n c e d by t he i s o t o p i c c o m p o s i t i o n s o f
P l u t o n i u m .

(2) The w h o l e core can be loaded w i t h 110X f u e l , a l l o w i n g c o n s u m p t i o n of a
r e l a t i v e l y large amount of p l u t o n i u m in one f u e l cycle.

(3) The d e s i g n p e r m i t s l o a d i n g of the core w i t h e n r i c h e d or r ecove red and
s l i g h t l y enr iched u r a n i u m f u e l in place of UOX f u e l , and ensures hrgh b u r n - u p
w i t h f u e l o f r e l a t i v e l y l o w e n r i c h m e n t . I n a d d i t i o n , because o f U n i t e d
n e u t r o n a b s o r p t i o n b y u r a n i u m isotopes, t h e U-235 c o n t e n t s i n spen t f u e l s
roughly compares w i t h those of tai l uraniua discarded at the enrichment p lant .

ATR a l l o w s e f f i c i e n t use o f b o t h p l u t o n i u m and u r a n i u m as n o t e d and i t can
c a t e r , w i t h r e l a t i v e ease, t o v a r i o u s changes i n t h e s u p p l y o f n u c l e a r f u e l
i n v o l v i n g p l u t o n i u m i n v e n t o r y , a v a i l a b i l i t y o f n a t u r a l a n d recovered u r a n i u m .

5. Design of demonstration ATR

5.1 Brief description of design
A b r i e f d e s c r i p t i o n of D-ATR i s shown in Fig .1 . M a j o r p l a n t s p e c i f i c a t i o n s

are g i v e n in Tab le I a long w i t h c o r r e s p o n d i n g v a l u e s of Fugen .
The r eac to r consists of a v e r t i c a l c y l i n d r i c a l t ank c a l l e d a ca l andr i a which

i s f i l l e d w i t h heavy wa te r m o d e r a t o r . I t h a s open ings a t i t s t w o ends t h r o u g h
w h i c h p e n e t r a t e p r e s s u r e t u b e a s s e m b l i e s . Each p r e s s u r e t u b e h o u s e s a f u e l
as sembly i n s i d e .

The r e a c t i v i t y control rods are inserted i n t o the calandr ia f rom above and
p r o v i d e s a d e q u a t e c o n t r o l f u n c t i o n a long w i t h a b o r i c ac id c o n t r o l sy s t em which
a d j u s t s b o r i c c o n c e n t r a t i o n s in the modera to r .

T h e l i g h t w a t e r c o o l a n t absorbs f i s s i o n h e a t a n d t r a n s f o r m s i t s e l f i n t o
s t e a m - w a t e r m i x t u r e s a n d f l o w s i n t o t h e d r u m s . T h e s t e a m i s s e p a r a t e d a n d
d i r e c t e d t o t h e t u r b i n e , condensed i n t h e condenser a n d r e t u r n s t o t h e d r u m t o
f o r m a cycle .
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TABLE 1. MAJOR PLANT PARAMETERS

Items

P l a n t O u t p u t

The rua 1 Power

Electric Power

Reactor Core
Number of Pressure Tubes

Effec t ive Core Height

Pressure Tube Inner Diameter

Latt ice Pitch

Fuel

Nuaber of Fuel rods

Fissile aaterial(reload)

Average Burn-up (re load)

Reactor Coolant System

Number of Loops

Recirculation Flow

Stean Drua Pressure

U n i t

Iffft

IHt

m

na

•B

WtX

CWd/t

t/h

bar

Fugen

557

165

224

3.7

117.8

240

28

2.0

17

2

7,600

68

D-ATR

1.930

606

616

3.7

117.8

240

36

3.3

31

2

24,500

69

C-ATR

3,125

1.000

648

4.5

117.8

240

48

4.0

48

2

34,500

69

5.2 Design features of D-ATR for improved economy from Fugen

(1) Increase in the average channel power
D-ATR plant has been designed to be capable of being fully loaded with UOX

fuel. For reduced core dimensions and iaproved average discharge burn-up, the
average channel power is raised by 26V compared with Fugen, by an increase
in the number of the fuel rods per bundle from 28 to 36. and by fl a t t e n e d
power distributions. The design of the fael asseably is shown in Fig.2.

The D-ATR is being designed to control excess reactivity not with control
rods but by control of boric acid concentrations in the moderator. Since
saaller power distortions are expected in the core due to boric acid control
operations, the power flattening can be achieved easily by a following method.

F ü g e n D-ATR

Spacer Support tube

Fuel rod
Fuel rod

28 rods 36 rods

lieu
Bundle flutter
»radie helilH
Clid oatlide dlKtier
did nil thlckne»
Pellet dlueter

Flulle CMl«t (relud)
[dater rod / MI« i Inter red]

H u l l
•• '
M

M

-

M

«t*

Pulen -

111.6
4X3

16.46

0.83
14.40

»I 1.8/2.3

HO, 1.9/1.9

D-ATt

111.6

4493

14-50
0.90

12.40

Inner core
retlot 2.1/4.3

Outer core
rellon 2.6/4.4

FIG. 2. Fuel assembly of Fugen and D-OTR

The radial power distribution flattening is effected, as shown in Fig.3,
by leans of dividing the core into the inner and outer regions and loading
each region with fuel of different fissile material contents. In addition,
part of the reloading fuel assemblies are provided with gadolinia to reduce
power mismatch between the fresh and irradiated fuels.

To level axial power distributions, the plutonium concentration is varied
along the axial direction. The fuel rods are divided axially into three zones,
the upper, middle and lower zones. The p l u t o n i u m concentration in the upper
and lower zones is made higher than the »iddle for assisting in the leveling
of power distributions.

The local power d i s t r i b u t i o n s in the fuel assembly are flattened by
differentiating the f i s s i l e material contents in the fuel rods between the
o u t e r and i n t e r n e d i a t e / i n n e r rings. The f u e l rods in the inner and
intermediate rings contain s l i g h t l y higher amounts of f i s s i l e m a t e r i a l s
relative to those of the outer ring.

(2) Increase in fuel burn-up
In order to reduce fuel cycle costs, the average discharge burn-up w i l l be

increased fron 17 GWd/t in Fugen to 31 CWd/t w i t h an increase in the fissile
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m a t e r i a l c o n t e n t s . I n a d d i t i o n , t h e p l a n t i s d e s i g n e d t o p e r m i t 1 5 m o n t h s o f
o p e r a t i n g c y c l e ; 1 2 a o n t h s o f o p e r a t i o n f o l l o w e d b y 3 a o n t h s o f a n n u a l
s h u t d o w n .

(3) E l i m i n a t i o n of dump space in the c a l a n d r i a t a n k
The b o r i c a c i d r a p i d i n j e c t i o n s y s t e m i s i n s t a l l e d as a back op to the

c o n t r o l rod systen. This replaces the m o d e r a t o r d u m p s y s t e m a d o p t e d in Fugen.
The des ign m o d i f i c a t i o n enab led r e d u c i n g t he c a l a n d r i a t a n k d i a m e t e r o f D-ATR
r e l a t i v e to when a dim p space concept is f o l l o w e d , as shown in F ig .4 .

6. Conceptual design of camereial ATO
The D-ATR p r o j e c t i s f i r m l y c o m m i t t e d for c o n s t r u c t i o n by .EPDC. But to be

a b l e t o c o n t i n u e A T R program i n t o a c o m m e r c i a l s t a g e , f u r t h e r e c o n o m i c
i m p r o v e m e n t i s deemed i m p e r a t i v e . T h i s was i n t e n d e d to be me t by i m p r o v e d
core pe r fo rmance and by f a r t h e r r e f i n e m e n t of componen t and e q u i p m e n t design.

T h i s s e c t i o n w i l l d iscuss m a j o r f i n d i n g s on a 1000 MWe class of ATR
concept developed to achieve the target.

6.1 Development of Larger Core
(1) F u e l D e s i g n

It was i n i t i a l l y judged that economic improvement can best be achieved by
m a i n t a i n i n g an increase in reactor diameter to a minimum, in spite of an
increase in electrical output. Economic improvement was also intended to be
accomplished by an extended bnrnup of fuel.

From these considerations we have set forth major conditions for study
first in working out core concept. The first one is that the core shall be
composed of a similar number of fuel assemblies but with greater numbers of
rods (36-»48) and a longer effective core length (3.7 m -*• 4.5 B), relative to
the D-ATR, for increased channel power. And another condition is that the
core shall be such that it should permit, for improved plant capacity factor,
an extended continuous operation, a maximum of 15 months, wi t h an average
discharge burnup of 48 Gfd/t at the sane time for reduced fuel cycle cost.

In line with the conditions, a cluster type of fuel bundle was specified.
It w i l l be composed of a greater number of fuel rods with a smaller diameter
compared w i t h D-ATR. Provisions for reduced power peaking were also
considered. Major findings can be summarized as follows.

An i n i t i a l review has shown that power peaking factors are reduced to a
reasonable level provided:

- g a d o l i n i a is introduced for r e d u c i n g d i f f e r e n c e s in power caused by
different r e a c t i v i t y among fresh and irradiated fuel assemblies
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- t h e core i s d i v i d e d i n t o t h e i n n e r a n d o u t e r r e g i o n s , w i t h each r e g i o n
h a v i n g f u e l a s s e m b l i e s o f d i f f e r e n t g a d o l i n i a c o n c e n t r a t i o n s f r o m t h e
o ther f o r f l a t t e n e d r ad i a l power d i s t r i b u t i o n

- t h e f u e l r o d i s s e p a r a t e d i n t o t h r e e a x i a l r e g i o n s , w i t h h i g h e r P u
e n r i c h n e n t a t t he t op and t he b o t t o m , fo r decreased a x i a l p e a k i n g f a c t o r .

- the o u t e r m o s t r i n g of the f u e l a s s e n b l y i s composed of a c o n c e n t r i c p e l l e t
w i t h M O X p l u s g a d o l i n i a i n t h e c e n t e r s u r r o u n d e d w i t h M O X . f o r r e d u c i n g
l oca l power p e a k i n g f ac to r .

A d d i t i o n a l l y t h e n a t u r a l u r a n i u m p e l l e t s a r e p l aced i n t h e i n n e r m o s t r i n g
o f t h e f u e l a s s e m b l y t o a v o i d t h e u s e o f f i s s i l e n a t e r i a l i n r e g i o n s o f
r e l a t i v e l y l o w n e u t r o n i m p o r t a n c e . F i g . 5 i n d i c a t e s t h e f u e l c o n f i g u r a t i o n ,
a l o n g w i t h t h e r a d i a l f u e l a r r a n g e m e n t s i n t h e core. T h e f u e l c o a p o s i t i o n s i n
t he a x i a l d i r e c t i o n i s shown in F ig . 6 .
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FIG. 7. Radial pause distribution

(2) Core Character is t ics
The r ad i a l power d i s t r i b u t i o n s for e q u i l i b r i u m core is shown in F ig .7 , and

the time dependent changes of axial power d i s t r i b u t i o n s in Fig. 8.
In the b e g i n n i n g of a cycle a peak r a d i a l power d i s t r i b u t i o n appears in

the i nne r regions. I t s h i f t s to the o u t e r regions toward the end of the cycle.
The s h i f t is doe to a p rogress ive inc rease in the r a d i a l re f lec tor e f f e c t of
the modera to r , which occurs w i t h a dec reas ing bo r i c acid c o n c e n t r a t i o n as the
f u e l b u r n o p a d v a n c e s . P o w e r m i s m a t c h a n o n g t h e c h a n n e l s occu r s d u e t o
d i f f e r e n t r e a c t i v i t y b e t w e e n f r e s h a n d i r r a d i a t e d f u e l a s s e m b l i e s , w i t h
m a x i m u m and m i n i m u m mismatch a p p e a r i n g in the m i d d l e and near the end of the
c y c l e r e s p e c t i v e l y . T h e p h e n o m e n o n i s a t t r i b u t a b l e t o t h e t y p e o f f u e l
a s s e m b l y assumed i n t h e s t u d y . Power m i sna tch i s s n a i l i n i t i a l l y because
g a d o l i n i a concen t ra t ions i n t h e f u e l a r e s u f f i c i e n t l y high.

15 m o n t h s o f c o n t i n u o u s o p e r a t i o n i s a l s o c o n f i r m e d a c h i e v a b l e a l t h o u g h
not d i scussed s p e c i f i c a l l y here. O t h e r e s s e n t i a l core design parameters , such
as ULHGR. UCPR in T a b l e K are c o n f i r m e d to be w i t h i n the des ign targets.

( 3 ) F u e l U t i l i z a t i o n E f f i c i e n c y
G e n e r a l l y n e u t r o n u t i l i z a t i o n e f f i c i e n c y becomes p r o g r e s s i v e l y l o w e r a s

f u e l b u r n u p a d v a n c e s . T h i s i s n o t t h e case h o w e v e r w i t h t h e core w e h a v e
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TABLEE. CORE CHARACTERISTICS OF C-ATR

I tens
Average Burn-up

Power Peaking Factor

Radial
Axial
Local
Total

Maxi HUB Linear Heat Generating Ratio
Minimum Critical Power Ratio

Unit
CWd/t
-
-
-
-

ffl/B

-

Calculation
48.2
1.39
1.15
1.22
1.96
40.7
1.32

01en

i n v e s t i g a t e d . The e f f i c i e n c y o f t he core i n i n t e r e s t was compared w i t h t he
e x i s t i n g t w o A T R d e s i g n s , F n g e n a n d D - A T R , u s i n g a p a r a m e t e r o f [ P n f
c o n t e n t s / b n r n u p ] as an i n d i c a t o r o f e f f i c i e n c y . I t has been shown tha t w i t h
t h e i n t r o d u c t i o n o f t h e f u e l a s s e m b l y p r e v i o u s l y m e n t i o n e d , a 1 5 X o f
i m p r o v e m e n t over t h e D-ATR i s p o s s i b l e , w h i l e e x t e n d i n g a n average d i scharge
b u r n u p f r o m 31 G W d / t ( D - A T R ) to 48 G W d / t , as shown in Fig. 9.
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FIG. 9. Comparison of fuel utilization efficiency

6.2 Component design
Oar efforts it economic improvement of coaaercial reactor were directed it

reducing the weight of the naterials of construction of equipment and
coaponents specific to the ATR p l a n t system, through further design
refinement and an introduction of a new concept not adopted in the existing
design.

(1) Reactor Structure
The first component investigated is the reactor which primarily consists

of the pressure tube assemblies, calandria tubes, calandria tank, theraal and
biological shields. Rather than consune too many words, let us compare a new
concept with the D-ATR in Fig. 10. The improvement relates to the way the upper
thernal and biological shield is supported. In the existing design the loads
are transferred to the inte r n a l concrete via the side shield that resides
outside the calandria tank. The study however has identified a possibility of
using the calandria tank, instead of the side shield, for supporting the upper
shield. Subsequent analysis c o n f i r m e d adequate stiffness of the calandria
tank, permitting a reduction of the upper shield diameter.
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When the improvement is conbined with other changes in design, the total
weight is estimated it about 87% of the D-ATR, Fig 11. in spite of about 1 6
times increase in reactor output

(2) Reactor Coolant System
The iajor coiponents that constitutes the reactor coolant system of the

e x i s t i n g design are the steam druns, downcomers, reel reniât ion pumps,
nanifolds, water drums, and inlet and outlet feeders, and connecting pipes
Since tangible material weight reduction was judged not likely through design
improvement with these conponents, another approach of component integration
was pursued What renamed as promising, after i n i t i a l survey of various
concepts, is a total integration of the essential components of the coolant
system as in Fig 12 What had been separate and horizontal stea» and water
drnms are now combined into a single vertical identity with pumps installed
in its mid-level, el i m i n a t i n g in the process, the downcoaers, manifolds and
connecting piping

Another design change, in no way as drastic as the integration concept and
yet considered i possibility, relates to feeders In the existing design each
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outlet feeder connects a pressure tube assembly to the steam drum In the
proposed concept two outlet feeders w i l l be combined, using a Y-piece, into a
single outlet feeder at some elevations above the reactor

The total weights for the new concept are estimated at about 96X of the D-
ATR as in Fig 13 Here again substantial weight reduction is shown to be
achievable
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7. Conclusion
The piper b r i e f l y covered the design of the ATR p l a n t syste« a long w i t h

the chronology of its development. It is be l ieved that ATR. which is endowed
w i t h s u p e r i o r f l e x i b i l i t y a n d v e r s a t i l i t y i n k i n d s a n d ways p l u t o n i u m a n d
u r a n i u m recovered fro* reprocessing are used, w i l l p l a y an iapor tan t ro le in
the nuclear energy developoent program in our coun t ry . To m a i n t a i n an i m p e t u s
o f A T R program i n t o t h e f u t u r e , s t i l l f a r t h e r i m p r o v e m e n t s i n c o n s t r i c t i o n
cost , r e l i a b i l i t y a n d m a i n t a i n a b i 1 i t y a r e i n e v i t a b l e . E v e r y e f f o r t w i l l
c o n t i n u e t o b e d i r e c t e d a t a c h i e v i n g t h e o b j e c t i v e i n p a r a l l e l w i t h t h e
c o n s t r u c t i o n of the D-ATR p l a n t .
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SAFETY RESEARCH RELEVANT TO
THERMAL HYDRAULICS OF THE
ADVANCED THERMAL REACTOR (ATR)

H. MOCHIZUKI
Power Reactor and Nuclear Fuel Development Corporation,
Ibaraki, Japan

Abstract
The Advanced Thermal Reactor (ATR) is a boiling-water cooled heavy-water moderated pressure-
tube-type reactor. ATR has specific components that are not provided in light-water reactors
(LWRs). Safety research is focused on these differences between ATR and LWR.
The flow instability threshold was investigated with full mock-ups because of the many vertical
parallel pressure tubes with long inlet and outlet pipes at both ends of each channel. Thermal
hydraulics during blowdown of various break sizes and locations was investigated with the ATR
Safety Experimental Loop (SEL) to develop best estimate blowdown codes. The emergency core
cooling (ECQ water is injected into the water drum and rewets the fuel from the bottom very fast
due to the closure of check valves provided upstream of the water drum. The turn-around time of
cladding temperature, heat transfer coefficients after turn-around and quenching temperature were
investigated with SEL and correlated to be incorporated into the blowdown codes.
These codes with additional separate effect tests about the fuel cooling with radiation heat transfer
and calandria cooling were employed in assessing the core coolability with heavy-water moderator
during postulated loss-of-coplant-accidents (LOCAs) and operational transients with coincident
loss of emergency coolant injection (LOECI).
Calculation results showed that fuel did not melt in the above mentioned postulated accidents due
to the inherent characteristics of the heavy water.

1. INTRODUCTION

Figure 1 illustrates the outline of the prototype reactor "Fügen". It has two independent re-
circulation loops. Each loop consists of a large steam drum in which a large amount of water is
contained, downcomers, re-circulation pumps, a header with two check valves in series, inlet feeder
pipes, vertical pressure tubes and outlet pipes. The heavy water moderator is separated from the
pressure tube with a concentric calandria tube. One of the specific features is the core
configuration. Fuel is housed in each vertical pressure tube. By this reason, the flow is
approximated by the one-dimensional flow without any by-passed flow or multi-dimensional
complex flow in a boiling water reactor (BWR). In case of an accident, the emergency core
cooling system (ECCS) is initiated to inject water into the header. The injected water is led to the
core from the bottom. The reflooding velocity is very fast compared with that of light water
reactors (LWRs). Hence, these specific features were tested with mock-ups. Investigated results
were correlated and incorporated into thermal hydraulic codes, plant transient analysis codes, and
blowdown analysis codes.

The other inherent feature is the core cooling with heavy water moderator in situations
beyond the design basis accidents (BDBAs). Since the core is surrounded with the heavy water
moderator of 60 "C, the fuel may be cooled in case of heat-up condition. Additional separate effect
tests relevant to heavy water cooling were conducted to improve the blowdown analysis codes.
The capability of core cooling with heavy water was evaluated using these codes.

El: Elevation in meter

Main steam
header

Steam (to turbine) \

L. Re-circulation
pump

Pressure tubes

FIG. 1. Primary loop of ATR "Fugen"

2. EXPERIMENT ABOUT THERMAL HYDRAULICS IN PRIMARY SYSTEM
2.1 Experimental facilities

Figure 2(a) shows the schematic diagram of the 14 MW heat transfer loop (HTL) that
simulates the two^phase region of ATR with full-scale. The loop consists of two channels. Pipe
diameter of four inches in the single phase flow region is different from that of the "Fugen".
Whereas size and configuration of the heated section and outlet pipes are the same as those of
"Fugen". The length of the outlet pipe is changeable by use of the other steam drum provided near
the exit of the heated section. Flow rate is controlled by the valve VC and/or VI, V2. Inlet
temperature of the channel can be controlled by a subcooler and pre-heater. Flow rate is measured
with a turbine flow meter or an ultrasonic flow meter installed at the inlet pipes. About 30
thermocouples are installed on a heater cluster to detect dryout. Differential pressure transducers
arc installed along the heated section. Contact probes are installed at the inlet and outlet of the
outlet pipes. Many pressure transducers and thermocouples are installed at various positions of the
loop to monitor the flow conditions.

Figure 2(b) shows the schematic diagram of 6 MW ATR Safety Experimental Loop (SEL).
The loop consists of a steam drum, a downcomer with a break portion, a circulation pump, a series
of check valves, a water drum with a nozzle for ECC water injection, inlet pipes, parallel channels
housing heater clusters, and outlet pipes with 2-degree inclination at the horizontal part. Three
kinds of ECCSs are provided. Maximum heater power is 6 MW for one channel and 200 kW for
other five channels. Rotating velocity of the pump can be controlled by electrical method to
simulate the coast down characteristics after the pump trip.

Figure 3 shows cross sectional view of the 28-rod and 36-rod heater clusters used in HTL
and SEL. Since the direct heated heater cluster is used in HTL, a heater pin is a kind of pipe with
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different axial thickness to simulate heat flux. Whereas, the indirect heater clusters are used in
SEL. The insulator of a heater pin simulates the heat capacity of MOX pellets. The heat flux
distribution of the fuel is simulated with the stepwise distribution. The two kinds of heater clusters
have the same configuration as the ATR Fugen.
22 Thermal hydraulic characteristic tests

The thermal hydraulic characteristics as shown in Table 1 were investigated with the above
mentioned facilities. These characteristics were correlated and incorporated into design codes of
ATR. Since considerable numbers of small diameter inlet feeder pipes are used in ATR, the
experiment of coolant discharge from the inlet pipe at the operating condition was conducted. For
the discharge coefficient from an inlet feeder pipe, Midorikawa et al.[l] and Hayamizu et al.[2]
reported experimental results. They found out that the Henry & Fauske correlation[3]
underestimated the discharge flow rate under the small subcooling conditions. Hence, the
discharge coefficient CD had to be greater than unity as shown in Fig. 4 when the Henry & Fauske
correlation was used. The definition of CD in the figure is

„ Experimental flow rate
D Calculated flow rate with correlation (1)

Whereas, the Bernoulli correlation predicted the discharge flow rate reasonably. Figure 5 shows
the relationship between the discharge coefficient and equivalent diameter. The discharge

Items
Preuure loss

Discharge coefficient
Drift flux correlation
Void/quality relationship
Critical heat flux

Him boiling heat transfer
Natural circulation
Row stability
Carryunder and carryover

Check valve closing behavior
ECCS operation

TABLET. THERMAL HYDRAULIC EXPERIMENTS
Facilities ____ __ References
HTL [20]

Ol
CO

mlet pçe, outlet pq» and bend

Shield phig
Check valve
inktpipe
Stagnant condition
Natural and forced circulation
Upward flow
Downward flow
Lowered water level condition

Various water level
Forced and nutnl circulation

Upstream break
Turn-around,
film boilmg heat transfer coefficient
after turn-around, and quenching.
Sleam condensation

SEL
SEL
SEL
SEL
HTL, SEL
HTL, SEL
HTL, SEL
HTL, SEL
HTL, SEL
HTL, SEL
HTL with
additional mock-up
Fugen power Station
SEL
SEL

[16]
l«. PI
(2). PI
[10]
(6)m
[10]ra.[5].[9]
[101.111]
[10]. [12], [16]
[171. [18]

[21]
[19]

(22)
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coefficient was defined as a ratio of measured mass velocity W to the mass velocity predicted by
the Bernoulli correlation.

(2)

When the diameter is large, the discharge coefficient becomes small. The discharge
coefficients of slits were also plotted in the same figure together with data from Ogasawara[4].
When the hydraulic equivalent diameter of the slit results in same flow area as (he circular hole, the
discharge coefficient of the slit is equivalent to that of the circular hole.

Regarding the drift flux model in the core, drift velocity and distribution parameter were
investigated with SEL under the flow stagnation condition that was assumed in a hypothetical
accident Mochizuld & Hayamizu[5] and Hayamizu et al.[2] reported the characteristics. Figure 6
shows the relationship between gas velocity Vg and total flux of gas and liquid y in the core. The
distribution parameter C0 is unity in the experimental error band. Vgj was measured under the
condition where heater was heated up and total flow rate in the core was zero resulting in the
exchange of generated vapor and saturated water from the top. Measured result shown in Fig. 7
was correlated as a function of void fraction. Where Vg, jg and ; of the drift flux model are defined
as follows:

/ J±=s a
(l-*)

P,

(3)

(4)

Since each fuel bundle is housed in a pressure tube, thermal hydraulic characteristics of
upward and downward flows should be investigated. When flow is normal, the direction of flow is
upward. The downward flow appears in the case of pipe rupture accident at the inlet pipe or the
pipe between the header and the steam drum. Regarding critical heat flux (CHF), Kamoshida et
al.[6] and Sakai & Sugawara[7] reported correlations for these flow regimes. Figure 8 shows CHF
for both flow regimes. CHF for downward flow is lower than that for upward flow when
downward mass velocity is small. Same characteristic was confirmed for the film boiling heat
transfer coefficients.

Figure 9 shows the post-dryout heat transfer coefficient as a function of Reynolds number.
A good agreement between measured data and the Dougall & Rohsenow correlation[8] was
obtained for upward flow. More accurate correlation was proposed by Sugawara[9). He modified
the Dougall & Rohsenow correlation taking into account of the heat transfer effect by droplets.
The heat transfer coefficient for downward flow is low compared with that for upward flow.
However, the heat transfer coefficient is expressed by the Dougall & Rohsenow correlation when
the flow rate is large enough.

When the reactor water level decreased extraordinarily after a hypothetical transient, dryout
of claddings would occur. The CHF in this condition was investigated by the authoiflO]. Figure
10 shows the relationship between dryout reactor water level and channel power in decay heat level
as a function of the system pressure. The dryout reactor water level was under the position of the
top of core. Hence, claddings are cooled effectively by natural circulation when the reactor water
level is higher the top of core as described in references [10] and [11].

Flow stability is one of the important issues for ATR because it is a boiling-water-type
reactor. Since void coefficient in operating condition of ATR is almost zero, the instability
threshold investigated with a mock-up is not different from the threshold of ATR. This is the
different characteristic from BWR that has large negative void coefficient. So far, the author
categorized the flow oscillations into two types.[12] One is a kind of osculation appears in low exit
steam quality in natural circulation. This oscillation categorized as TYPE-I. The other is a density
wave oscillation accompanying dryout that appears in high power condition. This oscillation was
categorized as TYPE-Û. Figure 11 shows the oscillation or instability thresholds for natural
circulation. Dependency of the system pressure on the TYPE-I oscillation was small Whereas, the
threshold of TYPE-II instability was greatly dependent on the system pressure. Figure 12 shows
the instability thresholds for forced circulation. The thresholds were correlated as a relationship

between exit steam quality and Reynolds number at the inlet of the heated section.
Data[13],[14],[15] measured for the BWR system were plotted in the same figure. The operating
condition of ATR has appropriate safety margins from the threshold.

Regarding thermal hydraulic behavior relating to the steam separator, carryunder and
carryover characteristics were investigated using the Fugen reactor and the HTL with an additional
mock-up.[17],[18] These characteristics were correlated and incorporated into codes so that heat
balance of the primary circuit might be calculated suitably.

Thermal hydraulic characteristics in case of LOCAs were investigated with SEL. Since the
velocity of reflooding with accumulated pressurized core injection (APCI) system is in the order of
several hundred millimeters per second, separate effect tests and system tests were conducted. On
the basis of these experiments, turn-around time, film boiling heat transfer coefficient after turn-
around and quench temperature of the cladding were correlated. [19] Figure 13 shows the
relationship between non-dimensional turn-around time and the average reflooding velocity V. The
correlation of turn-around time, t (s), was expressed as a function of measured position X and
heated length XH:

(5)

This correlation shows that turn-around occurs from the two ends of the bundle. Figure 14 shows
the relationship between film boiling heat transfer coefficient, h (W/m2 K), and average reflooding
velocity V (m/s). The film boiling heat transfer coefficient of the middle pan of the bundle became
lower than the other parts, and was correlated by the following equation:

0.5 (6)

Nu= 0.0304 Re°* Pi0-4 (6)'

Quench temperature was greatly dependent on «flooding velocity and pressure, and slightly
dependent on the peak cladding temperature. Figure 15 illustrates the dependency of ATgfC) on
reflooding velocity V(m/s). Hence, quench temperature was correlated by the following equation.

(7)

Tyj. = 231.0 + 0.0752Tp

v=1.5
= 0.47V-0-3

= 1.0

P = 0.68 -0.32 log 10 P
= 0.584

for - 0.2 <V<: 0.02 m/s
for 0.02 <V Z 0.08 m/s
for 0.08 <V Z 0.2 m/s
for 0.2<V£ 1.3m/s
for 0.1<PS2MPa
for2</><7MPa

saturation temperature (°C), Tp : peak claddingWhere TQ : quench temperature (*C), Tj
temperature (°C), and P : pressure (MPa).

Some other characteristics in specific components to ATR were investigated using above
mentioned facilities. Pressure loss characteristics in the components were reported by
Sugawara[20], check valve closing characteristics was reported by Ishii & Hayamizu[21], and
steam condensation efficiency in the steam drum with the high pressure core injection (HPCI)
system was reported by the author[22]. Some of above mentioned thermal hydraulic characteristics
were reviewed by Hayamizu et al.[23]
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3. CODE DEVELOPMENT AND VALIDATION

As described earlier, flow conditions of ATR are simple compared with that of LWRs due to
the channel type configuration that results in easiness of simulating the primary cooling circuit of
ATR with a mock-up. Hence, the methodology to develop analysis code was the adoption of one-
dimensional single-fluid model with reliable correlation, and a specific analysis code for a specific
event. Figure 16 illustrates the code system of ATR.

The FATRAC code is used for plant transient analysis within a couple of minutes. Thermal
hydraulics, nuclear characteristics and control systems for whole primary and turbine systems are
calculated simultaneously. The FATRAC code was validated by data of start-up tests and plant
transient data during commercial operation of Fugen.[24],[25 J Figure 17 shows the comparison of
important parameters between the transient after loss of off-site power at Fugen in 1992 and
calculation. Good agreements were obtained between measured parameters and calculation.

Figure 18 shows comparison of plant behavior between the simulation test of off-site power
and succeeding RCIC operation of Fugen and calculation with the ATRECS-n code.[26] This
code could calculate the transient with a common computer within the CPU time of 1/300 to 1/100
of the transient time. Good agreements between measured data and calculation were obtained.

Regarding blowdown analysis, Hayamizu et al.[27] reported the validation of the LOCA
analysis code with a large break LOCA experiment using SEL and calculation. At that time, the
maximum heater power was 3 MW. Since heater power was raised up to 6 MW, re-evaluation was
conducted. Figure 19 shows the comparison of cladding temperature between experiment of 150
mm break at the downcomcr and calculation. Good agreements between experiment and
calculation with the SALIAN code were obtained about the first dryout and the second dryout.
Whereas, thermal hydraulics in very low flow rate condition including stagnation in the core is
calculated by the SIRA code.[2],[S] Figure 20 represents the cladding temperature histories in the
case of 25 mm break at the inlet pipe, comparing calculated result with experimental ones. The
channel flow rate decreased suddenly after the break from the initial flow rate of 8 kg/s to zero.
The thermal power was dropped from 4.8 MW to the decay heat power at 3.8 seconds after the
break to simulate a scram by the signal of leak detection system. Good agreement between
experiment and calculation was obtained.

4. CORE COOLING WITH HEAVY WATER[28]

ATR Fugen has three kinds of ECCSs that consist of the APCI system initiated at 5.5 MPa,
low pressure core injection (LPCI) system initiated at 4 MPa and high pressure core injection
(HPCI) system initiated at high pressure to decrease the system pressure. Since each fuel bundle of
ATR is housed in each vertical pressure tube of 117.8 mm in inner diameter and 4.3 mm in
thickness, and the pressure tube is surrounded by a concentric calandria tube that is cooled by
heavy water at about 60 °C, cooling of fuel bundles by heavy water is possible in situation of
BDBA such as a failure of water injection including from ECCSs after LOCA. The size of the
calandria tube is 162.2 mm in outer diameter and 1.9 mm in thickness. Carbon dioxide (COa) gas
at atmospheric pressure is filled in the gap between the calandria and pressure tubes. Since this
configuration is specific for ATR, methodology to calculate heat transfer from fuel to heavy water
should be established.

In some cases where the system pressure is high and cladding temperature is also high,
pressure tubes for a pressure boundary balloon and contact with the calandria tubes when pressure
tube temperature exceeds the ballooning criterion. Decay heat of the fuel is transferred to heavy
water by radiation from claddings to pressure tube, conduction heat transfer, contact heat transfer
between the pressure tube and the calandria tube, and nucleate boiling on the surface of the
calandria tube. On the other hand, the pressure tubes are not ballooned in the case of the low
system pressure. In this case, decay heat of the fuel is transferred to heavy water only by radiation
heat transfer. Under these situations, studies about radiation heat transfer, contact conductance and
critical heat flux of the calandria tube are important A ballooning criterion of the pressure tube is
also important in some scenarios. Therefore, these characteristics were clarified by the separate-
effect tests. Correlations regarding the temperature-stress relationship of ballooning, contact
conductance and critical heat flux of a long vertical tube in a water pool were developed based on
each characteristic test, and incorporated into the above mentioned codes.

4.1 Heat transfer by radiation
The heat transfer by radiation was measured with a full-scale heater bundle of 28-rods.[29]

Active heated length was 1 m. Claddings, a pressure tube and a calandria tube were made of
stainless steel. Temperatures at various positions were measured as a function of linear heat rate
under the condition that there was air at atmospheric pressure in the pressure tube. Cladding
temperature of the inner layer was higher compared with that of the outer layer as shown in Fig. 21.
Measured error of temperature is within ±1%. Since heat was removed only by radiation heat
transfer, temperatures were proportional to 1/4 power of linear heat rate as predicted by the theory.
Hence, extrapolation is possible. The linear heat rate for melting of claddings at the inner layer is
estimated as about 17 W/cm/rod. The maximum linear heat rate of the "Fugen" reactor is 574
W/cm/rod. This results in about 3% decay heat removal capability by radiation heat transfer. On
the basis of this data, emissivities for claddings, pressure tube and calandria tube were estimated.
As a result of some calculations, the emissivity for claddings was 0.7-0.8, for inner surfaces of the
pressure tube and calandria tube 0.4, and for outer surface of the pressure tube 0.7. In the
calculation, radiant interchanges between fuel pins arranged in three layers and between fuel pins
and the pressure tube were taken into account based on their mutual solid angles. Since the
calandria tube was cooled and the pressure tube was heated, natural convection of CC>2 gas in the
annulus enhanced heat transfer. Heat transfer coefficient for the convection was estimated as 37
W/m2K.

42 Ballooning of pressure tube
Koike[30] conducted tests relating to ballooning of a pressure tube with Zr-2.5w%Nb pressure

tube specimens and 2-inch diameter tubes made of Zr-2.5w%Nb alloy under high temperature up to
1000°C. A correlation of ballooning criterion was proposed.[28] In the tests, elongation of the
pressure tube at the failure time was larger than 50 %. The ballooned pressure tube can contact
with the calandria tube when elongation is about 30 %. Hence, it is concluded that the probability
of the pressure tube failure during the ballooning is negligibly small.

4 3 Contact conductance
Contact conductance tests were conducted using a small setup with a Zr-2.5w%Nb pressure

tube (FT) specimen and a Zry-2 calandria tube (CT) specimen of rectangular shape with 2cmx4cra
under various conditions such as applied contact pressure ranging from 1 to 7 MPa, air pressure
ranging from 10'3 Torr to atmospheric pressure, and pressure tube upper surface temperature
ranging from 100 to 700 °C.[31],[32] In the full-scale test conducted by Schankula ct al.[33], it
was observed that waviness of about 30 (im high and about 10 mm wave length was generated
along the pressure tube outer surface. Therefore, several kinds of surface conditions such as
smooth or waviness with 30, 60 or 100 (im in height and 10 mm wave length were tested.
Temperatures on both surfaces of specimens and in the copper block were measured with sheath-
type thermocouples of 0.25 mm in outer diameter. Repeated measurement in the same condition
showed that the error of conductance was about ± 30%. Figure 22 shows the comparison between
measured conductance and the Tachibana correlation[34]. Close agreement between the present
data and Tachibana's empirical correlation was obtained for the wide range of surface conditions
and gas pressure. The Tachibana correlation is expressed by the following simple equation:

10*
Sl+Sç !

Al

H 81+62
(8)

Where, o^: contact conductance (W/m2K), A,- thermal conductivity of solid i (W/mK), Sf surface
roughness of solid i dim), $K=23): factor for thermal resistance and constriction of heat flux (urn),
P: applied pressure (MPa), H: hardness of softer solid (MPa), fy: thermal conductivity of gas
between surfaces (W/mK).
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When the pressure tube contacts to the calandria tube with contact pressure of 7 MPa, total
conductance is calculated about 2 kW/m2K with Eq.(8) considering thermal conductivity of
atmospheric CÛ2 gas that fills the annulus between the pressure tube and calandria tube.
4.4 Critical heat flux of calandria tube

Critical heat fluxes (CHFs) of a calandria tube under natural convection were measured using a
setup of 1/10 scale. The test section of the setup consists of single heater of 16.5 mm ( 1/10 scale of
the actual calandna tube) or 54 mm (1/3 scale) in a concentric tube of 69.5 or 133.7 mmlD,

respectively, or a 3x3 heater cluster of 16.5 mm diameter in a rectangular tube of
73.2mmx73.2mm. The active heated length of 3.7 m (uniform or cosine) and 1.24 m (inlet peak)
were tested. Critical heat flux was measured under almost zero mass velocity within ± 2% error
and correlated as a function of cluster geometry based on the Zuber correlation[35] as follows:

* = <H>-fatb-fteo

(Zuber correlation)

(Ivey & Morris correlation)

'geo~
1 + 1.8x10"

(9)
(10)

(11)
(12)

Where, q0: CHF (kW/m2), F: latent heat (kJ/kg), a: surface tension (N/m), g: gravitational
acceleration (m/s2), pf density of liquid (kg/m3), /v density o'f vapor (kg/m3), Cp heat capacity of
liquid (kJ/kg K), ATSUO: subcooling (K), /: heated length (m), Dh : thermal equivalent diameter
{=4x(flowarea)/(heated perimeter)} (m).
In Eq.(9), fsub and/Aeo represent the effect of subcooling and geometry of heated section,
respectively. The factor of subcooling is based on the Ivey & Morris correlation[36]. The
geometry factor was proposed by Monde[37] at first based on the experiment with short heaters
ranging from 2.3 to 96 cm. Figure 23 shows the effect of geometry on the critical heat flux for
saturated condition. The geometry effect of the present data on critical heat flux was smaller than
Monde's data, so that fgeo of the present data was larger than that of Monde's data. Hence, an
experimental constant in the equation was modified as shown in Eq.(9). Error of this corrélation is
about ± 20%.

45 Negative reactivity insertion by pressure tube and calandria tube rupture
Since coolant of ATR is light water under 7 MPa, heavy water in the calandria vessel is

displaced by the light water voids in the case of the pressure tube and calandria tube simultaneously
rupturing due to fuel melt accident such as a reactivity insertion. The shape of the voids was
measured with a pressure tube rupture facility that consisted of a full-scale calandria containing 97
pressure tubes and concentric calandria tubes. The amount of negative reactivity inserted by the
simultaneous rupture was calculated with the CITATION and WIMS-ATR codes. Figure 24
illustrates the relationship between the calculated negative reactivity and the number of failed
pressure rubes. This figure shows that one pressure tube failure inserts about -0.5$ into the core.

Since the heavy water will be degraded by the discharged light water, negative reactivity is
inserted continuously into the core. Hence, the reactor power will be decreased to the decay heat
level automatically by the inherent feature of ATR in situation such as a reactivity accident

4.6 Evaluation of core cooling with heavy water
If guillotine break should occur at the center of the manifold of the "Fugen" reactor shown in

Fig. 1 together with coincident LOECI, the plant would be scrammed by a low water level signal at
the steam drum. Since a flow restriction orifice is provided in each downcomer, effective discharge
area is less than the broken area of the double ended manifold. The discharge area is 0.1076 m2.
As shown in Fig. 25(a), whole inventory was lost from the manifold within 40 seconds due to
LBLOCA at the manifold where was about 5 m below the bottom of core, and fuel bundles were
heated up by decay heat In the case of design basis accident, the APCI system will be actuated
automatically at about 5.5 MPa, and the LPCI system will succeed APCI at about 4 MPa.
However, in this postulated situation, either these ECCSs or other cooling systems were assumed to
be unavailable. Since void coefficient of the "Fugen" reactor was almost zero, the thermal power
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before the scram kept constant Reactor trip was initiated by the signal of low water level of -0.26
m from the normal water level (NWL) at the steam drum that had 1.775 m in inner diameter, and
the negative reactivity was inserted into the core about 3.4 seconds after the initiation of the scram.
Figure 2S(b) shows temperature histories at various positions in the hottest channel after the break.
The used maximum channel power was high enough with consideration of radial and local peaking
and error. Emissivity of claddings of 0.7 was used to have cladding temperature of safety side.
Pellet temperature decreased due to the effect of scram just after the initiation of LOCA, and
increased due to the degradation of heat transfer. Cladding temperature increased up to about 1300
°C within 1000 seconds with adiabatic condition due to lack of water, but decreased slightly
according to the decay heat characteristic that was given in the analysis based on ANSI/ANS-5.1-
1979. Both pellet and cladding temperatures were almost equal during the heat-up. Decay heat
was transferred from the fuel to heavy water only by radiation heat transfer. As a result, the core
was cooled without melting.

1000

FIG. 26. Temperatue behavior after 2% break of
downcomer with coincident losf of ECI

In the case of SBLOCA resulting from 2% (0.002152 m2) break of the downcomer flow area
of 0.1076 m2 with an assumed coincident failure of ECI, it takes a long period to lose the whole
inventory. The broken area is nearly equivalent to 100% break of the inlet feeder pipe. In this
case, the reactor was-scrammed by the signal of low water level of the steam drum. Operation is
continued with the rated condition until the scram. In the case of design basis accident, the HPCI
system will be actuated to decrease the system pressure to initiate the APCI and/or LPCI systems.
Inventory was lost very slowly and the system pressure kept high. The core was uncovered when
downcomer water level was about 1 m beneath the top of the active fuel that is 8.3 m below NWL.
Then, dryout of claddings occurred at about 250 seconds when the top of the fuel was uncovered as
shown in Fig. 26. Two cases were shown in this figure, i.e., heat transfer coefficient from cladding
to coolant was zero or 46.5 W/m2K. The former is the too conservative case and the latter is the
actual one that was measured by the experiment with the mock-up. The measured heat transfer
coefficient resulted from the combined heat transfer of natural convection of steam generated at the
fuel covered with water and heat transfer by radiation from the fuel bundle to steam. Pressure tube
temperature increased with cladding temperature due to degradation of heat transfer coefficient and
an exothermic reaction. When temperature increased to about 700 °C in the adiabatic case, the
pressure tube ballooned and contacted the cold calandria tube. Total conductance between the
pressure tube and calandria tube increased to about 2 kW/m2K: Maximum heat flux on the surface
of the calandria tube was 0.733 kW/m2 and lower than the critical heat flux. As a result, the fuel
cluster was cooled effectively with heavy water resulting in peak cladding temperature of 1150 °C.
Whereas the pressure tube was not deformed even under high pressure condition when heat transfer
coefficient between fuel and coolant was 46.5 W/m2K. This resulted in peak cladding temperature
of about 850 °C. In any case, the peak cladding temperature was lower than the criterion of the
design basis accident

s. SUMMARY
The safety evaluation codes of ATR were developed on the basis of full-scale thermal

hydraulic tests and validated by system tests in various conditions. Good agreements were
obtained between the system tests and calculations.

Regarding core cooling with heavy water moderator, characteristics of radiation heat transfer,
ballooning criterion of pressure tube, contact conductance of Zircaloy and critical heat flux of
calandria tube in the moderator pool were clarified with feature tests. Methodology to evaluate
core cooling with heavy water in situation of BDBE was established by incorporating results of
separate-effect tests about heavy water cooling into thermal hydraulic codes. Thermal hydraulic



o>
00

behaviors of the prototype reactor "Fugen" were assessed under situations beyond the design basis
accidents such as the postulated situations of LOCAs and abnormal .operational transients with
coincident loss of emergency coolant injection including ECC water. Since the heavy water
cooling system was effective to remove decay heat from the core, the core did not melt. Whereas,
if the fuel should melt, large negative reactivity would be inserted into the core due to the
simultaneous break of pressure and calandria tubes. These are the inherent safety characteristics of
ATR.
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Abstract

The paper presents the'independent analyses performed
by the Institute for Nuclear Research Pitesti, Romania, to
evaluate some suggested improvements of the basic CANDU -
Cernavoda type reactor, called here CANDU 6. The activities
covered three main areas: (i) Advanced fuel cycles for
PHWRs. (ii) Power uprating for the CANDU 6 reactor. (iii)
Improvements of the CANDU 6 Reactor Safety. Advanced fuel
cycles included higher burnup fuel research, reactor physics
analyses and technical and economical evaluation. SEU, U +
Pu and Thorium (OTT and SSET) fuel cycles were considered.
One of the objectives of R & D programmes of INR Pitesti is
the conversion of the CANDU 6 reactor to the SEU fuel cycle
without major alterations to the existent system. Up to
now, activities carried out are related to evaluation of the
equilibrium power distribution for 0.9% SEU fueled CANDU
core; fuel management schemes studies, including equilibrium
conditions and refueling simulations ; evaluation of the
effect on heat transport conditions; fuel bundle operating
conditions evaluations; reactivity worth evaluation for the
reactivity devices ; fuel behavior modeling and fuel bundle
design; fuel bundle experiments, including out-of-pile tests
and irradiation tests in the INR TRIGA reactor. Power
uprating for the CANDU 6 reactor are included : increasing
number of fuel channels and changes of the refueling scheme,
for a better power flattening, with acceptable burnup
penalty. Improvements of the CANDU 6 reactor safety are
related to: void effect analyses, including studies for SEU
fuel cycle; use of burnable absorbers in fuel etc. ; core
monitoring and flux mapping system; PSA and living PSA; non-
destructive examination of fuel channels; severe
accidents analyses.

1. INTRODUCTION

o>CO

14 years ago Romania decided to build and operate
several units of 600 MWe CANDU nuclear power reactors. The
contract between a Romanian company and AECL was finalized in
December, 1978. A very optimistic "National Programme" started.
Unfortunately, the political and economical environment did

allow neither a more realistic re-scheduling, nor a more
consistent Canadian technical and managerial assistance.

After the significant political changes of 1989 year, a
new agreement with AECL replaced the old one. Now almost all
the technical and financial effort is directed to the CANDU 6
Unit 1 Commissioning of the Cernavoda Nuclear Power Plant.
However, several Research Programmes are consistently supported
by the Romanian Electricity Authority, RENEL.

One of the purposes of the RENEL research effort is the
identification and evaluation of improvements of CANDU 6,
related to design, operation and, in particular, nuclear
safety. The activities covered three main areas: advanced fuel
cycles for PHWRs; power uprating for the CANDU 6 reactor;
improvements of the CANDU reactor safety.

Some details are presented below.

2. ADVANCED FUEL CYCLES FOR PHWRS

2.1. SEU FUEL CYCLE

2.1.1. OBJECTIVES
The reference reactor is CANDU 6 . The solution for the

Slightly Enriched Uranium Fuel Cycle must satisfy some basic
requirements. We may mention the following :

(i) The fuel cost savings must be significant.
(ii) The nuclear safety performances must be at least as

good as for the Natural Uranium case,
(iii) No major alteration of the CANDU 6 systems must berequired.
(iv) No significant penalty must be related to the

transition period from the natural Uranium Core to theSEU core.
Several solutions have been suggested to satisfy all

these requirements. The selection task was difficult. Some
suggestions have been accepted and get financial support for a
first investigation stage. The most significant technical
"solution" was the 43-element fuel bundle. Preliminary analyses
indicated very promising characteristics. Consequently, a
certain number of 43-element fuel bundle have been
manufactured, using a "preliminary design". Out-of-pile tests
have been performed.

After a while, it was understood that the needed effort
is too high in comparison to the real resources. All the SEU
related activities have been carefully analyzed. It was decided
to direct almost all the research activities to the 37-element
fuel bundle "solution". Due to the specific restrictions of
this fuel bundle, the 0.9% U-235 enrichment was selected for
further investigations.

At the end of the 1991 year, three research programme
objectives have been defined:



-Jo a. To determine the 0.9% U235 core design and operation
requirements.

b. To analyze the fuel behavior at extended burnup.
c. To look for technical solutions for "extended burnup"

fuel.
Specific research details and results are presented below.

2.1.2. REACTOR PHYSICS CODES FOR THE 0.9% U-235 CORE

The definition of the equilibrium core was one of the
most significant task. Reactor Physics analyses have been
performed using the same basic recipes as for the Natural
Uranium case. However, the code packages are slightly
modified. An INR Pitesti version of the LATREP-code replaced
the POWDERPUFS-V code. The fuel management calculations were
performed using an INR code called SERA. The FMDP code was
modified to accept WIMS 2-group cross sections. All the
reference calculations utilized the WIMS and FMDP codes.

2.1.3. CORE CHARACTERISTICS UNDER EQUILIBRIUM FUELING CONDITIONS

Reactor Physics analyses proved that two solutions must
be selected for further investigations: (2+4) and 3 fuel bundle
shift schemes. Flux and power distributions under equilibrium
fueling conditions have been defined for both options.

The most significant core parameters are presented in
the Table I. The core average fuel burnup is very close to 15
MWd/KgO. The reactivity decay rate is 0.56 mk/day for both
refueling schemes. The maximum burnup at the fuel element level
is 18.07 MWd/KgU for the (2+4) fuel bundle shift scheme, and
16.87 MWd/KgU for the 3 fuel bundle shift scheme, respectively.
During the investigation period, the value of 18 MWd/KgU was
considered as a maximum acceptable fuel burnup value at the
fuel rod level. The (2+4) fuel bundle shift can satisfy this
"requirement" only marginally.

The average refueling rates are 2.36 channels/day and
7.54 bundles/day for the (2+4) bundle shift scheme, 2.50
channels/day and 7.50 bundles/day for the 3 bundle shift
scheme, respectively.

The total worth of the adjuster rod system is 12.5 mk.
The liquid zone controllers worth, fuel to empty, is 8.32 mk.

The maximum channel powers are 6375 KW and 6380 KW for
the selected fuel bundle shift options. The maximum bundle
powers are 762 KW and 761 KW for the (2+4) and, respectively, 3
fuel bundle shift schemes.

For the ROP (Regional Over Power) protection system,
the channel and bundle power increases induced by refueling are
significant parameters. From this point of view, it seems that
the 3 fuel bundle shift scheme is more attractive: the channel
power peaking factor increases to 1.22 for the (2+4) bundle
scheme, arid to 1.14 for the 3 bundle scheme.

Up to now, no selection between the (2+4) and 3 fuel
bundle shift schemes has been decided.

TABLE I. MAIN CANDO SEU CORE PARAMETERS

Parameter Fuel Bundle shift Schema
2+4 3

Maximum Channel Power (KW)

Maximum Bundle Power (KW)

Maximum Burnup (Fuel Element)
(MWd/KgD)

Core Averaged Fuel Burnup (MWd/KgU) 15.05

Average Refueling Rate:
Channels/day 2.36
Bundles/day 7.54

Adjuster Rod System Worth (mk) 12.5

Zone Control System Worth,
Full to Empty, (mk) 8.32

Reactivity Decay Rate (mk/day) 0.56

6380

761

16.87

14.97

2.50

7.50

12.5

8.32

O.S6

2.1.4. XENON INDUCED POWER OSCILLATIONS

Theoretical investigations indicated that the first
azimuthal mode is diverging, like for the Natural Uranium
core. The first axial mode, that is diverging only at 120% FP
for the NU core, is slightly diverging at 100% FP for the SEU
Core. It seems that the decoupling of the core is more advanced
for the SEU core than for the NU core.

The adequacy of the zone control system in suppressing
spatial power oscillation was proved by simulation of various
scenarios. When the spatial control is correctly operating from
the beginning of the power oscillation, no problems may be
seen.

If the first azimuthal mode is excited and the spatial
control system is not working, the spatial power oscillation is
diverging, and the 12% power tilt was noticed after 9 hours. If
the spatial control is operating after 9 hours of "free"
evolution, the oscillation is controlled and suppressed.



However, we noticed that some compartments of the zone control
system reached the maximum/minimum acceptable filling fraction.

If the first axial mode is excited, the free evolution
of the power oscillation is only slightly diverging. After 9
hours, the spatial power control could be obtained without
problems.

All the reactor physics analyses seemed to prove that
both the dimensioning and the place of the zone controllers are
adequate. Unfortunately, the adjuster rod case is significantly
different. Some suggestions of changing the adjuster grading
did not show significant advantages. As the departures from the
reference CANDU 6 must be minimized, other solutions for the
adjuster rod places in the core have not been accepted as an
available option.

2.1.5. THERMAL HYDRAULICS ANALYSES

The NUCCP code was selected for computer simulations.
All the Natural Uranium and SEU thermal hydraulic simulations
have been done using the same code and the same model. The
final analysis proved that the NU core and the SEU core are
close enough. This conclusion was very important. At least for
this stage of the SEU related research effort, no modification
of the thermal hydraulic design is required.

2.1.6. FUEL BEHAVIOR AT EXTENDED BURNUP
Four research areas have been defined from the early

stage of the SEU related analyses:
(i) Identification of the phenomena that limit the good

behavior of CANDU fuel at extended burnup . Selection of
promising fuel technology and design modifications.

(ii) Improving the characteristics of fuel behavior computer
codes, in order to have accurate simulation results at
extended burnup.

(iii) New fuel bundle design. Computer simulations.
Preliminary design and manufacture. Out of pile tests.

(iv) Fuel irradiations in the TRIGA-INR Pitesti reactor.
Power ramp studies. Fission gases pressure as a function
of pellet grains dimensions.

The stress corrosion cracking was identified as a
significant phenomenon that may limit the potential of CANDU
fuel at extended burnup. Also the internal pressure of the
fission gases must play a more limitative role than for the low
burnup Natural Uranium core.

The ROFEM code is now under development. The intention
is to perform more detailed and more accurate mechanical
calculation. Up to now, the predictions related to the
modifications show good agreement to the available experimental
data.

Out of pile tests have been performed using the 43-
element fuel bundles. The main purpose was to study the fuel
bundle behavior under axial strength conditions test.

The SEU fuel element irradiations started in 1992. To
define the irradiation test specifications, detailed analyses
were necessary. The TRIGA-INR reactor can satisfy the required
test conditions.

One irradiation test is dedicated to the power ramp
experimental simulation.

Other tests are related to the extended burnup
limitative phenomena research. Fuel rods with different
microstructures are tested. The elements with normal grain
structure are compared to the elements with increased grains.
The instrumentation could offer a continuous information. The
irradiations are still in progress. Experimental data obtained
during irradiation cycles will be completed with PIE (Post
Irradiation Examination) in the INR Pitesti Hot Cell
facilities.

2.2. OTHER FUEL CYCLES

There are some studies related to U+Pu and Thorium Fuel
Cycles. It was decided to update such studies from time to
time, even if no major improvement / modification is predicted.
Most of the analyses are related to reactor physics, needed
fuel performances at the estimated burnup, first approximation
evaluation of safety features and fuel cycle costs.

Both Thorium fuel cycles have been considered, OTT (Once
Through) and SSET (Self Sustained Equilibrium). We may notice
that the metallic fuel was found promising. However, not
confirmed advantageous characteristics of metallic fuel rods
and metallic fuel cycle technology have been credited.

3. POWER UPRATING FOR THE CANDU 6 REACTOR

3.1. GENERAL

Several suggestions have been taken into account. Most
of them are related to modification of safety limits, better
thermal hydraulics estimations, better neutron detectors
(credited to lower maximum error). Due to the real know-how
level of our specialists in these areas and due to the lack of
practical operating experience in Romania, no safety related
modification is credited.



3.2. POWER FLATTENING

Detailed computations have been performed to obtain a
better power flattening and to estimate the burnup penalties.
The number of the "inner zone" fuel channels was increased. For
a defined inner zone, the burnups of inner and outer zones have
been related to the maximum channel and bundle powers. The FMDP
code was used. For each defined inner zone, three main results
have been derived : (i) maximum average exit burnup, when no
channel power restriction is imposed; (ii) maximum average exit
burnup, when the channel power restriction is imposed; (iii)
burnup penalty when the maximum, power flattening is reached.

The main finding is that the increase of the global
reactor power by moderate increasing of the inner core
dimensions is about (2-3)%. The second finding is that the
burnup penalty, in percentages, is comparable to the total
power increase, in percentages. The third finding is that, when
the inner zone fuel channel number is increased over 200, the
burnup penalty is significant, while the power flattening • is
very limited.

3.3. 4 BUNDLE SHIFT AND 8 BUNDLE SHIFT REFUELING SCHEME

The local power increase due to refueling may be reduced
if the 8 bundle shift scheme is replaced by the 4 bundle shift
scheme. The estimations were performed using the FMDP code. 100
FPD refueling period was simulated. It was found that the
increase of the inner zone channel number and the 4 bundle
shift refueling scheme for the inner zone may allow about 4%
total reactor power increase. Larger increases were not
credited, the departure from the nominal CANDU 6 design being
too large.

3.4. INCREASE OF REACTOR FUEL CHANNEL NUMBER

From the only geometrical point of view, the number of
fuel channels may be increased from 380 to 396. The total
power increase is slightly less than 2%. As a matter of fact,
only the (380 to 388) increase was accepted for a more detailed
analysis. The total power increase is near 1%.

3.5. OTHER POWER UPRATING RELATED ANALYSES

One study was dedicated to the proof that no design
modification is necessary if the total power is increased only
by (5-7)%. It seemed that there are no problem if the power
uprating is related only to refueling strategy modifications,
with the inner core fuel channel number small enough.
Otherwise, cooling problems may be involved.

Other analyses were directed to "small" design changes
to the adjuster rods worth and to the anchors of the guide
tubes. No significant improvement of power uprating was
credited.

4. CANDU 6 REACTOR SAFETY

4.1. VOID EFFECT ANALYSES

Detailed LOG simulations have been performed, in
particular for Shutdown System performance evaluation. The
energy deposition on fuel bundle was calculated for a large
number of locations.

The SEU void effect analyses have been extended to the
use of burnable absorbers in fuel. From the only point of view
of reactor physics, it seems that the use of burnable poisons
in fuel is an attractive solution not only for the fuel
management, but also for the nuclear safety.

4.2. CORE MONITORING AND FLDX MAPPING SYSTEM

An old version of the MONIC code, AECL, was modified, to
offer higher flux modes and to satisfy more restrictiveconvergence criteria. Accurate flux modes may be estimated
for a given set of core specific data.

As the control room computers are not compatible to the
PC-AT of 90's, an interface is being under development and
testing.

At least for the first years of operation, this
interface will be used only for "passive" monitoring: the data
will go from the control room computers to the PC, for off-lineanalyses.

4.3. PSA AMD LIVING PSA

Several PSA analyses have been required by the National
Control Board for Nuclear Activities, CNCAN. The assistance of
International Atomic Energy Agency was very consistent.

For the near future, the effort is directed to complete
the level 1 PSA for the unit 1 of the Cernavoda Nuclear Power
Plant. As the CNCAN may require living PSA even from the first
year of operation, the associated problems are investigated.

4.4. NON - DESTRUCTIVE EXAMINATION OF FUEL CHANNELS

The method suggested for investigation and development
is based on ultra acoustics, several successes have been
reported in other areas, more or less similar, but the
activities related to fuel channel examination are incipient.

4.5. SEVERE ACCIDENT ANALYSES

Although the specific technical problems are not really
new, it seems to be very difficult to satisfy the analyses
requirements. Specific technical assistance is needed.



5. FUTURE ACTIVITIES AMD INTENTIONS

As the Romanian Electricity Authority, RENEL, agreed to
support all the mentioned nuclear safety related activities, we
may hope that significant advances will be reported in the next
years.

Expert systems have been suggested, to assist the
operator and shift supervisor, for fault diagnosis, intelligent
tutoring systems etc.

As RENEL required to be as "realistic" as possible, all
the activities related to CANDU 6 power uprating, U+Pu and
Thorium fuel cycles are frozenl Periodically, updating studies
and investigations will be performed. In addition, if the
international nuclear research environment will be favorable to
specific co-ordinated research programmes, RENEL will offer
the needed support for the Romanian participants.

The activities related to SEU fuel cycle are encouraged,
but the strategy of "independent effort" is slightly changed.
It is accepted that the AECL co-operation is essential;
consequently, RENEL is looking for a mutual agreement.

Two other areas are not enough covered, although their
necessity is accepted. The first is related to the Recycled
Uranium utilization. The second includes the specific methods,
instruments and data for econometric analyses, to have a
better basis for medium and long term strategy. Technical
assistance is needed, and any co-operation is welcome.
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Abstract
This paper presents the up-date status of the Cernavoda Nuclear Power Plant, an
industrial complex to finally includes five CANDU 6 units. Due to delay in the initial
schedule and for lack of financial funds construction work is concentrated on Unit 1;
the other units are in preservation state, of paramount importance ia to commission
Unit 1 according to updated schedule, having confidence in high safety level of the
plant and good power availability. In this respect, a design review ia done based on
preliminary Probabilistic safety Assessment (PSA) findings, and other CANDO HPP
operation experience feed-back. For the next units in Cernavoda the engineering effort
will be directed to obtain unit power uprating, construction schedule reduction and
design simplification.

1. INTRODUCTION

In order to understand better the Cernavoda Nuclear Project we should
like to briefly, review the history of Romanian Nuclear Power Program
development.
Further we will present the to-day status and will try to define the
main directions for future development, emphasizing the significant
aspects related to the topic of this meeting.

2. PRELIMINARY STUDIES
Preliminary studies related to nuclear power development in Romania up
to the moment of decision to build first Nuclear Plant in Cernavoda have
the following steps indicated in Table I [1,2].
Looking back to this period of time within the frame defined by specific
political, social and economical conditions of the country (limited
access to new nuclear technology, lack of hard currency, zonal political
relations) the only alternatives for nuclear reactor types to be
considered have been the following:

- Light Water Reactors (LWR) developed and supplied at that time by
Soviet Union for all Eastern European countries (WER) ;

- Pressured Heavy Water Reactor (PHWR) of CANDU type developed byAECL of Canada.

* On attachment from the Romanian Electricity Authority to CANDU Owners Group,
Canada.

TABLE I. STUDIES TO IMPLEMENT NPP IN ROMANIA

Category of
studies

Time
period

Results

Power Grid
Development 1966-1978 - Define future power structure development

- Establish contribution of primary level
resources (coal, oil, gas, nuclear).

Siting of NPP 1968-1976 - Select potential NPP sites

- Qualification of sites for the first NPP

Feasibility to 1976-1978
implement NPP

- Select and recommend the Supplier for NSSS

Project WER 440 MWe, without containment, has been rejected due to
unacceptable safety features; alternative to adopt ice-condenser type
containment, similar to Loviisa NPP - Finland, has been not recommended
due to economical reasons.
Project WER 1000 MWe was considered acceptable from the conceptual
safety point of view.
Table II lists the main criteria applied to compare PHWR and LWR which
led to CANDU reactor selection. The joint Canadian (AECL) - Romanian
(ISPE) feasibility study for CANDU-600 in Romania, performed in 1976,
assured all necessary input data for this comparison.
To-day we consider this approach as the right one.

3. CERNAVODA KPP STATUS (1978 - 1993)

The initial decision (1979) was to build on Cernavoda site a four units
nuclear production complex; later, in 1982 the fifth unit has been
added.
Short history of work progress for Cernavoda NPP is reflected in Table
III [1,2,3]. It is worth to mention some important moments:

- according to Romanian Act, Romanian Electricity Company (RENEL),
former Ministry of Electrical Energy, acted as Owner and our engineering
company ISPE acted as General Designer, coordinating all design-
engineering problems for the project, having full support, as design
authorities, from AECL for Nuclear Island and from Ansaldo Impianti for
Conventional Island;

- in November 1986, after Chernobyl accident, a joint ISPE-AECL
Symposium took place in Bucharest, reviewing the basic conceptual
elements of CANDU design, showing that accident has not revealed any
important new data which would have an effect on the design solutions
applied to Cernavoda NPP. Later on this conclusions has been confirmed
also by Canadian licensing authority AECB [4].



TABLE H. CRITERIA TO COMPARE LWR AND PHWR TABLE m. WORK PROGRESS FOR CERNAVODA NPP

Time Period Type of work
CRITERIA RELATIVE STATUS

PHWR LWR

Industrial Maturity
Proved operating performances
Resources for nuclear material inside
the country (D/J, U .̂, U.̂ jJ
Industrial support for ftiel cycle
units and NPP components
Efficiency of uranium utilisation
(once-through cycle)
Overall economical efficiency for
,the whole Nuclear Power Programme
(NPP + nuclear material units)

«J
Ol

Before 1989 the following conditions had an important impact on
Cernavoda Project schedule:

- construction delayed due to minimize imports and hard currency
costs ;

- excessively ambitious national participation to supply nuclear
equipment & materials, starting even with Unit 1;

- Western banks cut-off the loan in 1982 - 1983;

- in 1989, under pressures to accelerate the work on site, the
amount of pipe welding performed increased, without providing a proper
quality control.

After December 1989 the policy and activities related to Cernavoda
Project were changed. In a first stage the work on site was devoted to
inspections and corrective actions.

The Romanian Government invite IAEA to send PRE-OSART mission to
Cernavoda for reviewing construction activities and to obtain IAEA
Suggestions to improve work quality and safety practices. Based on IAEA
recommendations and the real requirements of the Cernavoda Project, in
August 1991 RENEL signed with AECL - ANSALDO Consortium (AAC) an
agreement for Cernavoda Project Management. The purpose of this
agreement included the complete project management for construction,
commissioning and initial operation for Unit 1, Romanian personnel
training, repair and preservation for Unit 2 and preservation for Units
3 to 5. An integrated Project Management Team was created, including
Romanian staff and expatriated staff [5].

Status of completeness for the five Cernavoda units under construction
in Cernavoda at the moment of concluding new Project Management Contract
(August 1991) was as follows [1,6]: Ul = 58%; U2 = 30%; U3 = 16%; U4 =

1978

1979

1980

1981

1982

1983

1984-1985

1985

1986

1989

1990-1991

1991

1992-1993

Contracts between AECL (Canada) and Romenergo (Romania) concluded
for Nuclear Steam Plant - Unit 1.

Start work on Cernavoda site.

First concrete - Reactor Building Unit 1.

Contracts between Ansaldo (Italy), General Electric (USA) and
Romenergo (Romania) for Balance of the Plant (BOP) - Unit 1 and 2.

Governmental decision to increase supply Of components from Romania.

Containment perimeter wall sliding complete (Units 1 and 2).

Contracts with equipment main suppliers concluded.

Installed Calandria vessel - Unit 1.

Installed Calandria vessel - Unit 2.

Fuel channels installation - Unit 1.

Inspections, repairs and corrective actions.

New Project Management Contract with AECL-Ansaldo Consortium.

Construction work continued for Unit 1 Preparation work performed for
Units 2-5.

5% and US = 3%. Today the estimated overall construction progress ofUnit 1 is 83% [3].
During this stage of plant construction a great deal of engineering work
is devoted to safety engineering supporting the licensing plan for Unit
1. ISPE is deeply involved in preparation of Final Safety Report. The
main activities in this field are:

- reviewing the design and operations concerns identified by
preliminary PSA work;

- reviewing the safety related design changes resulted from
previous CAKDU 6 (Pt. Lepreau, Holsong), as compared with current
Cernavoda design solutions.



4. CERNAVODR PROJECT PROSPECT

Now Romania is confronted with a difficult power supply situation. On
the national grid are running only 6000 - 7000 Mw (6,168 Mw in 1992 and
6,800 in the first months of 1993) from 20,528 Mw total installed.power
by the end of 1992. The internal power supply decreased from 75.85 Twh
in 1989 to 54.12 Twh in 1992, representing a 28.6% decrease. The main
characteristics of this strange lack of available capacity are:
- existence of a high wear thermal power plants park (72% of all
installed power, mainly represented by coal—fired stations - 42%) ,
before reaching its lifetime or at the limit of economical and technical
lifetime, with high level of C02, 5O2, NOX, dust and ashes releases.
- low performances of lignite-fired power plants (about 25% of all
installed power), mainly due to poor coal quality (under design basis
quality) and poor qualify of maintenance.
- lack of conventional fuel sources, especially oil and natural gases,
both from internal production or import; for import there is a lack of
hard • currency for fuel importing combined with an instability on
external oil and natural gases market.
On the other hand, the national power demand was respectively reduced as
a temporary consequence of the painful transition process involving
Romanian economy. The internal demand decreased from 83.6 TWh in 1989
to 58.3 TWh in 1992, representing a 30% decrease (see Table IV). In
order to cover the difference between power demand and power supply in
1992 was imported a share of 7.2% from total demand [7,8,11,12,13,].
The forecasts predicted an increase of the power demand in 1994 and the
demand level of 1989 is going to be reached again in 2000 - 2005.
Following the evolution of Romanian industry in the first half of 1993,
and having in mind the human needs of life standard increase, we
consider that a faster increase of the power demand is possible andrealistic [14,15].
Based on the studies performed by ISPE and foreign consultants,, the
following short-term strategy guidelines concerning further developments
of Romanian power supply (up to year 2000) results;

TABLE IV - POWER LOADS EVOLUTION IN ROMANIA

1989
1. LOADS

(Internal demand)
Twh
MW

2.0 Relative evolution as
compared with previous
year [ % ]

9516

1990

73.5
8396

-11.8

Year
1991 1992

63.8 58.3
7889 6655

-13.2 -8.6

1993 1994

56.6 57.7
6470 6590

-2.5 +2.0

- energy conservation as a top important option;
- rehabilitation of the conventional power plant in operation;
- further developing of Cernavoda Project, as follows.

Now, as we mentioned before the priority is on finishing Unit 1 for
which necessary financing has been assured. According to Level 1
project schedule the following milestones are provided [3]:

- October 1994 - first approach to criticality
- December 1994 - first synchronization to the grid- March 1995 - Unit 1 in service

The door is open for Unit 2. There are first contacts on the way
concerning financing and participation for this project; a Romanian
decision will be adopted probably by the end of 1993.
Due to available time period at least for Units 3 to 5 and taking intoaccount the incentive to reduce specific capital costs, ISPE as an
engineering company will act for several developments, as they have
already been identified previously [9,10], mainly;

- power uprating in unit output (15 - 17%);
- reduction in construction schedule through erection process

optimisation (8 to 10 months reduction);
- design simplification.

Here we intend also to investigate the possibility to develop and apply
passive safety features.
Our efforts are correlated within RENEL Research and Development (R&D)
Programs, in cooperation with the Institute for Nuclear Research.
ISPE is the coordinator for the following R&D programs:

- Safety and Licensing;
- CANDU Technology Improvement;
- Fire protection;- Waste management and disposal

Based on the experience gained during Units 1 and 2 construction and
commissioning, important cost reductions are expected in engineering,
procurement and project management services for next units (about 20%for each).
It is clear that the above mentioned directions are of significant
interest for CANDU owners and other potential clients. We think that
periodical review of advances in CANDU technologies will be beneficial
for all interested parties in order to guide and to introduce necessary
adjustment to their own R&D programs.
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Abstract

The CANDU Owners' Group (COG) was formed in mid-1984 by the Canadian
CANDU-owning utilities and Atomic Energy of Canada Limited (AECL). The purpose of COG
is to provide a framework that will promote closer cooperation among the utilities owning and
operating CANDU stations in matters relating to plant operation and maintenance, and to foster
cooperative development programs leading to improved plant performance. COG activities are
divided into three major program areas, with the R&D programs directed by technical
committees comprised of representatives from each of the participating organizations. This
paper will summarize the structure for the COG organization and highlight the role of each of
the program areas. The R&D programs will be described, with particular reference to the
change in emphasis and direction of these programs as the CANDU technology has matured.

L COG HISTORY / STRUCTURE
COG was formed in mid-1984 by the Canadian CANDU owning utilities and Atomic Energy of
Canada limited (AECL). The specific objectives of COG are to establish a forum for the
planning and funding of generic programs, to provide a framework for cooperation and mutual
assistance and facilitate exchange of information among CANDU plant owners, operators and
designers for the successful support, operation, and development of the CANDU technology. To
meet these objectives, COG established cooperative programs in three areas:

• Information Exchange.
• Research and Development
• Joint Projects and Services.

A Directing Committee, comprised of senior representatives from each of the founding member
organizations, is responsible for the overall direction of COG and for approval of policies,
programs and associated funding. A COG Operations Department is responsible to the Directing
Committee for the management of authorized activities.
COG activities are divided into seven major program areas and a Business Administration
function, as illustrated in Figure 1. Technical Committees, comprised of representatives from
each of the funding organizations, are responsible for the technical direction of each of the R&D
program areas, based on the R&D strategic plans formulated for each of the program areas.
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FIG. 1. COG structure.

Working parties, comprised of Research, Design and Operations staff from the funding
organizations, plan and control R&D programs in accordance with the strategic plan. The plans
capture all elements of the R&D needs of the COG participants.
Since its establishment in 1984, the activities of the CANDU Owners' Group have expanded in a
number of areas. Participation in the COG information exchange program has expanded to
include all owners and operators of CANDU stations in operation or under construction
worldwide. Also, both the value and scope of the R&D programs administered by COG has
increased substantially and expanded to cover a wider range of R&D program areas. COG has
also joined, on behalf of the Canadian CANDU owning utilities, the Institute of Nuclear Power
Operators (INPO) and the World Association of Nuclear Owners (WANO), to become the point
of contact for Canada.

2. PROFILE OF COG ACTIVITIES
COG's activities and operations were set to meet its objectives; to become a focal point for:

• The coordination, planning and administration of the Canadian CANDU R&D program.
• Identifying and sponsoring generic programs to satisfy industry issues and needs.
• The exchange of information to meet the operating needs of CANDU stations.

To meet its mandate, COG established cooperative programs in the areas of:
• Information Exchange.
• Joint Projects.
• Research and Development (R&D).

2.1 Information Exchange Program
The COG information exchange was set up in 1985 to promote and facilitate sharing of
information related to the safe and efficient operation of CANDU nuclear power plants. Since
its inception, the program has expanded to cover all owners and operators of CANDU stations

FIG. 2. COG information exchange.

worldwide. The program provides a direct link between all CANDU station staff worldwide as
well as direct and immediate access to CANDU designers via an electronic messaging system
known as CANNET.
The CANNET system has interfaces with INK) and WANO information exchange programs,
with relevant information from these areas reviewed and posted, as appropriate, by COG
Operations staff. The CANNET information exchange network is shown in Figure 2.
The exchange program provides access to four computerized COG databases with over 30,000
reports related to technical papers, CANDU event reports, international operating experience and
CANDU plant modifications. The database continues to grow, with appropriately screened
reports from all CANDU stations, designers and CANDU-related research programs.
In addition to managing the information exchange function, other COG ongoing operational
activities include preparation of bulletins and newsletters and organization of conferences and
workshops on topical issues of common interest to CANDU plant operators and designers.
These events foster unproved communication, cooperation and sharing of station and operational
experience.

23. Joint Projects Program
This program was established to promote sharing of expertise and resources in areas of common
interest to the CANDU industry. Activities undertaken by Joint Projects result from joint
interests among COG members to act together to meet common needs relating to the operation,
inspection and maintenance of CANDU stations.
Table I summarizes some of the ongoing programs administered by COG.
The modification of the SLAR tool to a Mark HI version was undertaken as a COG Joint
Projects program between AECL and Canadian Utilities. A joint purchase and ownership of the



Table I
JOINT PROJECTS

SLAR
Fuel Channel Inspection Tooling
Single Fuel Channel Removal Tooling
Steam Generator Cleaning
EPRI / NMAC Membership
Component Reliability Database
Reactor Building Pressure Testing
Calandna Tube Sag

Channel Inspection and Gauging Apparatus for Reactors (CIGAR) equipment was also
undertaken by the Joint Project program.
A joint program was initiated with EPRI on testing of their erosion-corrosion prediction code at
Point Lepreau NGS, with the agreement providing CANDU utilities with the right to use the
software.
In recent years, the Joint Projects program recognized the need for bridging between scientific
research and the application aspect, and hence established "user groups". Through such groups,
workshops were held between operators, designers and suppliers which facilitated the
technology transfer. User groups have been established in the following areas:

• Emergency Preparedness.
• Environmental Qualification.
• Seismic Instrumentation.
• Reactor Containment.
• Fuel Handling.

In May 1991, COG signed an agreement with the Pakistan Atomic Energy Commission (PAEC)
establishing COG as the agent and manager for the Project of Safe Operation of KANUPP
(SOK). The SDK project was undertaken under the auspices of an International Atomic Energy
Agency (IAEA) Steering Committee, with the objective of assisting PAEC in ensuring that the
Karachi Nuclear Power Plant (KANUPP) continues to operate safely. SOK's scope comprises a
number of physical inspections of the plant, safety analysis of the original design using current
methodologies, fuel channel inspection and a radiological protection audit.
Such jouit programs have the benefit of sharing program costs for the economic and safe
performance of CANDU plants while capitalizing on a larger and common body of expertise and
knowledge within the industry.

23 Research and Development Program
Research and Development (R&D) has played a key role since the inception of the CANDU
Industry and throughout its commercialization cycle. As the CANDU technology matures, R&D
continues to support CANDU's performance, safety and reliability to assure its design life as
well as future designs in support of its advanced features. Figure 3 illustrates such a mission. In
recognizing the role of R&D in managing this evolution, a 10 year R&D strategic plan has been
initiated by COG m 1992. The thrust of the R&D programs in the strategic plan are:

The R&D
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FIG. 3 The mission of research and development and the CANDU industry cycle.

1. To improve performance of operating CANDU plants by providing increased knowledge
in characterization of aging of key plant components and, where appropriate, providing
understanding to common operating problems with new designs and techniques for
mitigating component failures, where appropriate, to contribute to improved
performance.

2. To protect the investment in the CANDU technology by ensuring that the basic expertise
is maintained by a vigourous program of underlying research geared to ensure a
competent response capability.

3. To support the safety and licensing basis for current and future CANDU units.
4. To improve the design of future CANDU units to maintain the viability of the CANDU

option in the world electricity supply.
5. To ensure high standards of protection for plant workers, the public and the environment

with the increased emphasis on keeping CANDU plants as "good neighbours" and
towards gaining public and environmental acceptance.

6. To develop and gain acceptance for decommissioning and nuclear waste disposal
concepts with emphasis on safe disposal of high level waste.

To meet these strategic objectives, COG R&D program is divided into five program areas:
• Safety and Licensing.
• Fuel Channels.
• CANDU Technology.
• Waste Management.
• Radiological Health and Safety.

The funding share for program areas is shown in Figure 4.
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Safety and Licensing R&D Program
The primary thrust of the COG Safety and Licensing R&D program is improving the
understanding of the processes underlying reactor safety. Tlie program is directed by the
needs of the operating CANDU stations and the need to develop those advanced concepts
and technologies that enhance safety and safety margins
The mission of the COG Safety and Licensing R&D program is "to advance the
technology by which the levels of uncertainties are quantified and reduced in safety
analysis for assurance of nuclear plant safety by developing adequate understanding of
the underlying nuclear safety phenomena".
The key strategic goals governing the Safety and Licensing R&D 10 year plan are in
Table 2. To address these goals the program is divided into 100 specific research
projects, monitored and controlled by working parties (Figure 5) covering the following
topics:

a. Safety Thermalhydraulics Technology
With R&D, to provide experimental data on the thermalhydrauh'c aspects of
CANDU heat transport system behaviour under postulated accident conditions.

b. Fuel Channel High Temperature Transients
With programs geared to determine the integrity of fuel channels under postulated
accident conditions and to verify the predictions of fuel and pressure tube
temperatures, heat generation and heat transfer model used in accident analysis
codes.
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c. Fuel High Temperature Transients
With programs aimed at producing the experimental data needed to develop
and/or confirm the understanding of the physical processes dictating the
behaviour of fuel and fission products during an accident,

d. Containment Performance and Activity Transport
Wim R&D programs set up to provide experimental information on the behaviour
of fission products in order to develop and verify codes for prediction of airborn
radio-nuclides in containment following postulated accidents and to develop an
understanding of the behaviour of H2 combustion and its effects on containment
integrity.

e. Reactor Core (including Calandria Tube) Integrity
With research programs aimed at quantifying the existing margin against failure
of the calandria tube over the full range of potential failure modes for pressure
tubes. To provide experimental information on the important variables for use in
development of codes to predict calandria tube failure under postulated accident
conditions.

f. Radiation and Reactor Physics
To provide experimental validation and maintenance of a reference lattice physics
code, to provide supporting data on reactivity void coefficient via experimental
and analytical work and to validate and maintain radiation physics codes for
application in shielding calculations.

g. Fuel Technology
To improve the performance and the CHF margin of CANDU fuel, to strengthen
the technical response capability for station events and to carry out fundamental
studies to the behaviour of extended burn-up of fuel

h. Fuel Channel Critical Power Ratio
To improve methodologies for predicting critical heat flux and post dryout
temperatures and to maintain an experimental database of mermalhydraulic
correlations and parameters for validation of subchannel and accident analysis.

Targets
Some of the key milestones of these programs are:

• Completion of instrumented in-reactor test of advanced fuel design under normal
operating conditions.

• Demonstration of the prototype catalytic recombiners for post-LOCA
containment ventilation systems.

• Complete model to predict consequences of in-core pressure tube failures on core
structural integrity.

• Establish ASSERT code as a calculational tool for use in the design of fuel and
associated activities.

2. Fuel Channel R&D Program
The mission of the COG Fuel Channel R&D Program is "to ensure that through the
effective transfer of technology, the fuel channels of existing and future CANDU units
operate predictably and economically".

The R&D program has two major thrusts. One is directed to Operations Support and the
other to Engineering Support
The 10 year strategic plan for Fuel Channels was predicated on the vision that by 2002
"no P/T ruptures will have occurred during operation, and improved fuel channels with
design lives in excess of 30 years will be available. At the end of 10 years, the Fuel
Channel R&D program will have made a contribution to reducing the incapability factors
of fuel channels, including the ability to retube reactors more rapidly. P/T inspection and
assessment activities will have been enhanced to reduce any future uncertainties and
there will be no significant regulatory or public acceptance concerns".
The R&D program laid out for the next 10 years integrates the needs of both Operations
and Engineering towards achieving the following goals:

a. Avoid unstable P/T ruptures.
b. Contribute to a reduction in the incapability of fuel channels,
c. Maintain the expertise to provide a response capability.
d. Provide fuel channel designs and components, with higher margins to failure.

To address these goals, the R&D program encompasses many elements that service more
than one goal. A matrix showing the relationship between the program goals and the
program elements is given in Table Ht. Service Life Assessment, for example, is
research based and provides a response capability for operating problems. It also drives
improvement to fuel channel components and provides a means of avoiding increases in
fuel channel incapability. Direct contributions to reduced incapability can be made by
improving components mat need replacement, better tooling and procedures and more
efficient inspection.
Program elements and deliverables are geared to the two end users: Operations and
Engineering. The program elements in support of Operations are service life assessment
and development oriented programs for non-destructive evaluation.
The programs in support of Engineering are development oriented and geared to improve
component designs, tooling and procedures.
The R&D products and technical services are in support of:

a. Inspection, short term maintenance programs and unplanned outages.
b. SLAR / SLARette programs to remove FT / CT contact conditions,
c. LSFCR and New Reactor Projects.
d. Nuclear Program Planning to optimize scheduling of planned outages.

The R&D programs are managed by the seven working parties noted in Figure 5.

3. CANDU Technology
The mission of the CANDU Technology R&D program is to "develop and advance the
technologies necessary to support optimal performance of CANDU components and
systems".
The primary thrust of the program is to perform R&D in the areas of process equipment
and computer technology to support the strategic objectives of the COG participants.
The R&D programs are planned and monitored by the following four working parries, set
up either on a component or on a generic technology basis:

a. Process Systems and Equipment With programs aimed to improve system and
component performance by means of improving diagnostics and inspection



Table U
SAFETY & LICENSING FUNDING ALLOCATED TO STRATEGIC GOALS

Strategic Goals

1 . Maintain and/or increase plant operating margin} over the
plant life.

2. Minimize need for costly design changes or retrofits.
3. Minimize reliance on safely system by increasing safety

through improved components or designs tolerant of failure.
4. Reduce operational complexity. '

5. Decrease human error contributions.

6. Improve plant performance and economics by reducing costs
due to licensing or safety constraints.

7. Develop and maintain R&D expertise, response capability
and infrastructure,

Allocation to COG Strategic Objective
1
X

X

X

X

2

X

X

X

3

X

X

X

X

X

X

X

4

X

X

X

s
X

X

X

X

X

X

X

«

Table DI
FUEL CHANNEL R&D PROGRAM GOALS AND ELEMENTS

GOAL

AVOID ANY UNSTABLE PRESSURE TUBE RUPTURE.

CONTRIBUTE TO A REDUCTION IN FUEL CHANNEL INCAPABILITY.

MAINTAIN THE EXPERTISE TO PROVIDE A RESPONSE CAPABILITY.

PROVIDE FUEL CHANNEL DESIGNS AND COMPONENTS WITH HIGHER
MARGINS TO FAILURE.

PROGRAM ELEMENT

SERVICE LIFE ASSESSMENT
NON-DESCRUCTIVE EVALUATION

NON-DESTRUCTIVE EVALUATION
IMPROVED DESIGNS / COMPONENTS
PROTOTYPE TOOLING AND PROCEDURES

NO ADDITIONAL ELEMENTS

IMPROVED DESIGNS / COMPONENTS

Table IV
SUMMARY OF COG SPECIFIC R&D PROGRAMS

(Current and Planned)

CANDU
Components

Fuel Channels

Steam Generators

Process and Safety Related
Components (pressure
vessels', heat exchangers,
rotating machinery, etc.)

Plant Piping / Elastomers

Concrete Structure

Nuclear Cables

Irradiated Fuel Bay Dura-
bility

Degradation
Mechanisms

X

X

X

X

X

Aging
Data

X

X

X

X

X

Life
Prediction

X

X

Maintenance
Guidelines

X
(fitness for

service
guidelines)

X
(chemistry,
vibration,
thermal-

hydraulics)

X

X

Obsolescence
(subcomponents)

X
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tooling, development and validation of computer codes for modelling system
behaviour and development of tools and techniques for aging management of
plant components,

b. Chemical Engineering and Processes: With R&D to support and improve
performance of the coolant systems through an understanding of activity transport
phenomena and optimization of the reactor coolant chemistry.

c. Instrumentation and Control: Set up to conduct R&D programs into the
development and applications of electronics, computers, information systems
technology and cognitive sciences.

d. Steam Generators: With R&D to improve CANDU steam generator performance
through an understanding of life limiting phenomena and to develop solutions to
generic operational / maintenance problems.

The 10 year strategic plan in this area has the following thrust:
a. Characterization of Degradation Mechanisms for metals, concrete and elastomers

with respect to:
• Vibration.
• Fatigue.
• Fretting wear.
• Erosion-corrosion.
• Thermal aging.
• Neutron irradiation

for applicability to critical and non-critical components.
b. Development of guidelines for mitigating aging for pressure vessels, heat transfer

equipment, piping, valves, cables, concrete structures, etc.
c. Development and validation of an integrated failure model approach for

prediction of component remaining life, based on state of the art inventory of data
from in situ examination of plant components, and test data from naturally aged
material samples from decommissioned reactors (NPD and Douglas Point
Stations in Canada).

d. Development of state of the art inspection, surveillance and monitoring
techniques, building on international development in the field and technological
advancements made in other fields.

e. Foster international cooperation and information exchange in all areas and build
on successes made through ongoing cooperation in the fields of steam generator,
heat transport pump, erosion-corrosion, etc.

A phased approach on the generic R&D has been adopted and supplemented by
component- and technology-specific R&D programs. Tables IV and V identify the
salient points of these programs.

4. Waste Management
The mission of the COG Waste Management R&D program is "to develop the
technology and procedures required for the safe, environmentally and socially
responsible and economic management, including disposal of nuclear fuel waste arising

Table V
INSPECTION AND MONITORING: PRESENT R&D PROGRAMS

PUT Fatigue Monitoring

Valve Diagnostics

Motor Monitoring

Defect Sizing
PHT Pump Monitoring

Erosioa-Conosion Susceptibility

ET Fretting Wear

Pipe Flaws - Gauging

Real lime Radiography

ET (for wide range of CANDU materials)

Capability
Development

X

X

X

X

X

X

X

Efficiency
Improvement

X

X

X

Component
Life Prediction

X

X
X

X

X

X

from Canadian nuclear generating stations, and to ensure that the technology is available
to the operators of nuclear facilities".
The two main components of the program are:

a. Nuclear Fuel Waste Management (NFWM) program.
b. Low and Intermediate Level Waste (L&ELW) management program.

The short term focus of the Nuclear Fuel Waste Management R&D program is to secure
acceptance of the disposal concept by the Environmental Assessment Review Process
(EARP). This includes technological R&D in five areas:

• Development of the technology for siting, design, construction, operation and
closure / decommissioning of nuclear fuel waste disposal facilities.

• Development and improvement of the technology for environmental and safety
assessment of nuclear fuel waste disposal systems, including assessment of
potential impacts of transportation.

• Assessment of used fuel behaviour in storage for interim and extended storage
options.

• Improvement of the existing technology for transportation of nuclear fuel waste.
• Assessment of volume and activity reduction options for used fuel.

The current program is directed toward nuclear fuel waste from the CANDU plants. In
the future the program could include fuel wastes from operators of other nuclear facilities
in Canada.
The current waste management program is divided into ten specific research projects,
monitored and controlled by the 10 working parties shown in Figure 5.
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• To have the concept for disposal of nuclear fuel wastes accepted, with progress
made with respect to implementation.

• To shift the focus of R&D on disposal from the stage of assessment of the
Disposal Concept to support for implementation of disposal

For Low and Intermediate Level Waste (L&ILW), the 10 year R&D program focus is on:
• Evaluation of storage and disposal options.
• Waste characterization, classification, processing and conditioning.
• Development of criteria and methodologies for performance evaluation of

facilities.
The 10 year vision of the I&ILW program is to:

• Develop technologies to characterize, classify, process and condition the range of
wastes produced and handled in the operation of CANDU NGS's to emerging
standards and regulatory requirements.

• Develop a methodology for performance and safety assessment of disposal
options.

• Recommend a disposal strategy based on an evaluation of disposal options
appropriate to the range of wastes produced.

• Recommend methodologies for site screening and selection.
• Complete R&D for classification of de minimis waste and recommend a strategy

for management
• Standardize conditioning practices for storage / disposal

5. Health and Safety
The mission of the COG Health and Safety program is "to develop improved techniques
to assess radiation exposure of workers, the public and the environment; to understand
and predict the effects of radiation on the health of humans and the environment and to
provide the tools to improve radiation protection in nuclear facilities of the COG
participants".
The primary thrust of the Health and Safety R&D program is directed toward supporting
the Canadian nuclear industry in three specific areas:

• Dosimetry research that is concerned with radiation in the workplace.
• Environmental research which focuses on radioactivity released from nuclear

facilities.
• Health effects of radiation designed to evaluate the effects of radiation on human

health.
The content of these subprograms is based on needs identified by the COG participants
and is linked to the strategic goals. Some of the goals that formed the basis of the 10
year Health and Safety strategic plan are:

a. To develop better technologies and workplace practices to facilitate the
implementation of ALARA principles such that the cost effectiveness of radiation
protection will be improved by 25% by the year 2000.

59%

26%

Protect Workers,
Public & Environment

I Improve Design
of Future CANDUs

I Support Safety &
Licensing Basis

Protect the Investment

4%

FIG. 6. Value of health and safety funding directed towards COG strategic
objectives.

Operating
CANDU Plants I CANDU Plants

Steam Generator Performance

Enhanced Systems for Plant Monitoring

Improved Inspection/Maintenance

Condition Monitoring

Safety/Licensing Support
to Operating Plants

SLAR/LSFCR Support
(operations/engineering)

.; Licensing

Managernerrt
Support to Refurbishment Projects

Disposal Concept for Nuclear Waste

Waste Characterization/Processing

Support ALARA Principle

FIG. 7. Integrated approach to research and development.

Information Technology

Improved Control Room Design

Implementation of Human Factors Plan

Advanced Safety Concepts
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Advanced Fuel Channel Design/
Replacement/Inspection

Advanced Fuel Cycles

Develop Low Void Reactivity Fuel

Disposal Concept to Nuclear Fuel Waste
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Improved Radiation Protection



b. To develop appropriate monitoring instruments to facilitate effective dose control,
c. To provide sound risk assessments, based on improved identification,

understanding and prediction of the health effects of radiation, that will enable
radiation risks to be managed more effectively,

d. To anticipate and resolve efficiently emerging CANDU radiological health and
safety issues using the core response capability maintained by the program.

The major products of the program are: Improved or new technology and methods, more
realistic and accurate models, more precise assessments of individual risks from radiation
exposures and a better understanding of the science of radiation protection. These
products will be produced to address customer needs. The contribution of the program to
the overall COG strategic goal is shown in Figure 6.

3. SUMMARY
To sustain a viable nuclear program based on the CANDU reactor, there is a need for a
common and'coordinated effort to ensure effective and efficient use of the resources
available. The benefits of a strong CANDU industry alliance is particularly significant as
the technology matures.
Such coordinated effort extends to an integrated R&D program where current and future
CANDU needs are all addressed by a diverse number of scientific research projects
(Kgurc 7), all aimed at supporting current plant operation and features of next generation
designs.
The 10 year strategic plans will continue to evolve and will be revisited and tuned from
time to time to maintain such a balance between the present and future goals. This is
paramount to maintain the viability of the CANDU option in the world electricity supply.
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CANDU/PWR SYNERGISM
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Abstract

CANDU features an unsurpassed degree of fuel-cycle flexibility as a result of excellent neutron
economy, flexibility in fuel management provided by on-power fuelling, and a simple fuel-bundle
design. Spent PWR fuel has a higher U-235 content than fresh natural uranium fuel, and a
relatively high plutonium content. Hence, spent PWR fuel can be viewed as a source of fissile
material for CANDU. These inherent features of the CANDU and PWR reactors lead to a natural
synergisra.
One particularly attractive option is the use of recovered uranium (RU) in CANDU. RU, obtained
from conventional reprocessing of spent PWR fuel, has a U-235 level of around 0.9%, would
approximately double the bumup in CANDU compared to natural uranium, and would be even
more economical than slightly enriched uranium (SEU) in CANDU. As well as fuel-cycle
benefits, RU would offer capital cost benefits similar to those of SEU, such as power uprating
capability. Fuel management studies confirm that a simple bi-directional 2- or 4-bundle shift
would result in excellent reactor power characteristics. A joint experimental program between
AECL and COGEMA of France confirmed that the powder and pellets made from RU meet
CANDU specifications, and that the residual Cs-137 left in the RU would not pose a problem
during sintering in the commercial fabrication of RU fuel for CANDU.
The synergism between CANDU and PWR extends to the other product of reprocessing,
plutonium. AECL has carried out lattice physics and fuel management studies that demonstrate the
feasibility of burning MOX (mixed uranium/plutonium oxide) fuel in CANDU. A variant of
conventional reprocessing that has a higher degree of safcguardability is the TANDEM cycle, in
which uranium and plutonium from spent PWR fuel are not separated.
A novel synergistic fuel cycle with an even greater degree of safeguardability is DUPIC: Direct
Use of Spent PWR Fuel £1 CANDU. AECL, the Korea Atomic Energy Research Institute
(KAERI), and the U.S. Department of State participated in a joint assessment of various DUPIC
options for burning spent PWR fuel in CANDU without reprocessing. Two broad options were
considered, involving only dry processes: mechanical reconfiguration of the spent PWR rods into
CANDU geometry, and two powder-processing options (VIPAC, in which the spent PWR pellets
would be mechanically reduced to powder, then poured into CANDU sheaths and vibratory
packed; and OREOX, involving successive oxidation/reduction cycles applied to the spent PWR
pellets to produce a powder that would then be pressed and sintered into CANDU pellets). The
study concluded that all options were technically feasible. The OREOX option was identified as
the most promising for further study.

AECL has several fuel-development programs to support advanced fuels and fuel cycles, aimed at
achieving the same excellent fuel performance as with natural uranium fuel.

1. INTRODUCTION
The basis for the potential synergism between CANDU" and PWR arises from the fundamental
characteristics of the two reactor types: PWR fissile requirements are higher than for CANDU,
because of the good neutron economy of the latter. The higher parasitic loads in the PWR lattice
need to be compensated for by extra fissile material, both in the fresh and spent fuel. As a result,
PWR spent fuel has a high fissile content - about 0.8-0.9 wt% U-235, and about 0.6-0.8% fissile
plutonium, depending on the initial enrichment and exit bumup. In CANDU, the fissile content in
the fresh fuel is low because of good neutron economy. Moreover, the initial U-235 and the self-
generated plutonium are burned to low levels because of the high thermal flux. CANDU fresh
natural uranium contains 0.7% U-235, while the spent fuel contains 0.2% U-235 and 0.2-0.3%
fissile plutonium. Even with slightly enriched uranium (SEU) in CANDU, with an initial U-235
enrichment of around 1.2%, there is only about 0.4% fissile material in the spent fuel. Hence,
spent PWR fuel has about 1.5% fissile material, compared to about 0.4% fissile material in spent
CANDU fuel. Spent PWR fuel, therefore, can be viewed as a mine of fissile material for
CANDU.
CANDU's excellent neutron economy means that more energy can be extracted from the fissile
material in spent PWR fuel by recycling it in CANDU rather than in a PWR. Attention to neutron
economy was necessitated by the requirement of being able to use natural uranium fuel, and is
achieved through the use of on-power refuelling, low parasitic absorption in the core (in the
reactivity control devices and in structural materials), and the use of Ô2O as moderator and coolant
Moreover, the simple CANDU bundle design facilitates remote fabrication, for those synergistic
PWR/CANDU cycles where this is required.

2. SYNERGISTIC CANDU/PWR FUEL CYCLES
Figure 1 illustrates some of the options for recycling spent PWR fuel in CANDU. In conventional
reprocessing, fission products are removed, and the uranium and plutonium are separated. The
plutonium can be mixed with uranium (either natural, depleted, or the recovered uranium from the
reprocessing plant) to form MOX fuel, which can be effectively utilized in CANDU. AECL has
performed extensive studies on the use of MOX fuel in CANDU, in collaboration with an overseas
client. No technical obstacles have been identified, and in fact there is considerable potential for
optimizing the plant design to reduce capital costs through the use of MOX/1)
The uranium left over from reprocessing is referred to as "recovered uranium" (RU). It has an
enrichment of around 0.9%, and so is unsuitable for use in a PWR without re-enrichment. The
use of RU in CANDU is a very attractive fuel cycle option; it is discussed in greater detail in
Section 4.
If a country does not have access to conventional reprocessing facilities, but wishes to employ
CANDU to realize the full energy potential in its spent PWR fuel, then a chemical decontamination
process could be used to separate fission products and unwanted actinides from the unseparated
uranium/plutonium mixture. The resultant uranium/plutonium mixture would then be co-converted
into MOX fuel, and used either as-is in CANDU, or diluted with natural or depleted uranium
(depending on the desired burnup). This is the conventional TANDEM fuel cycle. The advantage
of chemical decontamination over conventional reprocessing lies in the potential of a cheaper,
simpler process that is more proliferation-resistant and easier to safeguard, since plutonium is not
separated from uranium. AECL and the Korean Atomic Energy Research Institute (KAERI)
investigated the TANDEM cycle in the early 1980's.
A fuel cycle currently under extensive consideration has an even greater degree of safeguardability
than the TANDEM cycle. This is the DUPIC fuel cycle: Direct Use of Spent PWR Fuel In
CANDU. A greater degree of safeguardability is provided through the use of only dry techniques

'CANDU: CANada Deuterium Uranium; registered trademark.
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in processing the spent fuel. Only some of the fission products are removed, so the resultant fuel
is highly radioactive, and must be fabricated remotely. This also provides assurance against
diversion of the spent fuel. While this cycle has not yet been costed, there is the expectation that it
will be economical compared to conventional reprocessing. The trade-off is in a lower uranium
utilization, since not all of the fission products are removed. The DUPIC cycle is discussed in
greater detail in Section 5.

Table I: Uranium Utilization and Burnup for CANDU and PWR Systems

Uranium Utilization, AvciagcBumup
MgNU/GWea MWdih/kgNU

(% improvement from reference PWR)

(O

3. BENEFITS OF RECYCLING FISSILE MATERIAL FROM SPENT PWR
FUEL IN CANDU

3.1 Uranium Utilization
The use in CANDU of fissile material from spent PWR offers several potential benefits, the
importance of which depend on many strategic considerations. Burning the fissile material from
spent PWR fuel in CANDU offers an improvement in uranium utilization (i.e., more energy is
extracted from the mined uranium). This offers enhanced security and independence of supply of
energy resources, as well as consistency with the environmental objectives of conservation and
sustainable development (the three R's: Reduce, Recycle, and Reuse). The largest improvement
in uranium utilization necessitates complete removal of the fission products from the spent fuel
(through conventional reprocessing or co-processing in the TANDEM cycle). In this case, there is
potential for extracting about twice the additional thermal energy by burning the recovered fissile
material in CANDU rather than in a PWR. This is illustrated in Table 1 (with fuel-cycle data
shown in Table 3).<2.3> In an equilibrium system of PWRs and CANDUs, where the fissile
material for CANDU is supplied completely from the spent PWR fuel, uranium requirements could
be reduced by up to 40%, compared to an all-PWR system. To help put this in perspective, Korea
is a country having both PWR and CANDU reactors. By the turn of the century, the spent fuel
from PWRs in that country could supply the fuelling requirements of six CANDU 6 reactors, each
having a burnup of 25 MWd/kg.W

3.2 Spent-Fuel Arisings
Maximizing the energy content derived from spent PWR fuel by burning the recovered fissile
material in CANDU reduces the overall amount of spent fuel and high-level waste to be disposed
of. This has environmental and social benefits in countries that possess PWR reactors.

3.3 Power Uprating Capability
In new reactor designs, or in existing reactors where there is sufficient heat removal capacity, the
enrichment in the fissile material in spent PWR fuel offers a power uprating capability.^) This is
achieved by flattening the channel power distribution across the reactor core, so that all channels
produce nearly the same power. Two other papers in this meeting illustrate the potential for using
RU to increase the reactor power obtained from a given-sized core in a new reactor. Ralph Hart
indicates that one of the reference designs for AECL's new CANDU 9 reactor uses enrichment of
around 0.9% to flatten the channel power distribution in the core to obtain 1030 MWe from a 480
channel Brucc/Darlington size core/6) Adi Dastur shows the reactor physics results that support
this approach.'7' Using power flattening to obtain more power from a given-sized core has an
advantage in capital costs for a new reactor over simply adding more channels to the reactor, and
involves a trade-off against improved uranium utilization (and fuelling costs). The use of RU for
this application is ideal, as the enrichment level is right, and the costs should be considerably lower
thanSEU.

3.4 Flexibility in Reactor and Bundle Design
The use of enrichment in CANDU offers greater flexibility in reactor and bundle design, by trading
off neutron economy for other benefits^1-7) Enrichment also offers greater flexibility in bundle

PWR reference
CANDU reference, NU
CANDU, I.2%SEU
System, PWR/CANDU(RU)
System, PWR with re-enriched RU
System, PWR with plutonium recycle
System, PWR with re-enriched RU and plutonium recycle
System, PWR/CANDU (TANDEM)

218
157 (28%)
116(47%)
161(26%)
183(16%)
185 (15%)
160(27%)
129(41%)

5.07
7.50 (48%)

10.19(101%)
6.98 (38%)
6.04(19%)
5.97(18%)
6.93 (37%)
8.78 (73%)

design. One example is using enrichment to tailor some of the reactivity coefficients. In the Low-
Void Reactivity Fuel (LVRF) bundle, for example, the propitious distribution of enrichment and
neutron absorbers in the bundle allows any level of void reactivity to be achieved, and any
discharge burnup. This is discussed in greater detail in Section 7.3.

3.5 Economics
The economics of fuel recycling depend on how the recovered fissile material is valued. At one
extreme, if reprocessing (or whatever technology is used to recover the fissile material) is
performed as a waste management policy, then the recovered fissile material can be viewed as
being available essentially free-issue. In the case of MOX or DUPIC fuel, avoided uranium,
enrichment, and back-end costs would be offset by greater fuel-fabrication costs, due to the need
for shielded and/or remote fabrication. As shown in Section 4.2, RU can be fabricated into
CANDU fuel in a conventional fuel-fabrication plant, and so any increases in fuel-fabrication costs
would be small. (There may be a small cost in converting the RU into reactor-grade UOj.) It
would appear that plutonium and RU are currently viewed as being available essentially free-issue
by those utilities that have adopted the reprocessing option. If the plutonium and RU are priced at
their recovery cost, then the economics are much less favourable/8.9)

4. RECOVERED URANIUM
4.1 General
RU is a by-product of conventional reprocessing of spent LWR fuel. Both COGEMA and British
Nuclear Fuels (BNFL) produce RU in their commercial reprocessing plants. RU has a U-235
level of around 0.9%, although this depends on the initial enrichment of the LWR fuel, and the
discharge bumup. This level of enrichment can be easily accommodated in CANDU, with a 2- or
4-bundIe shift fuelling scheme. Slight amounts of natural or enriched uranium could be added to
given batches of RU, to ensure a consistent product in the reactor. The resultant axial and radial
power profiles are excellent, from the perspective of peak powers and margins to critical heat flux.
AECL has just completed a joint assessment with COGEMA of die fabricability of RU as CANDU
fuel. The powder and sintered pellets met CANDU fuel specifications. Of major interest was
whether cesium-137, present in trace amounts in the RU, would be released during sintering, and
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condense in the cold part of the furnace, leading to buildup of fields over time in a commercial
sintering furnace. To assess this, 50 kg of pellets were pressed and sintered from the RU, and the
cesium released trapped in a cold-trap design in the furnace. It was concluded that while the
volatile cesium was released during sintering, it would condense in the cold part of a furnace.
Further, the amount of cesium present is so low that there would be no radiological problems due
to cesium-137, even after 30 years of commercial operation. Details on the economics, reactor
physics and fuel fabrication of RU will be presented at the International Nuclear Conference
(INC93) this fall in Toronto, Canada/1*»

4.2 Fuelling Costs
A major benefit of using RU in CANDU is fuel economics. This stems largely from not having to
re-enrich the RU before using it in CANDU, resulting in significant simplifications and cost-
savings compared to recycle in a PWR. (The RU is owned by the utility contracting for
reprocessing, not by the reprocessor. Since RU is not currently used, it tends to be viewed as a
liability for which storage and ultimately disposal costs must be borne by the utility.) Earlier
calculations are repeated here, to show the benefit of using RU directly in CANDU rather than re-
enriching it in a PWR/3) Cost assumptions and fuel-cycle data are shown in Tables 2 and 3, and
fuelling costs (not including back-end) are illustrated in Figure 2. To bracket the range of likely
costs, values of RU equal to natural uranium (RU1) and zero cost (RU2) are used.

Table 2: Economic Data

Table 3: Fuel-Cycle Data

NU, VkgU
RU, SttgRU
Conversion to UF6, SMcgU
Conversion of RU to UF6, VkgRU
Enrichment, JttgSWU
Enrichment ofRU, S/kgSWU
CANDU fabrication cost, Vkg HE
PWR fabrication cost, VkgHE

SO
SOorO

7
21

100
110

60 (NU), 80 (RU)
200 (SEU), 230 (RU)

The fuelling cost advantage of using RU in CANDU rather than in a PWR is quite extraordinary.
CANDU fuelling costs with natural uranium are a factor of 1.8 lower than PWR fuelling costs,
increasing to a factor of 2.2 with SEU in CANDU. With the cost of RU the same as natural
uranium (RUI in Figure 2), PWR fuelling costs are reduced by only 2%, whereas CANDU
fuelling costs are a factor of 2.8 lower than for the reference PWR. With these cost assumptions,
the value of RU in a PWR is about the same as the cost of natural uranium. With RU available at
no cost (RU2), PWR fuelling costs decrease by 36%, whereas CANDU fuelling costs are a factor
of 5.5 lower than for the reference PWR.

There are several reasons for the cost advantage of using RU in CANDU rather than re-enriching it
and using it in a PWR. The RU from spent PWR fuel contains about 0.4% U-236, a neutron
poison the neutronic effect of which is an order of magnitude greater in the harder PWR spectrum
than in CANDU. Re-enriching the RU increases not only the concentration of U-235, but also of
U-236. Consequently, the U-235 must be enriched to a higher level, to compensate for the
presence of the U-236. This increases the requirements for both RU-feed and SWU (separative
work units), and increases the associated costs. There are also cost penalties associated with the
conversion, re-enrichment, and fabrication of PWR fuel using RU, due to the radioactivity of the
daughter products of U-232, the level of which also increases after re-enrichment. All of these

CANDU:
Net thermal efficiency
Burnup with NU, MWdVkg HE
Burnup with RU from spent PWR fuel (0.92% U-235), MWd/kg HE
Bumup with 1.2% SEU, MWoVkg HE
Bumup with RU and PU from spent PWR fuel (TANDEM), MWd/kg HE

PWR reference:
Net thermal efficiency
Bumup, MWd/kg HE
U-235 enrichment in UO2, %
U-235 concentration in enrichment plant tails, %
NUfeed, IcgU/kgHE*
SWU (Separative Work Units), kg SWU/kg HE
U-235 concentration in spent UC>2 fuel, %
U-236 enrichment in spent UO2 fi>«l, %

PWR with re-enriched RU:
Bumup, MWoVkgHE
U-235 concentration in re-enriched RU, %
U-236 concentration in re-enriched RU, %
U-235 concentration in enrichment plant tails, %
RUfeed, kgRU/kgHE"
(also equal to the number of PWRs required to provide RU for 1 PWR)

SWU, kg SWU/kg HE

PWR with recycled MOX:
Number of PWRs required to provide Pu for I MOX PWR (33 MWd/kg)"

0.31(m)
7.5 (B,)

25(B,,mox)

0.33 (112)
33(82)

3.25
0.25

6.51 (F)
4.31
0.92
0.41

3.62
1.23
0.25

5.03 (MR™)

3.95

5.65 (NRpu)

Formatas: Equilibrium Urmniam Utilization (Mg U / GWe *)

Reference PWR:
Reference CANDU (natural uranium):
System, PWR with enriched RU:
System, PWR/CANDU(RU):

365«F/ tn2*B 2 I
365/lm'B,]
365 • NRm ' F/[r|2 * B2* (NRru+1)]
365 * F/[0.956*ni*B1>nl+H2 * 82!

(the factor 0.956 is the fraction of uranium in the spent PWR fuel)
System, PWR with plutonium recycle: 365 * NRpu * F/ In.2 * B2 * (NRpu+ 01
System, PWR with uranium and plutonium recycle: 365 * NRpy * F/ fn2 *B2*(NRpu+1 +NRpuWRnl)J
System, PWR/TANDEM: 365 * F/ [0.966'n.i*Biilnox + n.2 'BJ

(the factor 0.966 is th« fraction of uranium and plutonium in the spent PWR fuel)

F - (3.25-0.25) / (.711-0.25) = 6.51

U-236 concentration in spent PWR fuel is assumed to be 0.41%, and in the enriched RU product is 1.23%.
An additional 0.3% U-235 enrichment is needed for every 1% U-236 in the final product:
NRn, - «3.25 +1.23-0.3] - 0.25) / (0.92-.25) - 5.03

from Ref 8, p. 45



Figure 2: Comparison of CANDU and PWR Fuelling Costs
with Recovered Uranium

additional costs are avoided by using RU as-is without enrichment in CANDU. However, some
of the disadvantages of re-enrichment for use in a PWR would be alleviated if the AVLIS
enrichment process were used (which is selective in its isotopic enrichment).

5. DUPIC
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In 1992 AECL, KAERI and the U.S. Department of State (DOS), completed Phase I of an
assessment of using spent PWR fuel directly in CANDU, without reprocessing or use of any wet
chemical processes. This class of synergistic fuel cycles is denoted "DUPIC", for Direct Use of
Spent PWR Fuel In CANDU/' ̂  The use of only dry processes enhances the safeguardability of
this fuel cycle. AECL and KAERI addressed the technical feasibility of the options, while the
U.S. DOS evaluated the safeguardability of the DUPIC cycle.

Two broad classes of direct-use options were considered: mechanical reconfiguration and powder
processing. Five mechancial reconfiguration options were considered:

• segmentation of spent PWR fuel pencils and reconfiguration as a CANDU bundle
reusing existing PWR cladding;

• segmentation of spent PWR fuel pencils, overcladding with new cladding and
reconfiguration into a CANDU bundle;

• reconfiguration of full-length spent PWR fuel rods into long CANDU bundles (with or
without double cladding);

• cutting and recladding PWR fuel rods into double-clad CANDU fuel elements; and
• cutting and recladding double-clad PWR fuel rods (thin-walled inner sheathing in 0.5 m

segments containing the fuel pellets) into double-clad CANDU elements.
Two conceptual CANDU fuel-bundle designs were evaluated for the mechanical reconfiguration
options to maximize fuel utilization: 61- and 48-element bundles having either single- or double-
clad element sheaths. These bundles were chosen to make use of the smaller PWR-size elements
while maximizing the fuel content of CANDU bundles.

Two powder-processing concepts were assessed. In the OREOX option (Oxidation, reduction of
enriched oxide fuel), spent PWR pellets would be subject to successive oxidation/reduction cycles
to produce a UÛ2 powder that would be pressed into pellets, sintered, loaded into CANDU
sheaths, and fabricated into conventional CANDU bundles. The second powder-processing option
was "VTPAC" (Vibratory Compaction), in which PWR pellets would be ground into small, dense
granules and vibratory-packed into sheaths. The primary appeal of VDPAC is its inherent
simplicity. There is no sintering required (part of the fuel sinters in-core) and the spécifications on
the granules (sieve sizes) are much less stringent than for pelleting processes. The main
disadvantage is that it results in lower fuel densities than does pellet fuel. While this option is used
by the Russians for fast-breeder reactor fuel, there is limited CANDU experience with this process.

All of the options were assessed against the following selection criteria:

• retrofitability to CANDU;
• retrofitability to PWR;
• safeguardability;

licensability;
• reactor physics (global power shape, channel power, element rating, bumup);
• fuel performance (fuel-pellet performance, heat transfer, fuel-cladding performance,

bundle geometry);
• fuel handling;
• fuel fabrication (manufacturing of DUPIC fuel bundles, availability of technology,

operation and maintenance of equipment, yield rates); and
waste management

The assessment concluded that both the mechanical reconfiguration options and the powder-
processing options are feasible. For the mechanical reconfiguration options, the lower ratings (and
consequently peak center-line temperatures) resulting from greater subdivision with the 48-element
or 61 -element bundles compensated for both the greater variation in fissile composition due to axial
or rod-to-rod variations in fissile content, and the greater heat resistance of double-cladding.

It was concluded that OREOX is the most promising option, largely because of the homogeneity of
the resultant powder and pellets. The CANFLEX bundle was chosen as the reference for this
option (see Section 7.2). One of the advantages of this process is that it removes a high fraction of
gaseous and volatile fission products, thereby improving fuel bumup. The CANDU burnup with
the OREOX option is about 18 MWd/kg, using spent fuel from the reference Korean PWR, which
has an average discharge burnup of 35 MWd/kg (initial U-235 enrichment of 3.25%). This
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Korean PWR. The bumup with the mechanical reconfiguration options is about 16 MWd/kg.
Although a large fraction of the gamma radioactivity would be removed from the recycled fuel,
fields would still be high enough to require all refabrication and handling to be done remotely in a
shielded facility. While this makes the fabrication of the CANDU fuel bundles more costly and
difficult, it increases the diversion-resistance of the cycle. The OREOX process should result in
good fuel performance, since the pellet and bundle design would be close to the reference CANDU
fuel This is an important consideration, given the need for extensive irradiation performance
assessments for options that are significantly different from reference CANDU fuel designs.
The safeguards assessment concluded that the proliferation risks of the DUPIC cycle are relatively
minimal, and presently known safeguards systems and technologies can be modified or adapted to
meet DUPIC safeguarding requirements/12)
The workscope for Phase n of the DUPIC program is now being defined. This is a multi-year
experimental verification program, involving optimization of the OREOX process, fabrication of
DUPIC elements and bundles from spent PWR fuel for subsequent irradiation testing and post-
irradiation examination, development of remote fabrication technologies, and development of
appropriate safeguard technology.

6. GENERIC ISSUES
6.1 Reactivity Coefficients
Positive void reactivity is an inherent feature of the current CANDU lattice. The reactor design
accommodates this, for example, through the provision of two independent, fast-acting shutdown
systems, each having a high degree of reliability. As a consequence, the CANDU reactor has a
very high degree of safety. Recycle fuels, having a larger plutonium content than natural uranium
spent fuel, have a smaller delayed neutron fraction, and a smaller prompt neutron lifetime. As a
consequence, the power pulse after a loss of coolant accident is faster and higher than with natural
uranium fuel. This can be compensated for, if necessary, by reducing or eliminating the positive
void reactivity coefficient. AECL is developing a Low Void Reactivity Fuel (LVRF) bundle that
has the capability of providing any value of void reactivity, at any bumup. (See Section 7.3.)

6.2 Fuel Performance at Extended Bumup
Most of the synergistic PWR/CANDU fuel cycles involve a higher CANDU fuel bumup than with
natural uranium. Fuel performance with natural uranium fuel has been excellent. Ontario Hydro
has irradiated more than 600 000 CANDU bundles, with a very low bundle defect rate of about
0.1 %, and an element defect rate an order of magnitude lower. Over 3000 bundles have been
irradiated to above-average bumups, with a few to a maximum of 30 MWd/kg. About 210
bundles have experienced bumups above 17 MWd/kg, with relatively low powers, and declining
power histories. To this data-base of extended burnup CANDU fuel can be added the experimental
irradiations in research reactors associated with the initial development of CANDU fuel, which all
involved enriched uranium.. Sixty-six bundles have been irradiated to high bumup (maximum 45
MWd/kg) at high power in experimental reactors, supplemented by data from the irradiation of 173
single elements.

The available data show that the current 37-element fuel design is capable of reliable operation to a
burnup of 17 MWd/kg with a normal declining power history. Data also suggest that enhanced
fission-gas release (higher than expected from low-bumup extrapolations, or from codes developed
for low bumup), may begin to occur at bumups in excess of about 19 MWd/kg. This effect is
attributed to changes in fuel chemistry that lead to a degradation in fuel thermal conductivity and/or
fuel-to-sheath heat transfer, resulting in acceleration of thermally activated processes. There
appears to be a bumup- and possibly linear-power-threshold at about 20 MWd/kg, above which
enhanced fission-gas release, grain growth and diametral strain may be observed/13)

To meet the performance challenges of extended bumup, AECL has developed a new bundle
design called CANFLEX (see Section 7.2). In addition, technical improvements to the internal
design of the bundle are being explored, such as improved sheath coatings, zirconium-barrier
sheath, optimized pellet configuration and density, or graphite discs. The combination of the
CANFLEX bundle with optimized internal design will assure the same good fuel performance at
extended bumup that CANDU now enjoys with natural uranium fuel.

7. CANDU EXTENDED BURNUP FUEL PROGRAMS
7.1 COG
The CANDU Owners Group is described in another paper in this meeting/14) The funding
partners in the R&D program are AECL and the Canadian nuclear utilities (Ontario Hydro, Hydro-
Quebec, and New Brunswick Power). COG-fimded work on fuel technology addresses most
aspects of CANDU fuel performance under normal operating conditions, and many of these
programs also have application to CANDU fuel performance at extended burnup (and hence, are
relevant to the CANDU fuel cycles described in this paper).

One of the most important determinants of CANDU fuel performance at extended bumup is fuel
chemistry. Through COG, AECL is performing fundamental studies to determine the effect of
solid fission products, changes in lattice structure due to fission, and the oxygen potential on fuel
properties of importance, such as fission-gas mobility and thermal conductivity. SIMFUEL is
used in these investigations: simulated high burnup UO2 containing appropriate amounts of
inactive solid fission products. COG is also a member of the Bclgonudeaire High-Bumup Club,
and through this organization has access to the results of international experiments on fuel
chemistry and power ramp tests. Another parameter believed to have an important effect on
thermal conductivity and fission-gas mobility is the oxygen-to-metal ratio (O/M). AECL is
developing an apparatus to measure the radial variation of O/M across the fuel pellet, and to relate
oxygen potential to O/M.

COG also funds the post-irradiation examination (PIE) of high-bumup fuel from Canadian power
reactors and from AECL's research reactors. These examinations measure fission-gas release,
sheath strains, fuel microstructure, sheath properties, and so on. COG also funds the investigation
of several aspects of the CANLUB coating (which protects against stress-corrosion cracking
failures): the effect of CANLUB coating on fuel chemistry (in particular, on fuel and sheath
oxidation); the effect of bumup on the coating; and the development of improved coatings.

Much of the intelligence obtained from these experimental programs is then embodied in our fuel-
modelling codes, to provide a predictive capability of fuel performance at extended bumup.

7.2 CANFLEX
The new CANFLEX bundle has 43 elements and two element sizes. The greater subdivision will
provide a 15-20% reduction in peak linear element ratings compared to the 37-element bundle,
which will enhance its bumup capability (by lowering the peak fuel temperatures and fission-gas
release). The thermalhydraulic performance of the bundle will also be enhanced, the target being a
5% increase in critical channel power. The bundle is compatible with existing and future (for
example, CANDU 3) fuel-handling systems.

The CANFLEX Development Program has been underway at Chalk River Laboratories of AECL
Research since 1986 February. In 1991 February, KAERI joined the CANFLEX program. The
program comprises performance testing, manufacturing, thermalhydraulics optimization, reactor
physics and endurance/handling tests. The CANFLEX development program is described in
another paper presented at this meeting/15)
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7.3 Low Void Reactivity Fuel (LVRF) Bundle
The LVRF bundle contains a propitious distribution of neutron absorbers and enriched fuel. The
level of poison can be adjusted to give the required value of void reactivity, and the enrichment can
be chosen to give the required bumup. The LVRF concept can be embodied in a number of
geometries, including CANFLEX and the 37-element bundle. AECL is currently embarked on a
program aimed at demonstrating the performance of the LVRF bundle. The major program
elements in this demonstration program are:

• fuel fabrication for irradiation and reactor physics tests,
• irradiation of a demountable bundle to demonstrate the irradiation performance of the

modified pellet composition, and prototype bundles,
• reactor physics experiments with up to 35 LVRF bundles (7 channels) to measure the

void reactivity and fine structure through the bundle; analytical reactor physics
assessments,

• thermalhydraulic assessments, both analytical and experimental, to quantify the effect
of bundle changes on CHF, and

• safety and licensing studies.
The LVRF bundle provides additional flexibility in accommodating advanced fuels in CANDU/16'

7.4 Other Advanced Fuel Studies
AECL is pursuing several other advanced CANDU fuel concepts relevant to synergistic
CANDU/PWR fuel cycles. In conjunction with an overseas client, AECL is studying very high
bumup CANDU core and fuel designs for MOX fuel. In addition, AECL is investigating means of
reducing peak temperatures in UO2 fuel, using features such as graphite discs, and annular fuel.
Reducing fuel temperatures will facilitate higher burnups in CANDU by reducing fission-gas
release and other thermally activated processes.

8. SUMMARY
The inherent features of the CANDU and PWR reactors lead to a natural synergism, in which the
fissile material in spent PWR fuel would be burned in CANDU. The potential benefits offered by
such a system include improved uranium utilization, reduced quantities of spent fuel, power
uprating capability, lower capital costs, greater flexibility in reactor and bundle design, and lower
fuel-cycle costs (particularly with recovered uranium). These benefits can be realized in several
fuel cycles: the use in CANDU of recovered uranium or MOX fuel from conventional
reprocessing of spent PWR fuel; the TANDEM fuel cycle, which has cost and proliferation
advantages compared to conventional reprocessing; and the direct use in CANDU of spent PWR
fuel, using only dry processing technologies (DUPIC). AECL has several fuel-development
programs to support advanced fuels and fuel cycles, aimed at achieving the same excellent fuel
performance as with natural uranium fuel.
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CHARACTERISTICS OF PLUTONIUM UTILIZATION
IN THE HEAVY-WATER-MODERATED, BOILING-
LIGHT-WATER-COOLED REACTOR FUGEN

T. UJIMA, Y. SHIRATORI, T. HAYASHI, M. MATSUMOTO
Power Reactor and Nuclear Fuel Development Corporation,
Tsuruga-shi, Fukui, Japan

Abstract

Fugen is a direct-cycle, heavy-water-moderated, boiling-light-water-cooled, pressure-tube-
type reactor of 165 MW(e) output It is a unique reactor developed in Japan which has outstand-
ing flexibility of utilizing plutonium-uranium mixed oxide (MOX) fuel with excellent perfor-
mance. The plant performance and reactor characteristics have been very satisfactory for more
than 14 years since commencement of the commercial operation. A total of 529 MOX and 476
UO2 fuel assemblies have been loaded into the core as of the end of March 1993. In this type of
reactor, use of plutonium makes the coolant void reactivity coefficient nearly zero, thereby
providing good reactor stability. Change of control rod pattern is almost unnecessary due to flat
power distribution. In general, the reactivity reduction effects of 241 Am accumulation and plu-
tonium isotopic composition change must be considered when many MOX fuel assemblies are
loaded into the core. In Fugen type reactor, however, the MOX fuel bum-up is slightly affected
by these effects. The core characteristics of Fugen have been analyzed using WIMS-ATR code
and POLESTAR code which were validated by Fugen operation data.

1. INTRODUCTION

Fugen is a 165 MW(e) prototype of Advanced Thermal Reactor (ATR) developed in Japan
which mainly uses plutonium-uranium mixed oxide (MOX) fuel Power Reactor and Nuclear
Fuel Development Corporation (PNC) has taken the responsibility for Fugen project [I]. The
project began in October 1967 to establish and develop the technology for this new type of
reactor and to clarify MOX fuel performance in the reactor. Site construction began in Decem-
ber 1970 at Tsuruga and the plant commenced commercial operation on March 20,1979 IM).
Since then, Fugen has been operating safely and smoothly more than for 14 years. The plant
performance and reliability of the reactor have been demonstrated through the operation. All of
these operational experiences have contributed to the establishment of operation and mainte-
nance techniques of ATR-type reactors.

2. PLANT DESCRIPTION

Fugen is a direct-cycle, heavy-water-moderated, boiling-light-water-cooled, pressure-tube-
type reactor. The main reactor data are listed in Table I. Fig.l shows the configuration of the
reactor core and the reactor coolant system. The reactor has two independent coolant circuits,

TABLE I. REACTOR DATA OF FUGEN
Reactor type
Output

Cote

Fuel

Pressure tube

S team drum

Calandra tube

Moderator

Control rods

Primary coolant
system

Primary

Turbine system

Heavy-w2ier-moderaied,boiling-light-water-cooled, pressure-tube-type
Gross thermal output
Gross electrical output
Core height
Core diameter
Lattice
Number of fuel channels
Fuelinvemory
Fuel material

Pellet diameter
Fuel assembly
Tool length of fuel assembly
Cladding material
PI adding thickness (min.)
Material
Inner inside diameter
Thickness
Length
Diamete
Length
Material

Material
Inner inside diameter
Thickness
Heavy water inventory
Heavy water temperature(max.)
Number of control rods
Material
Mechanism
Coolant
Coolant pressure in steam dru
Coolant temperature in steam drum
Coolant flow rate
Steam exit quality(inean)
Number of cooling loops
Configuration
Containment Diameter
Height
Steam pressure
Steam temperature
Steam flow rate to turbine
Rotational speed
Generator rating

557MW1
165MWe
3,700mm
4,050 mm
240 mm Square laaice
224
34 1 as metal
MOXtypeA(%Pufiss.)
0.8/0.8/0.6
MOXtypeB(%Pufiss.)
1.671.671.1
UO2typeA(%235U)
1.5/1.5/1.5
UO2typeB(%235TJ)
1.9/1.9/1.9
14.4mm
28 rods, 12 spacers
4388mm
Zircaloy-2
0.8mm
2x-2.5wt%Nb alloy
117.8mm
4.3 mm
5m
2m
16m
Low carbon steel clad
with stainless steel
Zircaloy-2
156.4 mm
1.9mm
160t
70 "C
49
B4C in stainless steel
Motor driven wire drum
H20
68 kg/cm2
284 1C
7,600t/h
14%
2
Cylindrical steel
36m
64m
63.5 kg/cm2
279 r
910t/h
3,600rev/mm.
200MVA



Control rod drive mechanism

Downcomer pipe

Check valve'
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Inlet feeder tube .

Pressure tube assembly
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Fig. 1 Reactor Core and Reactor Coolant System (Vertical)

each consisting of a steam drum, two recirculauon pumps, a lower header and associated pipes.
Each of 224 cluster type fuel assemblies is loaded in a vertical Zr-2.5%Nb alloy pressure tube.
Four kinds of standard fuel assemblies are used in the core. MOX fuel type A and type B of
different fissile contents, UO2 fuel type A and type B of different enrichment Besides these
standard fuel assemblies, four special fuel assemblies (UO2), which contain specimens of the
pressure tube material for irradiation tests, are also loaded. Fugen is used as an irradiation bed
for the development of ATR fuel assembly, and ten demonstration fuel assemblies were irradi-
ated in the 16th cycle core. These fuel assemblies are shown in Fig. 2 and the specification of
fuel in Table II.

The refueling machine which is controlled by a computer is situated at the bottom of the
reactor, and it is designed so that either on- or off-power refueling can be performed. At present,
only off-power refueling scheme has been adopted in order to avoid the problem of pellet-clad
interaction which would occur during the on-power loading of fuel. During routine operation,
the reactor power is controlled to maintain the rated electric power. The electro-hydraulic con-
trol system governs the turbine control valves to maintain constant steam pressure and turbine
speed. The water level in the steam drum of each loop is controlled by three-element signals of
the main steam flow, the feed water flow and steam drum water level.

Core reactivity is controlled by 49 motor driven control rods and by liquid poison (IOB)
concentration in the moderator. Four of the control rods are automatic regulating rods, each of
which is installed in the central position of each quadrant of the core. The liquid poison concen-
tration is increased by injecting IOB into the dump tank of heavy water circuit, and reduced by
passing the heavy water through a strong basic anion exchange resin bed. The clean up of the
moderator is achieved by passing the heavy water through a strong and weak mixed ion ex-
change resin bed to remove impurities except boron which is dissolved in the moderator.

3. OVERALL PERFORMANCE

Fugen has continued stable full power operation since commencement of commercial opera-
tion, except during scheduled shutdowns for maintenance, inspection and refueling. The overall
electrical load factor for the past 14 years (March 1979-March 1993) was 64.2%, and the cumu-
lative electric power output was 13 million MWh by the end of March 1993.

Fugen is the first thermal reactor to use MOX fuel mainly. Total numbers of 529 MOX
including 11 demonstration fuel assemblies and 476 UO2 fuel assemblies were loaded into the
core from initial loading to the 19th refueling. In the 4th cycle, type B fuel assemblies, which
have higher fissile contents, were loaded to reduce the fuel cost by attaining higher bumup [3).
The maximum bumup of discharged fuel reached 19.6 GWd/t for MOX fuel and 19.9 GWd/tfor
UO2 fuel assembly. No fuel has failed for 3386 effective full power days of operation up to the
end of March 1993. Kg. 3 shows MOX fuel utilization results in Fugen. While in the initial
core, 96 MOX fuel assemblies were loaded "J, in the case of the 16th cycle core, the number of
MOX fuel assemblies is 161, which is 72% of total fuel assemblies in the core.
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Fig.2 Schematic View of FUGEN Fuel Assembly

Special fuel assembly
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TABLE II SPECIFICATION OF FUEL ASSEMBLIES

Item

Pellet
Fissile content

2"U+Pu

Diameter (mm)

Clad
Material

Outer dia. (mm)

Spacer Material
Number

Standard fuel ass.

Type A B
MOX fuel w/o-w/o
Inner rod 1.5 2.3
Inter.rod 1.5 2.3
Outer rod 1.3 1.8
Average 1.4 2.0

UO2 fuel
All rods 1.5 1.9

14.4

Zircaloy-2

16.46

Inconel
12

Special fuel ass.

Type A B
UO2 fuel w/o w/o
Inner rod 2.5 3.2
Outer rod 1.5 1.9

Average 1.8 2.3

Inner rod 8.29
Outer rod 12.78

Zircaloy-2

Inner rod 9.70
Outer rod 14.72

Inconel
12

Assembly Inner rod 4 Inner rod 18
Number of fuel rods Inter.rod 8 Outer rod 18

Outer rod 16
Total 28 Total 36

Total length (mm) 4,388 4,388
(Meat length 3,700 ) ( 3,540 )

Total weight (kg) 230 200

Demonstration fuel assembly

36 rod

MOX fuel w/o
Inner rod 3.2
Inter.rod 3.2
Outer rod 1.7
Average 2.4

12.4

Zircaloy-2

14.50

Inconel
12

Inner rod 6
Inter.rod 12
Outer rod 18

Total 36
4,398

(3,647)
215

Segment fuel

MOX fuel w/o
Inner rod 3.7
Inter.rod 3.7
Outer rod 2.2
Average 3.0

12.4

Zircaloy-2 and/
or Zr lined
Zircaloy-2

14.50

Inconel
12

Inner rod 6
Inter.rod 12
Outer rod 18

Total 36
4,398

(3,647 )
210

Gd. fueKTypel)

MOX fuel w/o
Inner rod 4.6
Inter.rod

MOX rod 4.6
Gd rod 3.6

Outer rod 2.8
Average 3.5

12.4

Zircaloy-2 and/
or Zr lined
Zircaloy-2

14.50

Inconel
12

6
(Gdrod4) 12

18
Total 36

4,393
( 3,640 )

215

Gd. fuei(Typell)

MOX fuel w/o
Inner rod 4.4
Inter.rod

MOX rod 4.4
Gd rod 3.4

Outer rod 2.2
Average 3.2

12.4

Zr lined
Zircaloy-2

14.50

Inconel
12

6
(Gd rod 3) 12

18
Total 36
4,393

(3,640 )
215

98
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4. CORE MANAGEMENT

Core management involves planning of fuel loading scheme, control rods pattern, reactor
physics tests at start up after refueling, power raising procedures and evaluating data related to
the core performance. As a rule, a scatter loading scheme with quadrant symmetry is adopted in
every cycle to make core management and power control simple (Fig.4). In the 16th cycle core,
four gadolinium containing fuel assemblies were loaded locally being concentrated around the
channel of power calibration monitor in order to evaluate the bumup characteristics of the fuels
exactly. The refueling scheme and the control rod pattern are decided so as to achieve the power
generating plan, to satisfy fuel design and plant safety criteria and also to maximize the average
bumup of discharged fuel assemblies. The power flattening is achieved by means of fuel shuf-
fling which has been adopted since the 8th cycle of operation.

In order to confirm predicted characteristics of refueled core, reactor physics tests are per-
formed before start up in every cycle mainly on the excess reactivity under cold critical condi-
tion and on the shut down margin. During power operation, short-term reactivity changes are
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Equipment

Standard fuel(UO2)

Standard fuel(MOX)

Special fuel
Demo. fuel(36rod)

Demo. fuel(Gd 1)
Demo. fuel(Gd II)

Number

59
151

4
2
2
4

Note

©
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D

A

Equipment

Demo. fuel(Segment)

Control rod

Local Power Monitor

Power Calibration Monitor

Power Up Monitor

Start Up Monitor

Number

2
49

16X4
16
6
4

Fig.4 Core Configuration of FUGEN (l 6th Cycle)
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controlled by using control rods, mainly the automatic regulating rods. The moving range of the
regulating rods is restricted within ±5% of the full stroke in each cycle. The long term reactiv-
ity loss caused by fuel bumup is compensated by the removal of 10B from the moderator. The
core cycle life can be predicted accurately at an early stage of the operating cycle using mea-
surement results of 10B concentration.

5. CORE CHARACTERISTICS AND EXPERIENCES OF MOX FUEL UTILI-
ZATION

5.1. Core Characteristics
A lot of core performance data of Fugen such as the core cycle life time and reactivity coef-

ficients have been accumulated during the last 14-year operation. The main characteristics of
Fugen's core are indicated as below;

(1) MOX fuel can be used the same as UO2 fuel with little effect of resonance absorption
by plutonium isotopes because neutrons are significantly slowed down in the heavy
water moderator.

(2) Flat power distribution can be attained easily because excess reactivity is adjusted by
means of not the insertion of control rods but the control of poison concentration in

the moderator and the migration area of neutrons in the heavy water is larger than in
the other moderator.

(3) Void reactivity coefficient is nearly zero [7'.

Void reactiyity coefficient is measured when the revolution speed of coolant recirculation
pumps (RCP) are changed from lower speed (450 rpm) to higher speed (900 rpm) in the middle
of reactor power-up period about 40% of rated thermal power w . Fig. 5 shows the change of
main parameters such as RCP flow rate, reactor power, control rod position and average void
fraction in the core at the beginning of the 9th cycle. Although RCP flow rate increases to almost
double and the void fraction decreases rapidly, change of reactor power is less than 5%. This is
because void reactivity added is very small and the reactor power is well controlled by the
regulating rods. In this case, the void reactivity coefficient was evaluated as -SXlO^Ak/k/
%void.

5.2. Experiences of MOX Fuel Utilization
We have evaluated the following two factors using operation data of Fugen,MI Am accumu-

lation ("'Pu decay) and plutonium isotopic composition change. As is well known that these
factors influence the fuel bumup, "'Am accumulation and plutonium isotopic composition in a
new MOX fuel must be considered to ensure a desired core cycle-life time and a suitable power
distribution. Core analysis code POLESTAR is revised to include these factors for each MOX
fuel and its calculation accuracy is found to be good enough for core management "' .The
POLESTAR code is a three-dimensional, coupled nuclear and thermal hydraulics power map-
ping and refueling code. This code solves a two-neutron energy-group, three-dimensional diffu-
sion equation with the coarse mesh approximation to obtain flux and power profiles, bumup and
reactivity. The two energy-group cell constants for the POLESTAR code are calculated by a
fuel bundle cell bumup code WIMS-ATR [I(Ml1. WIMS-ATR is a modification of the WIMS-
D (12] code with nuclear data library for each plutonium isotope MI Am and others.

5.2.1. MIAm Accumulation
Fugen has vital experiences in using many MOX fuel assemblies, one of which is the bumup

characteristics of MOX fuel. Plutonium is produced as the result of neutron capture in 23*U and
subsequent ß -decays to 09Pu. The isotopes ""Pu, M1Pu, '"Pu and M3Pu are generated from
successive neutron capture, and M1Am is produced by the ß -decay of MIPu with a half-life of
14.4 years. Since Ml Am has a large neutron capture cross section (about 800 bams) in the ther-
mal energy region just like a natural boron, existence ofM1 Am in fuel reduces core reactivity and
shortens the core cycle-life time. There are three factors which must be considered aboutM1 Am.

(1) Quantity of "'Am present at fabrication time.
(2) Time-lag from fabricating to loading.
(3) Period of reactor outage.

Table III shows the history of "'Am contents in MOX fuel when fabricated in MOX Fuel
Fabrication Facility of PNC. As the Table III shows, M'Am contents in MOX fuel has been



TABLE HI. THE AMOUNT OF Am IN MOX FUEL

Cycle No.'

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Operating Period

Mar.1978~Feb.1980
Apr.1980~Jun.1980
Jul.1980~Nov.1980
OcLl981~May.l982
Jun.1982~Sep.1982
Jan.1983~Aug.1983
Sep.1983~Feb.1984
Jun.1984~Jul.1985
Dec.1985~Jul.1986
Aug.1986~Jan.1987
Mar.1987~Sep.1987
Nov.1987~Apr.1988
Jun.1988~Jan.1989
Jan.1989~Jul.1989
OcLl989~May.l990

Am (Wt%)

0.00140
0.00422
—
0.00260
0.00146
0.00650
0.00541
0.00574
0.00794
0.00870
0.01200
0.01400
0.01050
0.01770
0.02400

* Cycle No. for which the MOX fuel assemblies were fabricated.

increasing and the effect of "'Am becomes unnegligible recently. WIMS-ATR code was used
to analyze the effect of M1Am accumulation to the fuel reactivity and the results are indicated in
Fig. 6 and Fig. 7. Fig. 6 shows the correlation between the reduction of MOX fuel reactivity
and the time-lag from fabrication to loading, which is caused by w'Pu decay and M1 Am accumu-
lation. Fig. 7 shows the correlation between the reduction of MOX fuel reactivity and the
period of reactor outage. These figures prove that the fuel reactivity decreases straight in pro-
portion to the length of the time-lag from fabrication to loading or the period of reactor outage.
And also that the fuel reactivity reduction rate is larger in MOX or higher-bumup fuel than in
UO2 or lower-burnup fuel.

The affection of "'Am accumulation is not so significant if only a few MOX fuel assemblies
are loaded in a core, but it cannot be negligible if many MOX fuel assemblies are used. In the 9th
cycle, the amount of M'Am contents influenced appreciably the bumup characteristics because
the 9th cycle was subsequent operation after a half-year'outage and many high burnup MOX
fuel assemblies were loaded in the core. (MOX fuel occupied about 60% of total assemblies in
the core.) The trend of poison concentration change during the 9th cycle (from December 1985
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oro
to July 1986) is shown in Fig. 7. The dotted line and the solid line is calculated by POLESTAR
code, where the dotted line neglects MIAm accumulation and M1Pu decay during the reactor
outage while the solid hne includes those effects. This figure shows that POLESTAR code
modified with Mt Am factor can predict poison concentration change and the core cycle-life time
more accurately. This proves that it is necessary to consider "'Am and M1Pu contents in fuel
when loaded many MOX fuel assemblies.
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Fig.8 Poison Concentration Change During The 9th Cycle Operation

5.2.2. Plutonium Isotopic Composition
Plutonium isotopic composition is not constant because the spent fuels reprocessed are al-

ways different in bumup and/or fuel type and/or reactor in which the fuel was loaded. We must
therefore always check not only the amount of M1Am contents, but also the plutonium isotopic
composition of each MOX fuels. Two cases of infinite multiplication factor of Fugen lattice are
compared in Fig. 9. Case 1 is higher "'Pu and lower ""Pu contents than Case 2. This indicates
that plutonium isotopic composition change affects the fuel bumup and it must be considered.

Reprocessing of spent fuel from Fugen has been performed at Tokai Reprocessing Plant
Recovered plutonium from 34 MOX fuel assemblies reprocessed in 1986 was refabricated into
4 MOX fuel assemblies in Tokai MOX Fuel Fabrication Facility. These were reloaded in Fugen
in May 1988, which demonstrated the closing of plutonium cycle in Japan. Isotopic composition
of recycled plutonium is shown in Fig. 10 together with hitherto loaded plutonium isotopic
composition. The figure shows that fissile plutonium ratio (Pu(f)/Pu) of recycled plutonium
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from LWR spreads from 72 to 79% and D'Pu/Pu(f) from 64 to 77%. Fig. 10 shows the compari-
son of the affection of plutonium isotopic composition change to the fuel burnup-between ATR
and LWR. The effect of plutonium isotopic composition on the bumup is smaller in ATR than in
LWR as shown in Fig. 11. This merit of ATR on MOX fuel utilization is demonstrated by the
fact which the recycled MOX fuel assemblies with 64% of plutonium fissile contents were
burned till 18.3 GWd/t on an average which is almost the same as that of the other standard fuel.
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Fig. 12 Comparison of Power Distribution Between MOX and UO2 Fuel

MOX and UO2 fuel. There is scarcely difference of power distribution between MOX fuel and
UO2 fuel. The post irradiation examinations (PEE) for the MOX fuel assemblies burned to
13.6GWd/t and to 18.2GWd/t were carried out to get detail experimental data of irradiated
MOX fuel assemblies. Almost all cruds were easily removed prior to PEE by ultrasonic washing.
Non-destructive tests such as visual inspection, dimensional inspection and y -scanning, and
destructive tests such as puncture test and metallographic test were carried out. These tests gave
important results such as fission gas release rate and the constituents of the gas (s' .

O
CO

6. FUEL INSPECTION

Many spent fuel assemblies have been inspected visually and dimensionally using the spent
fuel inspection instrument installed in the spent fuel storage pool. As the results of the inspec-
tion, no abnormal appearance in fuel rods has been found except crud adhesion l13'. A 7 -
scanning apparatus is installed into the spent fuel storage pool and on-site y -scanning has been
done in Fugen. The merits of on-site 7 -scanning are thai not only burnup distribution but also
power distribution of a fuel assembly can be measured, and also these useful data of many fuel
assemblies are easily obtained. Fig. 12 shows the comparison of power distribution between

7. CONCLUSION

ATR-Fugen is a unique thermal reactor in the world which mainly uses MOX fuel, and has
been operating safely and smoothly for last 14 years. A total amount of MOX fuel used in Fugen
reached 529 assemblies as of the end of March 1993. The effects of 241Am accumulation and
change of plutonium isotopic composition must be considered when many MOX fuel assem-
blies are used in a thermal reactor. In the Fugen type of reactor, however, the MOX fuel bumup
is slightly affected by these effects.
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RECYCLING PLUTONIUM IN INDIAN 220 MW(e) PHWRs
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Abstract

The studies of recycling plutonium in Indian 220 MW(e) pressurized heavy water reactors for

which the design is already standardized are presented. Plutonium recycling would involve minimum

deviation m the basic design of the fuel cluster, the reactor hardware and the control systems. Also

the locations and the number of the control systems and safety devices are fixed. From the studies

carried out for the recycling plutonium, it can be said that it is feasible without any change m the

reactor hardware.

Introduction
It is envisaged that the plutonium produced in the Indian

PHWRs would be used in the fast breeder reactors in order to be
able to multiply the fissile materail viz., plutonium and also

233generate (J because the indegeneous uranium resources are only
modest and the thorium deposits are abundant. Subsequently, large
energy generation is possible with construction of u —Th
reactors. In the event of the commercial operation of the fast
reactors getting delayed, it may be prudent to recycle plutonium
in the present PHWRs so that the requirement for uranium could be
reduced and plutonium could be made available to the fast reactors
when needed. An important consideration in this choice would be
that for the second stage plutonium that would be available for
the fast reactors, the quantity and quality should not -be
significantly impaired in comparison with what would be available
directly from the PHWRs . For generating experience on using
thorium and also for improving utilisation of uranium, albeit
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slightly, once through thorium cycle with two fuels would be an
appropriate choice.

Since the programme of recycling plutonium is to be treated
as interim, it could be carried out, to start with, in the present
220 MWe reactors for which the design is already standardised.
Hence plutonium recycling would involve minimum deviation in the
basic design of the fuel cluster, the reactor hardware and the
control systems etc. In such an approach, small development
efforts would be possible but major design changes would be ruled
out and hence this option would be feasible technologically
immediately. The alternative approach is to optimise the reactor
design for the new fuel which may involve redesigning of the
lattice, reassessment of control requirements, redesigning of the
control system etc. This approach may involve an intensive
development programme.

In the present paper, studies based upon the first approach
are presented. Since in this approach, the fuel cluster and the
coolant channel design is not to change significantly, the limits
on the power that a fuel rod in the cluster and each of the
coolant channels can produce are already fixed by the present
design» Likewise, the locations and the number of the control and
safety devices and the capability of the fuel handling system are
fixed.

This would mean that the new fuel configuration is to be so
optimised that the ensuing local and global power distributions
are very close to the earlier one, if not better. The power
distribution in the cluster can be optimised to be within the
limit of Jkdö even with MOX fuel by resorting to differential
enrichment in various rods in the bundle. The flux distribution in
the cluster would decide the maximum power that a bundle was
capable of producing. Investigations have been carried out with
19, 22 and 23 rod clusters with different contents of plutonium
either in natural uranium or depleted uranium oxide.

The limit on the power in each channel according to the
coolant flow in that channel, fixed by orificing, may be violated
unless the percentage of plutonium is small but in that case the
burnup would not increase significantly. In case high burnup

increase is to be achieved, the global power distribution in the
reactor operating with plutonium fuel is close to what is
available with natural uranium fuel. This would also ensure that
the reactivity worths of the various control devices are not
reduced. Such a power distribution would be possible only by
proper fuel management strategies because the peaks in the power
distribution would depend upon whether fuel bundles with nuclear
properties differing largely reside in the neighbourhood of each
other.
Studies on a Standard 220 MWe Reactor

While analysing various cases, the first choice was for using
MOX in depleted uranium obtained from fuel discharged from the
natural uranium reactors. For this case, the burnup obtained for
the higher content of plutonium needed is low. This results from
higher absorption rate of plutonium and faster burnup of plutonium
in depleted uranium. The other criteria for this alternative, as
for any alternative, are <1> total requirement of MOX fuel
manufacture, <2) whether any special fuel management strategies
are needed to control high channel powers, and (3) production of
plutonium per input of unit natural uranium -fuel. On these counts,
the alternative did not look attractive for studying in further
details.

After analysing different cases, the following two fuel
(2)lattices were studied in detail to start with . (a) MOX-7 with

central seven rods having 0.4 wt.percent plutonium oxide in
natural uranium oxide and the outer twelve rods of natural uranium
oxide and (b) MOX—7/12 having central seven rods with 0.4
wt.percent and outer twelve rods O.2 wt.percent plutonium oxide in
natural uranium oxide.
Void reactivities and f) :

The lattice analysis of void coefficient gives at zero burnup
(for 100H voiding), 8.9 mk for natural uranium bundle, 8.3 mk for
MOX-7 and 6.8 mk for MOX-7/12 bundles. The reduction is due the
slight enrichment. The ft at the average burnups are nearly
same, being O.O04S, O.O046 and O.OO44 for NU, MQX-7 and MOX-7/12
respectively- Thus the MOX loading is not expected to produce any
surprises in the LOCA analysis.
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Burnup Optimisation and Effect on Reactivity Devices;

For the MOX-7 reactor, a central region -with all natural
uranium fuel and an outer region with MOX-7 fuel were devised
while retaining eight bundle shift. This was essential to avoid
peaking of power in the central core that otherwise would have
occurred.

Two cases were studied: Case A, for reactors with moderator
dumping as the shutdown system <eg., RAPS), with total power to
the coolant of about 655 MWth. Case B, for the standard 220 MWe
PHWR with two shut down systems (eg., NAPS), with power to the
coolant of about 756 MWth. In the latter the presence of various
guide tubes of the two SDS's had to be taken in to account in the
burnup optimisation; while for the primary shut down system (PSS)
with mechanical shutoff rods the guide tubes would be filled with
moderator, the secondary shutdown system (SSS) guide tubes would
be empty when they are not actuated introducing loss of moderation
and neutron streaming in those meshes.
Case ft

With a central region of 5O channels with NU bundles and
outer MOX—7 region the average exit burnup went upto 1O3OO MWD/Te
from 6700 MWD/Te for the all NU core, with the sane eight bundle
shift scheme. The reactivity worth of the adjusters was however
less by about 4X. The MOX reactor would be operated with the same
linear heat rating limits and the transition can be achieved
without derating the reactor.

With MOX-7/12 fuel one would have to resort to a combination
of 2 and 4 bundle shift programme while achieving an average exit
burnup of about 13300 MWD/Te. Adjuster reactivities come down by
about 8V, compared to the all NU core.
Case B

The innner 78 channels are having the NU bundles while the
outer ones have the MOX bundles.

With MOX-7 fuel and eight bundle shifting scheme the average
exit burnup.achieved is about 1O070 MWD/Te from about 65OO MWD/Te
for the standard core. The adjuster worths increase by about 11%;
the PSS worths remain within 1%; the SSS worths increase by about
77. which could be attributed to flux variations in these

locations. However since the thermal power is higher than Case A,
the linear heat ratings also increase by about 5K which may demand
derating.
Developement Efforts:

For the average values of burnup referred above, the maximum
burnup for MOX-7 would be less than 15000 MWD/Te but if MOX-7/12
is to be used the maximum burnups would reach 2O,OOO MWD/Te. Hence
the fuel should be designed to withstand such high burnups. The
the power ramps seen would be higher in the MOX reactors. Since
one would employ 2 and 4 bundle shift schemes, though the number
of fuel bundles refuelled per day may come down, the number of
visits to channels would not. The nominal heat ratings are , also
higher which could be reduced if an altogether different bundle
design such as 23 rod cluster with same pin diameter as the 37 rod
clusters are used.
Conclusion:

From the studies carried out for recycling plutonium, it can
be said that it is feasible without any change in the reactor
hardware. In the scheme that could be started with minimum of
development effort, viz., MOX-7, saving of natural uranium fuel of
about 4O percent is possible. It may be necessary to try different
fuel management strategies in order to achieve high burnup. The
fuel handling system would have to be geared to satisfy these
requirements.
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the interest and depreciation of capita]. Operating and maintenance costs account for the rest
Therefore, a more effective way of reducing the TUEC is to maximize the reactor power
output for a given core size.

Various strategies for uprating the CANDU reactor power output using the advanced
fuel cycle are described in Reference [1]. The present study illustrates the role of SEU fuel
in uprating a 480-channel CANDU core from the nominal power level of 860 MW(e) to more
than 1030 MW(e) without requiring any major modifications to the existing reactor core.
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Abstract

The CANDU reactors, which are moderated and cooled by heavy water, are designed
for maximum neutron economy. This unique feature enables the CANDU reactors to operate
efficiently with the natural uranium fuel cycle. CANDU reactors using slightly enriched
uranium (SEU) offer increased efficiency for resource utilization, reduced fuelling cost, and
reduced spent fuel volume because of the higher fuel burnup. However, the most important
advantage of CANDU SEU reactors over the CANDU natural uranium reactors is the ability
of the SEU reactors to operate at a much higher power output for a given reactor size because
of the greater flux and power flattening capability of the SEU fuel. It has been estimated that
a power uprating of 20% is achievable for an increase in capital cost of about 5%.
Furthermore, the use of SEU fuel does not require major modifications to the existing
CANDU core design.

L INTRODUCTION

A unique feature of the CANDU reactor design is its ability to use alternative fuel
cycles other than natural uranium without requiring major modifications to the basic reactor
core design. The following alternative fuel cycles, which are collectively known as Advanced
Fuel Cycles (AFC), utilize a variety of fissile materials which can be obtained from different
sources:
• Slightly enriched uranium (SEU),

• Mixed plutonium and uranium oxide using reprocessed plutonium from PWR spent
fuel (MOX),

• Recovered uranium from PWR spent fuel (REU),

• Recycle in CANDU of both the reprocessed uranium and plutonium from discharged
PWR fuel (TANDEM), and

Direct use (i.e., without wet processing) of spent PWR fuel in CANDU (DUPIC).

Most of the CANDU Advanced Fuel Cycle studies in the past have focused on using
the AFC to maximize uranium utilization and thereby reduce the fuelling cost and spent fuel
disposal cost However, the present CANDU plant cost breakdown is such that fuelling cost
represent only 12% of the Total Unit Energy Cost (TUEC). A major part, 58% of TUEC, is

1.1 THE ROLE OF SEU FUEL IN CANDU REACTOR OPTIMIZATION

The same features which enable CANDU to bum natural uranium fuel efficiently also
make it the most neutron-efficient and commercially available reactor to use the advanced
fuel cycle. One measure of the efficiency of fuel usage is the uranium utilization, which is
the amount of natural uranium required to produce a unit of energy.

The SEU fuel cycle does not depend on fissile materials obtained from the
reprocessing of spent PWR fuel. Slightly enriched uranium is available from many sources in
different countries at reasonable prices. It is one of the most practical option for a CANDU
advanced fuel cycle in the near term. The U235 content in me SEU/CANDU fuel cycle can
be tailored to meet specific design requirements. The highest uranium utilization (140
MgU/GWe.a) is achieved by using 1.25% SEU fuel in CANDU. This is to be compared with
the uranium utilization of 218 MgU/GWe.a for the nominal PWR and 157 MgU/GWea for
the natural uranium CANDU. It is the most efficient enrichment level if resource
conservation is the major criteria. However, if the major objective is to maximize the total
reactor output, then a lower enrichment, i.e. 0.9% U235 is more appropriate.

The total power output in a CANDU reactor is usually determined by the limits placed
on maximum operating channel and bundle powers. Therefore the power output of a CANDU
reactor of a given size can be increased by flattening the global power distribution and by
reducing the local channel and bundle power ripples due to on-power fuelling. Bom of these
objectives can be achieved by using SEU fuel in CANDU reactors.

An existing Bruce-B type reactor core design with 480 fuel channels is used to
demonstrate the power uprating potential of the CANDU SEU fuel cycle. In estimating the
power output, the following criteria are used:

a maximum operating channel power limit of 7.3 MW(th),

a maximum linear element power rating of less than 65 kW/rn, and

• no changes to the number and the locations of control and safety devices.

2.0 REACTOR PHYSICS ASPECTS OF USING SEU FUEL IN CANDU

Reactor power uprating in CANDU is achieved by the judicious distribution of fissile
material over the core. The fuel power is approximately proportional to the neutron flux and
the fissile content in the fuel. In natural uranium CANDU reactors, the fuel burnup is low
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and the variation of fissile content in the fuel over this low bumup range is small Thus, the
variation in fissile content with the natural uranium fuel cycle is often ignored in most
applications. Sometimes, a small error allowance may be used to account for this simplistic
assumption. This allows flux and power to be used synonymously in natural CANDU
reactors. Power flattening in natural CANDU reactors is, therefore, achieved mainly by
flattening the neutron flux distribution in the core.

SEU fuel has a higher initial fissile content and significantly higher bumup than
natural fuel The variation of fissile content in SEU fuel over this relatively large burnup
range is significant Both the neutron flux level and the fissile content in the fuel are
required to calculate fuel power in SEU reactors. Power flattening in SEU reactors can be
achieved by two distinct methods:

(a) increasing the neutron flux level in the outer channels by flattening the neutron flux
distribution in the core, and

(b) increasing the fissile content in the outer channels by fuelling more frequently in the
outer channels; higher enriched fuel can also be used in the outer channels to further
flatten the power distribution, if required.

These two methods reinforce each other since increasing the fissile content of the fuel in the
outer channels can be used to produce a shift of the neutron flux to the outer channels.
Hence, the power flattening potential of SEU reactors far exceeds that of the natural uranium
fuelled reactor.

Further uniformity in channel powers is achieved by reducing the power ripple due to
refuelling in CANDU reactors. This is achieved by reducing the number of fuel bundles
inserted into a channel being refuelled. However, the low bumup of the natural fuel
necessitates the consumption of a large number of fuel bundles for each full power day. Both
8 and mixed 4 and 8-bundle shift fuelling schemes are used in natural CANDU reactors in
order to limit the demand on the fuelling machine usages. SEU reactors, on the other hand,
can use 2-bundIe shift fuelling scheme without exceeding the capacity of the fuelling
machines because of the higher fuel bumup.

The combination of large power flattening and low power ripple in SEU reactors
results in lower channel powers across the core for the same reactor power output Since (he
total reactor power is limited by the maximum channel power, SEU reactors can operate at
significantly higher power levels than natural reactors' of the same size. The principles of
power uprating using SEU fuel can be illustrated by comparing the reactor physics
characteristics of a natural fuel lattice with those of a 0.9wt% U235 fuel lattice. The choice
of the enrichment level is influenced by the following factors:

• minimize power ripple due to on-power fuelling,

limit die maximum discharge fuel bumup to within the CANDU/natural fuel cycle
experience, i.e., less than 18 MWd/kgU, and

limit the fuelling rate to less than 20 fuel bundles a day.

k-infinity

1.15 -

1.05

0.95

fuel burnup MWd/kgU

natural 0.9% SEU
Figure 1

Lattice k-infinity vs Fuel Burnup for Natural and SEU Fuel

2.1 Lattice k-infinity of Natural and SEU CANDU Lattice

Figure 1 shows the lattice k-infinity as a function of fuel burnup for the natural and
for the 0.9 wt% SEU CANDU lattice. A lattice with a higher k-infinity is more reactive than
one with a lower k-infinity. The difference of the k-infinity between fresh fuel and
discharged fuel is a measure of the flux flattening capability of the lattice. This is
approximately 75 ink for the natural fuel lattice and over ISO mk for the SEU lattice. Hence,
the flux flattening capability of the SEU reactor is much higher than that of the natural
reactor.

23, Flux to Power Conversion Factor of Natural and SEU CANDU Lattice

Figure 2 shows the variation of the conversion factor from neutron flux to fuel power
as a function of burnup for the natural and for the 0.9 wt% SEU fuel lattice. The difference
in the flux to power conversion factor between fresh natural fuel and discharged natural fuel
is less than 10%. This difference is greater than 20% for the SEU fuel Hence, it is possible
to significantly increase the power in the outer channels in the SEU core by refuelling these
channels more frequently, i.e. by increasing the fissile contents in the outer channels. This
capability is quite limited in natural uranium reactors because of the low initial fissile content.
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Figure 2
Flux to Power Conversion Factor for Natural and 0.9% SEU Fuel

3.0 CANDU 480/SEU CORE DESIGN

Figure 3 shows the reactor physics model of the 480/SEU core. It is based on the
existing Bruce-B core with 480 fuel channels and existing reactivity device configurations.
For the purpose of this study, the core is divided into three major regions, Le. edge channels,
outer channels and inner channels. Each major region represents a significant difference in
fissile content from the others. The fissile contents in these regions is controlled by adjusting
the fuelling rate and by using fuel with different initial enrichments. Each major region is
further subdivided into smaller regions by adjusting the fuelling rates.

3.1 Design Options

In order to maximize the reactor power output, it is required to maximize the reactor
power form factor and to minimize the refuelling power ripple. It is calculated that the
maximum achievable power form factor can be as high as 0.96 and the minimum achievable
power ripple is about 5%. In contrast, natural CANDU reactors have power form factors
about 0.86 and power ripple of about 10%. This requirement for very high form factor and
very low ripple dictates that the enrichment level of the SEU fuel should be as low as
possible and that a 2-bundle shift fuelling scheme should be used. At the same time, the fuel
burnup should be sufficiently high such that the fuelling machine usage is within reasonable

Edg« Channels

Ion«r Channels

Adjuster Rods

Figure 3
CANDU 480/SEU Reactor Core Model



limits. Three different combinations of fuel enrichments have been used in the optimization
study,

(a) a single enrichment of 0.9 wt% SEU fuel in the whole core,

(b) 0.85 wt% SEU in the inner channels, 1.0 wr% SEU in the other channels, and

(c) natural fuel in the inner channels, 0.85 wt% SEU fuel in the outer channels and
1.0 wt% fuel in the edge channels.

3.2 Scope of Study

The fissile content distribution in each option is optimized to produce the flattest
global power shape. The maximum channel and bundle powers for each option are obtained
from fuel management calculations. The maximum reactor power output for each option is
considered to be the power level at which the maximum channel power is 7.3 MW(th).

3.3 Summary of Results

The results for the three CANDU 480/SEU design options are summarized in Table L
Results for a typical CANDU 480/natural core are also given for comparison purposes. It
should be noted that all three SEU options give essentially the same time-averaged power
form factor of 0.96. However, the power ripple increases with enrichment in the SEU fuel
Hence, option 1, which has the highest core-averaged enrichment, also has the highest power
ripples and consequently the lowest reactor power output of 1033 MW(e). Option 3, which
has the lowest core-averaged enrichment, gives the highest reactor power output of 1049
MW(e). Option 2 gives the intermediate reactor power output of 1040 MW(e).

Option 1 gives the lowest fuelling rate of 19 bundles of 0.9 wt% SEU fuel per full
power day at the design power of 1033 MW(e). This is lower than the 23 bundles of natural
uranium fuel which is required to achieve a reactor power of 861 MW(e).

Although option 1 gives the lowest reactor power output, it is also the simplest design.
The most complicated design, Le. option 3, gives only a relatively small increase in reactor
power output over option 1. It appears that the power levels of all the three options are
within the regime where a small increase in reactor output requires a large increase in design
complexity. .Hence, option 1 is an optimized CANDU 480/SEU design because of the
simplicity of using one fuel enrichment for the whole core.

4. COMPARISON OF POWER DISTRIBUTIONS IN NATURAL AND SEU
REACTORS

Figure 4 shows the time-averaged channel power distribution of a CANDU 480/natural
core. The maximum channel power is 6.558 MW(th), which gives a power form factor of
0.859. This is to be compared with the time-averaged channel power distribution for the
CANDU 480/SEU option 1 core, as shown in Figure 5. The SEU core has a maximum time-

averaged channel power of 5.848 MW(th), which gives a power form factor of 0.963.
Figure 6 shows the channel powers in the central row, Le. row M, for both natural and SEU
option 1 cores. It is clear that the channel powers in the natural core fall off rapidly near the
edge, Le. in channels M-l and M-2. However, channel powers in the SEU core remain flat
up to the very edge, Le. channel M-l. It should be noted that the edge channels form a
significant fraction of the core volume.

Figure 7 shows that the channel power distribution and channel averaged neutron flux
distribution are essentially the same in the natural core. Figure 8 shows that in the SEU core,
channel power in M-l is about the same as that in M-2 although the neutron flux has dropped
by about 10%. The drop in neutron flux level is more than compensated by the increase in
fissile content This clearly demonstrates that a high power form factor in a SEU core does
not require an equally high neutron flux form factor. For option 1, the power form factor is
0.96 but the flux form factor is only 0.88. In comparison, the natural uranium core has a
power form factor of 0.86 and a flux form factor of 0.83. Thus, the use of SEU fuel increases
the power form factor by 12% but the flux form factor is only increased by 6%.

CONCLUSIONS

The SEU fuel cycle can be exploited to increase reactor power output without
exceeding current channel and bundle power limits. Le. essentially using current
CANDU technology and existing reactor design.

The savings due to power uprating outweigh the fuel cost increase due to the use of
slightly enriched fuel.

Maximum power uprating does not conflict with the requirement of low exit bumup.
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Table I: Summary of CANDU 480/natural and 480/SEÜ Core Design Options

480/natural

480/SEU
Opüon l
480/SEU •
Option 2

480/SEU
Option 3

ENRICHMENT
(WT% U-235)

INNER

0.71

0.90

0.85

0.71

OUTER

0.71

0.90

0.85

0.85

EDGE

0.71
0.90

1.00

1.00

EXIT FUEL
BURNUP
MWd/te

6.500
9,500

8,300

6,500

FUEL
BUNDLES
PERFPD

23.2

19.0

22.0

28.1

MAXIMUM POWER
kW(th)

CHANNEL

7.300

7,300

7,300

7,300

BUNDLE

926

889

898

942

POWER TO
COOLANT

MW(th)

2,703

3,244

3,266

3,297

REACTOR
POWER

MW(e) NET

861

1,033

1,040

1,049

Note : Fuel burnup and fuelling rate are based on the nominal D20 moderator purity of 99.75 wt%

Table H: Maximum Channel and Bundles for CANDU SEU/480 Options
( Normalized to Reactor Power of 2703 MW(th) )

Time-Averaged Core

Instantaneous Core
(Random Age Pattern 1)
Instantaneous Core
(Random Age Pattern 2)
Instantaneous Core
(Random Age Pattern 3)

Maximum Channel Power (kW)

Option 1
5848

6082

6082

6060

Option 2

5849

6042

6027

6041

Option 3
5842

5981

5968

5984

Maximum Bundle (kW)
Option 1

706

741

733

739

Opüon 2

721

743

738

742

Option 3

754

772

765

771
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Time-Averaged Channel Power Distribution in CANDU 480/SEU Core
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Flux and Power Distribution in 480/NaturaI Core
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Flux and Power Distribution in Option 1 480/SEU Core
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Abstract
The neutron economy of the CANDU reactor results in it being an ideal
host for a number of resource-conserving fuel cycles, as well as a number
of potential "symbiotic" fuel cycles, in which fuel discharged from
light-water cooled reactors is recycled to extract the maximum energy
from the residual fissile material before it is sent for disposal. The
resource conserving fuel cycles include the natural-uranium, slightly-
enriched-uranium and thorium fuel cycles. The "LWR-symbiotic" cycles
include recovered uranium and various options for the direct use of spent
LUR fuel in CANDU reactors. However, to achieve the maximum economic
potential of these fuel-cycle options requires irradiation to burnups
higher than that possible with natural uranium. To provide a basis for
the economic use of these fuel cycles, a program is underway to develop
and demonstrate a CANDU fuel bundle capable of both higher burnups and
greater operating margins. This new bundle design is being developed
jointly by AECL and KAERI , and uses smaller-diameter fuel elements in
the outer ring of a 43-element bundle to reduce the maximum element
ratings in a CANDU fuel bundle by 20% compared to the 37-element bundle
currently in use. This allows operation to burnups greater than 21
MWd/KgU. A combination of this lower peak-element rating, plus
development work underway at AECL to enhance the thermalhydraulic
characteristics of the bundle (including both critical heat flux and
bundle pressure drop), provides a greater operating margin for the
bundle. This new bundle design is called CANFLEX , and the program for
its development in Canada and Korea is described in this paper.

INTRODUCTION
The CANDU reactor was originally developed to allow the economical use of
natural-uranium fuel. In order to achieve this, neutron economy was
built into all aspects of the reactor's design and supporting
technologies. While the heavy-water-moderated, pressure-tube design
concept of the CANDU reactor has been extensively documented [1], it is

CANDU: CANADA Deuterium Uranium, Registered Trademark
KAERI: Korea Atomic Energy Research Institute.
CANFLEX: CANDU FLEXible Fuelling, Registered Trademark.

important to note chat the following features of the reactor are
important to the subject of this paper:

(1) inherent neutron economy;
(2) on-power fuelling;
(3) short fuel bundles that allow axial fuel management; and
(4) low cost, simple fuel bundles with an excellent performance

record.
These features give rise to fuelling costs which are typically half of
those for other commercial power reactors; very high capacity factors;
and compact, easily stored fuel bundles. It is specifically these
features that make CANDU reactors such an attractive vehicle for the use
of various advanced fuel cycles. The neutron economy of the CANDU
reactor ensures that it will be the most efficient, and therefore
potentially the most economical, thermal reactor for operating advanced
fuel cycles. [2] The on-power fuelling and short fuel assemblies used in
CANDU reactors allow more flexible and efficient fuel management than is
possible in other reactor types, while the simple fuel bundles allow
lower fuel-fabrication costs than for other reactors.
However, the relatively low burnup of natural uranium fuel has permitted
the use of higher peak ratings in CANDU fuel than are common in fuel
assemblies, which must operate to higher burnups. With the higher
burnups necessary to achieve the maximum savings possible with fuel
cycles, the peak ratings in CANDU fuel must be reduced, and this gives
rise to the need for a CANDU fuel bundle that can operate at the same
bundle powers, but with lower peak ratings. It should also be noted that
the low burnup associated with natural uranium fuel (7-8 MWd/KgU) also
results in the potential for very dramatic reductions in the volume of
spent fuel as higher-fissile-content fuels are introduced into CANDU
reactors. For example, the use of SEU fuel can result in a reduction in
spent fuel by a factor of three.

The following fuel cycles are of particular interest for use in the CANDU
reactor. [3]
The slightly-enriched-uranium (SEU) fuel cycle has an enrichment level
ranging from natural uranium (NU) to approximately 1.2 Wt% U-235. This
provides the potential for increasing the burnup by as much as a factor
of three, and reducing the fuel component of operating costs by
approximately 30%, in comparison to NU-fuelled CANDU reactors. [4,5,6]
The recovered-uranium fuel cycle (RU) is a sub-set of the SEU cycle, and
uses the enriched uranium recovered from the reprocessing of various
light-water reactor (LWR) spent fuels. This fuel typically has an
enrichment level of approximately 0.9 Wt% U-235, and could be expected to
increase burnup by a factor of two. Although a market price has not yet
been established for RU, its price is expected to be significantly lower



than SEU with the same fissile content, because the U-236 which it
contains makes it unattractive for use in LWR reactors. However, this U-
236 has little effect in CANDU reactors, because the well-modérated
neutron flux in these reactors avoids most of the neutron resonance peaks
in U-236 that result in lower burnups from RU containing U-236 in LUR
reactors. [7]

There are a number of fuel cycles that are of interest for use in CANDU
reactors that are based on the co-processing of spent LWR fuel. These
cycles are predicated on there not being a separation of pure fissile
materials, so that they meet international standards for non-
proliferation. [8] One such cycle that is of current interest is the
direct use of spent PWR fuel in CANDU reactors, commonly referred to as
the DUPIC cycle. [9] In this cycle, spent PWR fuel is either
mechanically re-configured, reclad, or the fuel pellets dry-processed via
the OREOX process to remove some fission products, and generate a
sinterable powder that can be used for fabricating pellets. [9]
Finally, there are a series of thorium cycles which are of particular
interest for use with the CANDU reactor, since they offer the potential
for near breeding or fissile self-sufficiency. [10] These cycles make
use of the U-233 generated when thorium is irradiated. U-233 is the most
attractive fissile isotope for use in well-moderated reactors such as
CANDU, because of its high neutron yield during fission.

All of the above cycles are typified by a higher fissile content in the
fuel than is the case with natural-uranium fuel, and most are intended to
operate to significantly higher fuel burnups. However, these higher
fissile contents and higher burnups result in greater demands on CANDU
fuel than are covered by current CANDU technology. Although clearly some
increase in fissile content and burnup can be accommodated using the 37-
element bundle currently used in the CANDU-6, Bruce and Darlington
reactors, optimum economics result from fissile loadings and burnups
which are higher than could normally be achieved with this bundle.

CANFLEX BUNDLE DEVELOPMENT

The CANFLEX program was set up to identify, develop and demonstrate a new
bundle design that could better meet the needs of potentially attractive
fuel cycles in CANDU reactors than the current 37-element bundle. A
major requirement of these fuel cycles is an ability to operate at much
higher fuel burnups than current CANDU practice, to maximize the economic
benefit. The potential need for more complex fuel-management operations
with some of those fuel-cycle options, also requires the bundle to
provide larger operating margins for both thermalhydraulic performance
and fuel ratings. [11]

The development and testing programs for the CANFLEX bundle establish key
bundle technologies on a known time scale, so that this program also
serves as a focus for the technologies required for the development of
other bundles for advanced CANDU concepts. [12,13]

A joint study on the use of the CANFLEX bundle was undertaken by KAERI
and AECL in 1989/90, and resulted in KAERI joining the CANFLEX program in
1991 February. KAERI effort is focused on the fabrication and flow
testing of prototype CANFLEX bundles [14], plus an investigation into the
requirements involved in the demonstration of CANFLEX bundles in a CANDU-
6 reactor (15). AECL effort is focused on the thermalhydraulic
optimization of the bundle design, the fabrication of bundles for in-
reactor testing, and the in-reactor demonstration of the bundles in the
NRU reactor. There is also a joint AECL/KAERI component focused on
establishing those aspects of fuel design and analysis, fuel management
and safety analysis that must be in place to support CANFLEX-bundle
demonstration irradiations in CANDU reactors.

CANFLEX BUNDLE DESIGN

The CANFLEX bundle geometry is shown in Figure 1. The bundle contains 43
elements, of two diameters: approximately 11.5 mm and 13.5 mm. The 35
smaller elements are located in the outer two rings, where neutron flux
levels and element ratings are highest, thereby reducing ratings by 20%
in comparison to the 37-element bundle. The eight larger elements are
located in the centre of the bundle (where the neutron flux levels and
element ratings are lower); they provide a means of increasing the total
fuel volume in the bundle, so that the fuel content remains close to that
in the 37-element bundle. As shown in Figure 2, the small-diameter outer
elements in the CANFLEX bundle produce maximum outer-element ratings of
approximately 50 kW/m in 1.2% enriched bundles operating at a power of
935 kW, whereas a similarly enriched 37-element bundle has a peak-outer-
element rating of approximately 65 kW/m at a power of 935 kW. These
lower ratings reduce rating-dependent fuel degradation processes (such as
fission-product gas release), which occur in reactor fuel, and which
limit both its burnup and its ability to withstand power ramps. As a
result, the CANFLEX bundle can be expected to achieve a higher defect-
free burnup, and to have a greater resistance to power ramps than the
current 37-element bundle.
The 43-element bundle configuration was chosen as the most appropriate
compromise to meet the need for rating reduction and the need of being
able to operate the bundle in existing CANDU reactors. Requirements
entailed: freedom from vibration and fretting, the ability to be handled
by existing fuel-handling equipment, the need to minimize the reduction
in contained fuel, and the need to avoid significant increases in
pressure drop. Approximately 25 potential bundle geometries were
investigated, first from a reactor physics and therraalhydraulics
viewpoint, and then from the viewpoint of mechanical behaviour and
probable cost. The geometries considered ranged from 39 to 52 elements,
and have been described previously. [16] The reference CANFLEX bundle
contains approximately 2.5% less U02 than the reference 37-element
bundle.
Since the initial selection of the 43-element geometry for the CANFLEX
bundle, the reference CANFLEX bundle design has experienced two changes.



O)

-43 ELEMENTS. 2 PIN SIZES
(11.5 MM & 13.5 MM)

-20% REDUCTION IN UNEAR ELEMENT RATINGS
(COMPARED TO 37 ELEMENT)

- INCREASE IN CRITICAL CHANNEL POWER
(CHF ENHANCEMENT)

-COMPATIBLE WITH EXISTING FUEL
HANDLING SYSTEMS

- BENEFITS FOR BOTH NATURAL URANIUM
ANDSEU

FIGURE 1: CANFLEX CANDU Flexible Fuelling

The first reference bundle design, referred to as Mark 1 (Mk.l), was
characterized by four planes of bearing pads on the outer ring of
elements, plus two planes of inter-element spacers between all adjacent
elements, as shown in Figure 3. This contrasts with the three planes of
bearing pads and one plane of inter-element spacers, which characterize
the 37-element bundle, used in all CANDU-6 reactors The extra plane of
bearing pads and spacers was added to the CANFLEX Mk.l bundle design as a
means of increasing the CHF. [17] However, when CHF tests were done on
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FIGURE 2: Linear-Element Ratings in CANFLEX and 37-Element Bundles for
Various Enrichments and Burnups

that bundle design, the results were below the target for a 5% increase
in critical channel power (CCP). This gave rise to the Mk.2 design.
The Mk.2 bundle had five planes of bearing pads, plus three planes of
inter-element spacers, which had been shown previously to produce
approximately the 5% target increase in CCP when tested on 37-element
bundles. [17] Approximately this level of CCP increase was verified in
CHF tests on the Mk.2 bundle design. (11) However, the very large number
of structural appendages involved in this design has an effect on
fabrication cost, and could adversely affect the irradiation behaviour of
the individual fuel elements, because of extensive (and possibly
overlapping) braze-heat-affected zones. The mechanical behaviour of the
bundle in various handling tests, flow tests, and in meeting the
requirements of the "kinked tube" gauge test will also be affected, as
shown in Figure 4. A new technology has therefore been conceived for CHF
enhancement, which offers freedom from the above concerns plus potential
for significantly greater CHF enhancement. This technology allows the
standard arrangement of bearing pads and inter-element spacers to be
used, so that the mechanical behaviour of a bundle during fuel handling
and in channel flow conditions is not altered significantly Because of
the flexibility inherent in this new approach to CHF enhancement, it was
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FIGURE 3: Appendages in CANDU Bundles

chosen as the basis for the Mk.3 CANFLEX bundle design. Determining the
parameters of these CHF-enhancing devices is the subject of a separate
thermalhydraulics program.
Computer code simulations have recently been done to generate the basic
data for the optimization of the CANFLEX-NU element internal design.
This work was done jointly by KAERI and AECL staff. [18] Thermo-
mechanical response analyses showed that the element internal pressure
would be far below the reactor system pressure. Preliminary calculations
also suggest that significant fuel-pellet temperature increases are
unlikely to occur due to end-flux peaking. Stress analyses near the end
cap region indicate that the elements are less susceptible to stress
corrosion cracking than the larger diameter elements in 37-element
bundles, due to the relatively low stress levels at the sheath end cap
weld. Thermal analyses of the bearing pads on CANFLEX elements fuelled
with natural uranium, showed lower heat flow to the pressure tube than in
37-element bundles, and thus a reduced potential for crevice corrosion on
the pressure tube than with 37-element bundles.

LOAD DISTRIBUTION IN BUNDLE WITH
CONVENTIONAL SPACING APPENDAGES
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BEARING PAD-~^rni^—,>AD -/ ' I I

LOAD DISTRIBUTION IN BUNDLE WITH
ADDITIONAL PLANES OF SPACING APPENDAGES

•SPACERS

! T
KINKED TUBE TEST

FIGURE 4: Mechanical Interactions with Bearing Pads and Spacers

THERMALHYDRAULIC ENHANCEMENT AND OPTIMIZATION

The goal of the thermalhydraulic optimization of the CANFLEX Mk.3 bundle
is to maximize the critical power available from the bundle, consistent
with the retention of a known and understood mechanical behaviour. This
consists of two components:

the selection of appropriate CHF-enhancing devices to provide the
desired enhancement; and



j - the optimization of bundle details to reduce the pressure loss along
00 a channel of Mk.3 bundles, to a level close to the current 37-element

bundle, and consistent with the thermalhydraulic characteristics of
existing CANDU-6 reactors. (In this way, the channel flows and
thermalhydraulic conditions in such reactors are not affected
significantly by the use of a different bundle.)

The first of these two components--the selection of appropriate CHF-
enhancing devices — is currently underway. Although the test results
coming out of this program are very promising, the conceptual testing
part of the program has just been completed, and the detailed selection
of CHF-enhancing devices is still underway. This will be completed
shortly, in time for incorporation into full-scale, Mk3-bundle CHF tests,
scheduled to start in mid-June at AECL Research's Chalk River
Laboratories (CRL).
In the second component, the overall pressure drop of several bundles
equipped with the CHF-enhancing technology will be determined over a
range of misalignments between adjacent bundles. These tests will
proceed in parallel with the large-scale, bundle CHF tests referred to
above.

The large-scale CHF tests on the CANFLEX Hk3 bundle will be done using
Fréon (R-22) as the modelling fluid in the MR-3 loop at the CRL. In
these tests, the appropriate CHF-enhancing devices will be added to a
three-bundle-length, instrumented CANFLEX heater assembly. This
instrumented assembly will be added to the outlet end of a partial string
of electrically heated, simulated fuel bundles. The assembled string of
CANFLEX simulated bundles has a uniform axial heat flux profile along its
length, so that CHF occurs within the three outlet bundles. These
bundles are constructed of Inconel tubes, through which an electrical
current is passed to generate the required heat flux. Thermocouples,
spring-mounted on plugs inside the tubes, can be moved over the heated
area, to determine when and where the CHF occurs. [17]

Values of CHF are measured as a function of pressure, flow and
temperature of the modelling fluid, to simulate the heavy-water coolant
in a CANDU reactor fuel channel. When the data from these measurements
are analyzed, they will be compared to values just recently determined in
the same way for 37-element bundles, and the actual increase in CHF will
be determined. In parallel with these bundle CHF tests, testing will
continue to further optimize the CHF-enhancing technology. If
significant improvements are made, they will be incorporated into a
second iteration of the bundle CHF tests, to quantify the further
improvements that are possible. Following this CHF-optimization process,
a full-scale, water CHF test is planned, to provide a basis for licensing
the large-scale use of CANFLEX bundles in CANDU reactors.

FABRICATION

There are two objectives for the fabrication program. One is to develop
fabrication processes specific to the CANFLEX bundle. The other is to
fabricate the bundles necessary for the irradiation and flow-testing
programs. AECL and KAERI are responsible for fabricating the bundles
required for their own respective tests.
At AECL, the necessary manufacturing equipment, processes and quality
assurance procedures (for fabricating prototype fuel bundles for
irradiation and test programs) have been developed in conjunction with
Zircatec Precision Industries, a Canadian fuel fabricator. To date, 11
CANFLEX Mk.l prototype bundles have been built in two separate
fabrication campaigns at CRL. Fabrication work has started at Zircatec
for an additional four CANFLEX bundles, built to a "reference" Mk.3
design, plus components to construct an additional three bundles.
The KAERI fuel-fabrication plant has been set up for the production of
over 40 CANFLEX Mk3 bundles for use in flow and fuel handling tests.
This has involved the development of a special CANFLEX bundle assembly
capability, including a bundle-assembly jig, plus the generation and
assembly of all of the specifications and fabrication drawings necessary
for the production of CANFLEX bundles. The production of CANFLEX Mk3
bundles is now underway at KAERI. To date, 16 CANFLEX Mk3 prototype
bundles have been built.

FUEL MANAGEMENT STUDIES

Fuel management simulations for CANFLEX 0.9% SEU fuel in the Wolsong-1
reactor have been performed jointly by KAERI and AECL staff. [18] Cell-
averaged fuel properties and incremental cross sections for reactivity
devices, required as input in the core simulations, were obtained from
WIMS-AECL lattice calculations, which were also used to determine the
reactivity effects of perturbations such as changes in fuel temperature.
Based on earlier studies at AECL, the bi-directional, four-bundle-shift
fuelling scheme was assumed.
Time-averaged simulations resulted in an average discharge burnup of
12.9 MWd/kgU. The derived pin power envelope indicated that the peak
linear element rating with CANFLEX fuel is 15% less than that obtained
with 0.9% SEU 37-element fuel, and there is little power boosting at high
burnups. Calculated worths of the reactivity devices are sufficient to
provide the control and safety requirements for CANFLEX 0.9% SEU fuel in
the Wolsong-1 reactor. The adjuster rods provide more than 30 minutes of
xenon override, and the reactivity worth of the zone control system is
sufficient to suppress xenon-induced spatial oscillations.
Work has recently begun at AECL-CRL to assemble a plan for the
experimental validation of reactor-physics codes for the CANFLEX bundle
geometry. Such validation tests would probably be done in the ZED-2
reactor at AECL-RC, using the natural-uranium CANFLEX bundles fabricated
by KAERI for the flow testing program.



IRRADIATION TESTING

The first CANFLEX irradiation test (using CANFLEX Mk.l bundles) was
undertaken in the U-2 loop of the NRU reactor at CRL. However, because
of an operational incident in that loop, the bundles were severely
overheated, and the testing stopped until the bundles could be replaced.
An uninterruptable power-supply system has subsequently been installed in
the U-l loop, in which the new CANFLEX bundles will be irradiated. This
irradiation, designated as Phase 2 of the CANFLEX demonstration
irradiation, will similarly be composed of Mk.l bundles, but "reference"
Hk.3 bundles are expected to be available from a fabrication campaign at
Zircatec Precision Industries late in 1993, and these will be used to
replace the Mk.l bundles as they are removed for examination.
Arrangements are currently being made to assemble one or more KAERI Mk.3
bundles with enriched fuel for irradiation testing in late 1994.

FLOW TESTING

A testing program has been underway since 1990, to examine the excitation
characteristics of the small-diameter CANFLEX fuel elements, so that they
can be compared with the excitation characteristics of elements from the
reference 37-element bundle, for which there is extensive data and
corresponding behaviour in endurance tests. The excitation
characteristics of the. fuel elements are measured by special strain
gauges attached to the elements. Although initially plagued by some
problems with the experimental technique, good results have now been
assembled. These show a slightly lower natural frequency and a slightly
enhanced amplitude of vibration for the small-diameter CANFLEX elements,
as had been expected.
Preliminary flow tests to measure the pressure drop characteristics of
the "reference" CANFLEX Mk.3 bundle have been undertaken at the KAERI
Therraalhydraulics Laboratory, in preparation for the large-scale, flow-
testing program. A comparison of the pressure drop signature as a
function of bundle alignment for the CANFLEX and 37-element bundles,
assembled from these tests, is shown in Figure 5. A pressure-drop test
on a full string of CANFLEX Mk3 bundles has recently started at KAERI.

CONCLUSIONS

1. The CANFLEX bundle is being developed as the next logical step in the
evolutionary development of CANDU fuel, focused on the economic and
strategic needs for a bundle design that will allow fuels with higher
fissile contents, higher burnups and more complex fuel management to
be used economically in CANDU reactors.

2. The CANFLEX bundle offers a 20% reduction in peak fuel-element
_i rating, and work is underway to provide a bundle with a significantly
CD greater CHF capability than existing CANDU fuel bundles.
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3. The design of the bundle is such that it can be used in both existing

and future CANDU reactors.

4. The CANFLEX program is now focused on the development of the Mk.3
bundle design, and fuel bundles of this design have been fabricated
for use in irradiation, flow, handling, pressure drop and reactor-
physics tests.

5. The CANFLEX program continues to progress well toward the end of its
development phase in 1996.
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Abstract

Following discharge from the Reactor, the CANDU Spent Fuel is initially kept under water in the
Spent Fuel Bay. The bay storage capacity has been established for the AECL designed CANDU
stations by selecting a reasonably long storage period before extension of the storage facility
becomes necessary. Traditionally 10 years of reactor operation has been provided for in the
storage bay.

Until recently wet storage was the only proven and economically justifiable option considered for
interim spent fuel storage purposes. However, AECL's experience significantly increased over the
past years due to progress made in the implementation of its own dry storage technology for spent
fuel. It is based on fuel storage in concrete canisters, which rely on passive conduction to dissipate
the heat and on a double steel containment system to act as a barrier.

In 1989, the first CANDU 6 utility (NBEPC) opted for storage in concrete canisters instead of
sequentially constructed bays. Wolsong 1 in South Korea followed with implementation of the
same technology in 1991.

For CANDU 3, which is presently being designed, a cylindrical basket was adopted as the
receptacle for storage of spent fuel in the storage bay. This fuel basket is used for subsequent
interim dry storage and could also be used for permanent disposal. This standardized approach will
be used to minimize handling of individual bundles to reduce cost and susceptibility to damage.

The largest cumulative cost component in a dry storage program is the construction of the concrete
canisters. AECL also developed and tested the CANSTOR Module concept, an economical,
concrete vault like structure that stores the same quantity of spent fuel as 22 stand-alone canisters,
thus reducing the annual operating expenditures. The concept also sharply economizes on storage
area requirements.

In 1992, Hydro-Québec initiated preliminary studies to evaluate the best options available for spent
fuel storage of its Gentilly-2 NGS. Both the concrete canisters and the CANSTOR Module were
found to best meet Hydro-Quebec's technical and economical requirements. Conceptual
engineering is underway in view of implementing AECL's dry spent fuel storage technology.

INTRODUCTION

CANDU power reactors are operating in Canada, overseas in Korea and Argentina, and are under
construction in Korea and Romania. Twenty Ontario Hydro PHWR nuclear generating stations,
representing 13600 MW(e) of installed nuclear capacity, producing about 92000 spent fuel bundles
(1800 MgU) every year.

Hydro-Québec, New Brunswick Power, and KEPCO in Korea each have one 680 MW(e) reactor,
each generating about 100 MgU of spent fuel annually.

The typical CANDU Rector fuel bundle, containing 37 natural uranium dioxide elements, weighs
about 24 kg and is 10 cm in diameter and 50 cm long. Due to its relatively small size and freedom
from criticality hazards in light water, relatively low bumup characteristics (a typical average
bumup being 7800 MWd/MgU), CANDU fuel is amenable to simple and dense storage systems.

Experience with spent fuel management goes back over 40 years in Canada. The Canadian wet
storage technology was initially developed by the AECL's research facilities, at the Chalk River
(CRL) and Whiteshell (WL) Laboratories. The same storage method was subsequently applied to
the CANDU prototype and power reactors, representing a mature technology which is now in wide
use.

In 1974, WL began the development and demonstration of a dry storage concept, called a concrete
canister, as a possible alternative to the storage of spent CANDU fuel in water pools. Between
1984 and 1989, concrete canisters (CCs) were used to safely and economically store all spent fuel
generated by AECL's decommissioned prototype reactors.

Ontario Hydro developed for its multi-unit Pickering station the "Dry Storage Container" (DSC),
which is a multi-purpose used fuel container made of high density concrete. The DSC is loaded
with fuel in the bay and can be transported to the interim spent fuel storage site and eventually to
the final disposal site.

This paper is focusing on the evolution of AECL's dry spent fuel technology, its impact on the
design of CANDU 3 stations and its most recent application.

WET STORAGE OF SPENT FUEL

Following discharge from the Reactor, the Spent Fuel (S/F) is initially kept under water in the
Spent Fuel Bay (SFB). The bay storage capacity has been established for the AECL-designed
CANDU stations by selecting a reasonably long storage period before extension of the storage
facility becomes necessary. Traditionally 10 years of reactor operation has been provided for in the
storage bay.

The bay is considered as interim storage. Initial bay storage capacity is based on ten years output
at 80 percent minimum reactor operating capacity, plus one complete core discharge.

The overall economics favour large size S/F bays as the unit storage costs benefit from the
economy of scale. The initial wet storage facility should, for this reason, be also as large as
possible.

Because the dry spent fuel storage became a safe and economical option for interim storage
purposes, it is possible to reduce the bay size and to achieve overall cost savings.

The minimum storage capacity of the initial storage bay is greatly influenced by the thermal
limitations of the stored fuel in Dry Storage Containers and the concrete canisters. These
limitations, within the bumup characteristics of the S/F taken into consideration, determine the
minimum duration of the cooling period in the storage bay and consequently the minimum bay

For future CANDU 3 stations, S/F will be be transferred into dry storage after being kept in wet
storage for five years. This results in reduced bay size leading to less up-front capital expenses. It
is also not necessary to allocate space for a second S/F bay adjacent to the first one in the plant
layout. Fuel handling operations are also simplified as loading of S/F trays is no longer necessary.
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METHODOLOGY OF THE AECL DRY SPENT FUEL STORAGE SYSTEM

Manipulation of the individual fuel bundles takes place underwater, using manual tools and hoists.
The empty fuel basket is first placed on the underwater work table. The fuel bundles from a tray
are tilted from the horizontal to the the vertical position, twelve at a time. Using the bundle lifting
tool, the bundles are removed from the tray, one by one, and loaded into the fuel basket. After the
basket has been filled to capacity and the bundled in it noted for IAEA safeguard purposes, the
cover is placed over the basket and the basket is ready for removal from the Bay.
The basket drying and seal-welding operations are performed in a shielded welding station (SWS).
The basket is lifted through the shielded loading chute into the SWS and placed on the turntable. It
is spray washed, moved into the drying position, and both it and the fuel bundles inside it are dried
by means of a hot air blast. The basket is then moved to the welding area in the SWS and the
cover seal-welded to the base plate and the centre post.
After the seal-welding has been verified, the fuel basket is hoisted out of the SWS, into the fuel
transport flask, which has been in place over the opening in the top of the SWS while the basket
has been in the SWS. The loaded flask, with its door closed and locked, is transferred to the
trailer. The trailer is pulled out of the building and towed for a short distance to the canister site.
At the canister site, the flask is brought under the gantry crane, and lifted onto the loading platform
using a 30-ton hoist. An auxiliary, 3-ton hoist is used to remove the canister plug. As the plug is
removed, the flask is positioned over the canister opening the maintain shielding. The fuel basket
inside the flask is then hoisted just enough to take its weight off of the gate. The door is opened,
and the basket lowered into the concrete canister, using the flask winch.
The canister plug is put back into place and the flask lowered back onto the trailer, to be returned to
the station for the next iteration. When the canister contains nine baskets, a stainless steel closure
plate resting on the canister plug is then seal-welded to the canister liner. IAEA seals are affixed.

STORAGE SYSTEM EQUIPMENT

The significant items of equipment (in order of use) are:
- the fuel basket,

the fuel bundle tiller,
- the shielded welding station,

the fuel transport flask, and
the concrete canister.

The largest cumulative cost components in the AECL dry storage system are the fuel baskets and
the concrete canisters.

The Fuel Basket

The fuel basket is approximately 1070 mm in outside diameter and 556 mm in height Type 340 L
stainless steel is used in its construction to assure compatibility with bay water and high resistance
to any potential corrosion. Each basket has a capacity of 60 bundles, arranged in four rings. The
bundles are held in position by means of 2 retaining plates. A 102 mm, schedule 80, stainless steel
pipe, located along the axis of the basket, serves to uniformly transfer the weight of the 60 bundles
(which rest on the base plate) up to the ring at the top, into which the grapple engages during the
lifting operation.

The Concrete Canister

The concrete canister is a cylindrical, reinforced concrete structure with an internal liner of 9 5 mm
(3/8 inch) carbon steel pipe (Figure 2). The canister is approximately 3 m in diameter, 6.6 m tall

The Basket Cover is Seal-Welded
to the Base Plate Centre Post
to provide Containment

Figure 1 Spent Fuel Storage Basket
Containing 60 Bundles

and the inside liner is 1.12 m in diameter. The canister provides a combined shielding of 0.97 m
of concrete and 9.5 mm of steel. The opening at the top is circular and sized to accept the canister
plug and adapted to the flask. The carbon steel lined canister plug is seal-welded to the liner at the
completion of the loading operation, and the IAEA safeguard seals are installed. Each canister
contains nine 60-bundle spent fuel storage baskets.

The canisters are designed for deadweight, thermal, wind and tornado driven missiles and seismic
loads. They are supported on a common reinforced concrete foundation the rests on a bed of
crushed stone.

The concrete mix is designed to provide a 28-day design compressive strength of 27.6 MPa
(4,000 psi). The mix incorporates 5% air entrainment to provide resistance to alternate freezing
and thawing cycles.

Two main rebar cages serve to reinforce the canister. One is located alongside the canister liner,
the other envelops the canister periphery Supplementary rebar is also present along the plug/liner
interface and between the canister and the base. The rebar at the base serves to anchor the canister
to the foundation pad.
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EVOLUTION OF THE AECL DRY SPENT FUEL TECHNOLOGY

Because the dry storage of spent fuel is an iterative, long-term process, AECL has continued
during the last three years to look for ways to make the technology more economical. Attention
has been focussed on the major cost component of the 30-year spent fuel dry storage program, i.e.
the construction of the concrete canisters. In 1993 dollars, this construction (including the base
pad) represents about 14 million Canadian dollars over the lifetime of the program.
AECL has developed and tested the CANSTOR Module concept, an economical, concrete, vault-
like structure that stores the same quantity of spent fuel as 22 canisters, thus reducing the size of
the annual operating expenditure. The concept also sharply economizes on storage area
requirements. This is particularly useful for relatively small single unit sites such as Gentilly 2.

Description of the CANSTOR Module

The CANSTOR Module is a rectangular, air-cooled monolith structure that stores twenty stacks of
ten (60-bundle) fuel baskets. The Module is about 7 metres wide, 22 metres long, and 7 metres in
height (Figure 3). It contains an array of twenty, vertically-oriented, storage cylinders made of
carbon steel pipes which are approximately 1.1 metre in diameter, and 10 mm in thickness. Each
storage cylinder is welded to one of the steel-lined circular openings in the Module's reinforced
concrete top. These openings in the top are "stepped" in the elevational configuration to "nest" the
shielding plug, and to augment the radiological shielding while the Fuel Transport Flask is resting
over the circular opening (with the Flask door in the open position). A closure lid, placed over the
canister plug, is seal-welded to the circular opening of the storage cylinder after the completion of
the loading operation, and IAEA safeguard seals are installed.
The fuel baskets inside the Module are radiologjcally isolated from the biosphere by the thickness
of the basket, storage cylinder, and by almost a metre of concrete.
The CANSTOR Module is designed for deadweight, thermal and seismic loads, and for tornado-
driven missiles. The concrete mix is designed to provide a 28-day compressive strength of 27.6
MPa (4000 psi). The specified concrete mix calls for 5% air entrainment, to provide resistance to
alternate freezing and thawing cycles.
The Module design is such that none of the existing canister site equipment (the gantry crane
included) requires modification. All of the mechanical features vital to the licensing of the existing
canister storage system are retained. The methodology of handling the fuel is unchanged; the
basket handling activities that take place at the Module are essentially the same as those presently
involved in the licensed canister storage. Because each of the storage cylinders inside the Module
(that house a stack of baskets) is seal-welded to the shielding plug at its top, the concept is, from a
licensing point of view, equivalent to the seal-welded canister arrangement already in wide use.

The CANSTOR Test

Although analytical methods for the prediction of convection cooling are well established, AECL
elected to perform a field test program last year, to positively verify the heat rejection capability of
the CANSTOR Module design configuration. This field test also served to demonstrate that this
storage mode can be readily adapted to cope with the much higher heat rejection requirement of
Light Water Reactor spent fuel storage.

A full-scale, demonstration test module was assembled and tested in the autumn of 1990, at the
Whiteshell Laboratory. The test module was constructed using 100 mm thick precast concrete
panels (and fiberglass insulation) to closely model the thermal conduction of the concrete walls of
the module itself.

A representative heat load was generated by the use of electric resistance heaters. Starting with
very large ports, the inlet and outlet openings of the test module were reduced in size, itcratively,
until the optimum convection air inlet and outlet port sizes were determined. Test results have been
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Figure 3 CANSTOR Module Illustration
Showing air inlet/outlet labyrinths
Storage Capacity is 12 000 Fuel Bundles

used to support analytical predictions of heat rejection and to evaluate various abnormal operating
conditions.

APPLICATION OF CANSTOR MODULES TO GENTILLY 2 NGS

In 1992, Hydro-Quebec initiated preliminary studies to evaluate the best options available for spent
fuel storage of its Gentilly 2 NGS. Hydro-Québec found the dry spent storage option to best meet
its technical, economical and environmental requirements. Simultaneously AECL completed the
detail design of the CANSTOR Module. This allowed Hydro-Québec to proceed in 1993 with a
dry storage licensing application using CANSTOR Modules and concrete canisters as a back-up
alternative.
Hydro-Quebec's preference for CANSTOR Modules was based on the following:

- The CANSTOR Module assures superior cooling performance of the stored spent fuel
through natural convection while providing double containment represented by the seal-
welded basket and seal-welded storage cylinder.

- The storage density is twice as high than achieved with concrete canisters. The net benefit
is large space saving, allowing to build the storage site within the Gentilly 1/Gentilly 2
security penmeter.

Fuel transfer, maintenance and periodic inspection activities are easier and carried out safer,
due to the large loading surface of the CANSTOR Modules, within the plant security
perimeter.

The construction costs of the CANSTOR Module are approximately 25% less than for the
equivalent number of concrete canisters.

During decommissioning a smaller volume of waste is produced, resulting in reduced labor
and disposal costs.

CONCLUSIONS

All the AECL-built CANDU 6 stations adopted the dry spent fuel method as a standard for interim
spent fuel storage.

AECL's dry spent fuel technology evolved step by step. Hydro-Quebec's Gentilly 2 station is in a
position to benefit from the most recent development, which is the application of the air convection
cooled CANSTOR Module.



Future CANDU stations will benefit from the enhancement of the dry storage technology The fuel
handling facilities will be designed to facilitate execution of the dry storage Therefore,
modifications for implementation of the dry storage will be kept to a minimum

While existing CANDU stations will retain pool storage of spent fuel in fuel trays, future stations
will use storage baskets during wet storage The reduced fuel handling operations and radioactive
waste generation in addition to smaller spent fuel bay site further underline the inherent benefits of
the dry storage technology

Preparation for transportation to disposal site and final disposal in the sealed storage baskets will
be evaluated in order to provide integration of the enure fuel cycle (reactor - interim storage -
ultimate disposal) It is also expected that the fuel disposal technology will also benefit from the
advance of the dry storage methodology in Canada. Standardization of fuel handling due to
compatibility of equipment will become feasible.
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EMERGENCY CORE COOLING
SYSTEM SIMPLIFICATION
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Abstract

Studies by AECL over several years, directed at the simplification of the emergency
core cooling system, have resulted in the modified design adopted by the CANDU 9. This
design, although utilizing the high pressure, gas-driven accumulator concept employed on
CANDU 6, Bruce and CANDU 3, achieves a substantial reduction in the number of valves
required, simplifies operation and hence improves reliability. This simplification also results
in reduced operation costs due to reduced testing requirements and reduced maintenance
costs due to the reduction in the number of valves and support system hardware.

Over several years AECL has undertaken studies directed at the simplification of the
ECC system. These studies have resulted in the simplified ECC system design adopted by
the CANDU 9, which utilizes substantially fewer valves, simplifies operation and hence,
improves reliability. This simplification also results in reduced operating costs due to reduced
testing requirements and reduced maintenance costs.

2. THE CANDU 6 EMERGENCY CORE COOLING SYSTEM

The CANDU 6 ECC system is designed to supply emergency coolant to the reactor
core in three successive stages in the event of a loss of coolant accident: High, medium and
low pressure. The high pressure stage uses gas pressure to inject light water from water
tanks into the reactor core. The medium pressure stage supplies water from the dousing tank
to the reactor core using one of the ECC pumps. When the ECC portion of the water in the
dousing tank is depleted, the low pressure stage recovers the DzO and H2O mixture that has
collected on the reactor building floor, and pumps it back-into the reactor core via the ECC
heat exchanger where heat is rejected to the cooling water. A simplified flow diagram of the
CANDU 6 ECC system is shown in Figure 1.

1. INTRODUCTION
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CANDU nuclear powerplants incorporate fourspecial safety systems.i.e.,shutdown
system 1, shutdown system 2, the containment system and the Emergency Core Cooling
(ECC) system, as part of their defence in-depth approach to assuring safety. These special
safety systems are diverse and functionally independent from each other and from the
systems that provide reactor control and fuel cooling during normal reactor operation.

The ECC system assures fuel cooling following a Loss-of-Coolant Accident by
refilling the core and rea'rculating coolant through the core for long-term heat removal from
the fuel. The ECC system is required to meet many demanding performance and reliability
requirements. These include:

• the capability of maintaining or re-establishing sufficient cooling of the fuel and fuel
channels so as to limit the release of fission products from the fuel in the reactor and
maintain fuel channel integrity;

• a design such that the unavailability of the system can be demonstrated to be less
than 10-3;

• a redundancy such that no failure of a single active component of the ECC system
can result in the impairment of the system;

• the assurance that all maintenance and availability testing can be carried out without
a reduction in the effectiveness of the system.

Historically, the ECC systems have been complex in terms of the number of valves
and their operation, in order to meet the above and other requirements. This is evident in
the description of the CANDU 6 ECC system presented in Section 2.

2.1 High Pressure Emergency Core Cooling Stage

One gas tank and two water tanks, located outside the reactor building, supply high
pressure emergency cooling water to the rector. The water tanks are normally isolated from
the gas tank by two pneumatically-operated valves and maintained at low pressure in order
to minimize gas dissolution, which could be detrimental to core cooling. The gas isolation
valves are in parallel to assure system reliability.

Two normally closed isolating valves, known as the high pressure injection valves,
are provided in parallel to isolate the high pressure system from the injection piping
downstream. Two normally open valves, in series with and downstream of the high pressure
injection valves, are provided to facilitate the testing of the high pressure injection valves.
Before testing any high pressure injection valve, the the test valve in series with it is first
closed to protect the downstream rupture discs: When the testing is complete, the high
pressure injection valve is returned to the closed position and the corresponding test valve
to the open position. By having a test valve in series with each of the high pressure injection
valves, testing can take place without blocking out the high pressure injection flow path to
the reactor core. All four valves, i.e., the two high pressure injection valves and the two test
valves, are closed at the end of the high pressure injection stage in order to prevent gas
injection.

Two rupture discs, one in each of the common injection lines, are used to provide
a physical separation between the light water in the ECC system and the heavy water in the
heat transport system. Each of the injection lines to the reactor headers contain two
motorized valves in parallel, known as the D2Û isolation valves. They are normally closed
to isolate the heat transport system from the ECC system. Two parallel valves are provided
to ensure reliability.
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2.2 Medium Pressure Emergency Core Cooling Stage

Two 100% ECC pumps, located outside the reactor building, supply water from the
dousing tank to the reactor core in the medium pressure stage. A normally closed valve is
provided on each pump suction line from the dousing tank to prevent the rapid loss of water
from the dousing tank via an inadvertently open valve on the pump suction line from the
reactor building basement. The pump discharge is directed to the heat transport system via
the ECC heat exchangers and the medium pressure injection valve station. Two parallel,
normally closed valves, called the medium pressure injection valves, provide the isolation of
the medium pressure injection system from the downstream piping during normal reactor
operation. Two normally open test valves', in series with and upstream of the medium
pressure injection valve, are used during the testing of the medium pressure injection valves
in a manner similar to that described earlier for the high pressure injection valves. With the
provision of the test valves, testing of the medium pressure injection valves can take place
without blocking the flow path to the reactor core.

2.3 Low Pressure Emergency Core Cooling Stage

The long term low pressure Emergency Core Cooling stage utilizes the same ECC
pumps as the medium pressure stage, but recovers the D2O and H2O mixture collected in
the basement of the reactor building and pumps it back to the heat transport system via the
ECC heat exchangers.

Each ECC pump takes suction from the reactor building basement via a separate
suction line containing a normally closed pneumatic valve. This valve acts as a containment
isolation valve and prevents the water in the ECC system from draining into the reactor
building.

2.4 Valve Operation

A number of valve actions are required for the successful operation of the CANDU
6 ECC system, as indicated below:

• High Pressure ECC

- Open one gas isolation valve.
- Open one high pressure injection valve.
- Open one D2O isolation valve to each of the reactor headers.

• Medium Pressure ECC

- Open isolation valves on the suction lines from the dousing tank.
- Open one medium pressure injection valve.
- Close one valve on each of the high pressure injection paths in the high pressure

injection valve station.

• Low Pressure ECC

- Open isolation valves on pump suction lines from the reactor building basement.

- Close isolation valves on the suction line from the dousing tank.

- Open cooling water valves to the ECC heat exchangers.

2.5 Performance

The CANDU 6 ECC System, through the provision of appropriate redundancy,
meets all the requirements set for the system. The system, however, incurs a relatively high
capital and maintenance costs. Since the system does not operate during normal reactor
operation, regular on-power testing must be performed to meet the unavailability target of
10"3. A complete system operation cannot be tested on-power, therefore, a series of
overlapping tests, generally on a monthly basis, are conducted to check sub-system
operation, including valve operation. This results in a high operating cost. The incentive to
reduce the above costs prompted the studies into ECC simplification.

3. THE CANDU 9 EMERGENCY CORE COOLING SYSTEM

The CANDU 9 ECC system utilizes the same high pressure, gas-driven accumulator
concept employed on the CANDU 6, Bruce and CAN DU 3 power plants. However, the design
is modified to significantly reduce the number of valves and achieve other system
simplifications. A simplified flow diagram of the CANDU 9 ECC system is shown in Figure 2.

The principal improvements and simplifications made in the CANDU 9 ECC system
include the following:

• Replacement of D2O isolation valves with one-way rupture discs.

• Elimination of high pressure injection and test valves and incorporation of a floating
ball shutoff in the water tanks.

• Location of ECC components inside the reactor building.

Each of these modifications is described in more detail below.

3.1 Replacement of D2O Isolation Valves with One-way Rupture Discs

In the current CANDU 6 reactors, normally closed D2O isolation valves are provided
at the interface of the ECC system and the heat transport system. Low pressure rupture discs
upstream of the D2O isolation valves provide separation of light water and D2O. The D2O
isolation valves isolate the high pressure heat transport system from the ECC system, which
is normally at low pressure. The D2O isolation valves open on a LOCA signal to permit
injection of water from the water tanks.
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The use of one-way rupture discs instead of the D20 isolation valves provides
significant benefits, including system simplification, higher system reliability, less testing due
to fewer active components, reduction of DaO hold ups and associated costs, and lower
construction, capital and maintenance costs.

3.2 Elimination of High Pressure Injection Valves and Incorporation of Floating
Ball Shutoffs In Water Tanks

The high pressure injection valves on the CANDU 6 ECC system are closed during
normal reactor operation to protect the downstream rupture discs from rupture during system
testing. These valves are required to open on a loss of coolant accident signal to admit
emergency coolant into the reactor core from the water tanks and dose on low water tank
level signal at the end of the high pressure injection to prevent gas injection. The specially
designed rupture discs forthe CANDU 9 ECC system, described in Section 3.1, do not require
protection to prevent rupture during normal plant operation. This allows the elimination of
the high pressure injection valves and their associated test valves on the CANDU 9 ECC
system.

Gas injection at the end of the high pressure injection on CANDU 9 is prevented by
the action of the floating ball shutoff in each water tank. These ball shutoffs, which normally
float at the top of the water tanks, seal against the outlet of the tanks at the end of the high
pressure injection.

Elimination of the high pressure injection valves and their associated test valves
reduces the operating costs due to maintenance and testing, in addition to a reduction in the
capital cost.

3.3 Location of Emergency Core Cooling System Components Inside the Reactor
Building

The high pressure equipment consists of two high pressure gas tanks located
outside the reactor building and connected via a valve station to the top of four high pressure
water tanks inside the reactor building. The water tank outlets join a distribution header from
which two separate lines symmetrically feed the reactor headers (two inlet headers and one
outlet header at each end of the reactor).

FIGURE 2 CANDU 9 EMERGENCY CORE COOLING SYSTEM

CANDU 9 ECC system uses a specially designed, one-way rupture disc in lieu of the
D2O isolation valves to isolate the heat transport system from the ECC system. These
rupture discs fail at low differential pressure in the forward direction (ECC system to heat
transport system), but withstand the high differential pressure that is normally present in the
reverse direction (heat transport system to ECC system).

This modification in the design reduces the piping length between the water tanks
and the reactor headers and hence, the flow resistance during high pressure injection.

In the CANDU 9 design, the ECC pumps, ECC heat exchangers and all ECC piping
which may carry radioactive liquid after a loss of coolant accident are located inside the
reactor building. This assures that any potential leakage or postulated failure of ECC system
components following a loss of coolant accident cannot cause a release of radioactive



material to outside of containment. It also eliminates the problem of leakage collection and
control outside the reactor building. Containment penetration for the ECC system are
minimized.

4. AECL DEVELOPMENT PROGRAMS AIMED AT SIMPLIFYING ECC SYSTEMS

A two year development program is underway at the AECL Chalk River Laboratory
for the one-way rupture discs and floating ball shutoff. These development programs involve
conceptual assessment, bench scale tests, full size prototype tests and full size simulated
service tests.

In parallel with the above development program, a study is being carried out at the
AECL Whiteshell Laboratories on a steam-driven, high pressure ECC concept. In this
concept, steam supplied from an electrically heated "pressurizer" is used as the driving force
for the high pressure ECC injection to improve performance.

5. CONCLUSION

The CANDU 9 emergency core cooling system offers a significant improvement in
the overall reliability while reducing capital, operations and maintenance costs. Options for
further emergency core cooling system enhancement, including the use of steam instead of
pressurized gas, continue to be studied and will be adopted if proven.

PASSIVE EMERGENCY HEAT REJECTION
CONCEPTS FOR CANDU REACTORS

N.J. SPINKS
AECL Research,
Chalk River Laboratories,
Chalk River, Ontario,
Canada

Abstract

A study is in progress at AECL to assess the safety and capital cost implications of a ntbrc extensive use
of passive design features in CANDU reactors. The study is focussed on emergency heat rejection and
applies passive design principles to enhance the independence of core cooling via the moderator as
distinct fiom core cooling via the emergency coolant injection system. Emergency heat rejection from the
moderator and from containment is integrated via a water jacket formed in part by the cylindrical wall of
a steel containment vessel The water jacket acts as an interim heat sink and ultimately transfers its heat to
the outside air. The concepts have been applied to a 2 loop CANDU 6 plant and a preliminary
assessment has been completed. Core melt frequency appears to be improved by at least an order of
magnitude and capital cost seems to be competitive with conventional plant Simplified methods were
used and further calculations are in progress using more sophisticated techniques. Design enhancements
are described: improvements in the fuel channel design eliminate the need for subcooling of the
moderator and in turn eliminate the need for pumps even during normal operation.

1. INTRODUCTION
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Passive designs offer the potential for plant simplification leading to improvements in capital cost and
safety. Safety would be expected to improve through a lower probability of failure of safety systems.
Capital cost might be reduced through the elimination of systems such as standby power and pumped
cooling water. For these reasons, a study is ongoing at AECL to assess the safety and capital cost
implications of a more extensive use of passive design features in CANDU reactors.

CANDU reactors incorporate a mixture of passive and active design features in protecting against a wide
variety of accident scenarios. The heavy water moderator provides a low pressure environment for
reactor shutdown via two independent passive systems. One shutdown system uses rods which drop
under spring assistance. The other uses pressurized helium to inject a gadolinium nitrate solution into
the moderator.

Heat rejection also has several passive features including the ability of the reactor coolant to
thermosyphon on loss of forced circulation [1]. Some CANDU reactor designs incorporate a dousing
tank in the reactor building which acts passively to reduce containment pressure, to wash out fission
products from the containment atmosphere and to provide an emergency water supply to the steam
generators following their depressurization. A light water shield tank around the reactor provides passive
mitigation of severe accidents.

Some systems have a mix of active and passive functions. The use of pressurized gas for the initial
phase of Emergency Coolant Injection is passive but pumps are used for the recovery phase. For low
probability accidents involving loss of ECI, the ability of the moderator to maintain fuel channel integrity
is passive but moderator heat rejection is accomplished by the use of a pumped heavy water system
which rejects heat to a pumped service water system. The intent of the study is to identify and evaluate
passive design concepts that would desirably replace such active systems.
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In practical terms, we have taken "passive" to mean the exclusion of operator action and any reliance on
electrical power supplies (except batteries) during an accident. Consistent with the EPRI requirements
[2] for passive design of advanced light water reactors, we allow the use of signals and the repositioning
of valves. After 72 hours, we allow limited (straightforward) operator actions and easily installed
electrical supplies.

3. PASSIVE COOLING CONCEPTS

CANDU protection against accidents requires the execution of four functions: reactor shutdown,
deprcssurisation, emergency core cooling and containment l The paper focuses on the application of
passive design principles to the heat rejection functions of deprcssurisation and emergency core cooling.

Figure 1 illustrates a design of CANDU which is the focus of the current study. The figure denotes three
levels of cooling. Level 1 accomplishes the depressurisation function and levels 2 and 3 accomplish the
core cooling function by two independent systems. All levels are required for loss of coolant accidents.
Level 1 also protects against loss of feedwater accidents.

As with current CANDU plants, depressurisation is effected by discharge of steam from the steam
generators to the atmosphere through the main steam safety valves. Following deprcssurisation, a
continuing heat sink requires a supply of emergency water to the steam generators. This is effected
passively by gravity from an elevated tank and is similar to the dousing-tank supply of current designs
except that the tank of figure 1 is external to containment The tank is sized to provide a heat sink for
three days following reactor shutdown

The independence of the two systems for emergency core cooling is enhanced by using diverse methods
for their design. The two systems are the ECI system, shown as level 2 in figure 1, and the moderator
system, shown as level 3. While pumps are retained for the recovery phase of Ed, passive design
principles are applied to enhance the independence of the moderator system.

Operating CANDU reactors use pumps for moderator heat rejection. The passive design also uses pumps
for normal operationg but does not depend on the pumps during accidents. As shown in figure 1, the
passive design employs a heavy water natural circulation loop to transport heat to a heat exchanger. A light
water natural circulation loop in turn transports the heat to a water jacket formed, in part, by the cylindrical
wall of a steel containment vessel. The water jacket also provides the containment cooling function.

Heat from the water jacket is conducted through the steel wall to air flowing upwards by natural
convection. An annulus between the steel vessel and a concentric concrete structure provides a duct for
passage of the air. The concrete is needed for shielding purposes.

The jacket is divided into two halves and the design provides for two heavy water loops, two heat
exchangers and two light water loops each connected to a separate half of the jacket For the design basis
accident only one half is needed after the first few days. Thus, in the longer term, single failures can be
tolerated.

4. ASSESSMENTS

The limiting accident for moderator heat rejection is the in-core LOCA (the failure of a fuel channel) with
loss of ECL It is an unlikely occurrence, not only because of the presumed coincident failure of EQ but
also because the failure of a pressure tube is not expected to lead to failure of the associated calandria
tube. It is a limiting case for moderator heat rejection because the energy released from the break is
deposited in the moderator. This is imposed in addition to the heat load transferred from the fuel by
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Emergency Cooling at Three Levels
Figure 1

conduction through pressure tubes and calandria tubes. With the reactor tripped, a small direct heat load
remains due to gamma radiation from the fuel.

The passive design concepts have been applied to a two-loop CANDU 6 design. Figure 2 shows the
total heat load and predicted moderator and jacket outlet temperatures as a function of time. After about
an hour (3xl03 seconds), the heat load decreases and the moderator temperature reduces from a
maximum of 126"C. The temperature of jacket water, initially at 55*C, remains below boiling. The jacket
temperature eventually decreases when the heat transfered to air exceeds the heat from the moderator.

The simulations show some boiling of the heavy water due to pressure reduction near the top of the
moderator loop: boiling provides a significant head to drive the flow. Some pressunzation of the
moderator is needed to maintain subccoling at the fuel channel elevation.
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The above simulations were done using a pseudo steady state method and using a homogeneous
equilibrium model for two phase flow. They are being repeated with a transient method and with a more
sophisticated model for two phase flow.

5. DISCUSSION

COen

Passive design principles are being employed to enhance the independence of the CANDU moderator
heat rejection system as compared to the ECI system, both being seen as emergency core cooling
systems. In addition, moderator and containment heat rejection are being integrated passively via a
containment water jacket.

Analysis shows that the passive moderator heat rejection system is effective in providing some
subcooling at the fuel channels. For the design basis accident, moderator subcooling is needed to
maintain effective heat transfer from the calandria tube and thereby to maintain integrity of the

overheating pressure tube when it sags or balloons into contact with its calandria tube. However by
ensuring that the reactor is depressurised and by redesign of the fuel channel to optimise the contact
conductance between a pressure tube and its calandria tube [3], the subcooling requirement can be
eliminated.
With subcooling eliminated, the moderator heat rejection system can be designed to allow boiling in the
calandria with steam flowing to an elevated condenser or, at least, boiling by pressure reduction soon
after exit from the top of the calandria vessel. In either case, first estimates show significant
improvements in heat rejection over the results shown above. It looks likely that the full moderator heat
load can be rejected by natural circulation during normal operation. The design is progressing to one
where pumps can be eliminated from the moderator heat rejection system. Pumps and heat exchangers
would be used in the light water loop but would not be needed in the event of an accident

By considering the main contributions to CANDU 6 core melt frequency, it appears that the passive
design gives at least an order of magnitude reduction in core melt frequency. A first order cost
assessment indicates that the passive design is competitive in capital cost.

Further development of the passive CANDU will go hand in hand with advances in design of the fuel
and the fuel channel. The first step, as mentioned above, is to optimise the pressure-rube to calandria-
tube contact conductance. This is expected to lead to the elimination of the moderator subcooling
requirement Going further [4], a fuel channel capable of withstanding abnormal temperatures at füll
system pressure would eliminate the need to depressurize and would therefore eliminate the reliance on
the steam generators as a heat sink. A fuel bundle that could transfer decay heat to the moderator with
minimal fuel failures would reduce the reliance on EG and on containment
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Abstract
One of the ways to enhance the passive safety of a CANDU-PHW (CAMada

ßeuterium Qranium - Pressurized Heavy Water) reactor is to reduce the
moderator subcooling requirements during a postulated loss-of-coolant accident
(LOCA). The increased moderator temperatures would enhance the heat transfer
from the moderator to the surrounding shield tank during a postulated
accident. This reduction in subcooling requirements can be achieved by
incorporating a wire screen in the fuel channel annulus, right next to the
calandria tube. The technique has been demonstrated to significantly reduce
the moderator subcooling requirements so that the calandria tube was not
forced into film boiling upon pressure-tube ballooning contact with O'C
subcooling outside the calandria tube.

Two experiments were performed at AECL Research's Whiteshell
Laboratories to investigate the changes in heat transfer characteristics
between a pressure tube and a calandria tube with a wire screen placed in the
fuel-channel annulus. This paper describes the results of the two
experiments. Results from computer simulations performed to assess the effect
of the wire screen on the performance of a CANDU fuel channel during selected
LOCA scenarios are also presented.

1. INTRODUCTION

An important design feature of the CANDU-PHW reactor is that each
horizontal fuel channel is surrounded by cool heavy-water moderator that can
act as a heat sink during postulated loss-of-coolant accidents (LOCAs) with
impaired emergency cooling. The fuel channel consists of a Zr-2.5Nb pressure
tube and a Zr-2 calandria tube separated by garter springs and a gas-filled
annulus.

In some postulated LOCA scenarios, the pressure tube overheats, loses
its strength, and then deforms through the annulus gap into contact with its

surrounding moderator-cooled calandria tube. Upon contact, heat stored in the
pressure tube would be rapidly transferred across the interface to the
calandria tube, conducted through the wall, and then transferred from the
outer surface of the calandria tube into the surrounding heavy-water
moderator. The sudden transfer of heat could exceed the critical heat flux
and cause film boiling on the calandria tube outside surface [1,2]. If film
boiling occurs, the rate of heat removal from the fuel channel to the
moderator would be severely reduced.

The current moderator subcooling requirements are specified for CANDU-
PHW reactors to avoid the calandria tube being forced into film boiling upon
contact with its deforming pressure tube during postulated LOCAs. One method
of reducing this moderator subcooling requirement is to reduce the heat
transfer coefficient between the pressure and calandria tubes. This can be
achieved by placing a wire screen in the fuel-channel annulus. The screen
would slow down the rapid transfer of heat upon ballooning contact and reduce
the probability of film boiling on the calandria tube. This method of
reducing the probability of film boiling does not involve changes to either
the pressure tube or the calandria tube, has a minimal burnup penalty, and
does not affect the gas annulus system operation. The screen should not have
any significant effect on the normal operation of the fuel channel.

If moderator subcooling requirements could be reduced significantly,
the increased moderator temperatures could increase the heat transfer from the
moderator to the shield tank water by increasing the temperature differential
between the two. Thus, decay heat from the core could be transferred to the
outside of the shield tank more efficiently. This could enhance the passive
safety features of a CANDU-PHW reactor for severe accident scenarios.

3. EXPERIMENTS

2.1 Experimental Apparatus

The apparatus for the two screen experiments was similar. It
consisted of a 1580-mm long section of Zr-2.5Nb pressure tube mounted inside a
1730-am long Zr-2 calandria tube (Figure 1). The calandria tube was
surrounded by heated, non-flowing water in an open tank. The graphite heater,
570-m» (Test 1) or a 950-mm long (Test 2), was located inside the fuel-channel
assembly.

A 350-mm long section of stainless steel wire screen was placed in the
gas-filled annulus next to the inner surface of the calandria tube; it covered
half the heated length of the test section (Figure 1). The screen was 316
stainless steel with an original wire spacing of 1.3 mm and a wire diameter of
0.38 mm. One half of the screen was modified to test the effects of a wider
grid pattern on the heat transfer characteristics. The crimped wires
(obtained from the original screen) were spot-welded together into a wire grid
spacing of 10.0 mm. The screen was positioned top to bottom so that one side
of the pressure tube would balloon into contact with the 1.3-mra wire spacing,
and the other side would balloon into contact with the 10.0-ran wire spacing.
Then, by comparing the boiling characteristics on the calandria-tube surfaces,
one could determine which wire spacing was the most effective.

An Inconel X-750 garter spring was positioned at the test section
centreline. The garter spring separated the screen and control (no screen)
halves of the test section (Figurel).
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Figure 1: Test Apparatus

2.2 Instrumentation

CO-g

Power was supplied by a 5000 A D.C. power supply. Heater power was
determined by multiplying circuit current by the voltage drop measured at the
outer ends of the busbars. Previous tests on the heater assembly have shown
that there is roughly a 13% voltage drop in the busbars. Therefore, a best
estimate of the ohmic power generated in the graphite heater rod was 87% of
the gross test section power.

Thermocouples were used to monitor temperatures on the inner surface
of the pressure tube and the outer surface of the calandria tube. The
pressure-tube thermocouples were 0.5-mm diameter, Inconel-clad K-type with
magnesium oxide insulation inserted part way through the pressure tube inner
wall. Thermocouples on the calandria-tube surface were fiberglass-insulated
K-type thermocouples with wire diameters of 0.13 mm. The separated sensing
wires were spot-welded directly onto the calandria tube surface. Water
temperatures around the calandria tube were monitored with platinum resistance
temperature detectors.

2.3 Experimental Procedure»

The following generalized procedures were used for the two tests:

(1) The inside of the pressure tube was purged with argon (Test 1) or
helium (Test 2) .

(2) The water surrounding the calandria tube was heated to give the
desired moderator subcooling: 7S«C (25'C subcooling) for Test 1 and
100-C (0»C subcooling) for Test 2.

(3) The annulus between the pressure and the calandria tube was purged
with CO2.

(4) The pressure tube was pressurized to 0.8 MPa (gauge) and heater
power increased to roughly 140 kW/ra. The pressure inside the
pressure tube was allowed to increase to 1 MPa during the heat-up
phase and was maintained at this level for the remainder of the
test.

(5) The test was terminated when the pressure-tube ballooned and
contacted the calandria tube and any film boiling on the calandria
tube had rewet (Test 1) or the fuel channel ruptured (Test 2).

3. EXPERIMENTAL RESUI/T3

A detailed description of the results from Test 2 will be presented,
followed by a brief summary of the results from Test 1.
3.1 Teat 2

Power to the graphite heater was increased from 0 to 140 kW in
approximately 40 s (Figure 2a), and then gradually increased to 145 kW during
the next 30 s. At -70 a, shortly after the data logging computer experienced
an undetermined fault and ceased recording data, power was decreased to 0. We
maintained the power at 0 kW until the computer could be restarted. At
-200 s, we again ramped the power to 140 kW to complete the experiment. The
power level gradually increased during the latter part of the experiment to
almost 160 kW as a result of the resistivity increase of graphite with
increasing temperature. Power was then decreased to 0 at 310 s.

The pressure tube was pressurized internally to 0.80 MPa (gauge) with
helium (Figure 2b) . During early heat-up, the pressure increased from thermal
expansion of the pressurizing gas, and then was manually controlled at
1.0 MPa. At 70 s, the main data logging computer shut down and was not
restarted until 156 s. The helium pressure inside the pressure tube was
vented to 0 MPa gauge within seconds of the power reduction, to limit
ballooning of the already hot pressure tube. The pressure was again increased
to 0.8 MPa at 190 s and further increased to 1.0 MPa at 250 s. The pressure
was maintained at this value until the pressure-tube/calandria-tube (PT/CT)
failed at 315 s. The PT/CT failure occurred on the control side approximately
20* from the top.

The rupture through the PT/CT combination caused two holes. The larger
hole was approximately 40 mm long by 5 mm wide. This hole was approximately
30* off top centre and located about 90 mm axially from the centreline garter
spring. A smaller hole, about 14 mm long by 2 mm wide, was located near the
larger hole and was about 115 urn from centre. The PT/CT combination had
ballooned severely in the area of rupture and progressively less severely
around the circumference. The increase in calandria-tube circumference at the
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Corresponding Contact Conductances (b) from the Control Half of the
Test Section During Screen Test 2.

The control half of the test section was in film boiling for 63 s before
rupture occurred. During this time the calculated steady-state PT/CT contact
conductance (following initial contact) varied between 3 and 10 kW/(m^-K).
The contact conductance tended to increase as the temperature of the tubes
increased during dryout. The softening of the tubes as their temperature
increased appeared to increase the PT/CT contact conductance. Typical plots
of the change in temperature and the change in contact conductance on the two
sides of the test section (in the control region) are shown in Figure 4.

The screen half of the test section remained in nucleate boiling
throughout the experiment. The calculated steady-state contact conductance
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Figure 5: Typical Pressure-Tube and Calandria-Tube Temperatures (a) and
Corresponding Contact Conductances (b) from the Wire Screen Half of
die Test Section During Screen Test 2.

varied from 0.1 kW/(m2-K) to less than 0.5 kW/(m2-K). Again, the contact
conductance values tended to increase as the experiment progressed. These
contact conductance values were much lower than the value required to exceed
the critical heat flux on the calandria-tube surface. A typical example of
the temperature changes and the changes in contact conductance on the sides of
the test section (in the screen region) are shown in Figure 5. There was
essentially no difference between the calculated conductance values of the
1.3-rom (closed) and 10.0-rom (open) wire spacing.

The video records of the test showed that the pressure tube contacted the
calandria tube on the screen half of the test section first, and then, several
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seconds later, contact was observed on the control half. The contact area
grew axially and circumferentially in both areas quite quickly. Vigorous
boiling was evident over the entire length of the test section. There was a
distinct line between film and nucleate boiling at the test section centreline
(near the garter spring location) . The elapsed time between the start of film
boiling and rupture of the PT/CT combination was 63 a.

After PT/CT contact, the wire screen half of the calandria tube was in
stable nucleate boiling throughout the test. There was no discernible
difference in the boiling patterns between the portion of the test section
with the 1.3-mm wire spacing and the portion with the 10.0-mm wire spacing.

3.2 T«st 1

Test 1 was similar to Test 2 except that the heated length of pressure
tube was less (570 mm instead of 950 mm in Test 2) and the water surrounding
the calandria tube was at 75*C (25*C subcooling) . In Test 1 the pressure-tube
heat-up rate was 14.6*C/s prior to ballooning into contact with the calandria
tube. Pressure-tube temperatures just prior to contact ranged from 880*C at
the bottom to 1010*C at the top of the tube. In the absence of the screen,
the calandria tube went into film boiling (dryout). The maximum recorded
calandria-tube temperature during dryout was 750«C on the top of the calandria
tube. The dryout patch took 42 s to completely rewet. The side of the
calandria tube with the wire screen went into stable nucleate boiling after
ballooning contact. Here, calandria-tube temperatures remained below 120*C.

The video records of the test indicated that first PT/CT contact occurred
near the top on the screen side of the centreline garter spring. Contact then
spread over the rest of the heated zone within 3 s. The no-screen half of the
calandria tube went into film boiling in all locations except for a narrow
strip along the bottom of the tube.

The dryout patch began to rewet circumferentially and axially shortly
after film boiling was established. The videos of the test showed that the
circumferential rewet lines moved more rapidly than the axial rewet lines.
The calandria tube had completely rewet within 32 s of going into dryout.

The screen half of the calandria tube was in stable nucleate boiling
after PT/CT contact throughout the test. There was no discernible difference
in the boiling patterns between the portion of the test section with the
1.3-mra wire spacing and the portion with the 10-mm wire spacing.

The results from Test 1 are consistent with Test 2 in that the wire
screen was effective in reducing the PT/CT thermal contact conductance so that
the calandria tube was not forced into film boiling upon ballooning contact.
In areas where the screen was not present, the calandria tube experienced
extensive dryout, which resulted in high calandria-tube temperatures. The
fuel channel did not rupture in Test 1 because of the slightly higher
subcooling, which helped promote calandria-tube rewetting.

4. THEORETICAL IMPACT OF A WIRE SCREEN OH FUEL-CHANNEL PERFORMANCE
DDRINO POSTULATED LOS8-OF-COOLAKT ACCIDENTS

A series of computer simulations were performed to assess the effect of
reduction in the PT/CT thermal contact conduction on the performance of a
CANDU fuel channel under accident conditions.

If a postulated accident results in a pressure tube heat-up, there is
always a possibility of pressure-tube deformation and PT/CT contact. The mode
of contact depends on the channel pressure at the time of heat-up. High
channel pressures tend to strain the pressure tube circumferentially into
contact with the calandria tube. On the other hand, in the case of low
channel pressures, the pressure tube tends to sag and contact the calandria
tube at the bottom.

The PT/CT contact promotes better heat transfer from the tubes to the
moderator than do the thermal radiation and conduction through the annulus
gas. Very fast heat transfer soon after the contact, however, can cause
dryout on the outside surface of the calandria tube and affect channel
integrity. An incorporation of a screen between the pressure tube and
calandria tube can significantly reduce this heat transfer and thus prevent
calandria-tube dryout.

Reduced heat transfer (between contacted tubes) could adversely affect
fuel bundle temperatures inside the fuel channel. To address this issue, a
postulated accident with limited heat transfer out of the fuel channel was
chosen to asses the impact the wire screen would have on the fuel-channel
performance. For those accidents where the pressure tube balloons to contact
the calandria tube, the contact area is so large that a decrease in heat
transfer coefficient would only have a small effect on peak fuel bundle
temperatures. On the other hand, for accident scenarios where the pressure
tube sags into calandria-tube contact, the heat transfer to the moderator is
already limited because the contact area is small. A decrease in contact
conductance further reduces the amount of heat discarded to the moderator.

4.1 Larg«-Br«ak LOCA

During a large-break LOCA some pressure tubes heat up. The heat-up is
further continued if the emergency core cooling is unavailable (LOCA/LOECC) .
This particular accident scenario has been analyzed at AECL CANDU. The
channel power for this analysis was assumed to be 8.1 MW. The PT/CT contact
was assumed to occur due to pressure-tube sag. The results show that the
maximum fuel-cladding and pressure-tube temperatures were predicted to occur
for a constant steam flow rate of 5 g/s.

An analysis of the 5 g/s flow case, with the same conditions as in the
above analysis except for a reduced heat transfer coefficient between the
pressure tube and the calandria tube, was performed to study the effect that
lower PT/CT contact conductances may have on the fuel and fuel channel during
an accident. In the initial large-break LOCA/LOECC analysis, a heat transfer
coefficient of 6.5 kW/(m2*C) was used; in the present analysis the coefficient
was reduced by a factor of 4. The results were practically unchanged. The
maximum pressure-tube temperature increased from 1145 to 1164«C and peak
predicted fuel temperatures were within 1% of each other.



4*2 Singla-Chann«! l£v«nt« ADVANCED FUEL CHANNEL CONCEPTS
Some severe single-channel events can cause the channel flow to reduce

significantly while the reactor is still running at full power. One such
accident is a complete flow blockage in a single fuel channel. The roost
likely failure sequence for such a scenario would be failure of the pressure
tube because of circumferential temperature gradients, which lead to large
local strains followed by failure of the calandria tube within a fraction of a
second due to pressure and temperature of the escaping coolant.

For this scenario, a decrease in PT/CT contact conductance should have no
effect on the consequence of a severe channel flow blockage.

5. SUMMARY

These two experiments clearly demonstrated the effectiveness of using a
wire screen in the fuel-channel annulus to reduce the PT/CT contact
conductance. The reduction was significant enough that the calandria tube was
not forced into film boiling upon pressure-tube ballooning into contact with
0«c subcooling (100'C water) outside the calandria tube. Hence, it may be
possible to raise the moderator temperature (during normal reactor operation)
by 10 to 20*C. The use of a zirconium metal wire screen would have a minimal
economic impact on the neutrons produced.

With a screen in the fuel channel annulus, the reduction in PT/CT thermal
contact conductance would decrease the moderator subcooling requirements.
Higher moderator temperatures would enhance the heat transfer from the
moderator to the surroundings during a postulated accident without
significantly impacting the heat transfer from the fuel channel to the
moderator. This would enhance the passive safety features of CANDU for severe
accident scenarios.

A patent f3J has been issued for using a wire screen to decrease the
contact conductance between the pressure and calandria tubes in a CANDU-PHW
reactor.
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Abstract
Each of the fuel channels in a CANDU reactor consists of a pressure

tube to contain the coolant and an external calandria tube to contain
the moderator. The insulating gap between the two tubes is maintained
by garter spring spacers. Under loss of coolant conditions, high
temperatures may be generated in the fuel and pressure tube.
Consequently, the pressure tube may deform into contact with the
calandria tube. Thus, the rate of heat transfer is now primarily
dependent on conduction through the contacting tube walls and the
boiling mode on the outer surface of the calandria tube.

The large volume of cool moderator provides a backup heat sink for
the reactor core, should both the normal and emergency cooling systems
fail. A study is underway to develop fuel channel concepts that will
facilitate heat transfer under accident conditions in such a manner as
to maximize the effectiveness of the moderator as a passive heat sink
and thereby minimize peak temperatures in the fuel and fuel channels.

The following categories of potential design improvements are being
evaluated:
- Increased heat flux from the fuel to the pressure tube.
Possibilities include the provision of high conductivity paths such
as metal matrix fuel assemblies.

- Introduction of a 'thermal switch" to increase conduction through
the gas annulus, using devices such as gas or liquid injection.

- Increase the annulus conduction by using higher conductivity gas or
solid, or increasing radiation emissivity.

- Decrease contact conductance under pressure tube/calandria tube
contact conditions to promote nucleate boiling in the moderator.
This includes introduction of a screen or surface roughening.

- Increase the critical heat flux for moderator boiling by modifying
the surface properties of the calandria tube/moderator interface.

1. INTRODUCTION

The use of multiple horizontal fuel channels is a distinguishing
design feature of CANDU reactors. As illustrated in Figure 1, each of
the approximately 400 fuel channels consists of a Zr-2.5Nb alloy pres-

CANada Deuterium Uranium, registered trademark of AECL.
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FIGURE 1: Schematic diagram of a CANDU fuel Channel

sure tube to contain the fuel bundle and the high pressure (- 10 MPa)
heavy water coolant, and an externally concentric Zircaloy-2 alloy
calandria tube to contain the low pressure heavy water moderator. Under
normal operating conditions, the pressure tube, in contact with the hot
coolant, operates at - 300*C, while the calandria tube, in contact with
the cool moderator, operates at - 70*C. The gap between the pressure
tube and the calandria tube is maintained by garter spring spacers, this
insulating annulus being filled with carbon dioxide gas.

The large volume (- 250,000 litres) of cool moderator, separated
from the hot coolant, provides a backup heat sink for the reactor core,
should both the normal and emergency cooling systems fail under
postulated accident conditions. This in situ heat sink (strategically
positioned less than 10 mm away from the hot pressure tube) provides the
potential for an inherently passive heat removal mechanism in the event
of loss-of-coolant accident (LOCA) scenarios. Under normal operating
conditions, the insulating nature of the gas annulus limits heat loss to
the moderator to about 1% (excluding the additional heat loss due to
gamma heating) of the fuel channel power. During a LOCA, combined with
loss of emergency core coolant (LOECC), heat rejection must be increased
to about 5% (representing the decay heat produced in the fuel following
reactor shut-down) in order to prevent excessive temperatures developing
in the fuel channel components . The sequence of events leading to this
increased heat transfer in current CANDU reactors is described below.
Experiments and analysis have shown that this heat rejection mechanism
is effective and efficient. However, the flexible design features of
the fuel channel make it amenable to further improvements. Progress on
improved fuel channel components, with major focus on normal operating
conditions, is described in a companion paper of this meeting (1). In
contrast, this paper directs its attention to modified design concepts
that offer improved performance under LOCA conditions, and facilitate
the more extensive use of the passive safety design features discussed
by Spinks (2). It is based on the current investigations of a task
force comprising scientists and engineers from AECL Research and AECL

CANDU. By virtue of the preliminary nature of these studies, this paper
is a report on work in progress.

2. FUEL CHANNEL BEHAVIOUR UNDER LOCA

During postulated LOCA/LOECC conditions, the decay heat generated in
the fuel is transferred to the moderator by conduction and radiation.
Under these conditions, high temperatures may be generated in the fuel
and pressure tube. At these elevated temperatures, the pressure tube
may deform into contact with the calandria tube. If the internal
pressure were high (> 4 MPa), the pressure tube would deform radially to
make circumferential contact. At low pressure (< 1 MPa), strip contact
along the bottom of the pressure tube would occur by sag deflection.
Under intermediate pressure conditions, both deformation modes would
occur. The rate of heat transfer under these conditions is now
primarily dependent on conduction through the contacting tube walls and
the boiling mode that is established on the outer surface of the
calandria tube.

Because of the stored heat in the pressure tube, the initial contact
between the hot pressure tube and the cold calandria tube would result
in a high transient peak, or "spike", in the heat flux to the moderator.
Depending on the magnitude of the spike, either film boiling or nucleate
boiling could be established on the outer surface of the calandria tube.

The poor heat transfer present under film boiling conditions
(compared to nucleate boiling) can result in high temperatures being
realized in the calandria tube (3). Significant deformation of the
calandria tube would then be possible and rupture failure could be a
consequence. An experimental investigation [3] has determined the
conditions under which film boiling, or nucleate boiling, will occur.
This showed that under all practical conditions of pressure tube contact
temperatures and contact conductance, film boiling can be prevented by
adequate subcooling of the moderator. Consequently, in current CANDU
designs, the moderator cooling system is designed to maintain subcooling
of - 30«C, to prevent fuel channel failures under LOCA/LOECC.

3. INCENTIVES FOR IMPROVEMENT

A future objective for CANDU reactors is to increase the passive
nature of safety systems, such as heat rejection during LOCA [21. It
has been proposed [4] that a passive system to remove the heat from the
moderator could be based on a circulation loop that transfers the heat
to a large standby storage tank of water by natural convection (as
opposed to the heat exchanger pumps used in current reactors). However,
as mentioned above, there is a requirement in existing CANDU reactors to
maintain 30*C subcooling in the moderator, to prevent excessively high
fuel channel temperatures during LOCA. Moderator heat rejection,
particularly using natural (unpumped) convection, is made difficult by
the small temperature difference between heat source and heat sink.
Therefore, a beneficial option is to improve the fuel channel design to
reduce the subcooling requirement, thus increasing the moderator
temperature, and hence increasing the thermal driving force for passive
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heat rejection. Indeed, it has been suggested [5J that the allowable
moderator temperature could be increased to about 120*C by slightly
pressurizing the calandria vessel.

A second strategy within the development of CANDU passive safety
design concepts is to depressurize the reactor cooling system following
LOCA incidents, using passive heat rejection through the steam
generators [2J. Depressurization in this manner reduces the mechanical
stress in the pressure tube, thereby contributing to the assured
integrity of the fuel channel. The development of an improved fuel
channel that was capable of withstanding abnormal temperatures at full
system pressure during LOCA would eliminate the need to depressurize and
would therefore eliminate the reliance on the steam generator as a heat
sink. A more challenging objective would be to design a fuel channel
that could tolerate off-normal conditions to the extent that the reactor
could be restarted after a LOCA, without any need for fuel channel
replacement or refurbishment.

4. IMPROVED FUEL CHANNEL CONCEPTS

Under LOCA conditions, there are two sources of heat to be
dissipated. The primary source is from the fuel itself, and consists of
the decay power and the stored heat. If the fuel sheath reaches very
high temperatures, there is a potential for a secondary heat source
arising from the exothermic zirconium-steam reaction. Fuel design and
refuelling management can reduce the strength of all of these heat
sources.

Figure 2 summarizes the cooling mechanisms (conduction, convection,
radiation and boiling) that allow the fuel channel source heat to be
rejected to the moderator sink. Any design modifications to improve
this overall sequence must optimize these heat transfer routes, while
minimizing the temperature excursions and maximizing the passive nature
of the process. In some instances, conflicting requirements will exist.
For example, if proposed improvements result in the heat flux to the
calandria tube exceeding a certain margin (the critical heat flux for a
given degree of subcooling), film boiling will be established, as shown
in Figure 3. The calandria tube temperature will immediately be shifted
from < 120«C to > 400*C.

The following headings will categorize the various measures that can
be pursued in designing an improved fuel channel. Examples will be
given to indicate how these various strategies could be realized. It is
important to note that these are conceptual ideas, rather than
engineered solutions. Their effectiveness and practicability are
currently being assessed.

4.1 Incraa«« H«at Tzwuf «r from th« Pu»l to th« Pr«*«ur« Tuba

During normal operation, the fuel element has a large radial
temperature gradient, the centre of the fuel pellet operating at up to
1800'C, with a corresponding average temperature of - 1000«C. When
cooling is lost, the stored heat within the fuel element redistributes,
the temperature gradient flattens, and the fuel sheath heats up. The
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FIGURE 2: This schematic summarizes the cooling mechanisms available to
reject heat to the moderator during LOCA/LOECC.
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FIGURE 3: Schematic shoving the various boiling modes produced under
varying conditions of surface heat flux and surface
temperature.



subsequent températures are influenced by the balance between the decay
heat generated and heat losses to the surroundings In order to
minimize the fuel temperature under these conditions, mitigate fuel
damage, and discourage the zirconium-steam reaction, it is beneficial to
promote the transfer of heat from the fuel to the (relatively cool)
pressure tube

Radiation is a primary heat transfer route under these
circumstances Fortunately, although effective radiation loss depends
on high fuel sheath temperatures (and low pressure tube temperatures),
the heat flux increases strongly with the temperature difference
(proportional to the fourth power) between source and sink The heat
flux is also proportional to the thermal emissivities of the source and
sink Because of the black autoclave oxide on the pressure tube, its
emissivity is high Likewise, there is potential to maintain a high
emissivity on the fuel sheath during LOCA by using a similar surface
treatment Preliminary calculations indicate significant benefits at
high sheath temperatures of increasing the emissivity to - 0 9, and
experimental work has been done to measure the change in fuel sheath
emissivity under loss of coolant conditions

It has been suggested that high conductivity paths could be
engineered into the fuel bundle Some scoping calculations have been
made to asses the benefit of hypothetical "thermal connectors" between
adjacent fuel elements and the pressure tube If these had
conductivities equivalent to graphite, the maximum sheath temperatures
could be reduced by about 250 *C The temperature reduction would be
further enhanced if there were an improvement in transferring the heat
from the pressure tube to the calandria tube/moderator (employing design
modifications discussed in subsequent sections) The thermal connector
function could be provided by adding extra spacers and bearing pads
However, zirconium is a relatively poor conductor and therefore the
number of spacers/pads would have to be large, hence imposing a
significant neutron absorption penalty

A more radical extension of the thermal connector idea would be to
consider various design versions of a tube-in-shell fuel assembly A
study of passive safety concepts at MIT [6] has investigated the
configuration shown in Figure 4 Multiple small diameter subchannels
for fuel and coolant are embedded in a high conductivity matrix Under
accident conditions, the matrix acts as a heat storage medium, as well
as providing high conductivity paths to the pressure tube Various
materials were considered for the matrix, such as graphite, silicon
carbide, beryllium oxide and alumina A complementary Korean study [7!
has also suggested the matrix be Zircaloy, or alternatively, that the
matrix be the fuel itself, where all of the subchannels carry the
coolant With such strong departures from the current CANDU fuel
bundle, it is clear that the tube-in-shell concept requires a detailed
assessment of potential benefit, under both normal operating and
accident conditions, before making a commitment to engineering
development

4 2 A Ca» AnnulUB Th«rmal Switch

The action of pressure tube expansion/sag, as described in
Section 2, facilitates heat transfer to the moderator by closing the

FIGURE 4:
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A tube-in-shell fuel matrix design proposed by the HIT
research group [6],

annulus gap and substituting the insulating gas for a conducting metal
In this manner, we may refer to this deformation mode as a "thermal
switch" which is insulating when open and conducting when closed The
switch is triggered by an increase in temperature and activated by the
change in mechanical properties of Zr-2 5Nb at elevated temperatures

If an alternative thermal switch were provided, the role of pressure
tube deformation would be unrequired and could, indeed, be prevented
In principle, an ideal thermal switch would be to fill the gas annulus
with a substance that undergoes a phase transformation (eg, in
response to a temperature increase) such that its heat transfer
capability increases when its temperature exceeds - 3SO«C
Unfortunately, the conductivity of most solids decreases with increasing
temperature Phase transformations modify this trend in a minor
fashion There does not appear to be a solid that can be easily
transformed from an insulator (e g , an oxide ceramic) into a conductor
(e g , a metal) It may, however, be possible to use a low melting
point solid insulator (e g , a salt) Although the conductivity of a
liquid is lower than a solid, convection heat transfer becomes
available

It has been suggested [6] that the CO3 annulus gas be replaced by
t>2Ot. which can dissociate into NO2 and NO, with an accompanying
increase in conductivity However, in the temperature range of
interest, the increase in conductivity is modest, less than a factor of
two In addition, the gas is corrosive in a moist environment

Various schemes have been suggested to inject a liquid (water being
the most obvious candidate) into the gas annulus at the onset of a LOCA
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Through boiling at the pressure tube surface and condensation at the
calandria tube surface (this reflux action, similar to that of a heat-
pipe, would be facilitated by the horizontal disposition of the fuel
channels), significant heat could be transported to the moderator.
Although a gravity or pressurized gas feed would eliminate the need for
pumped delivery, it is difficult to envisage a detection and activation
system that would be passive in nature, particularly taking into account
the large number of fuel channels. Additional difficulties will be in
providing a sufficient flow of water, at a sufficiently rapid rate,
through the end fitting assembly. Complexity will be exacerbated by the
fact that a supply must be maintained over the full length of the
channel (- 6m), in the presence of significant boiling.

An intriguing idea has emerged from the MIT study [6), it is called
the "pebble bed'. It is proposed that the gas annulus be filled with a
granular material, e.g., packed graphite spherules with a diameter of
0.2 mm. Under normal operating conditions, the annulus is kept under
vacuum (a pressure of about 10 Pa is sufficient). When a LOCA occurs,
the vacuum is broken by some (passive) activating device and air is
admitted. Heat transfer through the pebble bed is controlled mainly by
conduction and convection in the zone of contact between neighboring
pebble particles. The introduction of air increases this localized heat
exchange process, hence increasing the effective conductivity of the
pebble bed. At atmospheric pressure, the conductivity increases by a
factor of about five, compared to that under vacuum. Although it is
difficult to conceive of an engineered system that can maintain a
sufficient vacuum in the large number of fuel channels, the principle
behind the idea holds merit.

Other thermal switch concepts have been proposed based on the use of
temperature activated mechanical devices, for example using the
differential thermal expansion properties of a bi-raetallic strip. These
would be in the form of multiple strips attached to and lying flat
against the pressure tube surface. When the temperature exceeded
- 350*C, the strips would bend and bridge the gap between the pressure
tube and the calandria tube, hence providing a high conductivity path.
However, the practical difficulties are significant.
4.3 Incrca»« Annulu* conductance

An obvious strategy to increase the heat rejection capability of the
fuel channel during LOCA, is to increase the rate of heat transfer
through the pressure tube/calandria tube annulus, obviating the need for
pressure tube deformation to close the gap. This can be achieved by
increasing the gap conductance. Rather than rely on the "thermal
switch" concept described in Section 4.2, the conductance would be
designed to be higher from the outset. The economic penalty for this
will be the increased loss of heat to the moderator during normal
operation.

In current CANDU reactors, the width of the gas annulus is - 8.5 mm
and the conductivity of the C02 gas is - 0.04 W/m*C. Simple
calculations show that the heat loss through the gap is approximately
0.2% of the channel power under normal operating conditions, rising to
- 0.7% and - 2.3% when the pressure tube temperature (under LOCA
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A fuel channel design where the gas annulus is replaced by a
ceramic layer (e.g., packed zirconia spheres).

conditions) reaches 500 *C and 800*C, respectively. If we wish to reject
the decay heat (- 5% of normal power) and maintain the pressure tube
temperature in the range 500 to 800*C, the gap conductivity must be
increased to the range 1 to 5 W/m*C. This could be achieved by
replacing the CO2 with a material such as zirconia, which has a
conductivity of - 2 W/m'C. On the basis of this information, and taking
into account other design considerations, an annulus gap of - 2 mm
packed with zirconia spheres of - 0.5 mm diameter would be appropriate,
as illustrated in Figure 5.

The ceramic layer in this design would serve the function of the
garter springs. In addition, under LOCA conditions, any tendency for
the pressure tube to deform into contact with the calandria tube, will
be resisted by the ceramic layer transferring some of the deformation
stress to the cool calandria tube. Furthermore, this imposed mechanical
resistance to pressure tube deformation would relax the requirement for
system depressurization following a LOCA, and hence reduce the
dependence on the steam generator as a heat rejection sink, as described
in Section 3. The avoidance of pressure tube/calandria tube contact
also removes the problem associated with the pressure tube/calandria
tube contact heat flux "spike", referred to in Section 2.

A similar idea to increase gap conductivity is to replace the C02
gas with helium. However, although the conductivity of helium
(0.15 W/m'C) is higher than CO2, it is still modest compared with solid
insulators. In addition, the presence of a gas (as opposed to a solid)
does not deter any tendency for the pressure tube to deform during LOCA.
However, it has been proposed that the gas annulus (whether CO2 or He)
could be pressurized (e.g., to about 6 MPa) to prevent radial expansion
of the pressure tube.



•^ If a gas annulus is retained, increased heat transfer can be
O) achieved by enhancing heat loss by radiation. In current CANDU reactors

there is a black oxide on the outer surface of the pressure tube,
produced by the autoclave treatment during tube manufacture. In
contrast, the calandria tube is not autoclaved in current practice. The
shiny metallic surface has an emissivity of about 0.2. This could be
increased to 0.7 - 0.9 by producing a black oxide during manufacture.
This modification is currently in the engineering development phase [1] .

4.4 D«cr«a«« Contact Conductance

Many of the ideas and design concepts presented above are aimed at
preventing the sag and radial deformation of the pressure tube under
LOCA/LOECC conditions. An alternative approach is to recognize the
potential advantages of this behaviour, in the context of the "thermal
switch" described in Section 4.2. As explained in Sections 2 and 3, a
problem with the pressure tube/calandria tube contact mechanism is the
potential for film boiling (as opposed to nucleate boiling) to develop
at the calandria tube/moderator interface. Film boiling leads to the
development of high temperature in the calandria tube. The provision of
sufficient moderator subcooling in current CANDU reactors prevents this
from happening. However, the design of a passive heat rejection system
for the moderator would be greatly simplified if the need for subcooling
were eliminated.

The prime initiator of film boiling is the stored heat "spike"
associated with those conditions that create extremely high pressure
tube temperatures. In these circumstances, the critical surface heat
flux, depicted in Figure 3, is exceeded. If, on contact, the initial
heat flux were reduced sufficiently, nucleate boiling would be
established and retained throughout the period of dissipation of the
stored heat. A method of reducing the surface heat flux is to decrease
the heat transfer coefficient established across the contact interface
between the pressure tube and calandria tube: this is called the
•contact conductance".

An effective method of decreasing the contact conductance is to
incorporate a wire screen within the gas annulus, between the pressure
tube and the calandria tube. The wire screen essentially degrades the
thermal contact between the two surfaces. Experiments illustrating the
success of this device are presented at this .conference (8). These show
that the presence of the screen establishes nucleate boiling even in the
total absence of moderator subcooling.

An alternative way of achieving the same effect as the wire screen
is to roughen the inside surface of the calandria tube. A selective
chemical etching process has been developed to do this. This is being
applied to a full-length calandria tube so that characterization and
qualification tests can be conducted [1).

A third way of decreasing contact conductance is to create a
relatively thick oxide layer to act as a thermal barrier. This would
more typically be applied to the inner surface of the calandria tube,
being compatible with the requirement (see Section 4.3) to produce a
black, high emissivity surface. Both requirements could be effected by

an extended autoclave treatment. The required thickness of the oxide
layer would have to be determined by suitable heat transfer experiments.

It should be pointed out that there is some lower limit to be
imposed on the reduced contact conductance. It must not reduce the
overall rate of heat rejection to the point where the temperatures of
the pressure tube and the fuel are increased significantly. The basic
objective of effective heat rejection to protect the fuel and fuel
channel must not be compromised. In this regard, theoretical
calculations conducted for the wire screen concept [8] have shown that
this is not a problem. A reduction in the contact conductance by a
factor of four caused the pressure tube temperature to be increased by
less than 2%.

4.5 menu* th« Calandria Tub« Surfac» Critical H»at Flux
The potential problem of entering the film boiling mode on the

external surface of the calandria tube has been addressed in
Section 4.4. This issue of exceeding the critical heat flux is not
confined to pressure tube/calandria tube contact, but to any of the
schemes aimed at enhancing heat rejection to the moderator. Therefore
modifications that may increase the critical heat flux (excluding the
provision of subcooling) at the calandria tube/moderator interface are
of generic benefit.

Two approaches have been suggested. The first involves introducing
forced convection flow, or turbulence in the .moderator. This could be
done by mechanical agitation, injection of aerated bubble streams at the
bottom of the calandria vessel, etc. The second involves the
modification of the outside surface of the calandria tube. This could
be structural in nature, by incorporating finned projections of various
geometries. The outer tip of the fins would be cooler, promoting
nucleate boiling and hence encouraging rewetting of any steam film that
develops at hotter regions. At the other scale, roughening the surface
(e.g., created by surface grinding or sand blasting) may promote
nucleate boiling and deter film boiling.

5. SUMMARY

This paper has outlined a variety of approaches to improving the
rejection of decay heat to the moderator during loss-of-coolant
accidents in CANDU fuel channels. The conceptual framework is
positioned in the context of future evolutionary improvements in CANDU
reactors, with an emphasis on the more extensive use of design features
that maximize the passive nature of reactor safety systems. Particular
attention has been given to the role of the cool moderator as an
emergency heat sink. Reflecting the sequence of events in a postulated
loss-of-ccolant accident with improved emergency cooling, the following
categories of design modifications have been examined:

- increasing the heat transfer from the fuel to the pressure tube
- improving the heat transfer paths across the annulus between the
pressure tube and the calandria tube



- decreasing the interfacial conductance when a deformed pressure tube
contacts its calandria tube

- increasing the critical heat flux of the calandria tube surface in
contact with the moderator

Whereas some of the proposed improvements are in an advanced state of
development (examples are improved heat transfer through the gas
annulus, reduction in contact conductance), others are at the conceptual
stage. In this regard, the scope of this paper is in keeping with the
primary objectives of this conference.
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Abstract

A new concept for an advanced passive pressure tube reactor is briefly described. The
proposed concept is of similar design to CANDU reactors, but differs in three key aspects. First,
a solid fuel matrix is used in place of pin-rod bundles to enhance the dissipation of decay heat
from the fuel in the absence of primary coolant. Second, the heavy water coolant in the pressure
tubes is replaced by light water, which serves also as a moderator. Finally, the heavy water
moderator is replaced by low pressure gas and the normally voided calandria is connected to a
light water heat sink. The purpose of the gas is to keep the light water out of the calandria during
normal operation, while during loss of coolant or loss of heat sink accidents it allows passive
calandria flooding. The proposed pressure tube reactor can survive a LOCA without scram and
without replenishing primary coolant inventory, while the safe temperature limits on the fuel and
pressure tube are not exceeded. The heterogeneous arrangement of the fuel and moderator
ensures a negative void coefficient under all circumstances. Although light water is used as both
coolant and moderator, the reactor exhibits high neutron thermalization and large prompt neutron
lifetime, similar to DaO moderated cores. Moreover, the neutron migration length is substantially
increased, which results in a strongly coupled core with inherently flat power density profile
(peak/average power <, 1.15), and absolute stability against spatial xenon oscillations.

1. INTRODUCTION

Historically, the dominant design philosophy for nuclear reactors has been to improve
economics by increasing unit power output. To ensure safety, the principle of defense in depth,
employing active devices was adopted. The current trend in reactor development has shifted
towards stronger emphasis'on safety aspects: in particular, passive or semi-passive safety
systems, which rely on natural processes and do not need complex active safety systems for their
reliable operation, are being introduced. Such an approach leads to substantial simplification of
the system, while enhancing safety. On the other hand, the use of passive systems for decay heat
removal generally necessitates lower achievable heat transfer rates, which results in lower unit
power outputs, and hence, in higher cost per installed kW. This disadvantage may, however, be
offset by considerable simplification of the plant and elimination of a number of redundant and
complicated safety components, yielding a cost per installed kW of these new generation plants
roughly comparable to first generation plants with high power outputs. A plant which could
preserve these simplification benefits with enhanced safety while running at a high power output
of about 1000 MWe would decrease the cost per kWh even further, making nuclear power more
economically advantageous over fossil fuels. Also many utilities in Europe and Japan prefer
future plants to retain the current size range of about 1000 MWe.

* Formerly at Czech Technical University, School of Mechanical Engineering, Department
of Nuclear and Energy Systems, Technicka 4, 16607 Prague 6, Czech Republic.



7* Several advanced reactor designs, which incorporate passive safety features at various
go" levels, are under development. Major representative designs include, the Advanced Pressurized

Water Reactor (AP600), Simplified Boiling Water Reactor (SBWR), Process Inherent Ultimately
Safe Reactor (PIUS), CANDU 3, Power Reactor Inherent Safe Module (PRISM), and the
Modular High Temperature Gas Cooled Reactor (MHTGR). Among these, the MHTGR is
unique by having the very attractive safety feature of being capable to survive the absence of
coolant without fuel damage. It has, however, a very low power output (140 MWe), and more
importantly, the absence of containment will require very high quality particle fuel. The objective
of the conceptual design described in this paper is to achieve a similar capability to survive the
absence of primary coolant, while retaining current defense in depth philosophy with multiple
barriers to fission product release including the final barrier-containment. Another important goal
is to prevent fast reactivity excursions and to achieve inherent reactor shut down in accidents
leading to a temperature increase.

Finally, we postulate that commercially successful advanced reactors will minimize
technological and economic risk by using a coolant already successfully demonstrated in many
years of reactor operation, which simultaneously has low unit cost - light water.

The pressure tube light water cooled and moderated reactor concept is proposed to achieve
the objectives stated above. The concept is of similar design to CANDU reactors, but has major
differences in fuel design, coolant and moderator, calandria content, and the decay heat removal
path to the ultimate heat sink. The proposed pressure tube LWR can survive LOCA without
scram and without replenishing primary coolant inventory by virtue of calandria flooding, while
the safe temperature limits on the fuel and pressure tube are not exceeded. It also exhibits certain
unique physics features such as almost flat power density profile and very strong core coupling.

2. RATIONALE LEADING TO A LARGE PASSIVE PRESSURE TUBE LWR

The achievable power rating of nuclear reactors is limited by coolant capability to remove
generated power at the location of highest power density without exceeding safe temperature
limits on the cladding and the fuel. The traditional approach is to establish a nominal power such
that these safe limits are not exceeded, both during steady state operation and plant transients. To
stay within the safe limits in loss of coolant accident scenarios, the practice is to replenish
inventory rapidly with emergency coolant (either by active or by passive means). The approach
presented here is based on the postulate that the fuel elements should safely survive the total loss
of coolant, hence eliminating the necessity of primary coolant replenishment. As a result, an
additional constraint on the achievable reactor power output arises. This constraint stems from the
requirement that voided fuel elements must be capable of dissipating the decay heat by natural
phenomena such as conduction, radiation, and convection in steam/air mixtures, without

- exceeding safe temperature limits. The rated core power which would satisfy this requirement can
be estimated from the simplified conduction equation in cylindrical geometry

0 œ (Tmax - T,bik) k«ff Ltol ï
(D

In compliance with the objective of high power rating, it is desirable to maximize the right hand
side (RHS) of eq. (1). Tmaj[ is the maximum limiting temperature of the fuel or, more
frequently, of the cladding. Considerable enhancement in this temperature can be achieved by
using high temperature fuel in the form of particles with ceramic coating. The temperature of the
ultimate heat sink, Tsinic, is related to the temperature of the ambient, and is effectively a fixed
value. The effective conductivity due to conduction, radiation and convection, keff, which is
marginal for voided LWR fuel bundles, can be considerably increased by introducing a solid
matrix with dispersed fuel and coolant channels. The effective total heat transfer length can be
expressed as Ltot = N Lcore where N is the number of modules containing voided fuel elements
which are in direct communication with the heat sink (not necessarily the ultimate heat sink). For

example, if the heat sink is located outside a typical LWR vessel, N=l since the whole core is one
module from which the heat must be dissipated from the core center across the entire voided core.
When N voided fuel modules are distributed in a low pressure heat sink, each module
communicates independently with the heat sink and the total heat transfer length in eq. (1) is the
sum of all the lengths of these modules. A practical application of this principle is a pressure tube
reactor where N is the number of pressure tubes immersed in the calandria. The geometry factor,
Fg, is equal to one for solid cylinders, but it can be be decreased by using annular geometry. This
can be achieved by arranging the fuel matrix such that a coolant hole is located in the center. RD,
which represents the ratio of decay heat to rated operating power, can be decreased by
maximizing the heat storage capability of the fuel. Introducing a fuel matrix effectively delays die
time at which the heat removal rate must equal the heat generation rate by storing a substantial
amount of decay energy in the matrix. Finally, reducing the total peaking factor, Pp&k, results in
lower peak parameters at the locations where the limits are reached first, hence allowing for a
further increase in power rating. A considerable decrease in peaking factor can be achieved by
adopting the use of particle fuel in a voided calandria. More information on the philosophy
leading to the passive pressure tube reactor is given in Hejzlar et. al. C'J. Taking into
consideration all these fundamental principles and applying them to the overall design resulted in
the passive pressure tube LWR, which will be described next

3. CONCEPT DESCRIPTION

A schematic of the passive pressure tube LWR, also called the dry calandria design1, is
shown in Figure 1. To build on proven technology to the largest extent possible, the proposed
design is based on CANDU reactors. It consist of fuel channels, calandria vessel, shield tank and
the entire primary system very similar to those of CANDU units. There are, however, several
major features which differ from current CANDU designs. These include

•dry calandria, with no moderator, surrounded by a solid reflector and connected by a gas lock
to a large water pool

•passively air-cooled large containment,
•passive means to flood the calandria, and
•fuel matrix in the pressure tube.

Under normal operation, the dry calandria space is filled with a gas under pressure slightly above
atmospheric. The calandria bottom is equipped with passages with extended vertical walls
submerged in a large water pool in the containment ( designated the containment water pool), the
temperature of which is maintained at about 40 °C by heat exchanger HX1. During normal
operation, the containment water level is kept below the calandria bottom in the space within the
extended vertical walls by maintaining the gas pressure in balance with the containment water
column. The pressure level is maintained by a DC powered blower.

Calandria flooding has four important purposes:
•it ensures the removal of decay heat from the calandria tubes by boiling, evaporation and
subsequent condensation on containment walls during an accident,

•it provides a large amount of water, which stores a considerable amount of decay energy,
thus substantially reducing the heat rate transported early in the accident through Sie
containment walls,
•it shuts down the reactor (if still operating) and renders it deeply subcritical by excessive
neutron absorption (even in the boiling mode)2, and

1 Another design under assessment, the wet calandria design, employs a naturally circulating light water annulus
around the calandria tube, which serves both as a moderator and as a heat sink Pi.
2 Note thai the flooding water is non-borated, and still provides a negative reactivity of about 250 ß, once all
pressure tubes are fully covered.
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•it considerably reduces the decay heat load on the fuel matrix (by about 40%) by absorbing a
large portion of gamma heating which would have been otherwise deposited in the fuel
matrix.

Figure 2 shows the decay heat removal path following the calandria flooding. Once the
temperature of the flooding water in the calandria gets close to saturation, steam which begins to
escape from the calandria will condense on containment walls, and the condensate returns to the
water pool, closing the heat transport circuit. The containment steel shell is cooled by an annular
air chimney created by the space between the steel shell and the protective prestressed concrete
shell. The containment decay heat removal system must handle both the full blowdown of the
primary system and the decay heat generated in the core.

To minimize neutron losses, the calandria space is surrounded by a graphite reflector with an
inner liner. The reflector is internally heated by neutrons and gamma rays during operation and
must be continually cooled. The temperature of the graphite reflector is maintained sufficiently
high (above 300 °C) to eliminate stored energy buildup in the graphite. The axial reflector is
cooled by the coolant in the pressure tubes penetrating the reflector. Cooling of the radial reflector
is accomplished by non-fueled pressure tubes. Note that the high reflector temperature enables
one to recover practically all the heat generated in the reflector, and hence improve plant
efficiency. Finally, the calandria is submerged in a shield tank which attenuates neutrons
escaping from the graphite reflector.

Several means to initiate flooding of the calandria arc possible. A passive fluid-operated fail-
safe valve could accomplish this purpose. The valve works on primary system pressure. It's dead
bands are set such that they envelope pressure disturbances and transients which do not require
reactor shut down. When the predefined envelope is exceeded, the valve opens the calandria
closure seal and the water from the containment water pool floods the calandria. Note that the
valve must open both in case of "low pressure" accidents, e.g. loss of coolant accident, or in case
of "a high pressure" accident, e.g. loss of heat sink. The valve is designed such that failures of
various valve parts lead to valve opening. Hence the valve was designated as fail-safe in the sense
that any failure results in the desirable action, i.e. valve opening. Other means (or the
combination of various means) of calandria flooding can be also used. For example, the
electrically powered blower maintaining the gas pressure while operating could be designed to
lose power and hence depressurize the gas space upon predefined primary pressure disturbances.

Figure 3 shows one of several considered fuel matrix arrangements in a fuel channel both in
normal operation and in a LOCA situation, i.e., without a coolant. Several matrix materials have
been considered. The most promising appears to be nuclear grade graphite fully coated by silicon
carbide such that the graphite does not contact the coolant. Although graphite is compatible with
light water coolant at operating coolant temperatures of 300 °C P], the silicon carbide coating is
required to prevent excessive graphite oxidation at high temperatures in the absence of coolant.
Fuel compacts contain TRISO particles and are arranged in two concentric rings. Cooling is
accomplished by light water coolant flowing through 19 circular channels and one outer annular
channel. The matrix elements are 50 cm long and slide in the channel on bearing pads.

The pressure tube is surrounded by a protective tube, also termed the calandria tube. This
tube has the primary function of preventing excessive pressure tube stresses which would have
resulted had the cold water during flooding come into contact with a hot pressure tube still under
pressure. The space between the calandria tube and pressure tube is filled with high conductivity
gas (e.g.. He) to maximize the heat transport capabilities of the gap. As in current CANDU
reactors, the gas serves additionally for monitoring of leakage from the pressure tube.

The specific conceptual design of a passive pressure tube LWR discussed in this paper is
based on the study of a large heavy water reactor for U.S. siting W. It has 740 fuel channels and
a power rating of 1260 MWe. To enhance plant efficiency, primary pressure is increased from
typical CANDU pressures of 10 MPa to 15 MPa.

Normal Operation Accident Operation

Gas

• Pressure tube
© Coolant
• Fuel matrix (silicon carbide coated graphite)
® Fuel compacts with particle fuel

© Containment water pool in calandria
O Steam/air mixture
• Protective calandria tube

Figure 3 Fuel matrix in a fuel channel during normal and LOCA operation

4. PHYSICS CHARACTERISTICS

The dry calandria design employs light water as both the coolant and moderator3. Light
water is placed inside the pressure tubes which are arrayed in a void space surrounded by a
graphite reflector. Light water coolant and the fuel compacts inside the pressure tubes are located
in separate holes. Finally, the fuel kernels of TRISO fuel particles, surrounded by buffer, inner
pyrolytic carbide (PyC), silicon carbide, and outer PyC layers, and distributed in a graphite
binder, give rise to fuel microheterogcncity in a fuel compact. This triply-heterogeneous system
exhibits certain unique features, which will be described next

All physics characteristics (except when stated) were obtained using the Monte Carlo Neutron
Photon Transport (MCNP) code developed at Los Alamos tsl The MCNP code has undergone
many verifications and is known to perform very well in the configuration of heterogeneous
lattices Œ.

4.1. Long prompt neutron lifetime

Although light water is used in the dry calandria design, the prompt neutron lifetime is longer
by an order of magnitude than for a typical LWR, and slightly longer than for a typical CANDU
heavy water lattice (1.5 times). Most neutrons in the system are absorbed in the fuel. However,
due to the large voids in the calandria, the neutrons have to travel a large distance, and hence it
takes a long time, before they hit fuel nuclei. Similarly as for CANDU reactors, long prompt
neutron lifetime, in combination with low excess reactivity due to on-line refueling, significantly
reduces potential concerns with prompt excursions and reduces the requirements on the
performance of shutdown systems.

3 Most moderation necessary to Ihermalize neutrons from fission is accomplished by the light water coolant inside
the fuel channels; some moderation takes place in the graphite reflector and in the graphite fuel matrix.



4.2, Superflat power density profile

The large void fraction in the calandria significantly increases the migration area allowing for
homogeneous dispersion of thermal neutrons over a large area of the core. Moreover, at the core
periphery, where the population of thermal neutrons might otherwise tend to decrease, neutrons
which have undergone moderation in the reflector are supplied4 . This provides for the
exceedingly flat profile of the thermal neutron flux and, hence, flat power density profile in both
the axial and radial directions. This inherent feature decreases the peaking factor by a factor of
about 2 compared to existing thermal reactors. Figure 4 shows a comparison of relative axial
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power density distributions for a typical PWR and the dry calandria design. Similar flatness is
achieved in the radial direction. Such a flat power density profile throughout the entire core
considerably increases safety margins associated with the hot spot, and consequently allows one
to operate at higher power ratings.

4.3. Tight neutronic core coupling

The large void space, in combination with the relatively low density of heavy metal and the
heterogeneous arrangement of the H^O moderator results in very tight core coupling. The
neutrons have a very large migration area of about 10,000 cm2, compared to about 50 cm2 for
LWRs and 380 cm2 for CANDUs. As a result they can see practically the entire core, so that the
whole core behaves neutronically as one unit; no local criricality is possible. Such a tight core
coupling has two important consequences:
1 The proposed concept is in certain aspects similar to reflector moderated reactors with gaseous fuel in ihe core
conceived in the fifties by Cohen PJ and Bell M. In the dry calandria concept, however, thermal neutrons
emanating from light water moderator placed in the core counteract the decrease of thermal flux from the reflector
towards the core center typical of a gaseous core reactor Combination of these two trends results in a flat thermal
flux profile

•absolute stability against Xenon spatial oscillations, and
•the potential for reactor control from outside the core region.

Physically, xenon spatial oscillations are possible if the core gets so large that two or more
regions begin to function as independent nuclear units-i.e., hardly any fissions in one region are
caused by neutrons bom in the other region PI. It can be demonstrated that such a behavior is not
possible in the dry calandria design using Lellouche's criterion for the critical reactor size which
is absolutely stable independent of flux level against higher spatial mode xenon oscillations in the
presence of zero or negative temperature feedback t10J. Although the proposed passive pressure
tube LWR has very large physical dimensions (core length and radius are 6m and 9m,
respectively) both the radial and axial core dimensions divided by the migration length are
substantially below the Lellouche critical ratio.

All reactor control can be achieved from outside the core, i.e., from the reflector. Hence the
local flux perturbations from control rods inside the core are eliminated. Control rods move in
vertical channels located in the axial reflector in the space between fueled pressure tubes. Several
groups of control rods, all in the axial reflectors; are proposed:
•a fine control group for fine control (corresponding to CANPU liquid zone controllers),
•a power cutback group for power cutbacks (corresponding to CANDU mechanical control
absorbers),

•a power insertion group for reactivity reserve if refueling machines are not available, and for
transient Xe increase (corresponding to the CANDU adjuster rod absorber system), and

•a power compensation group for the hot-cold reactivity difference and Xe and Sm equilibrium
(corresponding to CANDU moderator poison).

Additionally, a scram system corresponding to CANDU shutoff units is available. Scram rods are
the only rods which are driven into the core (into the channels located in the voided space
between pressure tubes). Since these are out of the core during normal operation, they do not
cause any flux distortion. Redundant and diverse shut down can also be achieved by flooding the
calandria. This would be comparable to moderator dumping in CANDU systems, except for the
difference that the dumping of the CANDU moderator results also in the undesirable loss of heat
sink, while in the dry calandria design flooding provides both the heat sink and shut down.

4.4. Strong Doppler coefficient

As in all thermal reactors, the Doppler coefficient of the proposed concept is negative. At
nominal conditions, its magnitude is larger than for a typical BWR. The Doppler effect is more
strongly dependent on coolant voiding than for a BWR due to a higher coolant-to-fuel volume
ratio. In accidents which would lead to fuel temperature increase, and hence, to a decrease in
coolant density, the negative magnitude of the Doppler effect can be more than doubled. Taking
into account that the fuel operates at about 1200 °C, but can safely withstand temperatures up to
1600 °C, the large temperature margin on the fuel combined with the large Doppler coefficient
(which is even substantially increased upon coolant voiding) leads to reactor inherent shut down
in large-temperature-increase scenarios without ATWS by Doppler only (even if the negative
reactivity change due to coolant voiding is not considered).

4.5. Negative coolant void coefficient

Figure 5 shows the core multiplication factor as a function of coolant density. As illustrated,
the void coefficient is negative for both the fresh core and the equilibrium core. It is interesting to
note that even though the HjO moderator-to-fuel volume ratio is much higher in the dry calandria
design than in a typical PWR (4.16 compared to 1.67 in a PWR) the system still exhibits a
negative coolant void coefficient. The heterogeneity of the H2Û moderator plays an important
role in this aspect, since the neutrons collide with the HîO moderator less frequently than they
would have done in a typical PWR geometry, where the moderator is evenly distributed around
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the fuel rods. Taking into account the significant moderating effect of graphite in the reflector, the
total moderator to fuel ratio is even higher. The curve at the design point is also relatively flat,
hence cold water ingress docs not result in large positive reactivity excursions. The negative void
coefficient differs from existing CANDU reactors, which have a slightly positive void coefficient.
In LOCA scenarios, this void coefficient inherently shuts down the fission reaction as in other
typical LWRs. However, in the reflooding phase of a typical LWR, great care has to be taken that
the emergency coolant is borated, while in the proposed pressure tube reactor, non-borated
flooding water in the calandria space behaves like a neutron trap, and renders the reactor
subcritical.

4.6. VVell-thermalized spectrum

Rgure 6 shows the comparison of energy spectra for the dry calandria design, and CANDU
and PWR units as obtained using MCNP models of a representative cell. With respect to the
thermal to fast flux ratio, the pressure tube LWR is comparable to a CANDU heavy water lattice.
Good neutron thermalization is achieved primarily due to the large moderator to fuel volume ratio
and the large resonance escape probability. Figure 6 also shows that the magnitude of the neutron
flux is considerably higher than that of a CANDU or PWR. This higher flux is a result of the low
heavy metal loading characteristic of particle fuel. This fact has two negative consequences:

•a large xenon reactivity deficit following reactor shut down, and
•higher fluence.

Provisions for full compensation of the large negative reactivity due to transient Xe buildup
following reactor shut down would be deleterious to fuel cycle economics, hence only partial
compensation is proposed. If the reactor cannot be restarted before Xe poison reaches higher
values than compensation can provide, it is necessary to wait until Xe decays below the level
allowing restart Another alternative, following the NPD example, is to use booster rods with
enriched fuel, which could be inserted into the voided space in such cases.

A more important issue, in particular with regard to the pressure tubes, is higher fluence. The
detailed MCNP model showed that the average5 fast flux on the pressure tubes is about three
times higher than for current CANDU reactors. This is a considerable drawback, because the
axial and diametral growth of the pressure tube, which is linearly dependent on fluence will be
accelerated. Means to extend pressure tube lifetime under these high flux conditions would be
required.

4.7. Less efficient neutron economy

Thicker pressure tubes to accommodate higher operating pressure, slightly higher leakage,
and the low mass of fuel compared to the total mass of the core lead to higher parasitic losses than
in a typical LWR. This drawback is, however, compensated by on-line refueling and the high
burnup achievable with particle fuel. The MCNP code does not calculate bumup, hence burnup
was obtained by combining MCNP with the ORIGEN2 code H11,[12]. ORIGEN2 uses a one
group effective cross section library. Since such a library does not exist for the proposed concept,
ORIGEN2 was run with a LWR one group library and the effective cross sections were modified
such that the reaction rates obtained from ORIGEN2 matched the reaction rates obtained from the
MCNP exact model. Calculations suggest that for an initial enrichment of 7%, a discharge
burnup of about 80,000 MWd/tonne and good fuel utilization of 5,700 MWd/tonne nat.U
(comparable to that of a typical PWR with 4 batches) can be achieved. The bumup rate in the
proposed concept is faster than for current CANDUs; however, fuel residence time is longer than
for current CANDUs (the refueling rate is about one half compared to CANDU) due to the high
achievable discharge bumups.

5 Note thai contrary 10 the thermal flux flat profile, the fast flux profile exhibits a cosine shape, although flauer
than for a typical LWR startup core.
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4.8. Negative reactivity insertion during flooding

Flooding of the calandria voided space with non-borated light water brings large negative
reactivity. Neutrons escaping from the widely spaced fuel channels are absorbed in light water,
which acts as a neutron trap. Concerns that there might be certain hypothetical scenarios, which
would fill voided calandria space with steam or steam water mixtures leading to reactivity
excursions were investigated. A detailed MCNP model of the whole core, which models the
bottom part of the core flooded with boiling water and the upper part of the core filled with a
steam/water mixture was developed. Many flooding cases have been investigated. One
representative hypothetical flooding case is shown in Figure 7. It is assumed that the calandria is
inadvertently flooded during normal operation. It is further assumed that the flooding water is in
violent boiling such that the steam escaping from the pool surface entrains liquid drops, which are
homogeneously distributed in the form of a steam/water mixture throughout the upper voided
space. The water level is assumed to remain below the first row of tubes to minimize its negative
reactivity insertion (conservative assumption). The first reactivity decrease represents a decrease
due to absorption in the flooding water on the bottom of the calandria (the rest of the calandria
contains gas at this point). The second step down in reactivity is due to replacing the gas in the
upper space by saturated steam. Steam in the voided space leads to a higher absorption rate and a
shorter mean free path in this region, and consequently to thermal flux depression and lower
fission rates further from the core center. A further increase in steam/water mixture density leads
to a reactivity increase. This is because the effectiveness of the control rods, which are assumed
inserted in the axial reflector, is decreased as the steam/water mixture shades these rods from
thermal neutrons. For even higher steam/water densities, absorption in the steam/water mixture
prevails over the control rod shading effect, and the reactivity resumes its decreasing tendency
again. There are two important points to note. The maximum steam/water mixture density
physically realizable is limited by the entrainment limit This achievable mixture density, Pmjnax,
calculated from the entrainment limit t13] shown in the figure, is much less than the density
needed to hit the maximum point on the curve Moreover, even if higher values were possible,

the maximum reactivity is not larger than the prior-to-disturbance value. All other cases
investigated showed the maximum peak to be below the prior-to-disturbance value.

5. THERMAL HYDRAUUC CHARACTERISTICS

5.1. Normal operation

Putting additional material in the form of the solid matrix into the pressure tube inevitably
leads to a lower number of fuel pins (or fuel compacts in case of particle fuel) which can be
placed in the fuel channel, to a smaller heated perimeter (in contact with coolant), and to less
available flow area than for typical CANDU reactors, thus posing a challenge for adequate heat
transfer performance during normal operation. Less fuel pins per channel results in a higher
average linear heat rate in the fuel compacts. However, the peak linear heat rate, which sets
limiting values for the fuel temperature is slightly lower than for CANDUs due to the flatness of
the power density profile. Moreover, the thermal conductivity of fuel compacts is higher than that
for UC-2 pins. Consequently, the operating temperature of the fuel compact at the location of
maximum power density, i.e., at the channel outlet, is relatively low (about 1200 °C). The
decrease in heated perimeter is again compensated by the flat power density profile so that the
local peak heat flux is comparable to CANDU. A smaller flow area generally yields higher
velocities, and thus higher pressure drop, for fixed mass flow rate. However, coolant channels in
the matrix do not require spacers (except for the bearing pads in the annular channel between the
matrix and the pressure tube). Hence, even for higher mass velocities in the coolant channels, the
pressure drop is about 30% lower than in a CANDU reactor. A computer program has been
developed to analyze the coolant flow split and coolant and wall temperature profiles along the
channels. The heat flux from the matrix into individual channels was obtained from a 2-D finite
element code f14J. Figure 8 and Figure 9 show the development of coolant bulk temperature and
DNB power ratio along the channels, respectively. Intermediate channels reach saturation
temperature, Tsat, at the outlet (exit quality is only 0.5%); inner and outer channels remain
slightly subcooled. Critical heat flux (CHF) was calculated from the AECL look up table HS). All
channels exhibit a DNB power ratio safely above the required value of 1.3. However, it is to be
appreciated that the fuel matrix can easily operate in the post-CHF regime even at full power,
while the temperatures of both the fuel and matrix-coolant interface remain substantially below the
safe limits. Hence, the traditional DNBR limit of 1.3 is of less importance in the dry calandria
design, and concerns of burnout-related problems during pump coast down or pump seizure are
practically eliminated.

5.2. Performance in loss of coolant accident

The key advantage of the proposed fuel-matrix-m-a-pressure tube design is its capability to
passively dissipate the excessive power generated in the fuel even if all primary system coolant is
lost. Furthermore, one of the worst accidents which could hypothetically occur - LOCA without
scram - does not result in temperatures exceeding safe limits. These characteristics are primarily
due to:

•the arrangement of the fuel in small modules distributed in a heat sink, having a very short
conduction path between the fuel and the heat sink,

•the fuel matrix retains high effective conductivity in the absence of coolant6 and provides for
large energy storage,

•a flat power density profile throughout the entire core, which substantially decreases thermal
limits imposed by the hot spot,

•a large negative void coefficient, responsible for inherent reactor shut down following
LOCAs, and

6 The high thermal conducuvuy of the fuel matrix is also responsible for low operating temperatures, and hence,
low initial stored energy in the accident
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•a large flooding water-to-fuel matrix mass ratio, responsible for the deposition of a substantial
portion of the gamma decay heat directly in the heat sink, hence reducing the decay heat load
on the fuel matrix.

A simplified 1-D heat transfer model of a fuel channel coupled to a point kinetics model with
reactivity feedbacks was developed to analyze the LOCA scenario. Coolant density as a function
of time following a 100% inlet header break was taken from Fasanen f 161, reactivity feedbacks
were obtained from MCNP, and the level of flooding water as a function of time was obtained
from a separate model of the flooding process. Figures 10 and 11 show the temperatures at the
location of maximum power density in LOCA without scram. Figure 10 shows the radial
temperature profile at nominal conditions prior to accident initiation (0 sec) and the profile at the
time when maximum matrix temperatures are reached (240 sec). Figure 11 shows the time
development of temperatures at critical locations (radial positions of these locations are shown by
arrows in Figure 10). Flooding was initiated in the 5th second and the water level was assumed
to reach the top row of the tubes at the 40th second (flooding time was taken conservatively to be
5 seconds longer than that predicted by a separate model of the flooding process). At the time of
accident initiation, heat transfer coefficients in all coolant channels were set to zero (i.e. no heat is
carried away by die blowdown coolant) which is a very conservative assumption. The reactor is
rapidly shut down by a large negative coolant void coefficient; fuel temperature first drops due to
the decrease in power generation, while the matrix temperature rises as the heat is transferred
from the fuel to the matrix; then the entire matrix with the fuel gradually heats up due to decay
heat until heat removal exceeds heat generation. The maximum fuel temperature is below the
nominal operating value, and still has a large margin to the safe limit of 1600 °C. Maximum
matrix temperature reaches about 850 °C, which is about 450 °C below the limit of 1300 °C for
SiC in an air/steam environment Maximum pressure tube (PT) temperature is also low (about
440 °C). At the outer surface of the calandria tube, nucleate boiling is the heat transfer mode,
since the large subcooling of 60 °C results in the immediate quenching of the 400 °C hot calandria
tube I'T]. However, it is to be noted that had the entire calandria tube surface experienced film
boiling throughout the entire transient, the maximum fuel and matrix temperatures would only be
about 50 °C higher, and the pressure tube temperature would stay around 400 °C instead of the
rapid decrease observed in Figure 11. It can be seen from Figure 10 that the matrix temperatures
are controlled by the large resistance to heat transfer across the gap between the matrix and the
pressure tube. Since the primary heat transfer mode across the gap is radiation, changes on the
low temperature side have a small effect

6. SUMMARY

A new conceptual design of a passive pressure tube LWR has been described. Analysis of
the proposed concept confirms that pressure tube reactors possess a large potential to passively
dissipate decay heat in loss of coolant accidents without scaling down power rating. The unique
heterogeneous arrangement of light water moderator in a voided reflected space provides for an
extremely flat power density profile and a tightly coupled core which can be controlled from the
reflector and is stable to xenon spatial oscillations. The reactor has a negative coolant void
coefficient and strong negative Doppler coefficient, and exhibits a large prompt neutron lifetime
and good thermalization, comparable to heavy water lattices. The drawbacks are a higher fast
flux and higher parasitic losses than in typical LWRs. Also, extensive experimental research is
needed to confirm the compatibility of the silicon-carbide-coated graphite matrix under both
operating and accident reactor conditions.
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Abstract

All safety analysis codes use some representation of actual plant configuration as part of
their input requirements. As computing power increases, the capacity to incorporate
more realistic representations increases, eliminating some of the inherent uncertainties
associated with cruder models. Thus a need has emerged to create precise models of
actual plant layout, from which analytical approximations of any chosen degree of
accuracy may be created. A program of extracting data in a formalised way, from existing
plant information such as general arrangement drawings, piping isometrics, and plant
flowsheets, has been underway at Point Lepreau Generating Station for some years. The
data is stored in three databases: the first details pipe-length start and end points, the
second contains the geometrical details associated with each pipe-length, and the third
defines the items of equipment, and their points of attachment to the pipe-lengths in the
second database. Verification that the geometrical data is valid is achieved by massaging
the data stored in the geometrical database into a form that can be read by a three-
dimensional drawing program. When all of the various pipe-lengths are "combined" in
an isometric drawing after this massaging process, errors in connectivity become obvious.
The format of databases are described in this paper, along with some examples of their
use in building thermal-hydraulic models.

1. INTRODUCTION

All safety analysis codes use some representation of actual plant configuration as
part of their input requirements. In general, this representation is an approximation of
some sort. As computing power increases, the capacity to incorporate more realistic
representations increases, eliminating some of the inherent uncertainties associated with
the cruder models. Thus a need has emerged to create a precise model of plant layout,
from which analytical approximations of any chosen degree of accuracy may be created.

A variety of methods of storing pipework information (pipe-run lengths, internal
diameter, wall thickness, etc.) in a structured format have been adopted over the last few

years at Point Lepreau Nuclear Generating Station (PLGS). Such structured storage is
useful only if there is confidence that the data stored accurately reflects the pipework
being modelled. This note also describes a method by which the structured data is
manipulated to create a three-dimensional model of the pipework, and how this is used
in a commercial software package to generate isometric images of the pipework system.
A validation process that provides confirmation that the isometric image is accurate to
an adequate degree may then be applied.

This note describes the structure of this method, and gives an example of the use
of the method for a section of PLGS pipework. Some of the features of a menu-driven
program that can interrogate the data-base are shown, and the use of the dat-base in
generating a detailed thermal-hydraulic analytical model is described.

2. SELECTION OF DATA STORAGE FORMAT

Attempting to describe all of the data related to a pipeline on a single file has
been found to be impractical. In the PLGS system, three files are required, as follows:

the pipeline definition file

this file defines a pipeline in terms oft its plant nomenclature, its database
nomenclature, and the physical components that it starts from and goes to.

the geometry definition file

this file describes the geometry and orientation of the records that make up
a pipeline, or series of pipelines. Recorded lengths are "flow-lengths", that
is, the recorded length is the distance travelled by a fluid particle travelling
along the centre-line of the pipe.

The convention of recording directional information is shown in Figure 1,
where the angles aj0 and b,° are recorded as the "direction", and
"inclination" angles respectively. This would be the case for the straight on
its own, the straight and elbow as a record, or the elbow on its own. That
is, the direction/inclination of an elbow is taken to be its starting
direction/inclination. The direction/inclination of the end of the elbow may
be established from the direction/inclination of the next record.

the connection definition file

for those records that have connections along their length (e.g. valves,
flow/pressure transducers), this file identifies the record, describes the
connected device, and specifies its location along the length of the record.

These three files are DBase-IV
GEOMETRY.DBF, and CONNECT.DBF.
Tables 1, 2 and 3, respectively.

files, named respectively PIPES.DBF,
Examples of each file-type are given in
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Angular information is stored in degrees, lengths in inches, and the axis-system for
the geometry stored is a valid right-handed set This information is extracted from the
relevant plant engineering drawings. Pipes may be connected to other pipes, or to other
physical components, such as pumps, heat exchangers, etc. All pipe connections are
assumed to be made at the intersection point of the longitudinal axes of the connected
items, be they pipes or reservoirs.

Within this modelling system, accurate modelling capability is provided for all
pipework components which are symmetric about their longitudinal axis. This excludes
eccentric reducers. To provide accurate modelling for eccentric reducers, three additional
data fields, indicating the offset and orientation of the reducer about the longitudinal axis,
would be required. Based on modelling to date, about 1 in 1000 records are eccentric
reducers, and thus it has been concluded that the effort involved in maintaining the
additional data for a very small number of records is not productive in the context of this
exercise.

A menu-driven Dbase-IV program that permits easy access to these files for
editing or interrogation purposes is available. Additionally, this program allows the user
to perform simple operations on any record or group of records, such as: finding the total
flow-length involved, the total contained fluid volume, and the total pipework metal
volume and mass. Typical screens from the menu-driven DBase program are shown in
Figures 2 to 4.
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UALL THICKNESS:
IHSULAIIOn THICKNESS:
ELEUATIOH:
KET ELEVATION CHANGE:
STRAIGHT LENSTH:
ELBOM LENGTH:
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Figure 3 - A typical geometry record entry



TABLE I - An Example of the PIPES Database

LJNENUMBER

12D-1

4D3

8D1

_

3/4D21

4 D I

LINE

390

391

392

„

438

«39

SYSTEM

PRESSURE AND INVENTORY CONTROL

PRESSURE AND INVENTORY CONTROL

PRESSURE AND INVENTORY CONTROL

_ _ _ „ _ „

PRESSURE AND INVENTORY CONTROL

PRESSURE AND INVENTORY CONTROL

SIZE

12

4

8

„

1

4

SPEC!
FY

„

START

PRESSURIZER BOTTOM

TEE WITH 390

TEE WITH 390

_ __ __

TEE WITH 437

TEE WITH 403

PIPE.END

DEGASSER CONDENSER

DEOASSER CONDENSER

DEOASSER CONDENSER

„ _ _ _

TEE WITH 402

D2O STORAGE TANK

SCHEDULE

8 4

8 4

TABLE II - An Example of the GEOMETRY Database

LINE

390

390

390

390

390

439

439

439

REC
ORD

1

2

3

4

5

„

6

7

8

DIAMETER

11062

11062

11062

11062

7437

-..

4026

4026

4026

WALL
THICK"

0<44

0<44

0844

0844

OS94

„

0237

0237

0237

LENGTH

47S24

156.274

181274

18000

56.537

_

„

307768

18.425

112000

ELEVAT!
ON

12*4000

1246.750

1246.750

1246.750

1246750

„

1464000

1464000

1464000

NETCHA
NQE

-57.250

0.000

0000

0000

0000

..„

0000

0000

118.000

INCLINE
_AN

•9000

000

000

000

000

_..

000

000

9000

DIRECT
_ANO

9000

•9000

18000

9000

9000

„

_„

000

9000

9000

ELBOW
ANOLE

9000

9000

9000

000

9000

„ „

9000

9000

000

ELBOW
_RAD

U 00

18.00

1800

000

1200

„

600

600

000

CONNE
CT.NO

1

1

1

1

INSU
LATE

00

00

00

00

00

00

00

00

IDENTI
FY

0

0

0

1

0

0

0

0

DIACO
RRECT

0000

0000

0000

7437

0000

0000

0000

0000

TABLE III - An Example of the CONNECT Database

UNE

390

390

390

438

439

439

RECORD

1

4

5

_..

1

1

8

COMPONENT

3332-TK1

12X8 CONCENTRIC REDUCER

8D1

_

_„ „_ .. .. -

4D1

D2O STORAGE TRANSFER AND
RECOVERY

AT.LENOTH

0000

0000

9000

„

—

0000

0000

118.000

COMMENT

PRESSURIZER

START OP CONCENTRIC REDUCER

L401

_ ——

„ .. -„„

L403

rrs_A_LiNE
F

T

T

T

F
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3. CHECKING THE DATA

As noted earlier, the data must be validated to ensure that it is reliable. In order
to confirm that the pipeline representation in the database follows its actual route in
space, it is adequate to represent the pipeline as a series of intersecting straight lines.
Thus the elbows are omitted, and the intersection points of projected adjacent straights
are calculated. This approach is taken since it yields a set of data that can easily be read
by a 3-D plotting program. Explicit inclusion of the bends would present a much more
challenging plotting problem, without any extra return.

Figure 1 shows an arbitrary set of pipework, starting from an origin (x,y,E), and
consisting of two records. (The elevation is expressed as E, not z, reflecting the fact that
it is an absolute quantity.) The initial straight/elbow pair (overall flow-length F], with
direction and inclination angles a^/b]0, elbow radius BR, and elbow angle c,°), joins
another straight/elbow pair (flow-length F^ direction/inclination a2

0/b20, elbow radius BR2
and elbow angle Cz0).

The intent of the validation is to use the pipe starting point, along with F,, a,, b,,
c,, and BRI, to generate the co-ordinates of the point A. Then, to use this point, plus
the parameters for the second straight/elbow, to generate the coordinates of the point
B.

Thus:
2 X 77 X BR, X C, C,

L, = F, - _____________ + BR, X tan __
360 . 2

and with origin (x,y,E), the co-ordinates of A become:

x = LI.COS b,.cos a, + x,
y = L].cos bi.sin a, + y,
z = L,.sin b] + E

Similarly:
2 x 77 x BR2 x Q C, Qj

LZ = F2 - __________ + BR, x tan _ + BR2 x tan __
360 2 2

and the co-ordinates of B become:

x = LZ.COS bz-cos a2 + L,.cos b,.cos 3] + x,
y = LZ.COS bfrsin a2 + L,.cos b,.sin ai + y,
z = Lz-sin b2 + L,.sin b, + E

This process may be applied to any pipeline, irrespective of the number of records,
eventually generating the (x,y,z) end-point of the une.

These record "tracking" operations are performed in a spreadsheet after importing
the appropriate records from the geometry database. The output from this process then,
is a pair of (x,y,z) co-ordinates for each record, one representing the starting location, the
other the ending location, of the record. To provide consistency between different plant
systems, a common plant origin is selected, and the starting point of each line referenced
to it

These (x,y,z) co-ordinates can then be read directly by a 3-D drawing program, to
create a 3-D isometric "wireframe" representation of this pipeline (see example, Figure
7). This isometric can be rotated, annotated or magnified as required to enhance
understanding of the system layout Individual pipes or groups of pipes can be grouped
together as "layers", and these layers can be added/subtracted to/from the drawing being
displayed.

In this way, all of the individual pipelines are referenced to a common co-ordinate
system, and when entered into the 3-D program, should be joined together correctly. On
first transporting the manipulated data from the spreadsheet, it is most likely that there
will be obvious signs of inaccuracies. Even if the 3-D drawing "looked right", there is no
assurance that it is valid. The only way to provide such assurance is to compare some of
the 3-D points with equivalents calculated from the initiating drawings.

Thus, using the "global dimensioning" that all engineering drawings incorporate,
one derives the end-point associated with any chosen starting point, and compares this



Figure S - Extract from the Pressure and Inventory Control Flowsheet
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with the end-point calculated from the database information. It is noted that, apart from
the initial (x,y,E) co-ordinates, the spreadsheet "tracking" process makes use only of
parameters that are "local" to the record, not "global". Thus, the location of the
calculated end-point, as compared to the actual end-point (from the drawing) is a good
measure of the adequacy of the stored data.

4. CORRELATING THE DATABASE INFORMATION WITH SYSTEM
FLOWSHEETS

The operation of the various plant systems, and their inter-connectivity is
encapsulated in Process Flowsheets. Such flowsheets show all plant components and
associated pipework in a process format, and thus do not yield any information about the
physical location of the components or the routes, in space, of the associated pipework.
An extract from the Pressure and Inventory Control System Flowsheet at PLGS is given
in Figure 5. TABLES I, II and II show extracts of data from the Pressure and Inventory
Control System databases, with line numbers for this system starting at 390. Examination
of Figure 5 shows that various plant components are annotated via a solid black circle,
along with a three digit number. Thus, for example, line 390 starts at the bottom of the
pressurizer. This line number remains in effect, "turning away from" any other black
circles en route, until it reaches its other end, also marked 390, at the Degasser
Condenser.

Suppose one is interested in finding the total contained fluid volume in the line
from the bottom of the pressurizer to the Degasser Condenser. From the flowsheet one
can tell that this is line 390. This may be confirmed from the PIPES Database, as shown
in TABLE I, which identifies Line 390 as starting at the Pressurizer and ending at the
Degasser Condenser. Some of the detailed geometry data for the records that make up
the line can be seen in TABLE II. The overall 3-D geometry of the system, as created
from the geometry database, is shown in Figure 6, with details of Line 390 shown in
Figure 7.

By making a few simple selections from the menu-driven program, the required
fluid volumetric information can be obtained. This is shown in Figure 8, the output of
these few selections, which gives the total contained fluid volume in the first 15 records
of Line 390 to be 0.8896 m3.

The data extraction process has been completed for the full secondary side loop,
and a number of primary systems: the pressure and inventory control system, the shut-
down cooling system, the emergency core cooling system, and the emergency water supply
system.

5. EXAMPLE OF USE OF P&IC DATABASE IN THE CATHENA CODE
INPUT-FILE DEVELOPMENT

The CATHENA [1] code was developed by AECL Research at WL primarily for
the analysis of operational transients and postulated loss-of-coolant accident events in

Pressurizer

Note: The representations of
the various non-pipework
components are illustrative of
location and general size only,
and are not to shape or scale.

3335-HX1
3335-K1

3335-K2

I5-FR1

3335-FR2

Figure 6 - Overall view of the Pressure and Inventory Control System

' CANDU reactors. CATHENA uses a full two-fluid representation of two-phase flow in
piping networks.

The P&IC database has been used to create for CATHENA a model of a section
of the P&IC system as illustrated in Figure 6 where the model includes the piping to
outlet headers 3 and 7 (not shown). The model considers the outlet headers and the
degasser-condenser as boundary conditions that can be controlled by the users. The
pressurizer is modelled using the Generalized Tank Model of CATHENA [2]. In addition
CATHENA is linked to a module, called LEPCON, that emulates all the main control
functions in the plant

The idealization of the section considered is illustrated in Figure 9. Each
component of the idealization is labelled using the pipeline definition file. The geometric
and hydraulic characteristics of each piping component are created using the geometric
definition file where user chooses the number of records that will be reduced to one pipe
component The main rule in creating these piping component is 'Volume preservation".
The geometric and hydraulic characteristics of piping component include the length, cross-
sectional area, hydraulic diameter, net elevation change and local hydraulic resistance that
could be due, for example, to an elbow. The use of the data base presents the advantage
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STRAIGHT VOLUME: 44629.477 cob. in.
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TOTAL UOLUHE: 54286.678 cob. in.
MATERIAL: CARBON STEEL
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STRAIGHT METAL UOL.: 15383.284 cob. in.
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continue. . .
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Figure 8 - Calculated fluid volumes, and other data, for the first 15 records of
Line 390
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Figure 10 - Further details of Line 390 in the P&IC Model
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that the raw data to create the CATHENA idealization comes from a unique source that
is believed to be the best-estimate representation of the plant piping rather than from an
"ad-hoc" interpretation of general assembly drawings.

Figure 11 illustrates the resulting insurge/outsurge flow rates when the pressure in
the outlet headers (B.C.) is increased by 280 kPa for about 50 s. as given in Figure 10.
and is reduced to its initial value. That transient was done from a restart representing
a well-converged steady state.

6. CONCLUSION

The importance of using well-documented, repeatable data in the development of
analytical models for use in safety analyses has long been recognized at PLGS. An
extensive effort has been dedicated to gathering data relating to the pipework and
associated components of a wide variety of station systems over the last few years. The
storage format for this data has been standardized, and the data has been formally
documented and archived.

Tools have been developed to allow the rapid extraction of data of interest, and
to give the analyst a three-dimensional plant model to aid in visualizing the actual plant
layout.

This data is currently being used in the development of thermal-hydraulic plant
models. Data-gathering continues, with the eventual aim of generating a pipework
database that covers all major plant systems.
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Abstract

The regulation of nuclear generating facilities in Canada is informed by philosophical principles
very similar to those of many European jurisdictions. Fundamental to the philosophy has been the
principle that safety is, in the final analysis, the responsibility of the owner/operator of the facility
who must demonstrate that the facility does not pose an undue risk during normal operation or
postulated accident conditions. Regulation by performance rather than prescription offers the
advantage that the licensee has the freedom to develop ways to meet safety objectives and that safety
and licensing issues will tend to be addressed at a technical level rather than a legalistic one. Another
feature of the Canadian approach, which is also probably similar to many other jurisdictions, was the
quite informal nature of the regulatory process in the early years of the nuclear programme, a result
of the novelty of the technology and the relatively small numbers of people involved. Such
informality has had the advantage that it often facilitates speedy resolution of issues at a technical
level, however, there has been the drawback that inconsistencies in the application and meeting of
regulatory requirements have arisen. The maturation of the Canadian nuclear power programme has
seen both an expansion in numbers of the regulatory authority and a progressively greater degree of
technical specificity in regulatory requirements. Changes in the socio-political environment have also
affected the regulatory process, requiring greater efforts on the part of both regulator and operator
to make the regulatory process more intellectually accessible to a wider public. For the future, the
challenge will be to evolve a more formalized approach to power reactor regulation that more
explicitly definee the various roles, responsibilities, requirements and processes involved, while
maintaining the integrity of the original model for regulation: that the responsibility for safety lies
squarely on the shoulders of the operator.

1. INTRODUCTION

CO-j

Regulation of nuclear energy in Canada has been characterized by an
emphasis on "regulation by results" rather than "regulation by prescription".
This paper will examine the evolution of the Canadian nuclear regulatory
system and, compare this with the evolution of regulation of another earlier,
large-scale technology with the potential for high consequence accidents. It
will be shown how the accumulation of operating experience and the
increasing understanding of the technology leads to an increasing codification
and formalization of regulatory requirements, without the imposition of
specific prescriptive measures which act to dilute or mask safety responsibility
and stultify innovation.

The regulatory environment is continually evolving and as the
Canadian regulatory system and the nuclear industry mature, a more
formalized approach can be expected to emerge. The latter portion of this
paper discusses areas where effort from both regulator and licensees could be
applied to ensure that such formalization can take place without violating the
philosophical principles which have informed the successful regulation of
nuclear energy in the past.

It should be remembered that AECB regulatory responsibilities include
a very large number of licensees involved with industrial, research and
medical applications of radioisotopes and accelerators. No attempt is made
in this paper to address this very extensive and important aspect of AECB
regulatory responsibilities, and that we shall be confining ourselves to
discussion of the AECB as a regulator of nuclear power reactors.

1.1 Regulation by Results

The regulation of nuclear energy in Canada has evolved in a way
similar to regulatory activities related both to nuclear energy and a variety of
other potentially hazardous activities in other jurisdictions, particularly Britain.
In the last century and a half the development of novel technologies,
frequently involving new materials and processes, has been accompanied by
the development of regulatory mechanisms for public protection. A common
feature of these has been their underlying philosophy of "regulation by
results". The regulations seek to define a desirable situation flow probability
of public harm from the regulated activity) and place the responsibility of
maintaining that situation on the shoulders of those responsible for managing
the activity.

In the Canadian nuclear regulatory context this is most frequently
expressed by the statement that "the primary responsibility for ensuring a high
degree of overall safety is dearly assigned to the owner/operator of a nuclear
power station" [1]. While this may seem a self-evident statement, in actual
fact it lies at the heart of the Canadian approach and illuminates resolution of
the dilemma central to the regulation of any novel technology, namely: how
do you assure yourself that the hazards imposed by novel technology are
comprehensively accommodated, at the same time as ensuring that
development of the technology, with its consequent benefits to society, is not
impeded by specific prescriptive requirements? It has long been recognized
that such specific requirements may not only stifle innovation but can become
irrelevant. One example of this is the early motor vehicle legislation in
England which required that every motor car operated on the public highway
to be preceded by a man bearing a red flag. The intent of this legislation was
to protect other citizens by providing them advance warning of the approach
of the machine, but the effect was to completely negate one of the principal
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advantages of the new technology. After some years the prescriptive
requirement was abandoned in favour of one that motor vehicles be provided
with "audible warning of approach". This dearly established the result that
was required but placed the responsibility for devising something that would
achieve this result on the shoulders of the designer.

1.2 The Railway Regulation Analogy

One early area marked by an acutely perceptive approach to the
regulatory dilemma was railway development in Nineteenth Century England.
The analogy with the evolution of nuclear technology and its regulation is
dear when it is remembered that in the early days, railways:

• were a new, large scale technology involving the movement of
unprecedented masses at unprecedented speeds and with the potential
for high-consequence accidents

• placed unprecedented demands on materials, design and management
of operations

• aroused considerable public controversy

• provided transport that was cheaper, faster and almost three orders of
magnitude safer than the fastest contemporary alternative [2]

The 1840 Regulation of Railways Act established the Railways
Inspectorate, staffed by military engineers seconded from the Royal Corps of
Engineers, under the aegis of the Board of Trade. However no enforcement
powers were initially granted that body, and it was to address this question
that a Parliamentary Select Committee was set up in 1841. George
Stephenson, who at that time was popularly regarded as the progenitor of
railways in Britain (an evaluation which historians have only modified to the
extent that they insist his son, Robert, bear nearly equal credit), himself gave
evidence before this committee and subsequently wrote to the President of the
Board of Trade [3] addressing the problem of exercising government control
without excessivdy inhibiting innovation by the railway companies Getter
appears as Appendix I). Stephenson unequivocally endorsed the necessity of
some form of government regulation which would involve technical review
by qualified personnel of new proposals with a final dedsion to be made by the
Board of Trade. He also suggested some general requirements, which should
be imposed immediately, and general principles which should be implemented
as the technology became further developed. Among the former he induded:
standardization of design for specific components (such as wheels, axles, axle

trees and springs); requirements for quality assurance; and, imposition of
uniform operating principles. Among the latter, he drew specific attention to
the need for some form of self-acting (fail-safe) braking system on passenger
rolling stock. In short, what Stephenson was advocating was that the railway
companies should be told what they were expected to achieve, rather than being
given a specific list of requirements. Implicit, was the idea that as the
technology evolved specific developments would emerge which subsequently
should become requirements.

By 1858 track mileage in Britain had increased to over 12,000 miles
(from 1500 in 1840) and about 250 million passengers were being carried
annually on the railways. Suffident development had taken place, and
sufficient operating experience been amassed, that the Railways Inspectorate
were able to articulate more specific requirements. These took the form of a
"statement of requirements" (reproduced as Appendix H) for new railway lines
promulgated by the Lords of the Committee of the Privy Council for Trade.
They noted that in order to "prevent so far as possible the disappointment"
attendant on the delay of opening new lines it was desirable that railway
companies should be aware of what the Board of Trade would require of
them. The requirements induded principles of station and marshalling yard
design and layout, signalling principles and, most significantly, a for a signed
undertaking to enforce certain operating polides and prindples by senior
railway company officers. Such prescriptive requirements as were induded
in the statement were essentially formal recognition of features which had
proved themselves through time.

Truly prescriptive regulation did not appear until 1899, almost fifty
years since the inception of the regulatory authority). The Regulation of
Railways Act, 1899 specifically required that railway companies implement
specified operating prindples, specified signalling/control systems and
provide fail-safe continuous braking systems (a specification for which was
induded in the Act). There were two features of interest about this legislation:
first, it provided the Board of Trade (via the Railways Inspectorate) with
considerable discretion hi enforcement and, second, all the requirements
involved established technology with a proven record in railway service.

The evolution of railway safety regulation invites comparison with the
evolution of nudear regulation in that both are characterized by:

• unambiguous assignment of safety responsibility

• "regulation by results"

• progressive codification/formalization reflecting growth in operating
experience and the technical knowledge base
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2. THE ATOMIC ENERGY CONTROL BOARD OF CANADA

The Atomic Energy Control Board was established in 1946 under the
provisions of the Atomic Energy Control Act of that year. Initially its role was
both developmental and regulatory [4]; however the potential conflict of
interest this represented was recognised at the outset and in 1952 Atomic
Energy of Canada Ltd (AECL) was created. Under the 1954 Amendment to
the Atomic Energy Control Act, AECL was formally separated from the AECB,
reporting to its own minister. AECL was to pursue nuclear research and
development, while the AECB was to be the regulatory authority.

In 1956 the AECB established the Reactor Safety Advisory Committee
(RSAC) to "advise it on all aspects of the safety of nuclear reactors" [1]. This
committee included senior engineers and scientists chosen because of their
individual competence, together with technical representatives of relevant
federal and provincial departments. Its establishment seems to echo George
Stephenson's 1841 recommendations for the technical review of railway
proposals, whereby the "government engineer" would draw upon railway
company expertise in order to formulate an informed recommendation. The
work of the RSAC was supported by AECB staff whose other duties would
come to include: detailed assessment of the design and proposed method of
construction and operation of each proposed nuclear power station; inspection
and compliance monitoring; and, approval of design and operating procedure
changes within the terms of the licences issued by the Board.

In 1957 the AECB published a Nudear Reactors Order which defined
nuclear reactors as "prescribed equipment" within the meaning of the Atomic
Energy Act and specified a multi-step licensing process which, in essence,
remains in place to this day.

2.1 Licensing Process

As outlined by Boyd [5] the original licensing process involved the
three stages of (1) site approval, (2) construction permit and, (3) operating
licence. Prior to the formal request for site approval, the AECB encouraged
applicants to hold exploratory discussions with the RSAC and/or Board staff
in which the plant size, reactor type and proposed containment method would
be outlined in the context of the evolving Siting Guide (see below).

Formal site approval required, in addition to a general conceptual
design description of the plant, information on land use, population
distribution, limited meteorological data, regional geologic and seismic data,
and sufficiently detailed coverage of the hydrology and hydrography to permit
an assessment of the fate of radioactive material which might be released from
the plant.

Granting of a construction permit implied approval of the general
characteristics of the design and the AECB required that application for such
a permit be supported by a comprehensive report providing a design
description and preliminary analyses of possible accidents or equipment
failures, a document that would subsequently become known as the "Safety
report". The design description was expected to be complete enough to enable
independent accident analyses to be done and was to include codes to be
followed in detailed design, the main parameters governing the design and
function of the system, their design limitations and the rationale for those
limitations or the consequences of exceeding them. Systems essential to the
operation of the nuclear plant or installed especially for safety reasons
required more complete descriptions and containment provisions were to be

dearly and fully described... [and] should include a statement of the
pressure and temperature of the gases and vapours for which the
containment provisions are designed together with an estimate of the
conditions that could arise from the rapid escape of the primary coolant
on a large failure in the system. [5]
The accident analyses were required to include analysis of single

failures of "essential process equipment" and analysis of coincident failures of
the process system and the safety systems. These analyses were to be carried
to the point of determining the extent of releases of radioactive fission
products to the reactor building. It was also noted that "the granting of a
Construction Permit does not necessarily imply acceptance of every argument
or conclusion".

Granting of an Operating Licence required that the regulatory authority
be assured that all reactor and auxiliary systems had been constructed
according to the submitted design and satisfactorily tested as far as possible
before reactor start-up. The applicant was obliged to ensure that all design
descriptions and accident analyses faithfully reflected the plant as-built and
that the description was complete enough to be cited in the licence as a factual
description of the plant. The operating organization at the plant required
approval and key members of the operating staff were individually authorized
by the Board. Operating procedures concordant with Board approved
operating policies and principles were to be prepared and a specific procedure
for radiation emergencies was required. Finally, issue of an Operating Licence
required satisfactory completion of a commissioning programme, including
start-up, to demonstrate that all significant systems met the design intent. The
Operating Licence itself was renewable on a two-year basis and incorporated
specific restrictions and conditions. Following issue of the Operating Licence,
the Board would continue to follow operation of the plant carefully
throughout its life with Board staff permanently assigned to the site and
through annual reviews of plant operation.



This process has remained essentially unchanged, although the various
licensing steps did develop more detailed specific requirements over the years.
For example, by 1978 [1] site approval had become a two step process
(conditional site approval and final site approval). This included, in addition
to the preparation of a detailed Site Evaluation Report, the requirement that
the applicant conduct a public information programme to explain the
environmental, social and economic impacts of the plant and to satisfy the
appropriate federal or provincial environmental agencies as to the acceptability
of the anticipated environmental impact.

An important feature of the process outlined above is its flexibility. The
prospective licensee does not have his proposal cast in cement at an early
stage, and the continuous interaction between the regulatory authority and the
utility, as both parties move through the stepwise licensing process, provides
a greater degree of assurance that all eventualities are covered. For the
prospective licensee the process offers the benefit of what is in effect an
ongoing review of the project For the regulator, following evolution of the
project from its original conceptual stage to final implementation provides
valuable insights. In spirit it is not too far removed from George Stephenson's
suggestion that new proposals should be judged by the "government engineer"
in concert with engineers from "all the Railway Companies of the Kingdom"
and the conclusions of that "judgement" passed to the President of the Board
of Trade for his ruling.

2.2 Evolution of Siting Guidelines

In 1957 Siddall and Lewis [6] proposed risk targets for nuclear power plants
based on the accidental deaths associated with comparable coal-fired plants,
and this approach was adopted by the designers of Canada's first power
reactor, the 20 MWe demonstration CANDU (NPD-2) started up in 1962. The
target was expressed as a serious accident frequency of less than 10"5 per year.
At about the same time, quite independently, the RSAC proposed a similar
figure for future nuclear plants. To achieve this, it was argued, those systems
essential to the operation of the plant (the "process systems") would have to
have a high degree of reliability and quite separate protective devices and
containment would have to be provided. By the mid-1960's these concepts
had been incorporated in a formalized set of criteria known as the "siting
guide" and were used in the licensing of the Pickering "A" Nudear Generating1

Station, Canada's first, full-scale commercial nudear power plant. The siting
guide assumed that a plant had "protective devices" and "containment
provisions" independent of the "process systems" and of one another. The
maximum frequency of serious process equipment failures was taken as one
per three years and the unavailabilities of protective devices and containment
provisions were each set at one day per year (about Sxlfr3). Reference dose

limits were stated for "normal operation" and "process equipment failure" (05
rem/year whole body and 3 rem/year thyroid for individuals and a 10* man-
rem/year population dose) and for combined failure of a process system and
one of the other systems (25 rem whole body and 250 rem thyroid for
individuals, and 10* man-rem population dose) [7].

An illuminating example of the effect of the Canadian regulatory
approach in encouraging innovation was the influence of the population dose
limit on the Pickering design. While the station was originally conceived as
a two-unit (2x500 MWe) plant with each reactor endosed in its own
containment envelope, at a comparatively early stage in the design Ontario
Hydro dedded to add two more reactor units. The proximity of the plant to
the major dty of Toronto and the consequent implications for the population
dose, prompted a review of the containment provisions and adoption of the
(then) novel concept of a negative pressure containment system whereby a
single vacuum reservoir served all four reactor buildings.

The unavailability criteria were made more stringent in 1972 with the
unavailability requirement becoming IxlO"3 for each safety system. The
rationale for this was two-fold: first, the increases in reactor size (the Bruce
NGS reactor units were approximatdy 50 percent larger than those at
Hckering) with the consequently higher fission product inventories mandated
a lower probability of a major release, and second, because experience had shaam
that better availabilities could be achieved. This is worth emphasizing for it is an
excellent example of the application of the philosophy first articulated by
Stephenson in 1841: that as improvements in design or operating methods
emerged and became demonstrably practical they should be made
requirements. Further, it is of interest to consider the parallel with the
evolution of railway safety regulation, remembering the emergence in 1858 of
the "statement of requirements" which induded specific "prescriptive"
requirements relating to design principles which had become established as
practical and desirable. It is also important to note that in neither the railway
nor the nudear case, were the codification processes used to introduce new,
untried requirements.

2.3 Evolution of Codified Requirements

The Siting Guide referred to above is one of the dearest examples of how
regulatory requirements evolve with time to a progressively greater degree of
spedfidty, taking advantage of operating experience. At an early stage in its
history the AECB recognised that, with time, increasing formalization and
codification of requirements would take place. However they approached this
with caution, as Laurence made dear in 1962 [8];



The Atomic Energy Control Board has not yet felt prepared to
prescribe a code of safety requirements. At this stage in the technical
development of nuclear power, it is very difficult to make rules with
certainty that they would be suitable for all future designs. Of course,
experience has led to the recognition of principles which will apply in
most cases and to the recognition of the merits in certain design
features. Nevertheless there are not yet any rules that exclude the
possibility of achieving an equal measure of safety by some other
means. It should be remembered however, that a licensing authority
may have greater confidence in older methods that have been tested by
previous use.

Laurence went on to point out, however, that in following what emerges as
acceptable practice,

to that extent we are following an unwritten code...

Some thirty years later, Harvie made a similar point [9] when he outlined how
the development of safety requirements had taken place along with the
development of the Canadian nuclear industry, and that the formal
requirements had evolved to express broad principles rather than detailed
specifications of design and operation. It was, he noted, significant that the
requirements had evolved on the basis of experience, international
developments and extensive discussion between the staff of the AECB and the
nuclear industry, and he drew particular attention to the permanent presence
on site of AECB officers, an arrangement that ensured input to the regulatory
staff of "real experience with incidents, precursors and observation of
operation". Such specific requirements as had evolved were of the nature of
"common law", that is what has been customarily used and found to work
well has become the de facto standard.

In reference [4] the following list of power reactor safety criteria and principles
appears:

1. Design and construction of components, systems and structures
essential to or associated with the reactor shall follow the best
applicable code, standard or practice and be confirmed by a system of
independent audit.

2. The design, quality and operation of all process systems essential
to the reactor shall be such that the total of all serious failures does not
exceed one per three years. A serious process failure is one that in the
absence of protective action would lead to a serious fuel failure.

3. Special safety systems shall be physically and functionally
separate from the process systems and from each other to the
maximum extent practicable.

4. Each special safety system shall be readily testable, as a system,
and shall be tested at a frequency to demonstrate that its time
(unreliability) is less than 10~3.

5. Radioactive effluents due to normal operation, including process
failures other than the coincident or "dual" failure mentioned in (7)
below shall be such that the dose to any individual member of the
public affected by the effluents from all sources shall not exceed one
tenth of the allowable dose to atomic energy workers and the total dose
to the population around the reactor site shall not exceed 104 man-rem
per year.

6. The effectiveness of special safety systems shall be such that for
any serious process failure the exposure of any individual shall not
exceed 500 mrem and of the population at risk, 10* man-rem.

7. For any postulated combination of a process single failure and
failure of a special safety system (known as a "dual" failure), the
predicted dose to any individual shall not exceed (i) 25 rem whole
body, (ii) 250 rem thyroid, and to the population, 106 man-rem,

A notable feature of these requirements is their focus on results rather
than method; the licensee is informed dearly what is expected but is not told
how those requirements should be met.

The requirement to postulate a "dual failure" led to the evolution of
further formal requirements relating to shutdown. CANDU reactors have a
positive void coefficient of reactivity, that is voids in the coolant act to increase
reactivity and a large break loss-of-coolant accident (LOCA) results in a
positive reactivity insertion. Analyses of the "dual" failure of LOCA plus
shutdown system failure at the time could only be described as "speculative"
and this difficulty led to the early adoption of two, independent, fast-acting
shutdown systems, first used on the Bruce NGS A reactors. It was not until
1977, a year after the first Bruce unit came into service, that the use of two
shutdown systems was formally codified by the AECB in a regulatory policy
statement [10]. This example of regulatory requirements following practical
demonstration of technology is very much in the spirit of George Stephenson's
advice to the Board of Trade regarding self-acting (fail-safe) brakes on railway
vehicles. Such a braking system, he pointed out, was under active
development and as soon as it had proved practical it should be made a
requirement.



A significant step towards the further codification of reactor licensing
requirements came in 1977 when the AECB established the Inter-
Organizational Working Group (IOWG), with the objective of clarifying and
writing down the requirements for reactor safety. The IOWG, comprising
licensee and AECB staff representatives, chaired by an academic, proposed
[11] a combination of deterministic requirements, such as separate safety
systems, and probabalistic or risk criteria involving six categories of events
based on their probabilities, with defined dose values for each. The AECB did
not adopt the IOWG proposal since, as Boyd noted in [12], AECB staff felt the
techniques and data necessary for probabalistic evaluations were not
sufficiently advanced. In 1983 the AECB's Advisory Committee on Nuclear
Safety (ACNS, established 1980) prepared proposals with a similar tenor, [13]
recommending the retention of a number of established principles and
practices, but going further than the IOWG report in the area of application
of a probabalistic approach. As with the IOWG report, however, the AECB
felt that probabalistic techniques were at that time insufficiently proven to be
incorporated into licensing requirements.

However building on the IOWG work, the AECB prepared four guides,
subsequently issued (in 1980) as "consultative documents", covering
requirements in the areas of safety analysis (C-6), containment systems (C-7),
shutdown systems (C-8) and emergency core cooling systems (C-9). Following
an extensive period of consultation C-7, C-8 and C-9 were issued as
Regulatory Policy Statements R-7, -8 and -9 in February 1991. It should be
noted that Regulatory Policy Statements are:

firm expressions that particular "retirements", not expressed as Regulations
or Licence Conditions, be complied with or that any retirements be met in
a particular manner, but where the AECB retains the discretion to allow
deviations or to consider alternative means of attaining the same objectives
where a satisfactory case is made [14]
We can see here that, while a Regulatory Policy Statement is a fairly

formal codified requirement, the regulatory.authority has been careful to
ensure that options are kept open; the AECB retains "discretion" in the
application of the requirement, much as the Railways Inspectorate retained
discretion in the application of the quite prescriptive requirements of the 1889
Railways Regulation Act.

The Consultative Document C-6, [15] adopted part of the IOWG
proposal. Five rather than six categories of events were selected, and event
sequences were arbitrarily assigned to each, rather than defining probabilities.
The document is a proposed Regulatory Guide1 and, as part of the

' In Reference [14] a Regulatory Guide is defined as "guidance or advice on any aspect of the AECB'S
regulatory process that is given in a manner less rigid than that intended by Policy Statements".

consultation process, was applied to the analyses carried out for Ontario
Hydro's Darlington Nuclear Generating Station. Subsequent to this trial use,
discussions with the AECB continue.

3. DISCUSSION

By its very nature, the business of regulating any enterprise involves
the resolution of disagreements or, at the least, an effort to bring two different
viewpoints to a single focus. The Canadian approach to nuclear regulation
has always been characterized by its flexibility, dear designation of safety
responsibility and informality, the first and third of these qualities being of
crucial importance in achieving a collinearity of the licensee and regulatory
perspective. Over the last three decades, however, the increase in the size of
the nuclear endeavour in Canada, and the corresponding expansion in Board
staff numbers to cope with that increase has meant that the original/ highly
collégial, relationship between regulator and licensee has changed. Where, in
the early 'sixties, licensing issues could be quickly and effectively resolved
between a limited number of specialists, all of whom were usually quite
familiar with each other's work, now two bureaucracies are involved. This
has had the effect of making disagreements more time-consuming to resolve
and misunderstandings more likely to arise.

From the AECB staff viewpoint, in their dealings with Ontario Hydro
there have been occasions when they have felt that the utility has not dealt
expeditiously with safety problems until the regulator demanded it. Harvie
[16] has drawn attention to a failure to re-examine the effectiveness of the
(then) low pressure emergency cooling systems until AECB demands
prompted such a review in 1976 although the effectiveness of such systems
started coming into question in the early 'seventies. As well, Harvie notes that
it was not until a requirement was imposed by the AECB that an emergency
cooling recovery system at Brace NCSA was provided with a heat exchanger.
More recently (and more informally) there is evidence of increasing AECB
staff concern about maintenance of Ontario Hydro's nuclear safety
management capabilities in the course of corporate reorganisation efforts
which have been continuing for over a year.

Similarly, Ontario Hydro staff have felt that there have been occasions
when Board staff have been unduly prescriptive, and have effectively enforced
these prescriptions with the threat of licensing delays or suspensions-
extraordinarily effective incentives in view of the large costs involved in either
in-service delays or plant shutdowns. One example is the case of Pickering
"A", where the time at which containment venting must begin following a
postulated accident came into question. Ontario Hydro argued that while
doses resulting from venting were well below the licensing limit, cost-effective
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options to further reduce dose would be studied. The AECB response [17]
stated that the key issue was time to vent, and that AECB staff believed
containment design must be such that "venting to atmosphere does not need to
be initiated very shortly after an accident" (emphasis in original). Essentially
Ontario Hydro was instructed to increase the time to vent without reference
to dose limits. The cost of the modifications needed to meet this requirement
were of the order of $8 million. Another more recent example concerns the
pressure seals in the Pickering pressure relief duct connecting the reactor
buildings to the vacuum building. Following the failure of an elastomeric seal
during pressure testing, the AECB initially insisted not only that a secondary
seal should be installed to permit testing (a quite appropriate request) but
that the secondary seal should be metallic rather than elastomeric. Ontario
Hydro's representations that a metallic seal was impractical, particularly with
respect to meeting seismic requirements, were ultimately accepted, but only
with the caveats that (a) this did not preclude any future decision the AECB
might make regarding acceptability of elastomeric seals, and (b) the issue of
seal material had yet to be resolved [18]. The cost of the elastomeric seal
option was estimated to be circa $25 million as against about $90 million for
the metallic version.

How are these problems to be addressed? A regulator's first response
to a licensee's complaints about the cost of implementing changes is usually
(and quite properly) "thafs your problem". However after a pause for
reflection, the regulator might begin to consider the proposition that regulation
of any particular activity does not take place in a vacuum. Taking the
railways in Nineteenth Century Britain as our example, it was clear to all
concerned at the time that the railway train conferred very palpable social
benefits, and that regulation so stringent that it effectively halted railway
operation would reduce social utility. This fact was driven home to a
Parliamentary Select Committee in 1843 by a Railway Inspectorate report
which showed that, based on accident statistics for 1842, stage coaches would
have to operate for over eight hundred years without a single passenger death
to equal the safety performance of the railway system [2]. At that time a
proposal under consideration for the "betterment of railway safety" was that
trains should not be allowed to operate unless the individual carriages were
separated by some 500 feet, a provision which would have certainly reduced
the probability of certain kinds of accidents but would even more certainly
have eliminated the railway as a practical transport system. The point that is
being argued here is that requirements that impose a heavy (and ultimately
intolerable) cost upon an owner/operator, to the extent that the nuclear option
may cease to be economically viable, can act to reduce social utility.

Ontario Hydro's development of Value-Impact assessment [19] is a
move towards helping solve both sides of the regulatory equation (especially
with respect to application of new requirements to older plants) through

providing an instrument to provide an informed basis for judgements of the
net benefit of safety-related modifications.

The increased sizes of utilities and the AECB mean that the relationship
between regulator and licensee must inevitably become more formal and
structured. But it must be emphasised that this relationship should be
conducted on a technical basis rather than a legalistic one since, in the authors'
view, the forensic environment is not appropriate for the resolution of
technical issues. It is possible that existing bodies, such as the Ontario Hydro
Technical Advisory Panel on Nuclear Safety and the AECB's Advisory
Committee on Nuclear Safety, could play a role here. The two groups have
earned the respect and trust of those on both sides of the regulatory "fence"
.and are sufficiently distanced from any immediate imperatives to provide
technically informed review of licensing issues in a broader context. This
would be an appropriate way to continue the implementation of George
Stephenson's recommendations that the "government engineer" should seek
the advice and assistance from senior specialists in the industry in preparing
recommendations on safety proposals.

4. CONCLUSIONS

Canada's approach to the regulation of nuclear energy has served
society well over the last three decades of power reactor operation. The
evolution of the technology and the regulatory process has proceeded logically
and reasonably, and there is no reason this should not continue, despite
increasing technological, organizational and social complexity. While there is
a need to place the relationship between regulator and licensee on a more
formal basis, reflecting the increasing codification of licensing requirements,
there is an equal need to retain the flexibility, understanding and mutual
respect that has characterized the relationship in the past. In Reference [16]
Harvie invoked the concept of "common law". A related concept is that of
"the reasonable man", and this, we believe, is a concept that is of inestimable
value not just in evaluating the application of regulatory requirements but in
formulating the regulatory philosophy. A century and a half ago, when the
military engineers first began their work of regulating a revolutionary
technology with the potential for very high consequence accidents, they dearly
recognized that direct control and prescription on their part would be harmful
because it would inevitably divide responsibility and by doing so .weaken it.
Instead they sought to ascertain the practical principles and technology of safe
railway operation and, as these evolved, apply them as requirements. The
ultimate effects of their efforts, and those of the railway engineers, is best
illustrated by noting that in the last decade of the Nineteenth Century the
probability of death in an accident on a British train was O.llxlO"7 per journey
[2]. It is not a bad record.



Similarly we should note that the nuclear safety record in Canada,
while not perfect, certainly stands comparison with any other jurisdiction in
the world. As yet no Canadian civilian has received measurable radiation
exposure attributable to releases from a commercial nuclear power reactor.
That this is so is due neither to the sole efforts of regulatory authority nor
those of the operating utility, but rather to the combined efforts of designer,
operator and regulator.
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APPENDIX I

Letter to the President of the Board of Trade

From George Stephenson, 1841

To the: Right Honble H. Labouchere, President of the Board of Trade

Sir,

Since my examination before the select committee on Railways I see the
difficulties you have to contend with from the opposing members to your Bill
in bringing forward a measure for the management and better regulation of
Railways. I am quite sure that some interference on the part of Government
is much wanted. Perhaps I ought to be the last man to admit this (the whole
system of Railways and Locomotive Engines having been brought out by my
exertions) but when I see so many young engineers, and such a variety of
notions, I am convinced that some system should be laid down, to prevent
wild, and visionary schemes, being tried, at the great danger of injury or loss
of life to the public. I consider it right that every talented man should be at
liberty to make improvements, but that the supposed improvements should
be duly considered by proper judges. Then the question follows, from the
opponents to the Bill, who are those judges to be? I beg to lay before you my
views on this point.

Suppose any Engineer has any improved plan for the better working of
Railways to propose, he should submit his plan to the Engineer belonging to
the Board of Trade, but before that Engineer should give his decision as to the
utility of the scheme, he should have full power to call together the chief
Engineers of all the principal Railways of the Kingdom, and after the subject
has been duly discussed, votes should be taken for and against the measure:
the discussion should be laid before the Board of Trade, accompanied with the
observations of the Government Engineer, and if approved of should then be
placed into his hands to carry out.

I should propose for the consideration of the different Engineers that the
speed of Locomotives should not exceed forty miles per hour on the most
favourable Lines, excepting in special occasions: curved Lines to diminish in
velocity according to the radius. I am quite aware that this cannot be carried
out to any great nicety, but still it would be a check upon the Drivers.

Collateral Lines require government consideration is a very strong point of
view.

Uniformity of signals is another desirable point.

As several persons are now turning their attention to self-acting breaks, it will
soon appear that great benefit and safety to travelling will be found by their
adoption. In the meantime no train should be allowed to travel which has not
two breaksmen, and four coaches in each train should be provided with
breaks to allow for contingencies. It is my opinion that no contrivance can be
found by which breaks can be dispensed with.

Six-wheeled Engines and carriages are much safer and more comfortable to
the travellers than four; any person riding one hundred yards upon an engine
or coach constructed upon this plan would discover the difference. The run
of all Railway wheels ought to be made the same width, and the axle trees for
all coaches of a strength approved of by the Engineers, both wheels, springs,
and axles should bear the government stamp, to being made of the best
materials, as every practicable means ought to be made use of in order to have
these made of the best iron.

All disputes between Railway Companies should be decided by the Board of
Trade.

It appears to me that the above suggestions might be carried out with success,
without interfering injuriously with Railway property. I hope you will not
consider that I am intruding by sending you these observations.

I am, Sir, Your Most Obt Servant, (Sgd) Geo Stephenson,
Tapton House Nr Chesterfield March 31st, 1841
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Requirements for New Railway lines, 1858

At the Stations

Platforms to be not less than 6 feet wide, and when raised, the descent at the
ends should be by means of ramps and not by steps.

Clocks to be provided in a position where they are visible from the line.

Signals and distant signals in each direction to be erected.

The lever handles of switches and signals to be placed in the most convenient
position, and to be brought as dose together as possible, so as to be under the
hand of the person working them. The switches to be provided with double
connecting rods.

No Facing Points except on single lines or at double junctions. In the case of
facing points at junctions, it is most desirable that the signals should be
connected with the points so as to be worked in conjunction with them and
to indicate whether they are open or shut

Sidings, if falling towards the line, or on a level, to be protected with locked
chock blocks, or locked points, leading into a blind siding.

Turntables for engines to be erected at terminal stations.

At all level crossing of turnpike roads or of important public roads, the gates
must be so constructed as to be capable of closing across the Railway as well
as across the road.

A fixed signal, either attached to the gate or otherwise, to be placed at every
level crossing, and when the level crossing is so situated that an approaching
train cannot be seen for a sufficient distance, distant signals will be required.

Main signals and distant signals for each line are required, at all junctions.

Where the Unes are single, an undertaking will be required, to be signed by
the Chairman and Secretary of the Company, that the line shall be worked in
such a manner that only one engine in steam, or two or more when coupled
together and forming part of a train, shall ever be upon the single line, or
upon defined portions thereof at one and the same time.

As Regards the Line Generally

No standing work above the level of the carriage steps to be nearer to the rail
than 3 feet 6 inches, where the carriages are not above 7 feet 4 inches in width,
outside measurement.

The interval between adjacent lines of rails, and between lines of rails and
sidings, must not be less than 6 feet.

When stations occur on, or immediately contiguous to, a viaduct, a parapet
wall on each side, 3 feet high, should be built, with a hand railing or fence on
the top sufficient to prevent passengers falling over the viaduct in the dark.
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Abstract
AECL, developer of the CANDU heavy
water moderated, natural uranium fuelled
reactor, has embarked on a program to
extend the proven and reliable CANDU
technology to a system especially designed
for future electric utility markets. The
system, designated CANDU 3, is a 450
megawatt plant that incorporates such
features as modular construction, utilization
of natural uranium fuel, 37 month
construction schedule, computer controlled
operation, high availability, a long lifetime
with replaceable components and other
features that will contribute to improved
safety and reliability. It is our expectation
that we can share in what we believe to be
an emerging market for nuclear power
plants in the United States and the rest of
the world. A licensing program has been
initiated with the goal of receiving standard
design certification approval and ultimately
a construction license from the US Nuclear
Regulatory Commission. There are unique
aspects of CANDU reactors which raise
licensing issues not yet addressed by US
NRC requirements. AECL has reviewed
these technical issues. There are some
which require the development of review
processes and criteria specific to CANDU
3. The NRC has also begun to review
some aspects of CANDU 3 inherent
characteristics and design goals. Some
initial findings have been issued recently

with recommendations to the
Commissioners. These are consistent with
our confidence that there will be no major
difficulties in meeting NRC requirements or
to demonstrate equivalent levels of safety.

BACKGROUND

Atomic Energy of Canada, Ltd. (AECL),
developer of the CANDU heavy water
moderated, natural uranium fueled reactor,
has an ongoing effort to extend the proven
and reliable CANDU technology for a
system especially designed for future
electric utility markets. This system,
designated CANDU 3, is a 450 megawatt
plant that incorporates such features as
modular construction, utilization of natural
uranium fuel, 37 month construction
schedule, computer controlled operation,
high availability (through the use of on-line
refueling), a long design lifetime with
replaceable components, and other
features that will contribute to improve
safety and reliability. It is our hope that we
can share in what we believe to be an
emerging market for nuclear power plants
which will materialize before the year 2000
in the United States and throughout the
rest of the world. To achieve this objective,
we recognize that we must receive a
standard design certification approval and

ultimately a construction license from the
U.S. Nuclear Regulatory Commission. It
will also be necessary to establish the
proper infrastructure in the U.S. which
would make it possible to deliver a
complete system utilizing the CANDU
reactor as an American-made product
based upon Canadian technology. A 10-
year strategic plan hits been prepared that
calls for the establishment of an
organization with the capability and
expertise to develop, to deliver and service
a system to a U.S. utility or other buying
organization.

In December of 1988, AECL
Technologies(AECL T), a division of AECL
Incorporated, an American firm, was
created specifically for this purpose with
headquarters in Rockville, Maryland. A.
Douglas Hink was recently appointed Vice
President and General Manager of the U.S.
operations. The new firm has a
complement of about a dozen employees
and consultants who function as a design
licensing team working in parallel with the
AECL Canadian design team now
completing the generic CANDU 3 design.

In a letter dated May 25, 1989, AECL T
informed the Nuclear Regulatory
Commission of its intent to seek design
certification of the CANDU 3 under the
provisions of 10 CFR Part 52. Since that
time, we have briefed the Commission
staff, the ACRS and other groups within the
NRC. There have also been visits by NRC
staff to Canada and communication
between the NRC and the Canadian
Atomic Energy Control Board.

In addition to licensing related activities, we
are also involved in what we term "the
Americanization' of the CANDU design.
We have conducted meetings with EPRI
and the DOE and are developing a base of
knowledge which will enable us to
understand the requirements which both
those organizations have established for
their advanced light water reactor
programs. It is our intent to comply with

the applicable requirements that are
established by EPRI and the U.S. utilities
for future reactor plants.

We are also in discussions with a number
of U.S. firms who have shown interest in
joining with us as part of our infrastructure
team. Our long-term objective is to be able
to deliver a complete CANDU plant built in
the United States with as much U.S.
content as possible. We would hope that
at some date in the future AECL T would
be considered in the same light as any
U.S. vendor and that we would be in a
position to provide all the services and
equipment needed to sustain ongoing
operation of nuclear power plants. To do
this we will need to combine with
companies that have specific expertise
above and beyond our own.

UNIQUE ASPECTS OF THE TECHNICAL
CHARACTERISTICS OF CANDU a

There are unique aspects of the
CANDU 3 when compared to LWRs and
other reactors already licensed in the U.S.
AECL has completed its own in-house
study of the licensability of CANDU in the
U.S. and performed a detailed review of
NRC requirements and a study of the NRC
licensing process. On the basis of this
effort, we are confident that, while there
may be a number of technical areas that
require review processes and criteria
developed specific to CANDU 3, there will
be no major difficulties in meeting NRC
requirements to demonstrate equivalent
levels of safety.

AECL considers the CANDU 3 to be
an 'advanced evolutionary* nuclear power
generating system. While significant
advances in design over earlier CANOU
systems are incorporated in the CANDU 3,
the key components (steam generators,
coolant pumps, pressure tubes, etc.) are
identical to those already proven in service
on operating CANDU power reactors. Also,
the basic core design of CANDU 3, apart
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from being smaller than earlier CANDU
reactor cores, features the same fuel and
lattice design as earlier CANDUs. Thus,
the reactor physics, fuel, fuel channel, and
thermal hydraulics aspects of CANDU 3
can be considered to be well-proven
(Figure 1).

The CANDU 3 design uses natural
uranium fuel and heavy water coolant and
moderator. The coolant and moderator are
separated from each other by regularly and
relatively loosely spaced fuel channels; the
coolant being hot and pressurized, and the
moderator cool and at essentially
atmospheric pressure.

Because of the use of natural
uranium as fuel, all reactivity coefficients in
CANDU reactors are small. For small
variations in nominal operating conditions,
the power coefficient (i.e., the combination
of the reactivity coefficients due to changes
in fuel temperature, coolant density, and
moderator density) is slightly negative but
close to zero.

In CANDU 3, all reactivity devices
are inserted in the cool, low pressure
moderator(Figure 2). The reactivity control
devices used for control and reactor
shutdown purposes are physically and
functionally separated from each other. In
addition, for emergency shutdown purposes
there are two independent, diverse,
redundant and fast-acting shutdown
systems capable of achieving and
maintaining cold shutdown under all
conditions.

The CANDU 3 fuel is contained in
short(SOcm) fuel bundles containing
approximately 20 kilograms of natural
uranium dioxide fuel pellets. Defective fuel
bundles can be located and removed on-
power, thus leading to a relatively clean
reactor coolant system. Due to the very
low excess reactivity of a natural uranium
core, the CANDU reactor has to be fueled
semi-continuously and on-power. Thus, the
fuel management scheme and the fuel

handling equipment are unique features of
CANDU.

The reactor building is a reinforced
concrete structure composed of a base
slab, a cylindrical perimeter wall and a
dome. The structure has a steel liner on
the inside to provide leak-tightness. With
the exception of the main steam and
feedwater lines, all piping and cables pass
through the containment boundary via
pressure-retaining penetrations which are
embedded in the perimeter wall adjacent to
the base slab. A typical reactor building
section is shown in Figure 3.

A large portion of the reactor
building is accessible when the reactor is
operating, facilitating on-power
maintenance, inspection and testing.
Shielding for personnel from steam
generator radiation fields is provided by the
concrete steam generator enclosure walls.
Similarly, the reactivity mechanism floor,
which is a concrete slab extending over the
shield tank assembly, provides a shielded
working floor for maintenance personnel.

The CANDU design has always
focused on leak-tight systems and
upgrading of heavy water in case of any
leakages. Most of the tritium in CANDU
reactors appears in the moderator, and
adequate design features and procedures
to ensure acceptable levels of exposure to
plant personnel are provided for.

The CANDU seismic design is
based on two earthquake levels:

o A Design Basis Earthquake
(QBE), similar in concept to
the U.S. Safe Shutdown
Earthquake (SSE). The
design of the primary
cooling system includes the
loading effects of the DBE.

o A tower level of earthquake,
the Site Design Earthquake
(SDE), which is postulated

to occur in the long-term
period after a LOCA.
Features of the emergency
core cooling system
required for long-term
recovery after a LOCA are
designed to withstand the
SDE.

The philosophy of protection against
common mode events is, in CANDU
reactors, centered on a two-group
separation concept. Structures and
systems of the plant are divided into two
groups, functionally and spatially separated
from one another to the greatest extent
feasible, whereby all process systems
belong to Group 1 and all safety systems
belong to Group 2. All Group 2 systems
and some Group 1 systems are designed
to the highest quality standards.

In the CANDU design, reactor
coolant and moderator are separated from
one another. The high-pressure, high-
temperature reactor coolant circulates
through a number of small-diameter
pressure tubes containing the fuel bundles.
The low-pressure, low-temperature
moderator is contained in a calandria
vessel which also houses the fuel channels
and reactivity control mechanisms. The
spectrum of postulated initiating events to
be analyzed by means of deterministic
accident analysis is very similar between
CANDU reactors and LWRs.

However, a basic difference is that
while in the U.S. each initiating event is
analyzed in combination with the worse
single failure intended as the failure of a
single component, in Canada the accident
analysis also assumes the combination of
the initiating event with the total
unavailability of any one of the four special
safety systems (reactor shutdown systems
1 and 2, emergency core cooling systems
and containment).

It should be noted that Probabilistic
Safety Assessment (PSA) was used in the

CANDU 3 as a safety analysis technique
even in the conceptual design stage. The
purpose was to establish reliability targets
for mitigating systems. System reliability
numbers derived from the Conceptual PSA
will be verified at the detailed design stage
by the Standard Plant PSA and become a
part of the operating license requirements.

All CANDU reactors have used
highly reliable computers for the control of
process systems, such as reactor
regulating systems, boiler level and
pressure control, pressurizer level and
pressure control, etc. This feature has
been maintained in the CANDU 3, and the
two large central computers used in the
previous CANDU stations have been
enhanced by a Distributed Control System
consisting of a number of electronic
modules distributed throughout the plant
and linked by coaxial cable data highways.

Digital control is also used in the
CANDU 3 design for the actuation of safety
systems, including the two reactor
shutdown systems. This approach is in line
with trends towards increased use of digital
protection systems both in Canada and
abroad. (In Canada, the Darlington
CANDU plant design includes full use of
digital protection systems.)

The CANDU 3 represents an
attractive nuclear option for U.S. utilities for
the 1990s and into the next century. AECL
T is dedicated to exploring every possibility
of making that option available and the
program described in this paper is
designed to achieve that objective.

LICENSING PROGRAM PROGRESS

At this point, I would like to update
the progress made by our licensing team in
the prelicensing phase activities with the
NRC.

Prior to 1992, there were a number
of important submittals made to the NRC
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beginning with our letter of intent to apply
for Standard Design Certification (SDC)
dated May 28,1989. Then, in response to
an NRC request dated July 6, 1989, AECL
T submitted the following reports to NRC:

o CANDU 3 Conceptual
Safety Report

o Canadian Codes &
Standards Used in the
CANDU 3 Design

o CANDU 3 Conceptual
Probabilistic Safety
Assessment

o CANDU 3 Technical
Description

o CANDU 6 Operating
Policies & Principles

o AECB Regulations

o Draft Licensing Review
Basis (LRB) Document.

For the purpose of familiarizing the
NRC with technical aspects of CANDU
systems, which are unique as compared to
light water reactors, we submitted a series
of technology background reports. There
were six reports submitted during this
period:

o C a n a d i a n T r i t i u m
Experience

o The Technology of CANDU
Fuel Channels

o The Technology of CANDU
On-Power Fueling

o The Technology of CANDU
Loss-of-Coolant Analysis

o The Technology of CANDU
Shutdown Systems

o The Technology of CANDU
Source Term Calculation

In April of 1991. the NRC decided to
perform a Preapplication Review for the
CANDU 3 instead of continued
development of the LRBD and we are
currently proceeding with this objective.

In addition to the documented
information listed above, AECL T has
participated in a number of topical and
informational meetings with the NRC
Licensing staff, the ACRS and the NRC-
Research staff. Additional Information was
submitted to the NRC Licensing staff as a
part of AECL Ps proposed 'up-front
dialogue on potential licensing issues'
during the PreappficaBon Review during
1992, including the following:

o C A N D U 3 Des ign
Comparison with the NRC
General Design Criteria

o Comparison of CANDU 3
with NRC Positions for
Evo lu t ionary LWR
Certification Issues

o Comparison of NRC
Licensing guidance for
Safety-Related Structures,
Systems and Components
with the CANDU 3 Design

o A set of technology reports
discussing a selected
number of potential licensing
issues. (AECL T proposes
to initiate early dialogue on
these design aspects which
are related to CANDU
technology developments)

o A report identifying specified
elements of the CANDU 3
experimental database in
support of accident analysis

In early 1993 the NRC was subject
to funding reductions which led to a
proposed sharp curtailment of advanced
reactor pre-application review activity.
(Until recently, CANDU 3 has been
included in the advanced reactor category
for the pre-application review phase.)
AECL T has responded to this change of
direction by submitting a letter of intent to
apply for standard design certification in
about one year.

The licensing program undertaken
by AECL T is beginning to receive
significant Input and feedback from the
NRC.
A recent NRC staff recommendation to the
NRC commissioners states that CANDU 3
should be considered an evolutionary
heavy water reactor which does not require
a prototype for standard design
certification.

The NRC's Office of Nuclear
Regulatory Research (NRC/RES) has
initiated several studies related to the
CANDU 3 and other advanced reactors.
The purpose of these independent studies
is to aid the development of staff guidance
for the licensing process. Two studies are
exclusively related to the CANDU 3 reactor.

o Idaho Nuclear Energy
Laboratory (INEL) 'CANDU
3 Transient Analysis*. This
involves thermal-hydraulic
and physics analysis for toss
of coolant and other
transients and includes an
evaluation of the CANDU
experimental database.

o Oak Ridge National
Laboratory (ORNL) 'CANDU
3 System Research'. This
involves studies of failure
mode and effects analysis
for the CANDU 3 reactor.

Three research projects pertain to
several advanced reactors. The CANDU

3 portion of these research projects will be
conducted early in the program.

o SANDIA National Laboratory
(SNL) 'Source Term
Analysis." The first part of
the program focuses on
determining what the
vendors have done to
establish the source term.
Later on the program will
address the need for
independent assessment of
the source term.

o Oak Ridge National
Laboratory (ORNL) 'Severe
Accident Analysis". The first
part of the program
establishes what the
vendors have done to
delineate severe accident
analysis. The project will
address the need for
independent assessment of
severe accidents.

o Argonne National Laboratory
(ANL) 'Regulatory Support
for Advanced Reactor
Program". This evaluates
the application of codes and
standards for reactor
construction and the need
for revised technical
standards.

AECL T and AECL are assisting the
NRC/RES to obtain information for their
studies.

The NRC developed a Policy
Statement on the regulation of advanced
nuclear power plants in 1986. Additional
interpretation of the Policy was published,
along with the policy, in 1988 in NUREG -
1226'. This preceded AECL T's letter of
intent to apply for Standard Design
Certification. CANDU 3 was subsequently
included in an NRC review of policy issues
pertaining to advanced reactors (PRISM,
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Issue NRC Staff ACRS

Accident
Evaluation

New regulations needed. Propose to develop an approach to accident
evaluation for CANDU 3 in common with advanced reactors. Events for
evaluation to be chosen by staff deterministically .Categories established on
frequency basis. Consequence acceptance limits to be established for each
category. Lower probabilities than current design basis included. Events
equivalent to current design basis to be analyzed conservatively.

Agrees with the general approach to new regulations. Believes the staff
should establish quantitative guidelines and criteria for accident selection
and evaluation at an early stage as an alternative to deterministic selection.

Source
Term

A different method of calculating source term is needed.Staff propose to
develop a set of source terms for design basis and core damage accidents.
The source terms will be calculated on a mechanistic basis which takes into
account expected cladding, fuel and core damage based on best estimate
analysis.

Basically agree with the staff approach and ask the staff to take into
consideration developing revisions to the T1D-14844 source term for Fight
water reactors.

Containment
Performance

A new standard based on functional performance is proposed. Onsite and
offsite release limits for the various frequency categories to be developed
must be met The staff proposes to require the preapplteant to postulate a
core damage accident as a containment challenge event to demonstrate
that containment integrity is maintained for a period of 24 hours after the
onset of core damage."

Agree with this approach and are interested in seeing the fist of postulated
core damage accidents.

Positive
Void

Reactivity

The staff concludes that a positive void coefficient should not necessariy
disqualify a reactor design. The staff is proposing to require that the PRISM
and CANDU 3 preappficants analyze the consequences of events(such as
ATWS, unscrammed LOCAs, delayed scrams,and transients affecting
reactivity control)" The staff will take into account the risk perspective of the
CANDU 3 design posed by the dual safety shutdown systems.

The ACRS "agree with the staff that the existence of a positive void
reactivity coefficient is a significant concern, but that it should not
necessariy disqualify a reactor design." The staff are asked to define the
criteria which would be used to judge whether the consequences of an
accident which would be aggravated by a positive void coefficient are
acceptable or satisfactoriy mitigated.

Control Room
and

Remote Shutdown
Area

The staff do not agree that new regulations are needed to govern the design
of control rooms. They believe the main control room should be seisrnically
qualified and remain the main control centre after accidents.They will apply
current standards for LWR's till new policy is developed for passive LWRs.

The ACRS disagrees with the NRC staff position and believes that
applicants should accept the burden of demonstrating that a proposed
design is satisfactory. The staff are asked to establish acceptance criteria.



MHTGR, and PIUS). Some of the
information provided by AECL T was
factored into the review. The findings were
published this spring (SECY-93-0925).

A number of other issues were
reviewed. The reviews were undertaken
with the guideline that existing LWR
regulations should be followed where
possible and new requirements should
move toward performance standard
regulations and away from prescriptive
regulations. Designers requesting pre-
application reviews had been encouraged
to propose new criteria and novel
approaches for design evaluation.

Table 1 summarizes the NRC
analysis (SECY-93-092) for 5 issues
pertaining to CAN D U 3 which propose
deviations from current light water reactor
regulations. The summary shows major
points of difference between regulations
needed for CANDU 3 and LWR's. Some
issues (eg. Source Term and control room

habitability) strongly reflect a need for new
regulations for existing reactors as well as
for reactor technology new to the NRC.
Most of the issues are open ended at this
time. A direction has been set to establish
regulations which are less prescriptive than
current regulations. We believe that this
direction will lead to general performance
requirements which allow a balanced and
equitable evaluation of all applicants for
Standard Design Certification.

Our prelicensing program continues
with frequent and extensive contact with
the NRC and the DOE national laboratories
under contract to them. We are in the
process of preparing a preliminary Safety
Analysis Report for submission along with
an application for Standard Design
Certification in 1994. We are hopeful that at
such time as we present the completed
design for review for certification, NRC staff
will be familiar with the unique aspects of
CANDU technology and will have
established acceptance criteria for the
review.

IMPACT OF CANDU DESIGN FEATURES
ON PSA RESULTS

V.M. RAINA
Nuclear Safety Analysis Department,
Ontario Hydro,
Toronto, Ontario,
Canada

Abstract

Ontario Hydro's CANDU power reactors differ significantly in design from other reactor systems,
notably the pressurized water reactors (PWRs). Among the key differences are:

i) pressure tube design,
ii) existence of a moderator system separate from the reactor coolant system,
iii) heavy water coolant,
rv) positive void co-efficient of reactivity,
v) vacuum building and filtered air discharge systems, and
vi) multiple heat sinks.

These design aspects influence the results of probabilistic safety assessments (PSAs) in unique
ways. This paper discusses some of these results, obtained during the conduct of the Darlington
and Pickering A Risk Asse
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Introduction

Probabilistic safety assessments have now become an integral part of the safety i lof
aD nuclear power generating facilities. Numerous plant-specific PSAs have been conducted the
world over to benefit from the insights provided by such assessments into the design and
operation of a given facility. Significant safety enhancements have resulted from the application
of PSA methods, and many safety issues have been resolved in a cost-effective manner
(Reference 1).

In Ontario Hydro (OH), a PSA of the new Darlington station was published in 1987 and
submitted to the licensing authorities as confirmation of the station's safety design adequacy
(Reference 2). The study, known as the Darlington Probabilistic Safety Evaluation (DPSE)
influenced a number of design decisions, and also contributed to the station's operational
reliability monitoring program.

Recognizing the benefits that could be obtained from such assessments, a program of PSAs of
operating reactors was initiated in Ontario Hydro, starting with the oldest such station, viz.
Pickering A. The PSA for Picketing A is almost complete.
As all of Ontario Hydro's nuclear stations are of the CANDU type, the accident sequences, with
attendant probabilities and consequences, contained in these PSAs reflect the uniqueness of this
reactor design.
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This paper discusses some of the accident sequences appearing in the Darlington and Pickering
A PSAs, and highlights the role unique CANDU design features play in them.

The following types of accident sequences are discussed:

a) Losses of Coolant

b) Loss of decay heat removal following initiating events other than a loss of coolant
accident.

c) Total loss of core cooling following a loss of coolant accident (LOCA).

d) Failure to shutdown the reactor when required.

e) Off-site release.

EL Losses of coolant

The pressure tube design of the CANDU reactor leads to a fiddy extensive pressure-retaining
envelope being required for the beat transport (HT) system, comprising the pressure tubes
themselves, the end-fittings, feeder pipes, inlet and ondet headers, and piping associated with HT
circulating pomps as well as their seals. This leads to unique mechanisms of loss of coolant
events, with potentially varying consequences. Obvious causes of a loss of coolant are leaks or
ruptures in any of these numerous components, some of which may be associated with fuel
ejection either into the containment vault or the moderator.

In addition to pipe breaks, a loss of coolant may also result from a chain of events set in motion
by other initiating events. For example, a temporary mismatch in core heat production and
removal, or excess D,O feed over bleed, win lead to HT system pressurization and possible
lifting of the HT liquid relief valves. Failure of the relief valves to reseat can contribute to a loss
of coolant Similarly, initiating events such as loss of cooling water supplies can lead to
degradation in HT pump seal cooling, and, thereby, to a. loss of coolant from the pomp seals.

Another possible mechanism of a loss of coolant is malfunctions during re-fuelling due either to
inability to properly seal the channel, or mechanical damage due to the fuelling machine head
striking an end-fitting. Fuel channel flow blockages, although unlikely, also lead to a loss of
coolant as a result of consequential pressure tube failure.

Ontario Hydro's PSAs explicitly consider the above types of failures, and quantify both the
probabilities and consequences of such events. Pipe break events are divided into categories on
the basis of mitigating system capabilities. Some examples of these categories of events are:

a) Pressure tube leaks within the capability of the annulns gas system to detect,

b) Pipe ruptures within the capacity of the DjO feed pumps, and those beyond requiring the
initiation of emergency coolant injection (Ed), and

c) Feeder breaks resulting in stagnation of coolant flow in the fuel channel.

Estimates of pipe break frequencies are based on both actual operating experience and judgment.
The experience data base comprises 3 pressure tube leaks, 1 pressure tube failure, and seven
other events deemed to be small LOCAs within the capacity of D2O feed pomps. A frequency
of 1.3E-1 per year has been assessed in the Pickering A risk assessment for die latter event. At
the upper end of the break spectrum is the large pipe break with a discharge rate of over 1000
kg/s. No such events have occurred in CANDU experience (about 150 reactor years in the case
of Pickering A alone). A combination of this information and engineering judgment led to a
frequency of 2.0E-4 per year being assessed for this event

Induced LOCAs such as relief valve and pump seal LOCA events are analyzed in OH PSAs by
means of detailed fault tree analysis. The PSAs show the frequencies of such events to be at
least an order of magnitude lower than equivalent pipe break events. There are a number of
reasons for this, among which may be mentioned the following:

i) Greater reliance on power reduction by means of reactor power setbacks, stepbacks and
protective trips than on HT relief valve lifting to mitigate transient events,

ii) Provision of diverse ways of bottling-np the HT system. For example, for a LOCA via
the HT relief valves to occur not only must a HT relief valve fail open bat so mast a
bleed condenser relief valve. Similarly, a storage tank LOCA can only occur if in
addition to a HT relief valve, the bleed condenser level control valves also fail to close
bom automatically and in response to operator action.

iii) Redundant ways of providing HT pump seal cooling supplies, and incorporation of
primary and backup seals in the pump seal design.

Although the frequency of such events is low, some of them result from initiators that may also
affect the reliability of mitigating systems provided to cope with the loss of coolant For
example, the initiating event may be a loss of instrument air, leading to excess feed flow into the
HT system due to D,O feed valves opening and bleed valves closing. Subsequently, the HT
liquid relief valves and the bleed condenser relief valves may lift, some of which may then fafl
to reclose. The loss of instrument air may also make it impossible to open pneumatically-
operated isolating valves in the D2O recovery system, thereby requiring emergency coolant
injection to initiate. The detailed and integrated fault tree analysis carried out in OH PSAs
enables the impact of such dependencies to be easily analyzed.

m. Loss of Heat Sink

An important event sequence in a PS A is that leading to a loss of all means of core heat removal.
In the case of a CANDU reactor this can lead to fuel damage and multiple pressure tube failures.
For such an event to occur in one of OH's reactors, not only must the main boiler feedwater
system fail, but also the following standby systems:

a) Auxiliary Boiler Feedwater
b) Shutdown Cooling
c) Emergency Cooling supply to the steam generators, initially from storage tanks, and

subsequently from the lake
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Each of these systems is, in general, capable of removing decay heat soon after reactor shutdown.
Furthermore, there are equipment redundancies in their designs. As a result, random equipment
railum contribute negligibly to these sequences. Instead, the sequence frequencies are dominated
by human errors, and functional and support system dependencies between the various systems.

Some examples of such event séquences and dependencies are the following:

i) A steam or feedwater line break initialing event occurs leading to loss of unqualified
equipment located in the auxiliary areas exposed to the resulting hostile environmental
conditions such as the normal (so-called class IV) power system, the main and auxiliary
boiler feedwater systems and the instrument air compressors. The loss ox instrument air
leads to die moderator temperature control valves failing open, thereby leading to
significant diversion of service water Sow. The fewer service water pumps available as
a result of the loss of normal power lead to insufficient cooling water supplies to the
shutdown cooling system.

U) The operator fails to take the necessary action to either valve in the shutdown cooling
system or the emergency water supply to the steam generators following a loss of both
main and auxiliary feedwater due to events such as a high energy pipe break in the
turbine building.

The frequency of losses of heat sink is calculated to be 73E-5 per year (Reference 2). The
resulting fuel channel failures lead to HT system depressnrization and emergency coolant
injection. Severe core damage is, thus, precluded.

IV. Loss of core cooling foltowmg a LOCA

In most reactor designs (e.g. PWRs), the loss of either high pressure ECI or emergency coolant
recovery leads to severe core damage. In the CANDU design, however, this is a design basis
event, with core disassembly prevented by means of the heat transfer to the moderator water that
occurs as the hot pressure tubes contact the calandria tubes. Analyses are conducted and reported
in the station's safety report to demonstrate that fuel channel integrity is maintained arid fuel
failures are limited.

Furthermore, die Ed system, being one of the four special safety systems (shutdown system 1,
shutdown system 2, and containment are the others), is subject to an extensive equipment
surveillance program to maintain high system availability on demand. The mission time of the
recovery mode of this system is, however, long, up to at least a month. The PSAs take failures
during the long term after a LOCA into account, making appropriate distinctions between the
consequences of failure of Ed on demand or during the mission. As an example, the frequency
for Darlington of the simultaneous loss of a coolant and failure of ECI on demand was estimated
to be 8.1E-5 per year, whereas mat of the sequence in which failure during the mission was
postulated to occur was 3.7E-4 per year.

Thus, for severe core damage to occur, in addition to the highly-redundant Ed system, the
moderator heat sink function must also fad. In the DPSE, the frequency of such events was
calculated to be 2.4E-6 per year, thus implying that the effect of the moderator heat sink is to
reduce the core damage frequency by two orders of magnitude. The most likely sequences

leading to loss of core cooling after a LOCA are characterized not by independent component
failures but by inter-system dependencies. For example, the dominant DPSE core damage
sequence is one in which die probability of a loss of die moderator heat sink is affected by the
nature of the initiating event Specifically, a pressure tube initiating event may lead to a failure
of die associated calandria tube as well as a rupture of the annulus gas bellows. If ECI fafts
subsequently, core damage can occur, since the failed calandria tube and the raptured annulus
gas bellows provide an escape path for die moderator fluid.

Such dependencies are even more marked in the case of the Pickering A design. This results
from the use of the moderator pumps for recovering and re-circulating die discharge from the
break, as well, obviously, for using the moderator as a heat sink. As a result, the moderator heat
sink is of little value following most causes of emergency coolant recovery failure.

V. Loss of shutdown

An accident sequence unique to a CANDU reactor is die occurrence of a LOCA followed by
failure to shutdown the reactor. The resulting unmitigated power transient as a consequence of
the reactor's positive void coefficient of reactivity can lead to severe core damage. Fast
reactivity insertion rates due to all reactivity control devices railing in such a way as to introduce
the maximum possible positive reactivity can also lead to similar core damage. Considerable
attention is paid in both design and operation towards reducing die likelihood of such an event
to a negligibly small value. With the exception of Pickering NGS A, all of OHs reactors are
equipped with two fully independent and diverse fast-acting shutdown systems, one (SDSl)
comprising the dropping by gravity of solid neutron absorbers (shut-off rods), and the other
(SDS2) injection by high pressure helium of gadolinium nitrate liquid into the moderator.

Failure to shutdown the reactor following initiating events other man large LOCAs and rapid
reactivity insertion, while not leading to severe core damage, can, nevertheless, cause fuel
channel failure and some fuel damage. These event sequences are, thus, also of interest

Each shutdown system has an unavailability target of l.OE-3. The quite frequent testing and die
generally fail-safe nature of the design of diese systems results in calculated estimates of their
unavailability being easily below this target The joint failure probability of these two systems
is thus very low. Coupled with the low frequency of a large LOCA and inadvertent reactivity
insertion, the event sequence frequency due to random faults is quite low.

The independent and diverse design of diese two systems also makes unlikely the existence of
common mode failures between the two systems. Some common failures and dependencies
nevertheless do exist, e.g., die reliance on a common operator to reduce reactor power trip
sctpoints on both systems in response to abnormal operating modes and flux shapes to provide
adequate neutron overpower trip coverage. However, die impact of these events on sequence
frequencies is not dramatic as there are two diverse trip parameters on each system that can be
credited. A potential dependency between process systems and SDS2 is the reliance on electrical
power supplies for isolating the pressure balance line between die moderator cover gas and the
SDS2 helium injection header. The frequency of failure to shutdown die reactor for all events
is calculated to be 2.0E-7 /year (Darlington).
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In the case of Picketing A. a separate second shutdown system is not provided. Instead, an
automatic moderator dumpfeature is available to backup the shut-off rods. The moderator dump
fatale is effective for an reactivity insertion rates except those resulting from a large LOCA and
rapid insertion of positive reactivity. For such low frequency events, the considerable redundancy
provided by the shut-off rods (at least six rods must fail out of 21 to result in fuel channel
failure) is sufficient to prevent shot-off rod failures from dominating the loss of shutdown
frequency. Instead, (rip system failures are more significant As a result, attention is currently
being paid to improving the trip system reliability, possibly by adding another independent
system to cause the shut-off rods to drop and the moderator to dump.

VL Off-site Release

A unique feature of Ontario Hydro's reactors is the ability to automatically connect a unit that
has suffered a loss of coolant accident to a vacuum building. The pressure suppression capability
provided by the vacuum building quickly returns the containment to subatmoshperic pressure
after the initial overpressure period, and keeps it snbatmospheric for a long time (npto 200 hours
or more). In the long torn, any containment overpressure is relieved by means of a filtered air
discharge system. Containment failure due to slow pressurization is thus obviated. Also, igniters
are provided to bum off hydrogen produced in core heatup events to avoid a subsequent
uncontrolled bum. Only rapid core disruption events, thus, have the potential for consequential
containment failure, if at all.

Thus, for containment failure to occur leading to a large release, either there must pre-exist a
containment impairment (e.g. airlock seals deflated or doors open), or the containment ventilation
system must fail to be isolated, or hydrogen igniters must fafl etc. The frequency of such off-she
releases was calculated to be 1.7E-7 per year (Reference 2).

More significant causes of off-site release are those events in which the containment is bypassed
as a result of the accident itself. For example, a potentially large release may result if the

normally-closed flow path between the ECI system and the HT system fails open (the so-called
Wowback event). The frequency of a large release, taken to result from failures to shutdown,
blowback and containment impairments, was calculated in the DPSE to be 8.2E-7 per year. This
estimate is felt to be quite conservative, since the current expectation is that the dose
consequences of some of these events are low, due, generally, to the lack of a driving force to
push out the fission products from the containment building.

Not resulting in a large off-she release, but nevertheless significant in the case of Darlington
because of its unique containment design are other events in which containment is bypassed. For
example, a failure of both the primary and backup seals results in a LOCA outside containment,
as does a rupture of the D2O storage tank rupture disc. At a frequency of 8.6E-6 per year, and
a mean individual dose of 0.24 Sv, these sequences posed the highest quantified risk

VIL Conclusions

The CANDU design gives rise to unique initiating events and system response to them.
Considerable hardware redundancy exists in the normal and standby systems provided in Ontario
Hydro's reactors to mitigate the impact of these events. Accident séquence frequencies could,
therefore, be dominated by dependent failures. PSAs of such reactors must m^iy/gh* the
identification and proper accounting of such dependencies to ensure their impact is suitably
limited.
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Abstract

The accurate solution of the space-time kinetics equations is important
from the reactor safety point of view. Three computer models THRED-ADE, 3D-
FAST, and MODQUASI were developed to solve the space-time kinetics
equations. The computer model THRED-ADE solves the space-time kinetics
equations using nonsymmetric alternating direction method with frequency
transformation. The model 3D-FAST solves these equations using adiabatic
and/or improved quasistatic (IQS) method. The model MODQUASI solves the
space-time kinetics equations using modal-quasistatic method. In this paper
the results of two benchmark problems for large PHWRs analysed by these
methods have been discussed. The first benchmark problem is a three
dimensional problem simulating the loss of coolant accident (LOCA) in large
PHWRs followed by asymmetric insertion of reactivity devices. The second
benchmark problem is suggested in an IAEA coordinated research program for
PHWRs simulating loss of reactivity control event initiated by the
simultaneous draining of the seven zone controllers on one side of the
reactor (one lattice pitch in two seconds linearly in time) followed by an
insertion of four shutoff rods.

equations using adiabatic and/or improved quasistatic (IQS) method. The
model HODQOASI solves the space-time kinetics equations using modal-
quasistatic method. To validate these computer models many 2- and 3-
dimensional benchmark problems have been analysed. In this paper the results
of two benchmark problems for large PHWRs analysed by these methods have
been discussed. The first benchmark problem is a three dimensional problem
simulating the loss of coolant accident (LOCA) in large PHWRs followed by
asymmetric insertion of reactivity devices. The second benchmark problem is
suggested in an IAEA coordinated research program for PHWRs simulating loss
of reactivity control event initiated by the simultaneous draining of the
seven zone controllers on one side of the reactor (one lattice pitch in two
seconds linearly in time) followed by an insertion of four shutoff rods.
Brief description of the calculational models is given in Section 2. Section
3 discusses the benchmark problems. The results are discussed in Section 4.

2.0 BRIEF DESCRIPTION OF CALCULATIONAL METHODS
The multidimensional multienergy group time dependent diffusion

equations are
i/vg(6+g(r,t)/6t) = A.

with f
6/6t(CJr,t)= ß^ v[g. + g

where the notations have their usual meanings.

(1)

(2)

These equations are solved numerically by three computer models namely
THRED-ADE, 3D-FAST, HODQÜASI based on different methods as discussed below.

00

1.0 INTRODUCTION
It is well known that an accurate prediction of the consequences of an

accident in a nuclear power plant is vital from the reactor safety point of
view. This in turn would require the solution of space-time kinetics
equations more accurately. Before the advent of large and fast computers,
these equations were used to be solved using point reactor kinetics model
where the spatial flux distribution is assumed to be constant in time and
only amplitude function is assumed to vary with time. This model is suitable
for tightly coupled nuclear reactors where the spatial flux distribution is
insensitive to local changes in material properties. But the kinetics
analysis of large sized power reactors calls for the development of methods
which could effectively deal with these space-time effects. One such example
is the present generation of heavy water reactors, which because of their
large size behave in a loosely coupled manner when subjected to localised
perturbations. It is this fact, which has led to the development of several
methods of solving the space-time kintics equations. Three computer models
THRED-ADE [1], 3D-FAST [2,3], and HODQOASI [4] were developed to solve the
space-time kinetics equations. The computer model THRED-ADE solves the
space-time kinetics equations using nonsymmetric alternating direction
method with frequency transformation. The model 3D-FAST solves these

2.1 DESCRIPTION OF THE CODE THRED-ADE
The computer model THRED-ADE solves the 3-dimensional space-time

kinetics equations using nonsymoetric atlternating direction explicit(ADE)
method with frequeny transformation. It has been shown that the efficiency
of ADE method can be greatly enhanced by the use of frequency method [5].
This method not only reduces the truncation errors but also improves the
converence to the exact solution. Depending on the mode of matrix splitting,
two variants of ADE methods are known as symmetric and nonsymmetric schemes.
In the nonsymmetric scheme the neutron enêry groups are solved downward in
energy for all the time steps, while the direction of solution through the
energy groups is alternated in the symmetric scheme. For treating the
thermal reactor problems, it has been found that nonsymmetric scheme is
superior to the symmetric scheme. This is due to the tighter coupling of the
equations in the direction of decreasing neutron energy.

2.2 DESCRIPTION OF THE CODE 3D-FAST
A 3-dimensional space-time kinetics model 3D-FAST [2] has been developed

based on the factorization approach. In both the adiabatic and IQS methods
the neutron flux is factorised into a shape function and an amplitude
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factor. The time-domain is divided into fairly coarse intervals known as
nacro-intervals. During each nacro-interval, the .amplitude factor is
obtained by solving the point-kinetics equations. For this purpose the
»aero-interval is further subdivided into a number of finer intervals known
as micro-intervals. The shape function is calculated at the end of every
macro-interval.
2.2.1 STATIC CALCULATIONS

The heart of the model 3D-FAST is its shape function calculational
module. The shape function equation can be put in the form of a k ffeigenvalue equation for the adiabatic model and in the form of a source
problem for the IQS model. The direct or adjoint flux distribution is
obtained by solving the multigroup diffusion equations using a centre-mesh
finite differnce scheme [6]. Variable dimensioning is used to make best use
of available computer memory. The static eigenvalue or source problem is
transformed into a set of matrix equaions. At the outer surface either
vacuum or reflecting boundary conditions can be used. In the interior of the
reactor, 1- boundary condition can also be incorporated mainly to simulate
control rods in the reactor configuration. Provision has been made for X, X-
Y, X-Y-Z, R, and R-Z geometries. The finite difference equations for each
group are solved using successive line-overrelaxation (SLOR) scheme. There
is a built-in option to calculate the optimum overrelaxation parameter. The
eigenvalue is calculated by the standard fission source iteration scheme.
The optimum overrelaxation parameter for the outer iterations can be
computed. For outer iterations Chebyshev iteration scheme can also be used.
If temperature feedback is present, the steady state average fuel and
coolant temperatures are also determined. The cross-section are suitably
modified. The steady state calculation is repeated till temperatures are
converged.

2.3 DESCRIPTION OF THE CODE MODQOASI
The computer code MODQUASI is based on modal-quasistatic method [7].

This method is based on standard quasistatic method in which neutron flux is
factorized into shape function which is assumed to be a weakly varying
function of time and amplitude factor which is strongly time-dependent. The
equation for calculation of shape fucnction is as complicated as the
original time dependent diffusion equation. Normally the shape function
equation is transformed into an inhomogeneous source problem by suitably
redefining the cross-sections. Solution of the inhomogeneous source
equations takes large computational time. To reduce this time, the shape
function is expanded in the time-independent spatial lambda-mode functions
and time-dependent mode weighting amplitudes. The mode weighting amplitudes
are solved at crude time intervals. A computer code MODE-3D is developed
which calculates the higher harmonic lambda modes by substitution method.

3.0 DESCRIPTION OF BENCHMARK PROBLEMS
Two benchmark problems were selected to be analysed by these three

computer codes. The first benchmark problem [8,2] is a 3-d simulation of
loss of coolant accident (LOCA) in a PHWR followed by an asymmetric
insertion of reactivity devices. The positive reactivity insertion due to
LOCA is simulated by decreasing the thermal absorption cross-section in one

half of the core. The negative reactivity due to asymmetric insertion of
shutdown devices is simulated by increasing the thermal absorption cross-
section of certain regions.

The second benchmark problem [9] was formulated in the IAEA research
coordinated meeting on benchmark problems for PHWRs held in Buenos Aires,
Argentina. In this benchmark problem the loss of reactivity control event is
initiated by draining of the seven compartments on one side of reactor. The
water level of seven compartments decreases by one lattice pitch (28.575 cm)
in two seconds linearly in time. The level of water stays constant after twoseconds. The level of water in the other seven zones remains unchanged at
three lattice pitches. The adjuster rods were inside the core at the time of
draining and they do not move during the transient. The four shutoff rods
start their insertion 0.3 seconds after the safety system trips. The
movement of the lower end coordinate of the shutoff rods is indicated by:

y = -6t2 -4.775t + 14
where t is the time in seconds and y is the lattice pitches above

midplane.
There are three trip channels (D,E,F) having two detectors each. When

the bundle power of one of the detector bundles of a trip channel reaches
1.15 times the value it had at the beginning of the transient, the
corresponding trip channel trips. When two trip channels are tripped, the
system is tripped and the shut off rods start moving 0.3 seconds later.

4.0 RESULTS AND DISCUSSION
Table-1 gives the variation of relative power with time for the firstbenchmark obtained by the computer codes THRED-ADE, 3D-FAST( Adiabatic and

IQS approximations), and MODQOASI. It can be seen from the table that the
results obtained by ADE and IQS models are in good agreement with each
other. The results obtained by the modal quasistatic model are also
satisfactory except that the peak power is overpredicted and the power at
the end of the transient is underpredicted. This may be due to the fact that
the flux shape changes substantially during the transient and more number of
modes may have to be considered to account for this change. The adiabatic
model substantially overpredicts the peak power as well as the power at the
end of the transient. This may be due to the delayed neutron holdback
effect.

In the second benchmark problem, a total of 21X28X24 mesh points were
taken for the analysis. In the X-direction only half core was taken because
of symmetry. The initial multiplication factor for the two zone core was
found to be 1.00004. Tables 2 and 3 give the variation of reactivity,
relative neutron power, maximum bundle and channel powers as a function of
time as calculated by adiabatic and improved quasi-static methods
respectively using computer code 3D-FAST. It may be mentioned here that the
maximum channel and bündele powers have been normalised to a total power of
2071.0 MWthf The power given to the coolant). The maximum reactivity and
relative neutron power are 0.60 mk,0.60 mk and 1.162 and 1.163 by adiabatic
and IQS methods. The trip was actuated at time 1.942 sec in adiabatic method
and at 1.977 sec in IQS method. Ten seconds after the start of the transient



TABLE-1
VARIATION OF RELATIVE POWER WITH TIME FOR PROBLEM-1

Ti»e
(sec)

0.000
0.831
1.004
1.580
2.100
2.500

THRED-ADE 3D-FAST «ODO.UASI
Ut=.001 s) (Adiabatic) (IQS) (19 Modes)

1.000
3.760
3.420
0.910
0.340
0.325

1.000
4.130
4.050
1.500
0.704
0.686

1.000
3.650
3.200
0.910
0.335
0.316

1.000
3.850
3.430
0.863
0.309
0.292

TABLE -2
SALIENT RESULTS FOR BENCHMARK PROBLEM-2 «SING ADIABATIC METHOD

Tine Rho

(s) (mk)
.0 .00
1.0 .28
2.0 .60
3.0 -.39
4.0 -
5.0 -
6.0 -
7.0 -
8.0 -
9.0 -
10.0 -

.34

.34

.34

.34

.34

.34

.34

P/PO Max.
Channel
Power
(HW)

1.000
1.045
1.126
1.073
.360
.307
.273
.248
.227
.209
.195

6
7
7
7
2
2
1
1
1
1
1

.74

.08

.65

.66

.50

.14

.90

.72

.58

.46

.36

Max.
Bundle
Power
(kW)
824
865

5
5

934.7
939
330
281
251
227
208
192
179

5
3
8
0
5
5
7
4

Power at Detector Locations
D1.F1 D2.F2 E1 E2
(kW)
637.3
674.0
737.2
722.0
202.1
172.3
153.4
138.9
127.3
117.6
109.5

(kW)
638.7
659.3
698.7
681.9
193.3
164.8
146.7
132.9
121.7
112.5
104.7

(kW)
605
668
761
739
230
196
175
158
145
134
125

2
3
2
2
9
9
3
8
5
4
1

(kW)
606.7
625.4
662.5
640.4
201.6
171.9
153.0
138.6
127.0
117.4
109.2

TABLE -3
SALIEHT RESULTS FOR BENCHMARK PROBLEM-2 OSIHG IQS METHOD

-a05(QCD

COCD

Tine

(s)
.0
1.0
2.0
3.0
4.0
S.O
6.0
7.0
8.0
9.0
10.0

Rho

(•k)
.00
.28
.60

-.28
-9.49
-9.53
-9.53
-9.52
-9.52
-9.52
-9.52

P/PO

1.000
1.046
1.127
1.091
.358
.303
.270
.244
.224
.206
.192

Max. Max. Power
channel Bundle
Power Power D1.F1
(MB)
6.74
7.08
7.65
7.41
2.45
2.11
1.88
1.70
1.56
1.44
1.34

(kW)
824.
865.
934.
907.
319.
274.
244.
221.
202.
187.
174.

5
4
2
0
6
3
3
4e
4
3

at Detector Locations
02, F2 E1 E2

(kW) (kW)
637.
673
734.
726
199.
169
150.
136
124
115
107

.3

.0

.6

.5

.3

.2

.5

.2

.7

.1

.1

638.7
661.2
702.0
691.3
192.8
164.1
145.9
132.0
120.9
111.6
103.8

1MO
«05.
666
757.
745
229.
195
173.
157
144.
133
123.

2
.8
4
.8
7
.6
9
.4
1
.1
6

(W»)
«06.7
627.1
665.5
651.9
203.6
173.9
154.6
139.9
128.1
118.3
110.0

the reactivity is -9.34 mk and relative neutron power 0.195 in adiabatic
method while the sane are -9.52 mk and 0.192 in IQS method.

In the steady state at time t=0., the maximum channel power is 6.74 (W
in channel E-10. The maximum bundle power is 824.5 kW at 6/7th bundle of E-
11 channel. The maximum channel power increased to 7.89 MW in adiabatic
method while it increased to 7.90 KW in IQS method. The maximum bundle power
increased to 964.4 kW in adiabatic method while it increased to 965.0 KH in
IQS method.

It is seen that the results using adiabatic and IQS methods are in
good agreement. This is due to the fact that the reactivity insertion rate
in this transient is quite slow (0.3 mk per second) and there is no
appreciable change in the flux distribution during the transient.
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Abstract

The components of the CANDU fuel channels are being developed to have
service lives of 35 years with large margins of safety. Information
from research programs and the examination of components removed from
reactors has enabled improvements to be made to pressure tubes,
spacers, calandria tubes and end fittings. Improvements have also
been made to the channel design to facilitate planned retubing.

1. INTRODUCTION

Since the initial fuel channel design was produced for the NPD reactor
in 1962, about 8000 fuel channels have operated in various CANada
Deuterium Uranium (CANDU) reactors. The design has evolved to
accommodate increased power output, reaching a maximum of about 6.5 MW
in the current generation of fuel channels. During this experience a
number of design and material problems have arisen, some serious
enough to require retubing of reactors before the end of the projected
design life, but the basic design has been shown to be effective and
efficient for safely generating heat for conversion to electricity.
The fuel channel concept has development flexibility for the use of a
wide range of fuels.
During the 30-year period from 1962 to 1992, research on materials of
fuel channels, together with operational feedback and design
development, have contributed to a better understanding of behaviour
of the materials in the reactor environment. This understanding has
led to improvements in the materials and designs that form the basis
of further evolutionary steps in fuel channel technology.
The emphasis of current evolutionary design efforts is on longer
design life at high capacity factor, improved behaviour during
postulated accidents and improvements to simplify channel replacement.

These requirements necessitate minimal maintenance during the design
life, (not more than a 1 to 27, contribution to incapability factor)
and a minimum contribution from inspection needs. Thus the design
life for the next fuel channel designs to be built will be 35 years at
a capacity factor of 90% (31.5 EFPY) compared with the 30-year 80%
capacity factor (24 EFPY) of the current channels. This 31% increase
in effective full power life will require stringent attention to
operating practice.
Because of the effects of temperature and neutron flux, the designers
see the power of individual fuel channels remaining close to the
current values for a number of years.
This paper shows where the advances in material technology have
enabled design life predictions to be.made and where design
modifications further facilitate channel operation.

2. THE CANDU FUEL CHANNEL DESIGN

The current CANDU fuel channel design, Figure 1, evolved from the
prototype design for the Nuclear Power Demonstration (NPD) Reactor,
and is a consequence of decisions to:

- Use natural uranium fuel.
- Use heavy water at high temperature and pressure to remove heat

from the fuel.
- Contain the fuel and heavy water coolant by pressure tubes.
- Use low temperature, low pressure heavy water as a moderator.

FEEDERS FEEDERS

BELLOWS

PRESSURE
TUBE

Figure 1 Simplified illustration of a CANDU fuel channel.



CO The consequences that arose from these decisions were:
- The fuel would need to be moved and replaced frequently, on

power, to achieve optimum burnup.
- The reactor internals would need to be made from low neutron

capture cross section materials.
- The hot components carrying the fuel would need to be thermally

isolated from the low temperature moderator.
- The knowledge of long-term behaviour of zirconium alloys was

limited and anticipated needs for maintenance made it prudent
to allow for relatively easy replacement.

Table I. THE OPERATING CONDITIONS FOR FUEL CHANNEL COMPONENTS

COMPONENT

Pressure Tube
Zr-2.5Nb

End Fitting
403 SS

Calandria Tube
Zircaloy-2
Garter Spring
Zr-Nb-Cu
Inconel X-750

TEMPERATURE°c
249-313

249-313

70-80

70-313'

NEUTRON
FLUX
n.a-'.s-1

3.7 x 10"

1.0 x 10"

3.0 x 1017

3.0 x 101'

ENVIRONMENT

Outside
CO,

C02

DjO

Inside
D,0 at

9.6-11.1 HPa
020 at9.6-11.1 HPa
CO,

CO,

MAXI mm
OPERATING

TENSILE STRESS

120-149 MPa

85 MPa

- 5 MPa

'Thermal Gradient

The design of CANDU fuel channels from NPD onwards has evolved to
accommodate higher power outputs involving higher temperatures and
pressures, Table I. This has necessitated increases in length and
diameter and an increase in strength of the pressure tubes.
The components of a fuel channel fall into one of three categories:

- pressurized components
- support components
- internal components

The pressurized components comprise the pressure tube, made from
Zr-2.5 Nb, and the end fittings (including the closure seals and

feeder connections). The pressure tubes experience the most severe
service of any component. End fittings by contrast see a less severe
service condition and do not control the life of the fuel channel.
The support components are the spacers and the calandria tubes. The
spacers maintain the separation of the pressure tube from the
calandria tube. The spacers also transmit the load of the pressure
tube and its fuel and heavy water on to the calandria tube, which
operates cold and provides most of the sag resistance of the channel.
The key internal components are the liner tube and shield plug. Both
are intended to smooth the entry and exit of the flow of heavy water
into and out of the channel. The inlet end is the most important
since turbulence of flow can cause movement of fuel bundles.
Two designs of end fittings have been used in CANDU reactors-
Bruce/Darlington type and the Plckering/CANDU 6 type. The differences
between them result from the different fuel handling systems used to
fuel the channel (outlet end refuelling In the Bruce/Darlington type
and inlet end refuelling in the Piekering/CANDU 6 type). The
Bruce/Darlington channel requires 13 bundles to accomplish the fuel
shuffling and accommodate the fuel support arrangement at the outlet
end. The Pickering/CANDU 6 fuel handling system requires only twelve
bundles.

3. IMPROVING THE SERVICE LIFE OF COMPONENTS
3.1. Pressurized Components
3.1.1 Pressure Tubes
Dimensional Changes
During reactor operation the conditions of temperature, stress and
neutron flux change the dimensions of the pressure tubes. Enhanced
elongation due to irradiation-induced creep and growth was not
anticipated and in early reactors sufficient end fitting bearing
travel was not provided. In these reactors the pressure tubes must
either be reconfigured or replaced. Later reactors have allowed for
much more bearing travel. The higher the channel power, the higher
the rate of elongation. In the Bruce and later reactors, the rate of
elongation is 4 to 5 mm per year [1], In the later units the bearings
can accommodate about 75 mm of elongation at each end of the channel.

Diametral expansion of the pressure tube allows more primary heat
transport system heavy water to flow around the fuel bundles. The
design allowance is conservatively limited to 5Z of the initial
diameter. The maximum diametral expansion rate of Bruce pressure
tubes is about 0.1 mm per year [2] and is not expected to limit their
service life.
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Prior to service, the pressure tubes have a radius of curvature of
over 280 m. This radius decreases with service time, but based on
projections from current pressure tubes the curvature will never
impede the passage of fuel bundles. In reactors that have horizontal
reactivity control mechanisms at right angles to the fuel channels,
the calandria tubes can sag about 50 mm before they contact these
mechanisms. Remedial action will have to be taken for about 50
channels located above the horizontal mechanisms.
The in-reactor creep and growth properties of Zr-2.5 Nb pressure tubes
is a function of their crystallographic texture, grain shape,
dislocation density and sub-grain microstructure. A program vas
conducted to improve the elongation performance of pressure tubes
[3]. Three fabrication routes were designed that would change the
raicrostructure of the finished tubes. These routes started with a low
extrusion ratio and increased the cold work from 25Z to 40Z and had
combinations of intermediate anneals and final stress relieving heat
treatments. Of these, Route 1 had a similar crystallographic texture
and a-grain size as standard tubes but a different a-grain
substructure and a much lower dislocation density of about 3.0*1014
nr2 compared with 6.0*1014 nrj for standard tubes. Small specimens
from the three Routes were tested in research reactors and they shoved
that Route 1 tubes should have lower elongation rates than standard
tubes. This conclusion is being confirmed by axial measurements on a
small number of Route 1 tubes that have been installed in Bruce Unit
8, Figure 2. Diametral creep and sag should be similar to that of
standard tubes.
Defects
Two pressure tubes in Bruce Unit 2 leaked as a result of delayed
hydride cracking (DHC) that initiated at flavs [4]. A small number of
similar flavs were also discovered by post-installation inspection in
other units. The source of the flaws was found to be large shrinkage
cavities that formed in the top of ingots. The cavities were closed
up and partially welded up by the forging and extrusion processes but
formed laminar flaws at a shallow angle to the surface of the finished
tube. These flaws are very difficult to detect by standard non-
destructive techniques and also difficult to see metallographically.
However they can open up during service by an oxidation process and
initiate DHC. The manufacturing process has been changed to minimise
the size of the shrinkage cavities and the top of ingot is cropped to
remove them. Ingot inspection ensures that the cavities have been
removed, and final tube inspection by techniques which can detect such
laminations further decreases the probability of any such defects now
entering service.
Changes in Fracture Properties
Neutron irradiation introduces damage to the crystal lattice that
increases tensile strength and delayed hydride cracking (DHC) velocity
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Figure 2. Reduction in elongation of Zr-2.5Nb pressure tubes by a
revised processing method, TG3-R1.

and decreases ductility and fracture toughness. As fabricated, the
tensile strength is higher in the transverse direction than the
longitudinal as a result of the crystallographic texture. With
irradiation, the strength increases and ductility decreases rapidly,
but after a fluence of about 1*1025 n/m2 there is little further
change and there is also little difference between the transverse and
longitudinal directions. Irradiation slightly increases the
susceptibility to DHC crack initiation (5). The velocity of crack
propagation is increased, particularly at the inlet end of the channel
as a result of the lower temperature.
If a crack grows undetected it will become unstable when it reaches
the critical crack length (CCL). Fracture toughness controls CCL.
As-fabricated pressure tubes are very tough. With irradiation there
is an initial rapid decrease in toughness but, as with tensile
properties after a fluence of 3*1024 n/m2, there is little further
change [6]. There is also a very large range in the toughness of
pressure tubes after irradiation and some tubes still have excellent
toughness after 18 years' service [6,7].
The fracture surfaces contain linear features, called 'fissures',
parallel to the axis of the tubes. Toughness decreases with increase
in density and length of the fissures. The fissures are caused by
local accumulations of chlorine and are associated with high
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Dependence of fracture toughness of Zr-2.5Nb on chlorine
concentration shoving the improvement when the starting
material is melted four times.

concentrations of carbon, and tubes containing low concentrations of
chlorine have few fissures on their fracture surfaces and high
fracture toughness [8]. Thus the range of fracture toughness is
partly related to trace amounts of chlorine. The chlorine is a
residue of the Kroll process used to refine the zirconium. The
fabrication records reveal that some tubes were made from 100Z
recycled material and thus the material had been melted four times.
These were the tubes that were very tough. Quadruple melting the
ingots reduces the chlorine concentration to small values and produces
tough tubes, Figure 3 (9). A maximum chlorine concentration of
0.5 ppm has now been inserted into the material specification.
Other trace elements may affect fracture toughness:

- Hydrogen, especially in the form of radial hydrides
[10], can be highly detrimental but with the precautions to be
outlined in the next section should not be a factor for
toughness.

- Phosphorus forms brittle phosphides that reduce toughness
and a maximum concentration of phosphorus of 10 ppm has now
been included in the specification [9].

Corrosion and Hydrogen Ingress
The design of CANDU pressure tubes incorporates a combined corrosion
and wear allowance. During service, the heavy water corrodes the
inside surface of the pressure tube. The products of this chemical
reaction are Zr02 and hydrogen. The loss of metal from the reaction
is very small and after 30 years' service is predicted to be
considerably less than the allowance.
The hydrogen concentration of the tubes is important as it affects the
DHC and fracture properties. The hydrogen concentration is the sun of
the hydrogen concentration in new tubes plus the hydrogen picked up
during service.
CANDU pressure tubes are autoclaved at 400°C for 24 hours which
produces a black adherent oxide about 1 urn thick, this oxide is an
effective barrier to the entry of hydrogen .into the tubes. If the
atmosphere in the annulus is not sufficiently oxidising, the oxide
will deteriorate until it is no longer an effective barrier and
hydrogen in the annulus can then enter the tube [11]. To avoid pick-
up from the annulus gas, it is important to use an annulus gas that
has sufficient oxidising species (C02 with added 02 rather than N2)and also to ensure that there is good gas flow through all channel
annul!.
When the ends of the tubes are rolled into their end fittings, the
oxide is damaged in the rolled Joint region and is no longer an
effective barrier. The oxide on the inside surface Is soon repaired
by corrosion with the heavy water, but on the outside surface,
exposure to air or heavy water is restricted by the end fitting. This
results in additional ingress of hydrogen into the tubes via the 403
Stainless Steel end fittings and a much higher ingress rate at the
ends than in the body of the tubes [12]. The rate is higher at the
outlet ends than at the inlet ends because of the higher temperature.
The solubility limit of hydrogen in zirconium is low [13]; hydrides
are always present at room temperature while in the range of reactor
operating temperatures, hydrides are formed when the hydrogen
concentration reaches between 0.3 and 0.5 at.Z. Since hydrogen, in
the form of brittle hydrides, has been associated with all the
cracking or potential cracking in zirconium alloy pressure tubes [14],
we are expending much effort to reduce both hydrogen concentration and
its effects. Maintaining the concentration below 0.3 at.Z will ensure
that no hydrides form during reactor operation. The four approaches
for minimising the effects of hydrogen in Zr-2.5Nb pressure tubes are:

1. reduce the amount of hydrogen initially present in
finished tubes,

2. reduce the rate of hydrogen pick-up during operation,
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3. redistribute any hydrogen to innocuous locations, and
4. develop a microstructure that is tolerant of hydrides.

1. The manufacture consists of six main steps: production of
zirconium sponge, vacuum arc melting into an ingot, forging in two
steps, extrusion, cold-working and stress relieving. Hydrogen is
picked up at each stage, but contributions from melting and
forging dominate [9]. Careful control of melting practice, with
particular attention to the vacuum, reduces the hydrogen
concentration in the bulk of the ingot. Hydrogen tends to
concentrate at the surfaces ' of both ingots and forgings and
judicious machining to remove these hydrogen-rich layers ensures a
low hydrogen concentration in the finished tube. The improvement
is illustrated in Figure 4. In a typical batch of tubes
representing early production, the hydrogen concentration varies
from 0.05 at.Z to 0.16 at.Z with a mean value of 0.10 at.Z while
tubes made by processes incorporating the refinements have a very
narrow range of hydrogen concentration at or below 0.05 at.Z. The
specification for the maximum hydrogen concentration allowed has
been changed from 25 ppra (0.23 at.Z) to 5 ppm (0.05 at.Z) to
reflect the improved practice. The consequence for tube lifetime
is to increase the time it takes to form hydrides by close to 20
years for tubes at the limits of the specification, assuming that
the maximum hydrogen pick-up rate during operation is 0.01 at.Z
per year.

2. Hydrogen pick-up during reactor operation may be reduced by
modifying the concentration of trace elements or modifying the
tube surface [15]. Merely reducing the corrosion rate may not be
good enough since hydrogen ingress is not necessarily correlated
with corrosion. Laboratory experiments on Zr-2.5Nb-x X, where x
is the concentration of element X, show that traces of Fe, V and
Cr are beneficial while traces of Mn, Ni and Sn should be avoided.
The surfaces of the pressure tubes have been modified by local
melting with lasers, by shot-peenlng and by application of a layer
of stress-free oxide. With each method, laboratory experiments
demonstrate that both the corrosion and amount of hydrogen picked-
up per unit of corrosion are reduced. The improvement with laser
and shot-peening treatments is attributed to the microstructure at
the metal surface containing 0-Nb precipitates and a-phase with a
concentration of Mb close to the equilibrium value. These
microstructural features are produced during irradiation and are
thought to be responsible for the reduction in corrosion in a
reactor compared with that in the laboratory. The stress-free
oxide is produced by depositing a thin layer of colloidal
zirconia. This oxide contains fewer cracks than thermally grown
oxides and in laboratory experiments coated specimens corrode
independent of the underlying metal microstructure. Any benefit
from these treatments for behaviour in-reactor requires
demonstration.
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Figure 4. The reduction in initial hydrogen concentration of
Zr-2.5Nb pressure tubes by improved manufacturing
practice.

Hydrogen is absorbed at a higher rate in the rolled joints than in
the main body of the tube (12). The main contributions come from
galvanic corrosion in the outer crevice between the pressure tube
and the end-fitting and from diffusion of hydrogen through the
end-fitting. To meet the criterion of no hydrides during reactor
operation at vulnerable locations, the hydrogen content in the
pressure tube at the rolled joint must be reduced by 80Z. Methods
of reduction include placing a barrier between the pressure tube
and the end-fitting and reducing the corrosion in the crevice.
Chromium plating the end-fitting may help against both mechanisms
[16]. Several designs of rolled joints using end-fittings
chromium-plated by standard techniques are being tested in a
heavy-water loop at 300°C. Short-term evaluation shows that the
reduction in pick-up varies from about 30Z up to 70Z depending on
the design. The result are to be confirmed in a production
reactor environment.

3. An alternative method of reducing the hydrogen at the ends of the
pressure tubes is to place a sacrificial hydrogen getter in a
stress-free location. Yttrium forms a more stable hydride than
zirconium and is an effective getter when in metallurgical
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contact. Using hydrostatic pressing, rings of yttrium bonded to
and protected by zirconium, then welded to the ends of the
pressure tubes, reduce the hydrogen concentration in the attached
zirconium alloy to values veil belov the solubility limit [17].
Demonstration of the efficacy of this method to protect a rolled
joint is in progress.

4. The value of the threshold stress intensity factor for DHC, KIH,
depends on the ability of hydrides to form with their plate
normals parallel to a tensile stress; easy formation of such
hydrides implies lov KIH. The microstructural feature that
controls the stress-induced orientation of hydrides is the
distribution of the basal planes since the habit plane for hydride
precipitation is close to the basal plane. Thus basal plane
normals should not be parallel to a tensile stress [18]. Material
with a high fraction of basal plane normals parallel to a tensile
stress have low KIH and vice versa. A value of KIH of 10 HPaJm
is sufficient to protect pressure tubes from any defects up to
1 mm in depth, which are easily detectable. Results from
experiments on plate materials imply that such values can be
attained in pressure tubes by rotating the concentration of basal
plane normals away from the transverse direction towards the
radial direction [19]. Prototype tubes have been made with basal
planes more concentrated in the radial direction and values of KIH
greater than 10 MPajra have been obtained. The full range of
properties of these tubes is now being evaluated.

3.1.2 End Fittings
The alloy AISI type 403 is used for end fittings which are produced as
forgings but have also been produced as extrusions and castings. The
alloy has been an optimum choice because of the need for strength,
corrosion resistance and impact resistance.
Improvements to the chemistry and heat treatment of type 403 have
reduced the increase in nil ductility temperature with fluence. Impact
properties and low temperature pitting resistance have also
benefit ted.
The end fitting has given few problems in service. A few small leaks
have occurred at the seal faces of the bolted connections to the
feeder pipes. For future reactors, it is possible that the feeders
will be welded to the end fittings because of the need to use larger
diameter feeders than currently used to improve critical power rating
margins in the fuel bundles. This will also eliminate any leakage at
this location.
The only other modification being considered for the end fittings is a
double set of rolled joint grooves in one end fitting to facilitate
planned retubing. The outboard set of grooves are used for the

initial pressure tube and the inboard set are used for the replacement
tube without the need to clean up the used grooves, thus reducing the
outage.
3.2 Support Components
3.2.1 Spacers
In early CANDU reactors, zirconium alloy spacers have been the cause
of costly maintenance programs. The garter spring design performs
very well the required functions of separation under conditions of
relative movement of the two tubes forming the annulus, without
causing wear to either tube. However, in earlier units, the spacers
were a loose fit on the pressure tube and moved during installation.
Contact between the pressure tube and the calandria tube resulted from
pressure tube sag [20]. The design of spacers has been improved by
the use of a spring alloy, Inconel X750, rather than a zirconium
alloy. The spring has an integral internal girdle wire inside the
toroid that provides detectability by eddy current techniques and is a
tight fit around the pressure tube, ensuring that the spacer remains
in the design location thus preventing contact between the pressure
and calandria tubes.
3.2.2 Calandria Tubes
Various evolutionary improvements for CANDU calandria tubes are being
developed based on the proven CANDU calandria tube technology. The
calandria tube modifications will decrease the sag rate as well as
increase the probability that calandria tube integrity will be
maintained during various postulated accidents.
Sag Reduction
The end-of-life for CANDU calandria tubes is reached when their
replacement is needed to prevent them from sagging into contact with
core components located below them, or when it will not be possible to
perform a pressure tube replacement because of excess curvature.
Therefore, calandria tube life can be extended by reducing its sag
rate, with the amount of life extension being proportional to the
amount of sag reduction. The target for CANDU calandria tube life is
to be twice as long as pressure tube life, so that a calandria tube
would not have to be replaced when pressure tubes are replaced.
CANDU fuel channel sag analyses have shown that the sag rate for
calandria tubes can be halved by increasing their vail thickness about
2.5 times for about a one-meter length at both ends. The burnup
penalty associated with such thick ends is 2 to 4 % because the
material being added is in a low flux region of the reactor core.
One practical way to fabricate a thick ended calandria tube is to weld
thick wall tubing to both ends of a segment of the current calandria
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tube design. Burst tests on this design have demonstrated that it
does not reduce calandria tube burst resistance, nor induce fracture
in the circumferential veld. Alternatively, a fabrication process for
a seamless thick, ended calandria tube is being developed. Preliminary
full-scale prototypes of seamless thick end calandria tubes have
recently been fabricated and their properties are currently being
evaluated.
Increased Burst Resistance
Burst failure for the current calandria tube design occurs in its
longitudinal weld. Calandria tube burst resistance will increase if
this weld is either strengthened, so that failure occurs in the parent
material, or eliminated by the use of a seamless tube [21]. As noted
above, such a seamless tube is being developed, but before it can be
qualified for reactor use it must be shown to have appropriate
metallurgical properties.
Another practical way to fabricate a calandria tube with increased
burst resistance is to thicken the longitudinal weld region of the
current calandria tube design. Burst testing of many short lengths of
thick weld tube has demonstrated that a 252 increase in wall thickness
for the weld region of a calandria tube causes burst failure to occur
in the parent material rather than in the longitudinal weld. Such
burst failures are associated with about three times more burst
strain, and a 20-252 increase in tube stress at burst, than the
current calandria tube design, Figure 5. A full-length prototype of a
thick weld calandria tube has recently been fabricated and will soon
be used in a full-scale burst test, which is the final step in
qualifying such a tube for reactor use.
Improved Radiative Heat Transfer
For a postulated large Loss of Coolant Accident (LOCA) plus loss of
Emergency Coolant Injection (ECI), the pressure tube temperatures
rapidly rise to a high value. The predicted consequences for such an
accident is less severe if the peak value for the pressure tube
temperature is reduced. This reduction would occur if the radiative
heat transfer from the pressure tube to the calandria tube is
increased. The absorptivity of the calandria tube can be increased
three to four times by shot peening and oxidation of the inside
surface of the calandria tube to produce a rough black surface.
Prototype tubes have been made but this improvement has not been
specified for a power reactor.
Decreased Contact Conductance
For a postulated large LOCA plus loss of auxiliary power, the pressure
tube may overheat and balloon into contact with the calandria tube.
If the calandria tube overheats it may rupture. If the contact

HOOP STRAIN r%1
Figure 5. Increase in burst strength and ductility of Zircaloy-2

calandria tubes by thickening the weld.

between the tubes is good, the heat conductance is high producing
moderator film boiling which leads to a high temperature in the
calandria tube. The contact conductance can be reduced if the inside
surface of calandria tubes is roughened by selective pickling to
produce a wave form. This process is being developed and tested.

3.3 Internal Components
3.3.1 End Fitting Internals
The CANDU 6 end fitting internals have functioned satisfactorily in
the operating reactors. However, some small improvements in the
mechanism of the closure to simplify the operation will be made. The
shield plug design of the CANDU 6 has performed well. To minimise the
vibration and wear between fuel bundles and pressure tubes, some
improvements may be desirable that increase the smoothness of flow.

4. SUMMARY
Since the NPD reactor was designed, the fuel channel and its
components have been considerably developed. For the last ten years
there has been an intensive, integrated materials research program.
In addition, there has also been a pressure tube surveillance program
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that has provided information from operating components and also
material for examination, testing, and research. Information from all
these sources is now being used to make considerably better fuel
channel components that will have longer service lives and greater
margins of safety. Pressure tubes can be produced with very low
initial hydrogen concentrations, much higher fracture toughness and
lower axial elongation. Calandria tubes can be made that are much
stronger and have much higher sag resistance. Improved spacers are
much less prone to movement from their design locations.
Future developments include pressure tubes that would be more
resistant to DHC and will have lower hydrogen pickup both from
corrosion and at the ends. Seamless, stronger and more sag resistant
calandria tubes «ill also be developed.
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Abstract
From the days of the design of the first Siemens heavy water reactor, the MZFR
(Karlsruhe) until today, a considerable increase in knowledge on nuclear technology and a
lot of experience with Siemens PHWR, PWR and BWR systems were collected. This is of
benefit for the design of CNA H coolant channels, which are an essential functional
element of the PHWR core internals.

The main features of the design and the operating conditions of the coolant channels
show, that the mechanical stresses acting on the Zircaloy parts are low and do not
require special mechanical properties. As the coolant channels are to be considered as
core internals within the RPV, their importance with respect to the nuclear safety is
relatively low.

During the plants service life, considerable large changes in length and diameter of the
shroud tubes will occur. The amount of bowing deflection of the shroud tubes due to
radial flux gradients is expected to remain neglectible small. In order to achieve a
uniform corrosion behaviour, a stable low oxygen water chemistry must be maintained
f. e. by continous deuterium injection. The maximum concentration of the soluted
deuterium in the shroud tubes of the coolant channels is expected locally not to exceed
1100 ppm and allows a save operation of the component. The large knowledge on the long
term in-pile behaviour of Zry 4 in addition with the advantages of the optimized Zry 4
modificiation (PCA-S) is a sound basis to expect a reliable operation of the coolant
channels for the entire life time of the plant.

1. Introduction

In 1961 with the MZFR in Karlsruhe, Siemens started its activities in designing and
erecting PHWR-power plants. The very good experience with the operation of the MZFR,
which has worked efficiently for 18 full power years (FPY), was the basis for the
construction of the commercial, 357 MWe power generating plant Atucha I (CNA I),
which was commissioned in 1974. Until today this plant has reached about 13 FPY of
operation with excellent reliability and efficiency. This experience has led to the
decission to erect the plant Atucha n (CNA U) with 745 MWe electric power, which at
present is under construction.

From the days of the design of the MZFR until today, a considerable increase in
knowledge on nuclear technology and a lot of experience with Siemens PHWR, PWR and
BWR systems were collected. This is of benefit for some design features of CNA n and is
taken into acount during the present fabrication of components. This shall be
demonstrated by the brief description of the status for the selection of materials and the
design of the coolant channels, which are an essential functional element of the PHWR
core internals.

2. Features of the operation, the design and the materials for coolant channels

2.1 Core Internals of CNA H

A brief overview over the core internals of the CNA II reactor pressure vessel (RPV) is
given in fig. 1. On the first sight, this figure exhibits the very close relation of the
Siemens PHWR to the PWR-family. The major difference to the PWR is the separation of
the core into two water circuits. Both are operated with heavy water (OjO), with unique,
low oxygen water conditions (similar PWR), but with different temperature niveaus. The
circuits are separated by the moderator tank, which includes the moderator with
temperatures between 142°C and max. 240°C, fig. 2. The circulation of the moderator

CNA II,
RPV-lnternals

Control Rod
Guide Tube

Moderator
Line

Coolant
Channel

Upper Filler
Piece

Moderator Tank
Closure Head

Upper Moderator
Distribution Line

Lance Guide
Tube
Moderator
Tank

Lower Moderator
Distribution Line

Lower Filler
Piece

Fig. 1: Internals of the reactor pressure vessel (RPV) of CNA H
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CNAII,
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Medium:
Water Chemistry:

Temperature Inlet:
(Average/Max) Outlet:

SIEMENS

Coolant Circuit Moderator Circuit
D,O

Low Oxygen Water Chemistry
(similar PWR-Conditions)

277°C/278°C
313°C/314°C

142°C/192°C
203°C/240°C

Materials:

RPV: 20 Mn Mo Ni 55/ss cladding
Moderator Tank, -head, -bottom: 1.4550 (modified AISI 347)
Moderator Line, -inlet, -outlet: Zry 4
Instrumentation Lance and Control Rod Guide Tube:
Zry 4 (pilgered tubes) coupled with 1.4550
Coolant Channel: Zry 4 PCA-S (longitudinal welded tubes) coupled with 1.4550

Service environment and materials of the RPV internals of CNA n

was enabled by the lower (inlet) and upper (outlet) moderator distribution line. The
coolant curcuit was directed from the moderator tank bottom in 465 coolant channels,
which are bearing the fuel elements, to the moderator tank closure head. The coolant
temperature ranges from 277°C at the inlet to 314°C at the outlet of the coolant
channels. In order to allow the continuous replacement and rearrangement of the fuel
elements (cycle time ~ 9 months), the coolant channels are guided through the RPV head.

The materials used for the RPV and the RPV-head is the quenched and tempered steel
ZOMnMoNiSS with a stainless steel cladding, which is the standard material for modern
Siemens RPVs [1,2].

The core internals which operate outside the active zone of the core, f. e. the moderator
tank or the upper and the lower parts of the coolant channels, are made of the stabilized
stainless steel 1.4550, which corresponds with some modifications to the type AISI 347.
All parts in the active zone, f. e. the moderator lines and the portions of the coolant
channels bearing the fuel elements, consist of Zircaloy 4. For service in coolant channels,
the Zircaloy 4 is modified to the Zry 4 PCA-S variation. This part of the coolant channels
shall be considered in more detail below.

Coolant Channel (Without Throttle)
Temperatures in the Zry 4 Parts
MZFR,
CNA I

CNAII

108.2mm 1.72mm 1.70mm 0.4mm

2.2

Fig. 3: Temperatures in the Zircaloy parts of the coolant channels

i Features and Operation Conditions of Coolant Channels

A simplified sketch of the coolant channel (central position) is given in fig. 3. The entire
channel is about 11 m long and mainly consists of three parts, which are connected
mechanically by a rolling procedure (roller couplers).

- The upper stainless steel tube with the guidethrough to the RPV-Head, and slits for
the outlet of the coolant above the upper moderator tank closure head.

- The central part of the coolant channel is made of Zry 4-PCA-sheet (PCA-S) material
and consists of a longitudinal welded shroud tube with 1.72 mm wall thickness and an
inner diameter of 108.2 mm and of an outer longitudinal welded insulation tube with
0.4 mm wall thickness (refer to fig. 3 in the lower right). The gap between these two
tubes was fixed by dimples drawn in the insulation tube and acts as insulation in order
to restrict the heat flow from the coolant to the moderator. The shroud tube operates
under normal conditions at surface temperatures between 275"C and 315°C, where
the temperatures at the outside surface are about 15°C lower. The insulation tube



operates under normal conditions at temperatures between 191°C and 242°C, the
temperatures at the outer surface are about 3°C lower.
In the upper right of fig. 3, the design of CNA I (and MZFR) is shown for comparison.
Here, the insulation consists of two smaller gaps separated by an additional dimple
sheet with a wall thickness of 0.1 mm, which is wrapped around the shroud tube. This
dimple sheet operates at temperatures between 22.0°C and 265 °C. Despite the better
insulation behaviour, this design was changed for CNA n in order to avoid problems
arising from corrosion and hydrogen pick-up of the thin sheet material operating at

comparably higher temperatures, and for sake of an increased wall thickness of the
insulation tube.

- The lower part is a stainless steel nozzle, that acts as axial movable guidance in the
moderator tank bottom and coolant inlet. In order to adjust the coolant flow to the
local activity of the core and to equalize the temperature of the coolant, this nozzles
may include flow restrictore (throttles, not drawn in fig.3).

Fig. 4 illustrates the radial distribution of different types of throttles in the core and the
corresponding average axial fast flux profiles (E > IMeV) calculated for the CNA n core.

The flux distribution is uniform, fig. 5. The maximum fast neutron flux density is
4.16 . 10'3 n/cm2 (E > IMeV, average value).

As the coolant channels are intended to operate during the entire lifetime of the plant
(32 FPY), the influence of the operation conditions in the active zone shown above on the
Zircaloy parts must be taken into account thoroughly. The design must take care for the

choose of the appropriate materials,
analysis of the forces acting on the coolant channel during operation,
changes in the dimensions of the coolant channels caused by irradiation induced
creep
changes in the dimensions of the coolant channels caused by irradiation induced
growth

changes in the properties of the materials due to corrosion and hydrogen pick-up.
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2.3 Materials for the shoud tube and the insulation tube

The choose of the appropriate material for the shroud- and insulation tubes must cover
the aspects of material properties and knowledge on long term behaviour under neutron
irradiation as well as those of the fabrication.

The design of the shroud tube allows only very small variations in inner diameter
( ± 0.2 mm) and wall thickness ( ± 0.03 mm). These requirements are hardly to be
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Fig. 4i Zones with different throttles and different axial flux profiles
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Fig. 5: Axial fast neutron flux profiles (E > IMeV) in the different zones of fig. 4



ë Requirements and Properties of
* Zry 4 Standard and Zry 4 PCA-S

No. of Remelting Steps:

Chemical Composition
(Weight %)

Tin:
Iron:
Chromium:
Oxygen:
Iron + Chromium:
Silicon:

Zry 4 (ASTM)
ace. to ASTM B3
Grade R 60804

0.8-

0.6-

o.«-
1

52

2x

1.20-1.70
0.18-0.24
0.07 - 0.13
0.09 - 0.16
0.28 - 0.37
< 0.027

< ASTM >

Bel. In PWR ^̂ •"•"""̂
Corrosion Rate ^^^^

^^0**^

^^^ Average Tin Content — >

1 1.3 1.5 % 1.7

Zry 4 (PCA-S)

3x

1.20-1.45
0.18-0.24
0.07 - 0.13
0.09-0.16
0.28 - 0.37
0.0050-0.0120

Fig. 6: Chemical composition of standard Zry 4 and Zry 4 PCA-S, influence of the tin
content on the corrosion behaviour

achieved by seamless tube fabrication routes. Therefore, the shroud tubes as well as the
thinwalled insulation tubes are fabricated out of sheet material as longitudinal welded
tubes.

Zry 4 PCA-S has been choosen as material for the shroud and insulation tubes. A
comparison of Zry 4 PCA-S with standard Zry 4 according to the ASTM B352 Grade 60804
specification is given in figs. 6, 7.

Extensive research work on Zircaloy has widely increased the knowledge of the effects of
the alloying elements and the microstructure on the corrosion behaviour of Zircaloy 4

[3, 4J.

The most influencing elements on corrosion behaviour are tin, fig. 6, and carbon, which
increase the corrosion rate with increasing concentration and silicon, which decreases the
corrosion rate with increasing concentration. This was taken into account by restrictions
of the permissible variations of the chemical composition.

In Zry 4 the alloying elements Fe and Cr are forming intermetallic compounds with Zr,
which appear as precipitates in the microstructure of the Zry 4. The average size of the
precipitates depends on the thermal treatment in the a- and a+B-temperature regime

Requirements and Properties of
Zry 4 Standard and Zry 4 PCA-S

BWR

Average Diameter of Precipitates —»

0.1 pm 0.8

Annealing Parameter:

Mechanical Properties of
Recrystallized Material
at Room Temperature
Yield Strength
Tensile Strength (Rm):
Elongation (A5):

Zry 4 (ASTM)
ace. to ASTM B352
Grade R 60804

Zry 4 (PCA-S)

controlled

> 241 MPa
> 413 MPa
>20%

Fig. 7: Requirements on microstructure and mechanical properties of standard Zry 4
and Zry 4 PCA-S, influence of the average size of the precipitates on the
corrosion behaviour

during the fabrication of the semifinished material and the component and can be
correlated to the corrosion behaviour of the material. In the upper right of fig. 7 the in-
pile corrosion behaviour of fuel cladding is shown as a function of the average size of
precipitates. Obviously the optimum condition for a high oxygen environment (BWR) is
bad for a low oxygen environment (PWR, CNA E) and vice versa. Therefore the optimum
condition of the microstructure of Zry 4 has to be optimally adjusted to the expected
inservice conditions [5].

This increase of knowledge has led to the definition of Zry 4 PCA-S (Prime Candidate
Alloy), which corresponds to an optimized Zry 4 for service in low oxygen environment
condition according to fig. 6, with limitations in the chemical composition, and a defined
texture.

The Zry 4 PCA-S definition lies completely within the ASTM specification limits.

In comparison to the average properties of standard Zry 4, the properties of PCA-S are
somewhat differing, fig. 8. The most favorable advantage is the approx. 20% lower
corrosion rate in low oxygen environment and an approx. 10% lower irradiation induced
growth, whereas the creep rate is increased by approx. 10%.
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Requirements and Properties of
Zry 4 Standard and Zry 4 PCA-S

In-Pile Properties:

Irradiation Induced-Growth
Irradiation Induced-Creep
Corrosion

Requirements on the
Specified Water Chemistry:
(Low Oxygen Environment)

D2-Concentration
Li-Concentration
O2-Concentration

Zry 4 (ASTM)
ace. to ASTM B352
Grade R 60804

Zry 4 (PCA-S)

about 10 % lower rates
about 10 % higher rates
about 20 % lower rates

0.6 - 2.0 ppm
0.2 - 0.7 ppm
<S ppb

Fig. 8: Comparison of the in-pile properties of standard Zry 4 and Zry 4 PCA-S and
requirements on the water chemistry

With respect to texture, in the MZFR and CNA I the sheet material for the shroud tubes,
fig. 9, the dimpled sheet and the insulation tube had a (0002)-pole distribution with one
(0002)-pole maximum in the direction normal to the sheet plane. Due to the nearly radial
symmetric (OOOZ)-pole distribution the amount of irradiation induced growth in
circumferential direction is equal to that in longitudinal (axial) direction.

Nowadays the further development of PCA sheet material enables to fabricate sheets in
the thickness range of about 2 mm with a texture similar to fuel cladding tubes with two
(0002)-pole maxima, tilted about ±30° versus the normal direction in the plane
perpendicular to the longitudinal direction. This kind of texture causes a much lower
growth rate in the circumferential direction.

Generally, with the use of Zry 4 PCA-S the manufacturing processes of coolant channels
(f.e. roller coupler, welding) remain unchanged.

Compared to Zry 4 PCA-S, other materials, f. e. Zirconium alloys with low tin contents
seem to be of advantage with respect to corrosion behaviour. As the long term corrosion
and dimensional behaviour of these alloys are not experienced in a sufficient amount,
their application seems to be not possible at present.

Requirements and Properties of
Zry 4 Standard and Zry 4 PCA-S

Texture of Sheet Material
S 2 «mm
(0002)-Pole figure:

Texture Factors
ace. to «earns

Rolling Direction

Transverse Direction

Normal Direction

I
Zry 4 (ASTM)
ace. to ASTM B352
Grade R 60804

Zry 4 <PCA-S)

0.1
(0.1 - 0.15)
0.27
(0.25-0.35)
063
(0.50-0.65)

2.4

Fig. 9: Texture of standard sheet material and Zry 4 PCA-S sheet material

Loads and Stresses

The loads and forces acting on the shroud tube during service are very low as given in fig.
10. They are the sum of the forces resulting from the weight of the coolant channel, the
boyancy, the coolants flow, the axial pressure loss along the fuel element and the
pressure difference of max. approximately 6 bar between coolant and moderator.
Depending on the position in the core, the resulting stress levels are between 16 and
23 N/mm2 in axial direction (compression) and from + 3 N/mm2 (extension) to -12 N/mm2

(compression) in circumferential direction. Therefore, the mechanical strength properties
of the material are of minor importance.

2.5 Irradiation Induced Creep

The stresses acting on the shroud tube are causing irradiation induced creep
deformations. The applied model for the calculation of the creep strains of the fully
recrystallized Zry 4 PCA-S assumes, that at the operation temperatures of the shroud
tube, the thermally activated creep processes are neglectable small [6].

The formula used for the calculation of the irradiation induced creep rates correspond to
the well known power law of the fast flux density. An example is given and illustrated in
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^
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Fig. 10: Forces and stresses acting on the shroud tube of CNA n
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Fig. 12: Irradiation induced growth of standard Zry 4 in stress relieved, annealed and
g-quenched condition
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Fig. 11: Calculated creep rates for standard Zry 4 and Zry 4 PCA-S

fig. 11 for average creep rates of standard Zry 4 and Zry 4-PCA-S in the flvjx range of
CNA n for the maximum effective stress.

Z.6 Irradiation Induced Growth Behaviour

The irradiation induced growth of the material is strongly related to the texture, fig. 12.

For the recrystallized material condition

the growth rates increase with deacreasing texture factures fi in the considered
direction i acording to the factor (1 - 3 f|) [7],

the maximum growth rates are to be expected at approx. 260°C and are assumed to
be independent of the temperature in the considered range

and

the growth of Zry 4 consists of two stages, fig. 12, a first were the growth is
showing the tendency towards a saturation and a second one, which exhibits the
acceleration of the growth [7 - 10]. This behaviour was clearly prooven by numerous
results of irradiation experiments, which were carried out up to high neutron doses.



2,OOE+22-|

Onset of Accelerated Growth
Breakaway fluence in 1/cm2

<0 (no breakaway)

0,OOE+00

A

roo

50 150 250 350 °C 450

Fig. 13: Onset of accelerated growth at different irradiation temperatures

As can be deduced from fig. 12, which covers nearly the maximum fluence in CNA-n
after 32 FPY, the accelerated growth of recrystallized Zry 4 results in a considerable
increase in length during service and must be taken into account by the design of the
coolant channel, especially of the axial clearence between the lower nozzle of the
coolant channel and the moderator tank bottom. The calculated maximum increase in
length of the coolant channel during 32 FPY is up to 107 mm in the position of high fast
neutron flux density, from which 17 mm will be compensated by creep.

In circumferential direction, both creep and growth are resulting in an increase in inner
diameter, which is max. 1.1 mm for 32 FPY of operation.

With respect to the growth behaviour of the insulation tube, the available data base does
not give sufficient evidence for the appearance of the accelerated growth and the
breakaway fluence in the temperature regime between 190°C and 250°C. From fig. 13
can be concluded, that accelerated growth at the low operational temperatures of the
insulation tube only occurs at very high fluences or possibly does not occur at all [10].
With regard to this situation the design of the gap. between the shroud tube and the
insulation tube must cover both possibilities, a behaviour like that at 300°C and only a
saturated growth behaviour.

2.7 Bowing

The radial gradient of the fast neutron flux density in the reactor core results in the fact,
that the wall sides of the coolant channels facing the core centre, are subjected to higher
neutron fluences than on the opposite sides. The irradiation induced dimensional changes
thus may be different over the cross section of the shroud tube. The result is a bowing
deflection of the tube.

The gradient of neutron flux density reaches a maximum value of approx. 7 % over the
coolant channel cross-section in the peripheral zones of the CNA H core.

For the calculation of the bowing deflection, first a simple geometrical model was used.
The principles and the results of the application of the model on a coolant channel in a
core position most sensitive to bowing is shown in fig. 14-in the left row. The results show
irrealistic high bowing deflections of up to 40 mm. A more realistic calculation of the
tube deflection is based on the integration of the local bending moments over the tube
cross section as described in fig. 14 in the central row.

The integration of the local bending curvature w"(Z) over the axial length Z results in
the bending curves of the shroud tube with a maximum deflection of about 13 mm.

Due to the delimiting influence of the gap in the upper and lower guidance, even this
deflection is larger than the highest possible inclination of the coolant channel.

If the deflection becomes larger with increasing time of neutron irradiation, bending
moments arise in the couplers, which act against a further deflection. Thus a bending
moment occurs causing bending stresses within the tube, which in return cause creep
deformation.

The creep deformation partially compensates the bowing-deflection, which then tends to
reach a steady state of approximately 4 mm maximum deflection, fig. 14, right row.

2.8 Corrosion and Hydrogen Pick-up

The corrosion behaviour of Zircaloy during its use in the reactor core depends upon the
water chemistry. In the MZFR, the water chemistry was characterized by oxidizing
conditions (CNA I has shown frequent temporarily high Oxygen concentrations in the
coolant).

This has caused a nodular type of corrosion, which can be described by a power law of the
fluence and an Arrhenius-type temperature sensitivity in the temperature range from
180°C to 310°C. In fig. 15, the measured values of the oxide thickness on the inner
surface of the shroud tube of the MZFR after 18 FPY is plotted against the calculated
values as a function of the axial distribution of the neutron flux density and temperature
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Bowing Due to Flux Gradients
Simple Bending Model Bending Moment Model Restricted Bending Model

2R„ 2R

Ob = E • we(ï,

E = Young's Modulus

RM = U-k
w = RM (1 - cos p)

w "(Z) = -
MD(Z)

EI
I = Moment of inertia

Fig. 14: Bowing of the shroud tube due to flux gradients, comparison of different
calculation models

profile. The profile of the oxide thickness clearly is following the flux profile, whereas at
low temperatures the additional influence of the temperature is evident.

A nodular type of corrosion would result in a higher oxide thickness especially in the
insulation tube.

For CNA D, a uniform corrosion behaviour of the Zircaloy parts according to low oxygen
environment shall be achieved by restrictive requirements on the water chemistry

according to PWR conditions:

Déconcentration: 0.6 - 2.0 ppm
Li-concentration: 0.2 - 0.7 ppm
Oz-concentration: s 0.005 ppm

CNA II is designed to operate the primary coolant and moderator with a stable water
chemistry with low oxygen content, which is typical for Siemens' PWR plants.

The majority of the knowledge on PWR corrosion behaviour of Zry 4 is gained with the
experience of PWR fuel cladding. Compared to the coolant channel components, the fuel
cladding is operating at much higher temperatures (~ 400 °C) with high heat fluxes.
Therefore, this has to be considered, when calculations of the corrosion behaviour of the
coolant channel components based on fuel experience are carried out.

Oxide Thickness, Flux and Temperature on the Inner
Surface of MZFR Coolant Channel B8 After 18 FPY
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Fig. 15: Oxide thickness, fast neutron flux profile and temperature on the inner
surface of the coolant channel B8 in the MZFR (Karlsruhe) after 18 full power
years

A more adequate approach to calculate the corrosion behaviour of the CNA II
components in the temperature regime of the shroud tube is possible with the results of
isothermal corrosion experiments with unfuelled test rods of recrystallized standard Zry

4 [11].

From these results and the knowledge of irradiation induced changes in the
mircrostructure at irradiaton temperatures at or below 300°C, the long term corrosion
behaviour of the Zry 4 PCA-S is expected to show different regimes depending on the

cumulated fluence, fig. 16.

I) « t s - 1,0 • 10"/cm2;
Increase of the oxide thickness according to a parabolic growth behaviour with a
tendency towards a saturation. The time to reach an oxide thickness of 5 urn is a
function of the temperature and is independent of the flux.

H) - 1.0 • 10«/cm2 </tt s l,2-10«/cm2:
Enhancement of the corrosion rates, the temperature sensitivity is according to an
Arrhenius function with a high activation temperature Q/R = 14.200 K.



These stages correspond to the well known behaviour of fuel cladding [12],

m) 1.Z • 10"/cm2 > * t:
Further enhancement of the corrosion rates, which is expected to be caused by the
irradiation induced changes of the microstructure that are occuring during
irradiation at low temperatures (fi 310°C), fig. 15. During fabrication, the
microstructure of the material is adjusted with respect to a certain degree of
precipitation (expressed by the accumulated annealing parameter) in order to keep
the PWR-corrosion rates low and unsensitive to the flux.

Long Term PWR Corrosion Behaviour
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Fig. 16: Different stages of the long term corrosion behaviour of Zry 4 (schematic)

In the stage I of the corrosion behaviour, the microstructure is mostly unaffected
by the irradiation. In stage H, the precipitates (FexZr and (Fe,Cr)22r type) are
changing their crystal structure, chemical composition, and their morphology,
fig. 17, 18.

The structure turns over to a state, which refers to a microstructure with a smaller
annealing parameter, that usually exhibits higher PWR corrosion rates, a different
temperature sensitivity of the corrosion and a linear, very pronounced sensitivity of the
corrosion rate on the neutron flux, fig. 19 [9].

The results of model calculations for shroud tubes in high neutron flux zones with low and
high temperature conditions of the inner surface is given in fig. 20. Depending on the

Fig. 17: Modification of the Zr(Fe,Cr)2 intermetallic precipitate in the microstructure
of Zry 4 due to irradiation at 300 °C

local temperature, the maximum thickness of the oxide is expected to reach values
between 50 urn and 180 urn and in local positions up to approximately 280 urn.

The low fluence levels are expected to result in only slight further acceleration of the
corrosion rates. These calculations in addition account for corrosion rates of the Zry 4-
PCA-S material, which are about 10 % to 20 % lower .

The hydrogen (deuterium) released by the corrosion process of Zry 4 is partly picked up
by the base metal. The portion of hydrogen picked up is decisive for the change of
material properties during the service time of the coolant channels.

Under PWR water chemistry conditions at low oxygen content, a hydrogen pick-up of
* 11 % can be found at Zry 4 fuel cladding [13]. For the calculation of the hydrogen
concentrations in CNA n coolant channel components, the portion picked up is assumed
to be 15 % over the entire service time. For the shroud tubes, the maximum hydrogen
concentration locally is expected not to exceed 1100 ppm.

As the insulaton tube operates at much lower temperatures, the corrosion mostly does
not reach the temperature depending limit of stage I. Therefore, the oxide thicknesses
should remain below 5 p m with hydrogen contents below 150 ppm.
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Fig. 18: Partial dissolution of the ZrFex intermetallic precipitate in the micro-
structure of Zry 4 due to irradiation at 300°C

3. Conclusions

The main features of the design and the operating conditions of the coolant channels in
the Siemens PHWR show, that the mechanical stresses acting on the Zircaloy parts are
low and do not require special mechanical properties. As the coolant channels are to be
considered as core internals within the RPV, their importance with respect to the nuclear

safety is relatively low.

During the plants service life , considerably changes in length and diameter of the shroud
tubes will occur, and must carfully be taken into account in the design. The amount of
bowing deflection of the shroud tubes due to radial neutron flux gradients is expected to

remain neglectible small. In order to achieve a uniform corrosion behaviour, a stable low
oxygen water chemistry must be maintained f. e. by continous deuterium injection. The
maximum deuterium concentration is expected locally not to exceed 1100 ppm and allows
a save operation of the component. The large knowledge on the long term in-pile
behaviour of Zry 4 in addition with the advantages of the optimized PCA-S modificiation
is a sound basis to expect a reliable operation of the coolant channels for the entire life

time of the plant.

Zry 4, Influence of the Material Condition (Precipitates)
on the Low Oxygen Corrosion Behaviour
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Fig. 19: Influence of the material condition with respect to the size of precipitates on

the corrosion behaviour in low oxygen environment

PWR Corrosion of CNAII Coolant Channels
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Fig. 20: Calculation of the oxide thickness of the inner surface of the shroud tube

(Zry 4 PCA-S) in the lower and upper position of the central coolant channel
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Abstract

Accurate determination of in-core power distributions is the single most im-
portant aspect of fuel management procedures for on-power fuelling of CANDU-
PHW reactors. Neutron-power distributions, provided by static neutron diffusion
calculations, must regularly be updated to reflect changes in the positions of re-
activity control devices and fuel properties, including both refuelling and burnup.
Hydro-Quebec uses 102 in-core Vanadium detector measurements in a flux mapping
procedure designed to enhance the accuracy of diffusion theory calculation results:
detector readings are used to determine the coefficients for an expansion of the
power distribution in terms of a set of functions, known as modes, which include
the current diffusion theory calculation power distribution. The procedure has been
implemented in a number of different applications, including off-line power distri-
bution and burnup history calculations, real time indication of maximum powers
and operating margins to control room personnel and calculation of corrections to
diffusion theory fluxes in reactor core evolution predictions. This paper describes
these applications of the flux mapping methodology implemented in the HQSIMEX
code package, developed and used at Hydro-Quebec.

I. INTRODUCTION

Monitoring of maximum reactor channel and bundle powers is normally per-
formed in CANDU-6 reactors using diffusion theory calculation results. Burnup
history is generally simulated by solving the two-group static diffusion equations at
discrete simulation time steps, assuming constant fluxes over each time step. Dis-
crepancies between calculated and actual neutron flux distributions may result of
multiple causes such as uncertainties in the position of reactivity control devices,
approximations made in the lattice cell and supercell cross sections calculations and
effects not accounted for in the diffusion calculation model. Experience with the

diffusion theory approach both in CANDU and PWR reactors shows that the effect
of these uncertainties can be significant and adjustments must generally be made
to the diffusion theory model or directly to the homogenized neutronic parameters;
several methods are available to provide corrections, based on in-core measurements
or detailed core properties calculations [1] [2], [3], .

CANDU-6 reactors are provided with 102 in-core Vanadium flux detectors, in-
stalled to provide mapping data for the on-line reactor regulating system [4]. The
Vanadium detector readings, sampled every 5 minutes by the control computers, are
used to determine the coefficients for an expansion of the spatial power distribution
in terms of a set of functions, known as modes: the modes are the space-dependent
solution of the two-group diffusion equation for the core; the set includes A-modes
and perturbation modes. For the on-line calculations, performed by the FLU pro-
gram [4], the modes are all calculated for a time-averaged core representation. In
addition to the mapping data required for the control of the spatial power distribu-
tion, the on-line FLU program also provides the shift supervisor with a continuous
estimate of both maximum bundle and channel fluxes. The accuracy of FLU is
however limited by the use of a time-averaged fundamental mode, which can not
represent flux ripple effects, and the assumption that powers are directly propor-
tional to fluxes.

The method, known as flux mapping, is not however limited to the time-averaged
core representation and can be easily extended to provide detailed instantaneous
core representations. Such a technique is implemented in the SIMEX reactor simu-
lation module of the HQSIMEX code package. Three dimensional neutron flux dis-
tributions, obtained from the traditional two-group steady state neutron diffusion
calculations are combined with the detector readings in a flux mapping procedure
providing continuous coupling of in-core measurements and diffusion theory. The
method can be seen as adjusting the diffusion theory solution to the in-core flux
measurements. Experience has shown that the SIMEX modal expansion technique
adequately corrects the diffusion theory fluxes for systematic errors resulting from
uncertainties in the position of reactivity control devices and in lattice cell properties
and for effects not accounted for in the steady state calculations [7], [8].

With the success obtained in generalizing the flux mapping technique to reactor
simulation applications, the flux mapping procedure has been extended to a variety
of applications in the HQSIMEX package, including off-line power distribution and
burnup history calculations, real time indication of maximum powers and operating
margins to control room personnel and calculation of corrections to diffusion the-
ory fluxes in reactor core evolution predictions. The flux mapping methodology is
presented in the first section of this paper. Follows the description of the off-line
control room program (FLR) and HQSIMEX modules (SIMEX, UNTILT) which
perform the above flux mapping applications calculations. A brief description of the
HQSIMEX package is given and the most significant results of our experience with
these modules is given in the last two sections of the paper.



II. THE FLUX MAPPING METHODOLOGY

The flux mapping methodology is a modal expansion technique: flux distribu-
tions are calculated as a linear combination of predetermined fixed functions known
as modes or modal distributions. This can be expressed by the following vector
equation

4> = [*] A (1)

Where $ is the flux matrix; [9], a matrix constructed of N flux modes, and A
the modal amplitude vector. There is no limit to the level of detail of the spatial
representation: spatial dependence is embodied in the use of any K spatial points
in the N modes. The modal expansion is normally done with sets of 15 to 22
flux modes; however the number of modes used is not limited. The 102 detector
measurements are used to determine the modal amplitudes in a procedure which
minimises the sum of the squared residues (r2) between the mapped fluxes at the
detector locations ([M] A) and the calibrated detector readings (Dc):

(2)r2 = ([M] A- Dc)' [W]f \W] ([M]A- Dc)

As. indicated by equation 1, the [M] matrix is simply a TVx 102 mode matrix
whose elements are the calculated mode flux values at each detector location. The
[W] matrix is an 102 x 102 arbitrary weighting matrix which can be chosen to
minimize the relative or absolute differences between the mapped fluxes and detector
measurements.

III. SIMEX BUNDLE BURNUP HISTORY AND POWER CALCULATIONS

The SIMEX module is used for burnup history and detailed bundle power dis-
tribution calculations. The calculation process can be summarized in the five steps
described by the equations presented below. Symbols used are described in the fol-
lowing discussion and the simulation process is discussed in greater detail hi reference
[6]:

j = 1,102

[ /•to+At ]
C , < 7 / *(*)A

Jto J

$ = [*] A

CO

(3)

(4)

(5)

(6)

(7)

Detector signals Dj(t) are sampled every five minutes at 102 detector sites by the
on-line control computers. For burnup calculations, the detector signals are time-
averaged over the simulation time step (At): instantaneous detector readings are
used to determine the bundle power distribution at a given time in the reactor. The
time-averaged or instantaneous values (Dj) are then corrected for detector sensitivity
and lead cable contribution to the detector signal (Kj) and detector burnup. The
[H] matrix, known as the pseudo-inverse matrix [6], is obtained by minimizing the
sum of the squared residues given by equation 2. The modal amplitudes are used
in equation 6 to compute bundle fluxes at all fuel bundles (4560 spatial points); the
burnups are updated using the traditional quasi-static relation given in equation 7,
in which C*(w) represents the burnup dependent bundle power to cell flux ratio.

The set of N modes includes a recently updated fundamental mode which reflect
the current reactivity control and fuel properties. -The fundamental mode is in
fact the solution of the two group static diffusion as calculated in the traditional
approach for CANDU reactors: for burnup calculations, the fundamental mode is
the diffusion theory solution for the fuel properties and operating state of the reactor
at the'beginning of each time step; for bundle power calculations, the fundamental
mode is the corresponding diffusion theory bundle flux distribution. Higher modes,
including perturbation modes and A-modes, are determined beforehand for a time-
averaged core.

IV. THE FLR CONTROL ROOM PROGRAM
The on-line FLU program provides the shift supervisor with a continuous esti-

mate of both maximum channel and bundle powers which is required to ensure that
the license limits are not exceeded. However, the nature of the on-line FLU program
approximations, principally that concerning flux ripple, and the limited number of
bundle locations (500) mapped by the program results in large uncertainties in the
channel and bundle power predictions [5]. The FLR programs provides an adjust-
ment to the on-line FLU program results based on more precise SIMEX off-line
calculation results.

The methodology [5] is based on the assumption that the power distribution
at any given time can be separated in two parts: a nominal part giving the time-
averaged or unrippled power shape and a time-dependant part giving the local power
time variation to the nominal shape. A second assumption is made in updating the
time-dependant contribution at discrete time intervals. This assumption is valid
when the time- dependant contribution does not change significantly over time: this
is the case for the ripple produced by refuelling over short burnup time steps, at least
as far as maximum channel and bundle powers are concerned. The method provides
a correction for both the flux ripple effect and the flux to power ratio (H factor)
not accounted for in the FLU program. In addition the methodology provides the
bundle powers at all 4560 bundle locations.



ro The FLR program method proceeds as follow: at time t\ mapped bundle fluxes
.{s. are calculated off-line, on a mini-computer linked to the control computers in the

control room, using the on-line FLU program modal amplitudes, that is:

NMODES
(8)

where BPtl are the mapped bundle fluxes, f<5] is the time-averaged funda-

mental, [$] are the higher time-averaged modes and A*0 is the amplitude vector
at time ti.

The FLR program simply computes the bundle powers by multiplying the FLU
bundle powers by a recent SIMEX to FLU bundle power ratio, obtained at time t0:

SIMEX
„-„FLU

BP„
(9)

TKe validity of the assumption of a constant ripple depends on the refuelling
rate and the fuelling sequence. Indeed, after a certain period, the ripple has to be
updated to better represent the reactor core configuration and fuel evolution. The
FLR program is currently used for maximum channel and bundle power monitoring
in the control room at G2; the program also indicates the margins to the limits and
the maximum acceptable reactor power.

V. UNTILT Method

The combined effects of core representation uncertainties in the diffusion theory
calculations and of mapped flux uncertainties in burnup calculations can result in
substantial flux tilts in the diffusion theory fluxes, not seen in flux mapping and
channel heat balance results [7], [8]. Although these discrepancies can be as small as
2% to 5% due to the self-correction of errors in diffusion theory burnup calculations,
corrections are required to permit adequate predictions of the core evolution.

A mapping technique designed to provide adjustments to diffusion theory fluxes
is proposed as a simple alternative to sophisticated mathematical methods based on
adjustments to diffusion theory cross sections [2], [3].

The basis for this technique lies in the calculation of a mapping residue. The
procedure has been programmed in the UNTILT module of HQSIMEX. Application
of the UNTILT method proceeds as follows [5].

i) The input to the UNTILT process are the diffusion theory fluxes calculated
at the end of a presimulation time step of reactor core evolution, say at t^ =
ta + At. The fuel burnup distribution at tt includes a list of channels selected

for refuelling and the burnup time step. The predicted diffusion theory lattice

cell fluxes are represented in the following discussion by

ii) The diffusion theory lattice cell fluxes (or bundle fluxes) obtained at time t±
are mapped using the instantaneous SIMEX mapping from the previous core
follow-up calculation at time t» as fundamental mode hjM in the

I J to

following three steps:

a) The "pseudo-inverse-matrix" [H]^ [6] is calculated using the usual time-
averaged harmonic and perturbation mode set with the SIMEX mapped
, , n r-, SIMEX Map , ,
bundle fluxes « as fundamental mode.I J<o

b) The "pseudo-inverse-matrix" is then used to calculate the modal ampli-
tudes A*1 that will map the diffusion theory lattice cell fluxes rather than
the usual Vanadium detector signals:

(10)
- *i

c) A mapping residue is calculated from the mapped diffusion theory fluxes:

r-iMapDiff , r-] SIMEX Map
* =A\t- * +Rt, (11)

I Jtl * I J(« ^' V '

The mapping residue ß^ is the higher mode contributions which account
for the differences between the mapped diffusion fluxes and the SIMEX
mapped fluxes:

NMODES

= E '
t=2

The difference between the mapped diffusion fluxes

diffusion fluxes [$] is simply the mapping accuracy f(l :

Diff

(12)

and the

(13)

In this approach, etl includes the ripple contribution in [$j not in-
, ]T , , r -i SIMEX Map*'

eluded m the outdated rippled fundamental |WJ

iii) The residue Aj, is then removed from the predicted diffusion theory fluxes
r =51 Diff
* :I Jt,
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This procedure produces an "adjusted" diffusion theory fluxes, indicated by
the ~ superscript. This correction removes from the diffusion fluxes at ti
the higher mode contributions which accounts for the differences between the
mapped diffusion fluxes at time ti and the mapped fluxes at time to.

iv) The "adjusted" bundle powers BPl ' are obtained using the burnup depen-
dant flux to power ratio for the predicted fuel burnups at ti.

The principal assumption of the process is that the spatial flux distribution given
by the fundamental mode used in the diffusion bundle mapping do not change sig-
nificantly over the presimulation time step At. This is a reasonable assumption
since the reactor fluxes are maintained constant by the control program. The con-
tribution of flux to power uncertainty to the prediction is small as these ratios (H
factors) do not change significantly over a short period of 7 Full Power Days (FPD).
The method is independent of the choice of the fundamental mode (time-averaged
or mapped instantaneous distribution) and is used at G2 for final screening of the
weekly fuelling schedules.

VI. THE HQSIMEX PACKAGE

The HQSIMEX package, developed at Hydro-Québec, provides all the modules
for core fuel management originally provided by the FMDP package for CANDU
reactors [9]. In addition HQSIMEX conserves the original FMDP modular frame-
work, data file structure and dynamic allocation of data vector and matrices. The
HQSIMEX structure k illustrated in the block diagram presented in figure 1. The
principal features of the package are the following:

a) The computer system interface routines for database management and dy-
namic allocation of core memory are FORTRAN-77 standard routines, known
as the NSES library. System dependencies have been reduced to a minimum
of four low level system dependant subroutines; the library package can be
operational on any computer that provides FORTRAN callable functions that
allocates and releases blocks of memory and returns the address of a variable
or the value of the content at a given address. NSES is presently in operation
on VAX-VMS and IBM-MVS mainframes and on PC-DOS, APPOLO, HP and
VAX workstations.

b) The solution of the two-group three-dimensional diffusion theory equations is
obtained using the TRIVAC library routines [10]. The TRIVAC package pro-

vides two different variable order discretization algorithm, based respectively
on the nodal and variational collocation techniques. The first order nodal tech-
nique is identical to the mesh centred finite difference technique; the first order
variational technique is identical to the mesh corner finite difference technique.
TRJVAC uses an alternating direction implicit (ADI) solution algorithm with
variational acceleration; the solution technique has been shown to be very ef-
fective. TRIVAC solves both the direct and adjoint system and can thus be
used for generalized perturbation theory applications [11].

c) The machine specific versions of the HQSIMEX, TRJVAC and NSES packages
are all automatically generated from single source files. There are very few
system dependencies in the HQSIMEX and TRIVAC packages: essentially, the
INCLUDE statement format is the most important dependency. All depen-
dencies are activated by the use of a keyword indicating the system on which
the programs are to be installed. A source file management utility, named
UPD, automatically generates the FORTRAN, ASSEMBLER and COMMON
blocks file directories in a standard fashion common to all systems, by pro-
cessing CYBER UPDATE commands embedded in the source file (*DECK,
*COMDECK, *CALL, *IF "keyword" ... *ENDIF). The UPD utility also au-
tomatically generates the machine specific command files required to compile
and link the programs. These are all very powerful features that facilitates
code quality assurance transfer of versions on different operating systems.

VII. RESULTS

The principal features of the flux mapping applications results are summarized
in the following sections. Detailed results are given in references [5], [7] and [8].

VILA. SIMEX Bundle Burnup History and Power

At reactor commissioning, both SIMEX mapping and diffusion calculation results
showed good agreement with channel heat balance data [12]. Overall, errors were
apparently small. On a channel to channel basis, both diffusion and mapping results
overestimated channel powers in the bottom rows of the core, with mapped channel
powers 3% to 4% higher than those calculated by diffusion calculations. At the
time, these differences were attributed to shortcomings of the model of the structural
material located at the bottom of the core and uncertainties in liquid zone control
compartment fills [12]. Differences remained small until fuelling began at around
100 Full Power Days (FPD), when large top to bottom and left to right power
differences appeared gradually in the diffusion calculation results. Typical evolution
of the zone power differences are shown in figures 2 and 3. Mapping results remained
consistently in agreement with heat balance calculation [6], [8].
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Our investigation into the problem concluded that the discrepancies had to be
the result of uncertainties in lattice cell properties. The good agreement found in re-
sults obtained for a fresh core indicated that burnup history could be responsible for
the flux and power tilts; errors in flux distributions have a cumulative effect on fuel
properties. At the time it was postulated that uncertainties in the core representa-
tion may affect, in the diffusion theory approach, the burnup distribution in such a
way that errors in flux or powers are reduced and stabilize after a sufficient number
of channel refuelling has been made and an equilibrium reached. In the SIMEX
flux mapping approach, small differences between the flux mapping and diffusion
calculations may affect the burnup distributions and result in large discrepancies
developing gradually and stabilizing, due to refuelling, over a long period of reactor
history simulation.

Comparisons of G-2 burnup history results, produced using the SIMEX flux
mapping and the traditional diffusion theory approaches , showed that the large flux
and power tilts, observed when diffusion calculations are performed using the SIMEX
irradiations based on flux mapping, are the result of inconsistencies between the

flux mapping burnups and the diffusion theory model. Our analyses demonstrated
a significant self-correcting effect in the diffusion- theory approach, in which core
representation errors are compensated by corresponding errors in burnup as the
core tracking proceeds. The self-correction occurs because, in the diffusion theory
approach, as opposed to the flux-mapping approach, the flux has an impact on
burnup which feeds back to the flux [7],

The compensation effect is illustrated here in the results of a resimulation of
206 FPD of G2 reactor history, starting at 1530 FPD, in which the adjuster rods,
normally centred in the core, were deliberately displaced approximately 5 cm higher
than the centre of the core. Two simulations were performed: the first using the
diffusion-theory approach and the second using the interpolated fluxes at detector
site, obtained from the diffusion-theory simulation, as detector signals in a SIMEX
approach resimulation. Both simulations started with the burnups obtained from
the diffusion- theory reactor history simulations. Typical results are shown in figure
4, comparing the top-to-bottom tilt in the central core region obtained using the
diffusion theory approach to that obtained in the SIMEX mapping approach; as
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Figure 4: Burnup History - Adjuster Rods 5 cm Higher than Centre of Core
Differences in Top-to-bottom Zone Power Tilts (Control Zone* 3/10 - 5/12)

demonstrated in reference [7] the initially large top-to-bottom tilt in the diffusion
theory results, produced by the displacement of the adjuster rods, is compensated by
the feedback in the burnup distribution. Also shown on figure 4 are the flux mapping
and fundamental mode (SIMEX-Diffusion) calculations results obtained from the
SIMEX simulation approach: the flux mapping results reproduce quite precisely the
original results, produced for adjusters centred in the core, and the flux tilt caused by
the displacement of adjuster rods from centre is not compensated in the fundamental
mode calculation. This illustrates that uncertainties in core representation may be
averaged out in the diffusion burnup history simulation approach, whereas they
readily appear as discrepancies between the mapped flux and diffusion calculations
in the SIMEX approach.

Different sources of uncertainties may also affect the SIMEX mapping approach;
among these, biases induced by an inaccurate core representation used to generate
the mode set and detector lead cable contributions to detector signals are the most
important. Both effects were investigated in reference [7] and it was found that
detector lead cable uncertainties were the principal source of uncertainties for the
procedure and mode set used at G2. The impact of the detector lead cable was
investigated by correcting the simulated detector signals assuming a 0.066% relative
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Figure 5: G-2 Burnup History - Lead Cable Effect
Differences in Top-to-bottom Zone Power Tilts (Control Zones 3/10 - 5/12)

lead cable sensitivity (lead cable sensitivity over detector sensitivity). Results were
compared to the diffusion theory simulation of G-2 burnup history to verify if trends,
induced in the burnup calculated by mapping, resulted in systematic power tilts in
the fundamental mode of the resimulations.

Results for the lead cable effect are shown here in figure 5 which shows the
top-to-bottom power tilt errors for control zones 3/10 and 5/12, obtained for both
flux mapping and fundamental mode calculations. The tilt error is denned as the
difference with respect to the tilt obtained in the reference diffusion simulation.
The lead cable effect causes an approximately constant bottom-to-top tilt of around
1% in the flux mapping results. The cumulative effect on burnup results in top-
to-bottom tilts in the fundamental mode which seems to level out at around 3%
to 4% at the end of the period. The detector lead cable effect thus appears to be
magnified in the fundamental mode and should be accounted for in the flux mapping
procedure.

Overall, comparisons show that the SIMEX flux mapping results provide a better
fit to in-core flux measurements and a generally better agreement with heat balance
calculations. In our view, this indicates that the SIMEX method can improve the
accuracy of calculated flux and power distributions by providing adjustments to



correct errors in core representation which may result of multiple causes, as listed
in the introduction. However, both methods can induce a cumulative error in the
calculated burnup distributions. The burnups obtained by flux mapping should be
used with caution in diffusion calculations since uncertainties in core representation
will result in discrepancies with the mapped power distributions. These can be used
to identify the occurrence of systematic errors,

VII.B. FLR Control Room Program

In order to assess the accuracy of this application, results of the FLR and the
off-line FLU 1 methods have been compared to the SIMEX mapped instantaneous
results (production runs) over a period of up to 500 FPD. All FLR and FLU calcu-
lations at a particular time step were done with modal amplitude sets calculated by
the on-line computer at that time step and with an adjusted rippled fundamental
obtained from a previous SIMEX calculation. The interval between rippled funda-
mental calculations and FLR calculations ranges from 0.6 to 4.0 FPD. The number
of channels refuelled in the interval and not represented in the adjusted rippled
fundamental typically ranges from 0 to 12.

Results from the FLR method show a clear improvement over the FLU method
in the accuracy of calculated channel, bundle and reactor control zone powers. Typ-
ical results are given for maximum bundle and channel powers and control zone
powers in table 1. As shown FLR corrects the biases in FLU calculations and re-
duces standard deviations to a maximum of only 0.86%. Furthermore, excellent
agreement is systematically obtained with the FLR method for the 14 to 15 highest
bundle power locations. In cases where there is no channel refuelled in the inter-
val between the adjusted rippled fundamental calculation and the FLR calculation,
the standard deviation of individual channel power differences remain below 0.5%.
Channel power differences for channels refuelled in the interval range from 6 to 18%
and 1 to 5% for neighbouring channels (i.e. closer than 1 lattice pitch). These
are strongly localised perturbations that cannot be mapped by FLR since they are
not represented in the adjusted rippled fundamental. It is very unlikely that these
channels would contribute to the maximum bundle or channel power because of the
use of strict rules for fuel channel selection and because high powered bundles and
channels are generally those at or near plutonium peak. A few comparisons of FLR
calculations done in off-nominal configurations showed equally good agreement with
SIMEX calculations even when the rippled fundamental used by FLR in mapping
one particular configuration was obtained from different configuration, like mapping
a SHIM configuration (1 to 4 banks of adjusters out) with a rippled fundamental
obtained from SIMEX for a nominal configuration and vice-versa.

Table 1: Comparison of FLU and FLR calculations to SIMEX

Powers

Bundle Max

Channel Max

Zone 1-8

Zone 2-9

Zone 3-10

Zone 4- 11

Zone 5-12

Zone 6-13

Zone 7-14

FLU Average
Differences (%)

-6.05

-3.92

-0.52

-0.56

0.68

1.46

-0.58

0.12

-0.81

FLU Standard
Deviation (%)

1.55

1.00

0.91

0-79

0.48

0.53

0.83

0-80

0.63

FLR Average
Differences (%)

-0.05

-0.01

0.01

0.03

. -0.02

-0.01

-0.02

-0.02

0.03

l-'LK Standard
Deviation (%)

0.86

0.86

0.56

0.52

0.41

0.28

0.36

0.49

0.53

VII.C. UNTILT
In order to illustrate the enhanced accuracy of power distribution predictions

using the UNTILT procedure, a number of short term presimulations over 100 FPD
of operation have been performed and compared to actual site results.

The starting point (to) of all simulation or prediction periods were chosen as the
Monday morning instantaneous SIMEX mapping. The actual channel refuelling for
the simulation period are simulated in the prediction run at time to- The liquid zone
controller (LZC) levels are set and maintained at 45% throughout the simulation
period 2 and the core is burned for a time step of approximately 7 FPD (Ai). The
diffusion fluxes and bundle powers at ti = to + At were then adjusted using the
procedure outlined above. The weighting matrix used in the mapping process was
chosen to minimize the relative mapping error instead of the absolute mapping error.

Figures 6 and 7 show typical results obtained with the UNTILT module; the
figures show the relative differences between the predicted maximum channel and
bundle powers. Results show that the adjusted diffusion results correct the biases
in the unadjusted diffusion results. The scatter of errors and standard deviation
in adjusted diffusion results is also smaller than that obtained from the unadjusted
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'The off-line FLU method used is identical to the on- line FLU calculations except that bundle
fluxes are calculated for 4560 bundle positions instead of 500.

2In light of the results of many tests it appeared that LZC level changes can not be predicted
with sufficient accuracy to be used in such simulations. Consequently, the LZC levels were kept
constant at 45% during all the simulations.
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Figure 6: Error on the Maximum Bundle Powers

results. The adjusted distributions also give a better estimate of the Channel Power
Peaking Factors and control zone powers [5].

VIII. CONCLUSIONS

Burnup history simulations based on diffusion theory requires that the data used
in the neutron flux calculations give a consistently accurate representation of the
operating state of the reactor, including both reactivity devices and fuel properties.
Experience hi CANDU reactors shows that discrepancies between diffusion theory
and actual flux distributions may result of multiple causes, among which the most
important are uncertainties in the reactivity control device positions, approximations
made in the determination of fuel and control devices properties and effects not
accounted for in the diffusion theory core model.

In-core measurements, such as that provided in CANDU-6 reactors by the 102
Vanadium neutron flux detectors, can be used to adjust diffusion theory fluxes for
these uncertainties. Such a technique is implemented in the SEMEX module of
the HQSIMEX reactor simulation code package which is used for reactor history
and fuel management calculations at the Gentilly-2 nuclear generating station since
start-up in September 1982. Experience has shown that the SIMEX flux mapping
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Figure 7: Error on the Maximum Channel Powers (CPm*x)

provides a better fit to both in-core flux measurements and channel heat balance
calculations than that obtained using the diffusion theory fluxes alone. The method
however results in large errors in the power distributions obtained from diffusion
theory calculations performed using the burnups calculated with the flux mapping.
Comparisons of the diffusion theory and the SIMEX flux mapping approaches over
extended periods of bumup history show that these errors are the result of incon-
sistencies between the burnups obtained by the two approaches. Corrections made
by the flux mapping to the diffusion theory fluxes feed in the burnup distribution
resulting in inconsistencies with the reactor model used in the diffusion theory cal-
culations. In the diffusion theory approach, the fluxes feed back through the burnup
distributions, resulting in a significant self-correction of errors; the self-correction
does not however compensate completely for errors or uncertainties and corrections
are still generally required.

With the success obtained in generalizing the flux mapping technique to reactor
history simulations, the flux mapping procedure has been extended to a variety of
applications at Gentilly-2, including real time indication of maximum channel powers
and operating margins to control room personnel and calculation of correction to
diffusion theory fluxes in reactor core evolution predictions. All applications are
included hi the HQSIMEX code package, developed at Hydro-Québec; HQSIMEX
has been developed in a modular framework with particular attention put on user



friendly database interfaces and on reducing system dependencies to a minimum.
As a result operational versions are available, from a single source file, on VAX-VMS
and IBM-MVS mainframes and on PC-DOS, APPOLO, HP and VAX workstations.
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Abstract
The design of the CANDU Control Room and die associated design process has evolved
considerably over several generations of plants, from the first commercial scale
demonstration CANDU at Douglas Point through to the large scale CANDUs at
Darlington, and beyond, for the next generation of CANDU plant, ICS-90*, represented
by new designs like CANDU 3. In the early plants, the control room configuration was
based on designers' projections of control interface requirements. With succeeding
generations of designs, there has been an evolution towards: increasing attention to
formal requirements definition, incorporation into the Human Machine Interface (HMI)
of a larger base of operational experience, more systematic consideration of Human
Factors (HF) aspects of die design, and the application of a more powerful computer
basedHML Fordienewestplant, the CANDU 3, aHuman Factors Engineering Program
Plan (HFEPP) defines the overall HF engineering process, the associated requirements
and HF engineering standards to be followed in each stage, and for all HMI aspects of
thecontrolroomandplantdesign. TheCANDUScontrolroomalsoincorporates several
new design innovations that will facilitate operating crew performance improvements.
These are based on past experience with operating CANDU plants, incorporated with
the use of formal design and validation methods plus results from Canadian research
program to support control centre design and operation. For example, there are design
improvements to facilitate: operator tracking of plant state, problem solving, alarm
filtering, annunciation system interrogation, special safety system testing features, etc.
The present paper will expand and elaborate on each of die above topics.

1. Introduction
The CANDU Information and Control System (ICS) for the next generation of CANDU

plant is ICS-PO*. ft is a part of the on-going evolution of CANDU technology, and brings to the
CANDU design as many features of the long term vision of CANDU (ICS 2000) as are currently
possible. In this way, die benefits of the current CANDU research and development programs are

already being realized in the ICS 90* control room, which is moving towards die vision of the future
CANDU Control Room.

The objective of the ICS 90+ is to bring together the various data acquisition, processing and
display systems of the CANDU plant into an integrated whole. This has been accomplished by the
creation of new design methods, including the integration of operating procedure information, and
Human Factors (HF) into the design basis of the control, display and annunciation systems. In
support of the ICS 90* Human Machine Interface (HMI) in the Control Room (CR), a Plant Display
System (PDS) and improved Annunciation system have been provided. Overall plant control has
been augmented by the application of a Distributed Control System (DCS).

The P-anaHian program for developing the ICS 90+ CANDU CR has combined the efforts
of design teams at AECL CANDU and research teams at AECL Research, with the strong support
and active participation of the Canadian Nuclear Utilities.

This paper will briefly discuss the evolution of the CANDU CR design leading up to the
ICS 90* control room, and provide additional details on ICS 90* features and functionality.

2. CANDU Control Room Evolution
The design of the CANDU CR and the associated design process has evolved considerably

over several generations of plants, from the first commercial scale CANDU at Douglas Point
through to the large scale CANDUs at Darlington, and now to new designs such as ICS 90*. The
following is an outline of this evolution.

CANDU nuclear power plants have always been highly computerized and have used Video
Display Units (VDUs) since the 1960s (see Table 1). Over the years as computer technology
advanced, more and better computer-based displays were introduced in successive generations of
plant designs to complement the traditional hard-wired controls and instrumentation which exists
on the same panels. Four generations of CANDU control rooms have been developed to date
(Fenton, et aL, 1989), and these are briefly summarized below:

First Generation control rooms consisted almost entirely of fixed, discrete components -
handswitches, indicator lights, strip charts, recorders, annunciator, windows, etc. HF input was
based on intuitive "common sense" design decisions which varied considerably from one designer
to another.

Second Generation control rooms incorporated VDUs and keyboards into the control
panels. Computer information processing and display were utilized. Formal HF concepts were
applied through ergonomie and anthropométrie standards. The HF concepts were applied mainly
to the physical layout of the control panels and the physical manipulation performed by the
operators.

Third Generation control rooms place much more reliance on VDUs as the primary source
of information to the operators while hardware devices are retained for the discrete logic device
controls. Display formats arc more comprehensive than those introduced in the second generation
and are arranged in related hierarchical structures to allow for ease of selection. Annunciation
features are expanded to provide the operators with more analytical capability.

Fourth Generation control rooms effectively utilize the dramatic performance/cost
improvements in computer, electronic display and communication technologies of the 1990s.
Further applications of HF concepts address the cognitive aspects of operator performance.

The conventional design used in the firsr generation CR has long since undergone
improvements and retrofits - this generation will not be discussed further. Second generation



TABLE 1.

COMPUTER-CONTROLLED FUNCTIONS
IN SEVERAL GENERATIONS OF PLANT DESIGNS

MONITORING INSTRUMENTATION

FUNCTION

Point alarm »canning
Channel temperature monitoring
Xenon monitoring or prediction
Reactor regulating «y»tem
Unit power regulation
Boiler pressure control
Moderator temperature control
Reactor stepback
Rux monitoring i mapping
Turbine monitoring
Turbin« run-up
Fuelling machin« control
Sequenc« of events monitoring
Primary heat transport control
Boiler level control
De-aerator control
CRT messages (alpha-numeric)
CRT graphics
Historical data storage
Safety system monitor
Safety system trip
Safety system automatic testing
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control rooms were installed in CANDU stations designed in the mid 70s and early 80s (e.g. CANDU
6 design at Point Lcprcau, and Pickering and Bnice nuclear generating stations). The Darlington
generating station located in Ontario and owned by the provincial utility, Ontario Hydro,
implemented a third generation control room. Fourth generation features will be incorporated in the
ICS 90+ design for future and retrofit CANDU stations.

The following is a brief description of the second, third and fourth generation control rooms.

2.1 Second Generation Control Room
The control centre in the four operating CANDU 6, single unit stations, represent a typical

second generation human-machine interface Some of the features are described
below:

The dark panel concept In the CANDU 6 control room, a light signals a situation that
requires operator action - an annunciator, handswitch discrepancy, a computer program that has
failed, etc.; otherwise the panel stays dark.
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The fifteen minute rule. Safety functions that require action in the first fifteen minutes after
the event, including dual failure events, are automated. Consequently, CANDU operators have, at
a minimum, fifteen minutes to perform diagnostics and planning before taking direct action.

Automation. There is extensive use of computers in reactor and process control, automatic
shutdown and reactor re-fuelling. Some periodic tasks have been automated to reduce human errors
that are often associated with tedious, boring, and repetitive tasks such as testing and system status
monitoring.

Control panel layout The design incorporates logical groupings of panel instrumentation
according to plant systems and functions. Panel mimics are utilized to represent the location and
status of the controlled devices. The design incorporates standard shapes and a systematic method
for labelling panel components, their position and colour code.

Reduced panel congestion. This was accomplished in three ways:
- Reducing the number of annunciator windows by limiting their use to major alarms and

group alarms.
- Use of CRTs to present displays that integrate information from different systems and

equipment
- Automation of tasks previously accomplished by operator manipulation of control panel

devices (e.g. equipment testing).
Alarm annunciation. The alarm annunciation system classifies, sorts and allows

conditional suppression of unnecessary alarm messages.
Good anthropometries. The size, shape, slope, illumination level, and many other

parameters of the physical interface were designed to accommodate the physical characteristics of
the operator through the use of standard references and appropriate design guides.

22 Third Generation Control Room
The control centre at the Darlington A station represents a third generation operator-machine

interface. It retained, and was based on, many of the features of the second generation. Some of
the distinguishing features are described below:

Control Panel. The increased presentation of data on the video display units required more
attention to applying good HMI design practices. Also considerable attention was given to the
anthropométrie design of the panel-

Display Organization, The majority of the displays are related in hierarchies, generally on
a system basis. Each hierarchy consists of a primary display, and a number of secondary displays
as required. Simply stated the intent is for the primary to provide a system overview (mimic format)
while the secondary displays provide information at a more detailed level (trend, barchart, point
data).

Functional Displays. A first attempt at what are now referred to as functional display
formats was developed for CANDU 6. Additional display of this type were provided at Darlington.
These provide me operator with information that is organized for a specific function or operation.
An example of such a display is the one provided for the boiler swell/shrink situation. It contains
all of the data necessary to monitor the boiler level and its related setpoints at all power levels.
Without such a format die operators would have had to correlate data from a number of sources, with
the consequent increase in cognitive workload.

Annunciation Methods. The annunciation system was enhanced to provide the operators
with more analytical capability after a flood of alarms has occurred. Also, more screens were used
to try to provide alarm sorting by system for the CRT presentation of alarms. The alarms were
directed to screens on a system basis. A total of four screens were used and covered the broad areas
of Safety, Nuclear, Balance of Plant, and Electrical systems.

Operator Console. A comprehensive operator console was provided at the operator desk.
From this the operator can access any data formats available from the control computers and can
make any allowable changes to the computer controlled systems.

2.3 Fourth Generation Control Room
The fourth generation CR is represented by the ICS 90* design. AECL's new 450 MW

design, the CANDU 3, represents the first full implementation of the ICS 90+ control room. This
design, and associated developments will be discussed below (section 3).

3. New Developments

3.1 CANDU Control Room Research Program
Development of advanced control centre concepts and designs has been supported by an

extensive Canadian research program at AECL Research. This program has taken on the challenge
of combining human factors engineering principles with evolving information technology to guide
the development of solutions for the next generation CANDU control centre.

This research program is developing:
- methods for specification of control centres,
- the means to develop systems and interfaces that better meet the information and

decision-making needs of the human operator,
- an integrated approach to the introduction of advanced technology into the CANDU

control centre, and
- a means to evaluate new approaches and technologies for their impact on operator

performance from a safety and operational point of view.
The design methodology work (below in section 3.3) is based, in part, on an earlier R&D

project to define a functional design methodology, adapted from the International Electrotechnical
Commission standard IEC 964, to serve as a guide for the specification of control centres. This
methodology builds on past CANDU practice, particularly in the allocation of plant functions to
humans and automation. Furthermore, it ensures that the preliminary design of the human-machine
interface is based on a functional and systems-oriented information approach. Work continues to
improve the evaluation techniques, and to customize the methodology to suit project specific
requirements.

Based on recent studies, we have identified plant operating tasks where improved
annunciation support would be beneficial to plant users. A conceptual architecture and a strategy
that supports both alarm and decision support functionality is being developed, and a number of
information processing techniques have been identified for its implementation. Work is underway
to develop prototype systems for specific alarm functions at CANDU stations; functions have been
initiated to define and evaluate methods for assessing the impact of operator decision support
systems on human performance. This work will lead to recommendations for enhanced alarm and
plant information managements systems, suitable for retrofit and future plants.
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In the area of the human-machine interface, studies are underway to evaluate human
performance issues in such areas as:

- display information organization and display-to-display navigation,
- die use of 3D graphics and animation for information visualization and navigation,
- operational monitoring and control in mixed media interfaces (hard-wired through

soft VDU-based controls),
- integrating plant procedure information within control displays, and
- predicting and assessing cognitive workload during the execution of Emergency

Operation Procedures.

3.2 Human Factors Engineering Program Plan (HFEPP)
The HFEPP is a new development in our industry. Its purpose is to define, for any project,

the extent of the required program in human factors, appropriately "tailored" for the project
concerned. It can encompass human factors-related activities in every stage of station design,
construction and commissioning, staffing, operation, and decommissioning (as applicable); and it
also sets requirements for documenting these activities. An HFEPP can apply to any generating
station, and should be provided for any project, whether it be a new design, a retrofit, an operational
change to an existing plant, or any other significant undertaking. Each project has its own HFEPP,
a suitably tailored version of me comprehensive "Generic" HFEPP; in tailoring, the human factors
activities appropriate to the scope, scale, cost, and schedule of the job are selected from the set of
all possible activities (sec Beattie & Malcolm, 1990).

3.3 Control Room Design Methodologies
A new development at ÂECL is the investigation of more formalized function oriented CR

design methodologies based on early consideration of operating procedures, and operator
information needs and capabilities. This approach represents an evolution of traditional CANDU
design methods, along the lines of an internationally evolving trend towards more formal application
of human factors methods and knowledge in Nuclear Power plant design. It is derived in pan from
IEC 964, a recently published IEC standard on Nuclear Power Plant design (International
Electrotechnical Commission, 1989).

3.4 CANDU 3 Control Room Design Approach
With growing understanding of the role of the human operator as an integral part of the

overall human-machine system, with special strengths and weaknesses, human factors engineering
is receiving significant attention in the design of the HMI. For our newest pliant design, the
CANDU 3, an HFEPP defines the overall human factors engineering process, the associated
documentation requirements, and the human factors engineering standards to be followed in all
stages and for all aspects of the plant design.

The first task in the design of the CANDU 3 CR is to identify a basic set of plant functions
and assess their allocations to either the human or machine. These have been initially allocated by
system designers in accordance with past practice. Particular attention is paid to any allocations that
are proposed to deviate from past CANDU implementations. This provides a preliminary indication
of task difficulties and allow us to address major allocation problems early in the design process.
This ensures early incorporation of operators feedback in the CR design. In this context, it is

expected that the CR will utilize past designs and staffing arrangements as much as possible, making
the CANDU 3 an evolutionary rather than revolutionary design.

The identification of basic plant functions (function analysis) and the subsequent review of
their allocations (function allocation), together with consideration of associated constraints such as
space available for the control room, permits designers to generate a conceptual CR layout The
layout shows panels and workstations in an appropriate arrangement with a list of basic functions
attached to each. Using this information, a three-dimensional computer model of the CR has been
developed that assists designers in visualizing and refining the concept

The CR concept and the design methodology are then subjected to a formal conceptual
design review. This review is a standard practice for CANDU and ensures that operations
experience and various design groups associated with the CR are in agreement with the general
concept It also provides important management support for the approach to detailed design and
validation before substantial resources are committed.

The detailed plant functions as represented by die various design documents, forms the basis
for task analyses and preliminary HMI design. The depth to which tasks analyses are pursued varies
in accordance with the degree of innovation incorporated into the design. In other words, where
existing designs (including the HMI) are adopted, little task analysis data is generated. For designs
which have process design (e.g., automation) changes or HMI innovations, task analysis is
extensively performed. Supporting the task analyses are existing operations knowledge in such
forms as: operating procedures, operator interview data and design review inputs, and also the
CANDU 3 Operator Response Guidelines (ORGs). The ORGs arc preliminary versions of
emergency operating procedures derived from the CANDU 3 probabilistic safety analysis.

In the course of this work, preliminary CR HMI design is mocked-up. The mock-up is a full
scale and quasi dynamic engineering tool, capable of reproducing the interface features and time
based nature of information display necessary to support operator walk-throughs of selected
segments of preliminary procedures. As an example, one such walk-through is planned for the task
of navigating through display hierarchies. The mock-up is used in an iterative fashion to develop,
refine and validate CR HML In this role, it serves as the primary vehicle for establishing, recording
and reviewing the conceptual panel layouts and displays. It is understood that mis process will feed
back information to the system design which might alter, for example, the initial allocations of
functions.

In summary, our approach to human factors in the control centre design is to:
i. make considerable use of existing CANDU designs and their associated staffing

structures,
ii. perform some front-end function analysis and allocation in order to reduce the

occurrence of inappropriate tasks being assigned to operators eariy in the design
process, and

iii. place substantial emphasis on development, verification and validation of the
innovative aspects of the standard product design through the application of a
full-scale mock-up.

3.5 CANDU 3 Control Room Innovations
The CANDU 3 CR incorporates several design innovations that will facilitate operating

crew performance improvements. These are based on past experience with operating CANDU
plants, incorporated with the use of formal HF design and validation methods. For example, there
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aie design improvements to facilitate: operator tracking of plant state, group problem solving, alarm
filtering, annunciation system interrogation, and special safety system testing features. These are
briefly described below.

3.5.1 General Control Area Layout
Sufficient workstations are provided in the Control Area (this includes CR, Work Control

Area, Computer Room and Shift Supervisor's office) to accommodate a variable staff complement
These workstations provide access to the principal CR functions: plant control, safety systems
control, monitoring and testing, fuel handling, emergency communications and plant state
monitoring and diagnosis. Multiple redundant access points are provided to the various functions.
Centrally located sit-down consoles provide visual access to other workstations and have the
computerized interfaces which support normal plant operation. Figure 1 illustrates the general
layout. (The mezzanine level is an optional feature for utilities that desire extra maintenance,
planning, work control and emergency response facilities in close proximity to the control room.)

A two-group arrangement is consistent with the overall CANDU 3 system grouping and
separation philosophy. Group 1 systems andoperatorconsole(ontherightofthecentralpanelarea)
support power production and Group 2 systems and console ( on the left) provide safety protection
functions. The central panel area is the combined Group 1 and 2 plant overview tracking facility.
Additional consoles are proposed to direct annunciation information to various users in the MCR
(e.g. shift supervisors, F/H operator) and remotely for technical units, chemical and health physics
labs, etc. Within these consoles, the visibility, and detailed access to annunciation information will
follow the HMI guidelines of the overall HML This use of a single set of guidelines ensures
consistency in the HMI of the control centres. This overall approach will be validated in a mockup
facility, to obtain early feedback on the design and its special features such as a mimic display, a
critical safety parameter monitor, Emergency Operation Procedures (EOPs) display,
logging/information retrieval facilities, and integration with procedures.

3.5.2 The Integrated Plant Information System
The ICS 90* plant information system is an integrated computer-based information and

control system with the Plant Display System (PDS) having the major integration role. The PDS
is the computerised system which integrates the interface between the operator and the digital
equipment controlling the plant The PDS must present displays and controls to the operator which
will support operational tasks and objectives in an suitable manner. Equally, the PDS must interface
with the digital control equipment system of the Distributed Control System (DCS) and the Safety
System Monitor computers (SSM).

Figure 2 is a schematic diagram of the Integrated CANDU 3 Information system. In this
design, the two PDS data base computers located in the Main Control Area (MCA), obtain most of
the plant data through a pre-processing computer from the DCS. The Group 2 or Safety System
plant data is obtained from the field through a similar set of data base computers, the SSM, located
in the Secondary Control Area (SCA). The PDS data base computers transmit plant information
onto redundant Local Area Networks (LANs) and the data on these LANs is used by the operator
at the control centre workstations and consoles to produce the displays and supervisory control
interface needed between the plant and the operator. Each of the consoles consist of three CRTs
and function keyboard.
3.5.3 Annunciation System Innovations

The ICS 90* alarm annunciation innovations consist of two distinct parts: the hard-wired
and the computerized alarm annunciation system. This provides independence and diversity of
information presentation to the operators.

The hard—wired annunciation system is independent of the computerized alarm
annunciation system. It will be designed for high reliability and for immunity against the PDS or
DCS computer systems failure because the operator relies on these alarms to identify and diagnose
plant transients. It's primary HMI is in the form of alarm windows (arranged on a system basis and
located on panels) and plant overview mimic display (located centrally in the panel array).

The Annunciation facilities are integrated with the overall HMI design. At the central panel
area these facilities include: a hard-wired plant status overview mimir, a VDU based critical safety
parameter display, a hard-wired emergency operating procedure entry condition window box array,
andaset of annunciation message CRTs, for display of the alarm messages. At the Group 1 console
there is a CRT/keyboard based annunciation interrogation facility.

Plant Overview Mimic Diagram. A new approach in ICS 90* annunciation is creation of
the plant overview mimic diagram, providing an overview of CSPs and PAM parameters, and entry
conditions windows to EOPs in the central annunciation panels. The mimic diagram presents the
high level in a pictorial présentation to facilitate pattern recognition (as opposed to a pattern of
windows lit up within the window box arrangement). Post Accident Management (PAM) and
Critical Safety Parameters (CSPs) overview and support information are provided in the central
panel area, and are also available at the Group 1 and 2 consoles.

Emergency Operating Procedures (EOPs) display. A set of "procedure entry condition"
windows has been created to augment the overview provided by the mimic diagram. These windows
indicate the existence of conditions which satisfy the entry conditions for key emergency operating
procedures. This feature re-enforces the mimic presentation, and is an operatoraidfortheplantstate
evaluation. Thus the overall annunciation system performance is enhanced, by matching the
information presentation to the plant state and the required operator actions.

A Computerized Annunciation Interrogation Facility has been introduced to provide
detailed annunciation information and support to operator queries for additional information related
to annunciation (e.g. component level diagnosis alarms), further clarifying the state of the plant,
systems and equipment

3.5.4 Other New Design Features
1. Enhanced Video Display Unit (VDU) Navigation Features. Enhanced navigation will

be used to interconnect alarm, standard display functions and control hierarchies in a common
navigation scheme. The information connectivity will include the same navigation manipulation
for retrieval of status displays, graphical trends, bar chart and point data information within each
hierarchy.

2. Alarm Hierarchy. A three level alarm hierarchy will be used to direct operator attention
to fault conditions according to the severity of the condition. In decreasing order of severity the
elements of the hierarchy are:

-plant level parameters deemed critical to plant production and safety critical level,
-system and sub-system level parameters,

-equipment and component level parameters.

Note that while malfunctioning of components can have significant impact on system
availability, the components critical to operation are usually duplicated or triplicated, hence
immediate operator intervention upon occurrence of component failure is generally not required.
Instead, automatic transfer of control between redundant trains occurs.



rOro
CO EMERGENCY

RESPONSE
FACILITY

i

EQUIPMENT
STATUS
MONITOR
FACILITY

i

DEFICIENCY
REPORTING

SYSTEM

'

WORK
CONTROL
SYSTEM

i

CHEMISTRY
AND

RADIATION
CONTROL

1

SWITCH YARD
SEQUENCE
OF EVENTS

1

STATION MANAGEMENT LAN

.•—'•«iJw-.-i.';
SECONDARY CONTROL

ROOM

DCS - DISTRIBUTED CONTROL SYSTEM
SSM - SAFETY SYSTEM MONITOR
PDS - PLANT DISPLAY SYSTEM
SDS1 - SHUTDOWN SYSTEM No.1
SDS2 - SHUTDOWN SYSTEM No.2
ECC - EMERGENCY CORE COOLING
CONT- CONTAINMENT ISOLATION
ESSS - ENGINEERED SAFETY SUPPORT

SYSTEM
GR1 - GROUP 1
GR2 - GROUP 2
FH - FUEL HANDLING
T/G - TURBINE/GENERATOR

ANNUNCIATION
INTERROGATION
FACIUTY

SDS1

^flB
SDS2

^OH
ECC

^5OB
NT

TB
CONTrn
ESSS

AUXILIARY
SYSTEMS

DCS NETWORK

FUEL
HANDLING

TURBINE
GENERATOR

SWITCH
YARD

FIG. 2. The integrated CANDU 3 information system



3. Improved State-based Conditioning. Conditioning of alarms will be greatly improved,
by applying plant state-based conditioning to inhibit the flood of secondary alarms that
accompanies some state changes. Conditioning states ate expected to include normal high power
operation, normal low power, shallow shutdown, deep shutdown, and abnormal states of some of
the critical safety parameters.

4. Selective Filters. Alarm "filters" will be provided which, on a selective basis, confine
alarm message display to alarms of specified priority levels, and specified process and safety system
origin. Also various time-based filters will be implemented to reduce chattering and other nuisance
alarms which tend, in some circumstances, to unnecessarily load up the alarm message stream.

5. Enhanced alarm status review features. Enhanced alarm status review features
accessible at the annunciation interrogation station and at other users workstations will provide
operators, maintaincrs, and system engineers with facilities to review pertinent annunciation
information in many useful formats, including:

-post-event review of alarm message sequences,
-additional summaries (e.g. plant state alarms, subsystem alarms, "conditioned-out"

information, "jumpered- out" points, equipment status),

-supplementary information related to alarm points, e.g. alarm thresholds, source signals
for composite alarms, hysteresis values, field instrument numbers, pointers to reference
documentation.

6. Logging Features. Several types of annunciation-related logging features will be
provided, including logs of alarms that were conditioned or jumpered out (for review purposes), logs
of faults in control equipment and of critical events such as computer system "fail-over", and logs
of computer-based testing.

3.5.5 Safety Systems
Substantial safety and operational benefits are achieved in the ICS 90* safety systems

through the use of further automation and computerization of the safety systems. With the addition
of an automated Group 2 boiler feedwater system and automation of the Emergency Core Cooling
recovery mode, the operator response time for design basis events is greater than 8 hours.

Further safety and operational benefits have been achieved through the evolutionary use of
computers in the safety systems. CANDU plants already have two generations of "trip computers"
in the the shutdown systems. ICS 90+ extends this evolution by incorporating programmable
devices in the trip decision chains using software development processes that provide a
multi-facetted approach to ensuring software reliability.

The special safety systems are continuously poised for use, but seldom used. To ensure that
these systems are in proper working order, the operations staff perform functional testing on each
part of these systems on an on-going basis. This repetitive sequential task has been identified as a
function allocation problem and an obvious candidate for automation. A computerized special
safety system test facility was first introduced on the Darlington nuclear power station. The ICS 90*
station also incorporates automated testing for the safety systems.

roroCD

4. Summary
The evolutionary approach to the ICS-90+ CR design ensures that the proven advantages

of previous CANDU designs are retained, and technical risks are held to a manageable level At the
same time, increased utilization of advancing computer technology, built on a foundation of operator
feedback from existing CANDU stations and systematic analyses of operator tasks, provides
significant improvements to plant operability, most notably with respect to alarm annunciation
related functions. The associated design process, guided by the Human Factors Engineering
Program Plan and a function-based CR design approach, helps to ensure that appropriate systematic
attention is given, from the conceptual design stage through to plant commissioning and operation,
to the strengths and limitations of the operations personnel

The control centre R&D program is developing methods, design criteria, tools and
prototypes that will lead to improved operator performance through interfaces, alarm systems and
procedures that better match human capabilities to plant tasks. This work will ensure that CANDU
control centres can meet evolving international standards and.licensing requirements.
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Abstract

Presently there are 31 Pressurized Heavy Water Reactors, based on the CANDU design,
operating throughout the world. This paper reviews the lifetime performance of these CANDUs,
ranging from the oldest Pickering NGS-A, RAPS and KANUPP units which went into service
in the early '70s, to the newest Darlington units of which the last one reached full power in May
of this year.

While some units suffered from initial technical problems and others have been affected by grid
limitations, in general CANDUs have been successful in achieving high capacity factors during
their early years of operation. However, the pressure tube failure of Pickering 2 in August 1983
revealed the potential for a much shorter tube life than originally expected, and the resulting
need for lengthy outages at mid-life to retube the reactor.

To date, the pressure tube problem, and more recent steam generator problems, have resulted
in reduced capability for the Ontario Hydro 'A' units. However, it is expected that the
knowledge and experience gained will reduce the future impact of these problems on other
reactors in the CANDU family.

INTRODUCTION
In the original CANDU concept the use of on-power refuelling, dictated by the choice of natural
uranium fuel, was expected to offer a major benefit in terms of high capacity factor. The
elimination of batch refuelling combined with design features to facilitate on-line testing and
maintenance, was supposed to minimize the need for planned shutdowns except for periodic
testing and inspection. While this still remains generally true, performance of the older CANDU
units has tended to deteriorate in recent years. What are the reasons why, and what are the
expectations for restoring and maintaining the performance of CANDUs as they age? This paper
will look at these questions.

CANDU OWNERS GROUP
The primary purpose of the COG (CANDU Owners Group) Information Exchange Program is
to facilitate the sharing of operating experience among member stations and utilities. For these
members, the benefits are improved safety and economic performance through learning from the
experience of others. The program includes exchange of information with non-CANDU stations
and various organizations which support the nuclear power industry worldwide, such as INPO

(Institute of Nuclear Power Operations), WANO (World Association of Nuclear Operators),
NBA (Nuclear Energy Agency), EPRI (Electric Power Research Institute), and IAEA
(International Atomic Energy Agency).

One particular part of the COG Information Exchange program is the compilation and
comparison of performance information for all CANDU stations. This paper will look at
performance trends for CANDUs, using information supplied to COG by member stations.

CANDU PERFORMANCE
At the end of 1992 there were a total of 29 PHWRs, based on the CANDU design, in service,
representing 363 reactor years of operation. Since the beginning of 1993, Darlington NGS Unit
3 has gone into service and Unit 4 is undergoing high power testing, bringing the total to 31
CANDUs in operation.

Tables 1 and 2 show the world ranking in gross capacity factor of nuclear power plants >500
MWe for 1992 and Lifetime, respectively. In Table 1, only Pickering Unit 8 is among the top
20 in 1992, illustrating the steadily improving performance of LWRs versus the slowly
deteriorating performance of CANDUs. Eight CANDUs, led by Pt. Lepreau, appear among the
top 20 in Table 2. The early lifetime lead of these CANDUs is helping to maintain their
ranking. However, conspicuous by their absence in either table are any of the older CANDUs,
i.e. Pickering A or Bmce A units.

Capability is a measure of a unit's or station's ability to produce electricity at its MCR
(Maximum Continuous Rating), whether or not the power is delivered to the grid. To station
designers and operators, it is a more meaningful measurement of performance than the more
widely reported Capacity factor, since it is not affected by factors external to the station.

Table 3 lists all CANDUs, grouped by station or by similarities in size/design. Figure 1 shows
the lifetime trend in capability for each CANDU group.

Typically, during their early years of operation CANDUs have achieved high capability factors,
in the range of 80-90%. The exceptions are the reactors in India and Pakistan which suffered
from the early withdrawal of technical and material support from the original plant designers and
equipment manufacturers.

After 8-10 years a decreasing trend in capability starts to appear for Pickering NGS-A and Bruce
NGS-A. The Pickering NGS-A capability slipped to around 40% while the units were re-tubed,
but has recovered to 60% and is rising steadily. The Bruce NGS-A trend has levelled off around
60% and shows little sign of turning around. The trends for Pickering NGS-B, Bruce NGS-B
and CANDU 6 have been generally holding steady in the range of 80-90%.

CAUSES OF INCAPABILITY
For Ontario Hydro stations, Figures 2 and 3 show the % incapability caused by various
systems/equipment, averaged over the lifetime of all units to the end of 1992. Although a
similar breakdown of contributors to incapability has not been compiled for other CANDUs, the



Table 1 Table 2
World Ranking* of Nuclear Power Plant

Performance to 1992 December 31
GROSS CAPACITY FACTOR (GCF) FOR THE YEAR 1992

Rank Name GCF Country

1 Ohi-3 100.4 Japan
2 Davis-Besse-1 98.8 USA
3 Sendai-2 98.3 Japan
4 Kashiwazaki-Kkariwa-2 97.9 Japan
5 Three Mile Island-1 96.6 USA
6 St. Lucie-1 96.1 USA
7 Onagawa-1 94.7 Japan
8 Diablo Canyon-2 94.7 USA
9 Palo Verde-2 94.0 USA

10 South Texas-2 93.6 USA
11 Virgil C. Summer-1 93.6 USA
12 Pickering-8 93.5 Canada
13 Olkuuoto-1 93.3 Finland
14 Olkiluoto-2 93.1 Finland
15 Tihange-3 93.1 Belgium
16 Brokdorf 92.5 Germany
17 Catawba-2 92.4 USA
18 Vogtle-1 92.3 USA
19 Cofrentes 92.3 Spain
20 Fukushima Daiichi-3 92.0 Japan

Type

PWR
PWR
PWR
BWR
PWR
PWR
BWR
PWR
PWR
PWR
PWR
PHWR
BWR
BWR
PWR
PWR
PWR
PWR
BWR
BWR

Rating Operating
MWe

1180
925
890

1100
871
872
524
1137
1303
1312
933
540
735
735
1054
1365
1205
1160
990
784

Years

1
15
7
2
18
16
9
7
6
3
10
6
14
12
7
6
6
5
8

18

World Ranking* of Nuclear Power Plant
Performance to 1992 December 31

GROSS CAPACITY FACTOR (GCF) SINCE FIRST ELECTRICITY

Rank Name

1 Elmsland
2 PL Lepreau
3 Neckar-2
4 Pickering-8
5 Grohnde
6 Pickering-7
7 Tihange-3
8 Bruce-5
9 Pickering-6

10 Philippsburg-2
11 OUdluotc-1
12 Olkiluoto-2
13 Bruce-7
14 Grafenrheinfeld
15 Doel-4
16 Doel-3
17 Gosgen
18 Wolsong-1
19 Bruce-6
20 Almaraz-2

GCF

91.0
90.7
88.0
87.5
87.3
87.2
86.6
86.3
85.6
84.8
83.9
83.5
83.4
83.2
83.1
83.1
82.6
82.6
82.1
81.6

Country

Germany
Canada
Germany
Canada
Germany
Canada
Belgium
Canada
Canada
Germany
Finland
Finland
Canada
Germany
Belgium

Switzerland
South Korea
Canada
Spain

Type

PWR
PHWR
PWR
PHWR
T?WR
PHWR
PWR
PHWR
PHWR
PWR
BWR
BWR
PHWR
PWR
PWR
PWR
PWR
PHWR
PHWR
PWR

Rating Operating
MWe

1341
680

1316
540
1394
540
1054
915
540
1349
735
735
915

1300
1065
945
970
679
915
930

Years

4
10
3
6
8
g
7
8
9
8

14
12
6
10
7
10
13
10
8
9

IV)
OJ

* Ranking for units >500 MWe, as reported by Naclear Engineering International in the 1993
April issue.

collective experience of 18 Ontario Hydro reactors is sufficient to identify the typical major
contributors. Among these the most significant are fuel channels and steam generators.

1. FUEL CHANNELS

The CANDU reactor contains 380 (Pickering and CANDU 6) or 480 (Bruce and Darlington)
horizontal fuel channel assemblies, each surrounded by heavy water moderator within the
calandria vessel. Each assembly goes through a passage created by the reactor end-shield lattice
tubes and a calandria tube. A typical CANDU fuel channel consists of a Zr-2.5% Mb alloy
pressure tube which contains a string of 12 or 13 fuel bundles through which passes the
pressurized heavy water coolant. The pressure tube is rolled at each end into the hub of a
stainless steel end fitting which in turn is connected via couplings to feeder pipes. The
assemblies are supported in the lattice tube by a sliding journal/bearing arrangement (referred
to as end-fitting bearings) and in the calandria tube by spacers (garter springs).

* Ranking for units > 500 MWe, as reported by Nuclear Engineering International in the 1993
April issue.

The calandria tube separates the pressure tube from the heavy water moderator. The annulus
between these tubes is filled with dry CO2 gas which provides a dry, insulating atmosphere and,
through monitoring of its moisture content, provides warning of leaks from either the pressure
tube, calandria tube, or lattice tubes.

When the CANDU pressure tube concept was originated the lifetime of a CANDU reactor was
expected to be 30 years, whereas the life of a pressure tube could not be predicted beyond 15
years, based on the limited experience at that time. Accordingly, the reactor was designed to
permit fuel channel replacement to ensure the 30 year target for the plant could be met.

Ontario Hydro Experience

For Ontario Hydro,the overall incapability factor attributable to fuel channels was 8.7% to the
end of 1992. The major causes of fuel channel-related downtime are large-scale pressure tube
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Table 3 Table 5

CANDU Group

Pickering A
Pickering B
Bruce A
Bruce B
Darlington
CANDU 6:

Pt. Lepreau
Gentiliy-2
Wolsong-1
Embalse

India:
RAPS-1
RAPS-2
MAPS-1 ,2
NAPS-1 ,2

KANUPP

No. of
Units

4
4
4
4
2
4

6

1

Gross
Rating MWe

542
540
915
915
935

680
685
679
648

100
200
220
220
137

In-service
Dates

1971-73
1983-86
1977-79
1884-87
1990-93

1983
1983
1983
1984

1973
1981
1984-86
1991-92
1972

Table 4

Pickering A

Pickering B
Bruce A

Bruce B

CANDU 6

KANUPP

NUMBER OF STEAM GENERATOR TUBE LEAKS

Mechanisms
Under-
Deposit
Corrosion
(Pitting)

Fretting

Stress
Corrosion
Cracking

Fatigue and
Corrosion
Fatigue

Description and Consequences
Deposits accumulate m the steam
generators during operation. Under
some operational conditions, corrosion
can occur under the deposits leading to
pits. Pits are small localized corrosion
sites which, if undetected, can lead to a
low level leak.
Fretting is mechanical wear caused by
two components rubbing together. In a
steam generator, this is usually due to
the flow of steam and water causing a
loose piece of debris to wear away a
tube or the tube to vibrate against a
support structure. The level of the
resulting leak depends on the area of the
tube which is worn.
Certain materials may crack when they
are under mechanical stress in a
corrosive environment. Crack growth
rates depend on the environment and
vary considerably. These cracks are
usually very tight and leaks tend to be
small.
Materials which are subjected to a
varying stress level, eg, vibration due to
steam and water flow, may fail through
fatigue cracking if the stress levels are
high enough A corrosive environment
may help promote fatigue. Once the
cracks start they can grow quite rapidly
over a few days.
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replacements (retubing), single pressure tube replacements (for specific integrity concerns),
maintenance activities (such as channel repositioning), periodic and in-service inspection of
pressure tubes.

Pressure Tube Replacement

Between 1974 and the end of 1992, over 100 pressure tubes (excluding large scale retubing)
were replaced in Ontario Hydro reactors, the majority in Pickering NGS-A Units 3 and 4 and
Bruce NGS-A Units 1 and 2. The main reason for replacement in these units has been the
presence of delayed hydride cracks (DHCs) in the rolled-joint area, the result of an improper
rolling procedure.
Four channels were replaced for reasons unrelated to DHCs associated with improperly rolled
joints, as discussed below.

Pickering NGS-A

In August of 1983, Unit 2 at Pickering NGS-A was forced to shut down following
rupture of one of its 390 pressure tubes. Unit 1, with similar pressure tubes, was shut
down shortly afterwards. The failure mechanism was an ingress of hydrogen (deuterium)
leading to formation of hydride blisters where there was contact between the pressure
tube and calandria tube, and subsequent DHC cracking of the pressure tube at the blister.
This phenomenon was largely dependent on the Zircalloy-2 pressure tube material used
in Units 1 and 2. Units 3 and 4 (and all subsequent CANDUs) use Zr-2.5% Mb, a
material less susceptible to DHC.
The pressure tube failure in Pickering NGS-A Unit 2 led to the decision to retube all
Pickering NGS-A units. During the long shutdown for retubing which was expected to
extend die reactor life for another 20 years, a number of other major modification and
rehabilitation projects were carried out. Units 1 and 2 returned to service in 1987 and
1988, respectively, following which Units 3 and 4 were shut down for retubing, from
1989-1991 and 1991-1993.
By the end of 1992, the three Pickering NGS-A units which had been returned to service
after retubing had achieved a much improved average capacity factor of 81.8%.

Bruce NGS-A

In 1986 channel N06 in Unit 2 failed by DHC originating in a lamination flaw in the
rolled-joint area of the pressure tube. The pressure tube first leaked but then ruptured
when the unit was pressurized in an attempt to locate the leak. Two other cases of
leaking pressure tubes have occurred at Bruce NGS-A units. In each case the leaking
pressure tube was replaced. Unlike Pickering NGS-A, each leak was the result of a
defect unique to the particular pressure tube, and so no decision has been made to retube
the Bruce NGS-A units.

Fuel Channel Inspection

Besides both single and large scale pressure tube replacement, another component of incapability
in this area has been fuel channel inspection. Between 1985 and the end of 1992, over 700 fuel

channels have been inspected, in part or in full, using the CIGAR (Channel Inspection and
Gauging Apparatus for Reactors) system or the PIPE (Packaged Inspection Probe) system. In
addition, between 1987 and 1992, a total of 156 fuel channels have been scrape sampled to
measure deuterium uptake, thereby allowing determination of total hydrogen isotope
concentration. While retubing is a once-in-a-lifetime activity, periodic inspection is an ongoing
requirement.

Other CANDU Experience

The only other CANDU which has suffered significant incapability due to pressure tubes is
KANUPP. Due to historical problems of air/moisture ingress into the pressure tube/calandria
tube gas annulus, corrosion of the end-fitting bearing at the moveable end of two fuel channels
has caused them to become seized and, subsequently, to be taken out of service because of
integrity concerns and difficulty in refuelling. The practical consequence has been a forced
derating due to these unfuelled sites in the reactor core. It is expected that these channels will
be replaced as part of a currently planned program to inspect and upgrade all reactor
components.

Future Impact of Pressure Tubes

The failure of the pressure tube at Pickering NGS-A Unit 2 occurred after 12 years of operation;
Pickering NGS-A Unit 4, with the better Zr-2.596 Nb tube material, operated for more than 18
years without a pressure tube failure, before it was retubed. Improved technology, such as the
recent successful demonstration at Pt. Lepreau and Bruce A NGS of the Spacer Location And
Repositioning (SLAR) tool which restores spacers in the channel to the correct positions to
prevent pressure tube/calandria tube contact, will delay even further the need to retube newer
units, such as CANDU 6, Ontario Hydro 'B' units and Darlington. In addition, the shutdown
time required for periodic and in-service inspection of pressure tubes and their once-in-a-lifetime
replacement is steadily decreasing. For example, retubing of Pickering NGS-A Unit 2 took
nearly 4 years while Unit 4 took less than 20 months.

Development of more stringent metallurgical specifications for pressure tube materials will
reduce initial hydrogen concentration and increase resistance to toughness reduction. Application
of these new specifications for the new CANDU 6 units, such as Wolsong-2,-3,-4, will ensure
extended design life of the fuel channels. In the CANDU 9 and CANDU 3 designs, the addition
of a second set of rolled joint grooves in one end fitting and improved Reactor Building layout
will facilitate fuel channel replacement to achieve a 60 year plant design life.

2. STEAM GENERATORS

During the initial years of operation, all CANDU steam generators performed well and required
relatively little maintenance. However, this good operating performance has declined in recent
years, notably at Pickering NGS-B and Bruce NGS-A. Table 4 lists the number of steam
generator tube failures which have occurred during reactor operation, as reported for the
different groups of CANDUs. Only those detected during unit operation at high power are
listed. In most cases the leaks led to a forced outage when the leak rate increased to the
shutdown limit. In a few cases the leaking tube was not successfully located and reactor
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operation was resumed until the leak recurred. Other suspect tubes found during steam
generator inspection, and subsequently plugged, are not recorded in Table 4.

Typical tube failure mechanisms observed during investigation of these tube leaks are described
in Table 5.

Ontario Hydro Experience

A recent rising trend has seen lifetime incapability due to steam generators increase from fifth
place at 1.5% in 1990 to second place at 3.0% in 1992. Pickering NGS-B and Brace NGS-A
units have mainly been responsible for this trend.

Kckering NGS-B

Pickering NGS-B has steam generators which were designed to be almost identical to
those at Kckering NGS-A. However, there are slight differences in the tube material
composition which seem to render the tubes more susceptible to pitting. Following two
successive tube leaks, inspection has shown that Pickering NGS-B Unit 5 steam
generators have pitting in up to 10% of the tubes. Significant pitting has not been found
in any other units. All suspect tubes in Unit 5 have been plugged and much of the
sludge deposit has been removed by high pressure water jetting and chemical cleaning.

A similar program of steam generator cleaning and tube inspection is planned for the
other three Pickering NGS-B units. In addition, a program for all units has been put in
place for improved feedwater chemistry to minimize deposits and corrosive conditions.

Bruce NGS-A

Bmce NGS-A has experienced the greatest number of steam generator tube leaks and
failure mechanisms. Tube leaks in the early 1980s were due to fatigue. More recently,
heavy deposits in the steam generators have necessitated unit deratings of up to 30%.

Corrosion fatigue in Unit 1 appears to be similar to that found in the earlier failures and
is being promoted by localized corrosion on the tubes. There is also evidence of shallow
stress corrosion cracking which has not caused any tube failures. In Unit 2, the same
mechanisms are present, but more significant are several leaks caused by accelerated
stress corrosion cracking in one steam generator. A lead shielding blanket was
inadvertently left in the steam generator after maintenance, and the lead released is
providing an environment where stress corrosion cracking can occur more rapidly. A
further problem found is the corrosion of some of the tube support structures which could
cause fatigue or fretting failures. Modifications to the supports are proposed to alleviate
this concern.

Improvements to Steam Generator Performance

Ontario Hydro and other CANDU utilities have put in place specific operational changes to
improve steam generator performance. The operating specifications for impurities in feedwater
have been tightened up to reduce deposit formation. Water jetting and chemical cleaning have

been undertaken at Pickering NGS-B and Bruce NGS-A to reduce existing deposits. These
cleaning techniques will also be used on a routine maintenance basis at Bruce NGS-B and
Darlington NGS to remove deposits before they become harmful. At Pt. Lepreau NGS a
condensate polisher was installed in 1986 to improve feedwater chemistry and a steam generator
cleaning program has been undertaken.

3. TURBINES

Periodic turbine inspection/maintenance is the major activity which has contributed to
incapability at all stations. For Ontario Hydro stations, the lifetime incapability to the end of
1992 was 2.0%.

4. PRIMARY HEAT TRANSPORT

At Ontario Hydro the lifetime incapability due to the primary heat transport system was 2.0%
to the end of 1992. Over the past two years the major contributor has been investigation of
flow-Induced vibration damage to fuel bundles at Darlington NGS. Also, not reflected in the
lifetime incapability figure is a recent derating of Bruce A and Bruce B NGS due to reactivity
concerns associated with possible fuel movement following a large-break LOCA.

Darlington NGS

In 1991 January, Darlington NGS Unit 2 was shut down because of indication of fuel
damage. Subsequent investigation revealed the cause to be fuel bundle vibration due to
pressure pulsations originating from the main reactor coolant pumps and amplified by
resonance in the piping configuration. The problem was corrected by replacing the 5-
vane impellers of the main pumps by 7-vane impellers, thereby shifting the frequency of
the pulsations away from the resonance. Unit 2 returned to service in 1992 September.
Commissioning of the other 3 Darlington NGS units was also affected by this problem.

Bruce NGS-A and Brace NGS-B

In March 1993, all units at Bruce NGS-A and Bruce NGS-B were reduced in power to
60% to provide an additional safety margin in case of fuel movement due to flow
reversal following an inlet header break. This derating was implemented following
preliminary analysis of a proposal to solve an unrelated fuel bundle fretting problem
which had been identified at Darlington NGS and Bruce A and B NGS.

Under normal conditions the string of fuel bundles are held against a stop at the outlet
end of the fuel channel by hydraulic force of the flow. During on-power refuelling, new
fuel bundles are inserted at the outlet end and irradiated bundles are removed from the
inlet end of the channel. Between the fuel string and the inlet end shield plug there is
a gap which increases with time as the pressure tube lengthens or "creeps" due to
irradiation.

The analysis indicated that flow reversal in the fuel channel, following an inlet header
break, could move the fuel string towards the inlet end shield plug. This movement
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could occur in all channels in the affected part of the primary heat transport loop. The
net effect of this fuel shift would be to add reactivity at a time when the reactor is
shutting down in response to the initial event.

Various options are being explored to solve this problem and allow the units to return
to 100% power. These options are aimed at reducing the gap between the fuel string and
the inlet end shield plug, thereby minimizing the amount of possible fuel movement. In
the meantime the derating, with a corresponding decrease in the reactor overpower trip
set-point, increases the margin of conservatism in the safety analysis to compensate for
the maximum expected reactivity increase for the postulated event. Other CANDUs
which use a different refuelling scheme and/or piping configuration are not affected.

5. GENERATOR

At Ontario Hydro generators contributed 1.9% lifetime incapability in 1992. The major cause
over the years has been periodic generator inspection/maûitenance at all units, plus stator cooling
leaks at some units.
The only major generator problem reported among the CANDU 6 stations resulted in a two-
month shutdown of Gentilly-2 NGS in 1991-92. The generator field had to be re-wound
because of electrical leakage due to copper dust originating from fretting of the rotor bars.

6. OTHER CONTRIBUTORS TO INCAPABILITY

Examples of other significant problems which have contributed to extended periods of derating
or shutdown at particular stations include:

Aging and Maintenance

Aging of equipment combined with a reduction in maintenance budget/resources has been a
general contributor to incapability at Ontario Hydro stations. An example is the experience at
Bruce NGS-A which was described in a recent article "The Cost of Not Doing Maintenance: A
Cautionary Tale from Bruce A".* In response to this problem, in 1991 Bruce NGS-A
implemented an Integrated Operational Planning Program which was primarily aimed at
improving maintenance. Some early evidence of the improvement achieved include a decrease
in the maintenance backlog of 1100 items on Unit 1 by about 50% in a little over a year, and
completion 11 days early of a Unit 3 outage scheduled to last 28 days.

Cracked End Shield

In 1982, RAPS-1 was shut down because of leakage from cracks in the south end shield.
Subsequently, a number of fuel channels were removed and plates were fixed over the cracked
area to stop the leakage. The reactor resumed operation in 1985 but was derated to
approximately 45 % (100 MWe) because of the unfuelled lattice positions where the fuel channels •
had been removed. In 1992 the maximum unit rating was changed to 100 MWe.

Abnormal Moderator Flow Distribution in the Reactor

In 1989 the moderator inlet vane in the reactor vessel (calandria) broke loose in both MAPS-1
and -2. Pending a permanent solution, moderator flow through the calandria was reversed to
allow continued reactor operation, but limited to 75% because of the abnormal flow/temperature
distribution of the moderator in the calandria.

CONCLUSIONS
The high capability factors typically demonstrated by CANDUs during their early years of
operation show a decreasing trend as older units approach "middle age". The major contributors
to this trend have been inspection/replacement of pressure tubes and leaks/corrosion of steam
generators. With improved understanding of the mechanisms contributing to deterioration of
these components and timely application of corrective measures, the high capability of newer
operating CANDUs should be maintained for a period of 20 years or more.

After about 20 years, retubing of the reactor plus rehabilitation or replacement of aging and
obsolete equipment are expected to restore performance. With a new reactor core and
refurbished systems and equipment, there is every expectation that the economic lives of existing
CANDUs can be extended to 40 years or more at high capability factors. The demonstrated
performance of the Pickering A units after retubing supports this expectation.
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Abstract

Inherent in the safe operation of a nuclear power-generating facility is the monitoring and
assessment of many process parameters. In general, these activities are performed on an
"instantaneous" basis, without any significant consideration of the history of the signals to
that point in time. With the advent of sophisticated data transfer and storage facilities
comes the ability to permanently store any recorded plant data. Within the stored data
of each measured parameter is a statistical "signature" of the normal behaviour of that
parameter. This signature is useful both to the system engineer and to the safety analyst
This paper describes the development of an easy-to-use WINDOWS-based tool, the Plant
Analyst's Workbench (PAW) that allows the system engineer or safety analyst to rapidly
assess whether the behaviour of any measured plant parameter is consistent with
historical norms. The use of the tool in generating a suite of parameter data for use in
a safety assessment is demonstrated. The use of the tool in performing a weekly review
of overall plant performance, including the automatic generation of an overall
performance report, is described. Several examples of the use of the tool in identifying
actual plant performance anomalies are presented.

1. INTRODUCTION

At Point Lepreau Generating Station (PLGS), measurements from approximately
2,500 process system transducers are taken every 6 seconds, and from about 250 safety
system transducers every 2 seconds. Additionally, the plant computers generate a variety
of calculated parameters, using one or more of the "raw" signals as input Until relatively
recently this data was essentially transient, in that it was used, where required, for display
purposes, or in control programs, and then discarded.

The recent installation of a data access system, referred to as the "Gateway",
means that anyone on the PLGS computer network can have access to the data. Further,

all of the plant measurement data is stored (at a rate of about 100 MByte per day), and
may be retrieved on-line, for the last 9-day period, and from tape storage for older
material. The availability of this data means that a more thorough assessment of the
performance of each system can be made. Thus, for example, safety analysis codes can
be "tuned" to more accurately reflect station conditions. Further, historical trends can be
charted, and any required changes in safety analysis, due to significant plant parameter
drift can be made.

The availability of large amounts of data means that reliable statistics may be
derived for a wide range of data. By routine monitoring of these statistics, gradual
deviations in transducer or process performance can be detected. Further, if the
usefulness of these statistics as repeatable "signatures" can be demonstrated, then in the
future it may be possible to replace some routine testing with statistical monitoring.

This paper describes an easy-to-use tool, the Plaint Analysts Workbench (PAW)
which can manage PLGS data in a straightforward manner. Its use in generating a variety
of statistics and graphical data is shown. Plans for further development are given, and
the use of PAW in detecting a problem process parameter is described.

2. GOALS OF PAW PROJECT

The short-term goal of the PAW project is to provide plant analysts with a tool
that will enable them to easily manipulate large volumes of plant data, to deal with the
idiosyncrasies of the data retrieval system, to present the data in a standard format, and
to perform some relatively simple assessment functions on the data. This ability provides
the safety analyst with the tools necessary to ensure that analytical plant models
accurately reflect actual plant conditions.

In the longer term, the intent is to generate a suite of process parameter "statistical
signatures", such that deviations from normal plant behaviour may be easily detected.
Currently, examination of these statisitics is performed manually. The eventual aim is to
develop an expert system to assess the statistics. It will be trained to identify normal
plant behaviour, and isolate potential problem areas to the PAW operator.

In addition to the use of the relatively simple tools described herein, some work
has begun on the use of neural networks as an aid in signal diagnostics. It is anticipated
that the use of such tools, along with expert systems, will become the norm in signal
validation in the years to come.

3. FEATURES

ro
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The features available in PAW fall into four categories: display, data management,
technical/analysis, and reporting. These are dealt with in turn below. First though, a
general description of the PAW operating platform is given.
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PAW is a WINDOWS-based application, running on a PC. There are no
particular memory requirements, other than the capability to run WINDOWS. A colour
monitor is preferrable, but not required, to enhance the data display. PAW is
programmed in C++, and is currently configured to accept data in the format that is
available from the GATEWAY system. However, only minor "front-end" modifications
would be required to create an interface with other data formats. This data format is that
which results in the use of the System Engineers Data Extraction (SEDE) tool, which was
written by AECL-Research to interface with the GATEWAY.

The entry point into PAW is the data-file from any SEDE data extraction run.

3.1 PAW Display Features

The entry point to PAW is shown in Figure 1, the main selection menu. To simply
display data one "clicks on" OPERATION. PAW is designed to make the process of data
examination easy, and fast Thus one of the principal display features is the ability to
present data in a way that makes sense to the user. This is demonstrated in Figure 2,
which shows the hierarchy of data groupings selected for one particular PAW application.
The input file name is that of the SEDE output file, in this case MA03MA09.OUT,
representing data collection from May 3-9, one of the weekly PAW runs that will be
described later. The output file-name is automatically generated.

As shown in Figure 2, common data types are combined together as "Groups", for
example: Header Pressures, Header Temperatures, Primary Pumps. Measured variables
within this group are listed under the "Variables" column. Thus under "Header Pressure",
one can examine, for example, Reactor Outlet Header (ROH) #1 Pressure, or a variety
of other pressure measures. Within the selection of ROH#1, one can then select any of
the redundant measures of this parameter. These are identified as GWX AI1231, etc.,
where GWX refers to Gateway Computer X (there are two, X and Y), and AI refers to
Analog Input This AI number identifies a unique transducer. It is worth noting that
there are 7 nominally redundant measures of Outlet Header #1 pressure. Most variables
that are of some process or safety interest have some degree of measurement redundancy.

To view the data, one moves to the "models" box, and "clicks" on "Signals", then
"RUN". The other entries in the "models" box will be described later. On completion of
the RUN, one moves to another panel which controls what will be displayed (Figure 3).
The result of "clicking" on "signals" is shown in Figure 4. The vertical scale is adjusted
to comfortably contain all of the data, and the scale-divisions are set to be easily
interpreted. The horizontal (time) scale is in a common format, irrespective of the
frequency or duration of data extraction. First, the scale-division is given, in this case 12
hours (14 12-hour divisions show that the data retrieval period covers one week). Then
the start/end date/time is given in brackets, in this case, the data extraction started at
00:00 hrs on May 3, and ended at 23:55 hrs on May 9.

The variable displayed, and its units, are given above the graph, and the 7
instrumentation names of the redundant variables displayed are given in the box at the
top right of the graph. These instrumentation names augment the AI numbers mentioned

above, and "clicking" on the "SWITCH" item will toggle between the AI number and the
instrumentation name (see Figure 7 for an example of the SWITCHed display, which also
includes the maximum/minimum and delta values of the data being examined).

The data shown in Figure 4 has 7 traces, with 2016 points per trace (sampling rate
is once per 5 minutes). Clearly there may be a need to examine some of the data in
more detail. This is done using the "ZOOM" feature. A number of ZOOM options are
available, some involving the mouse to "drag" the cursor along the chosen time interval.
Additionally, as shown in Figure 5, the ZOOM MANUAL menu, specific time points for
the ZOOM display can be specified by manually "dragging" the start/end time buttons the
achieve the same effect. The result of the ZOOM operation is shown in Figure 6. It
should be noted that the time scale has been adjusted to cover only the time frame
zoomed.

Since there are 7 signals, it may be of interest to examine them individually. This
is done by selecting the "SINGLE" option from Figure 3.

3.2 PAW Analysis Features

The data shown in Figure 4 is quite "noisy", to the point where it is difficult to
distinguish one signal from another. A "FILTER" option, the selections for which
are shown in Figures 2 and 3, applies an R-C type filter to the data. That is, the
data presented at each point in time is a combination of 99/100 of the previous
data point, plus 1/100 of the current point This smoothes out the roughness in
the data, and when applied to the data of Figure 4 results in Figure 7. (Also
shown in Figure 7 is the SWITCH feature mentioned earlier.) The relative
magnitude of one signal with respect to another is more easy to detect in this type
of presentation.

A variety of simple statistics may be calculated for each data signal, as shown in
Figure 8. The mode of calculation here is to generate cumulative statistics. That
is, the mean value at any point on the graph is the mean value based on all
previous data, up to the current point The result of this process for the Outlet
Header Pressure Standard Deviation is shown in Figure 9. It may be noted that
the standard deviation of all 7 pressure transducers is virtually identical, lending
some confidence to the instrumentation involved. This is clearly one of the
statistics that would be monitored on a routine basis.

The statistics routinely calculated are the mean, standard deviation, skewness and
kurtosis. This latter pair describe the extent to which the distribution is skewed
off the normal, and the extent to which it is peaked/squashed, respectively.

These statistical measures are all sensitive to significant changes in parameter
value, as seen in Figure 9. Dealing with this problem is discussed in Section 3.3.

Given a number of nominally redundant measures of the same parameter, the
question arises as to the best estimate value (BEV) of that parameter. One might
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select the median, or perhaps the arithmetic average, as the BEV. However, in
both these approaches, much of the information contained in the redundancies is
being lost.

In PAW the BEV is calculated by an approach referred to as the Generalised
Consistency Check for Single redundant variables (GCCS). In this approach the
difference between each possible pair of variables is compared to a tolerance
value, set by the user. If the difference exceeds the tolerance, then the value of
a characteristic value referred to as the inconsistency index is increased by one, for
both items in the comparison. As the possible comparisons are made (21 in the
case of the 7 ROH#1 pressures), the inconsistency indices gradually increase (up
to a maximum possible value of 6 for the case of 7 variables). This process is
performed at each time step, resulting in a time history of Inconsistency Indices
(see Figure 10). The Inconsistency Index for each redundant measurement is
averaged over the week. These average Inconsistency Indices are then used as
inverse weights to generate the "Best Estimate Value" (see Figure 11).

In the many automatic control programs in a CANDU reactor, one value is
controlled, based on the value of another parameter/s. In PAW, the performance
of such controls can be quickly checked by plotting one AI against another. In
Figures 12 and 13, the selection window and resultant output is shown for the
value of pressurizer level, which is varied with reactor power.

In a similar way, plant performance analysts are often interested in certain
significant ratios, and their variation in time. Figures 14 and 15 show the selection
mechanism, and output, for the ratio of steam flow out of a PLGS boiler, to (feed
flow + reheater drains flow) into the boiler. Some simple manipulative capacity
is incorporated here. This ratio suggests that more fluid is coming out, than is
going into the boiler, which is clearly not possible, and would merit further
examination by the performance analyst

The Cumulative Sum, or CUSUM, feature is a method by which significant
deviations in the normal nature of the distribution of a signal may be detected in
an objective manner. The cumulative sum of the difference between the
instantaneous value of a signal, and (its mean, plus or minus a user-specified
tolerance) is calculated. Two curves are generated, one for the "plus tolerance",
and one for the "minus tolerance" (see Figure 16). For the lower curves, a positive
slope indicates a significant "positive jump", while for the upper curves, a negative
slope indicates a significant "negative jump". By inserting a timer, to measure the
duration of the positive or negative slopes, an expert system, with appropriate
duration rules, can be used to assess the significance of the transient

3.3 Data Management

A variety of data management features are incorproated into PAW. For example,
a SEDE run will terminate if the GATEWAY system suffers a data loss. The SEDE run
must be re-started at the time when the data becomes available again. For one

application of PAW, a large, weekly, plant data review, the required data may be broken
into a number of pieces. The file concatenation feature of PAW adds the files together,
inserting the appropriate amount of "dead space", when the data was not available. The
selection window for file concatenation is shown in Figure 17.

Also, as noted in section 3.2, above, the generation of statistics may be affected
by system perturbations, such as fuelling, etc. In order to cope with this, a "data removal"
feature allows the analyst to remove sections of data that represent system specific
anomalies. The removal mechanism, involving only "mouse movements", is shown in
Figure 18, and the equivalent statistic to that of Figure 9 is shown in Figure 19. The
removal of the plant perturbations reduces the standard deviation from about 0.013 to
about 0.011 MPa.

3.4 Reporting Features

A minimum requirement of PAW is that it provides graphical outputs of the
various data examination options of which it is capable. In addition to this, PAW uses
the "Best Estimate" feature described earlier, in conjunction with a sensible presentation
of system information, to generate a summary report of plant operation for that reporting
period. An extract from this is shown in Figure 20. Thus a statistically reliable "normal
operating value" for a wide range of system parameters is given. By exercising this option
on a regular timeframe, the assumptions made in plant analytical models can be verified,
or modified, as necessary to deal with any long-term changes in plant operating
configuration.

To complement this determination of "normal operating values", a detailed listing
of parameter statistics is also given (see Figure 21). By regularly monitoring this type of
output, a "normal" statistical signature may be established for each parameter, and used
to provide indications of deviations in either process or signal behaviour.

4. CURRENT USE OF PAW

Currently PAW is run on a weekly basis, extracting data for about 300 parameters
every 5 minutes. The statistics associated with this data are generated automatically, as
are the summary and detailed reports. The data is manually examined, and a report
prepared.

Many apparently anomalous instances of plant behaviour have been identified, but
usually a detailed examination of plant operating conditions provides a resolution. One
example of an anomaly which has not been resolved is shown in Figure 22. The middle
set of three figures are the "medium range" boiler level signals. Of the three, one,
"Channel A", exhibits periodic deviations from its normal value. They are not reflected
in the equivalent "narrow range" signals, nor in "Channel A" signals from other boilers.
They cannot be explained by usual or unusual plant operations. While not especially
crucial for plant operation, and not related to plant safety systems, the odd behaviour in
itself is interesting, and system engineers are investigating. Text com. p. 248.



M
.£>•
N) Elle Output Zoom Switch Removal Help

ROH #1 P

1002
01 2 3 4 S 6 7 8 9 10 11 12 13 14

Time (J2n) (Etart9J-05-03.00 Oflm end.93-05-09.23 55m)

Figure 9

Output Zoom Switch Removal Help

ROH #1 P

The Best Estimate

Î95

01 2 3 4 5 6 7 8 9 10 11 12 13 14
Time (12h) (start93-05-03.00 flflm end 93-05-09.23 55m)

Figure 11

Eile Output Zoom Switch Removal Help

0l'

ROH f1 P

GCCSII

2 3 4 5 6 7 8 9 1 0 1 1 1 2 Ï 3 Ï 4
Time (12h) (stort33-05-03.00 00m end 93-05-09.23.55m)

Figure 10
PAW

Input fie Nane |c:\,ede«npd>_roVMAn3»a03 ou» |

Output He H« 1 |c:\,e<fe«^pdl_iiu\MA03PZBLva |

6RO.UP KÄME VARIABLE NAME PARAMETER NAHE
Header PresxiMe
Header Te*peratu»
PrmarjF Pumpt

,RB Pata

Heat Tram. Rxt
Uodaator Qrcut
Cabnd./End Shield
FueCng

Flo»

Pren'zer Te«p.
Preu'ier PIM»
Pieu'zei Buk Ten
Pien'z« Sf» Tea
Degauef levelt
Oegaxxer Temp*
Vent ComL Pic«

6V/XAI1235-
GWXAI2416-
SWXAI3111-

Odput Ffa Na va

AmiiuiGai
ECCOata

BoieiDatg
UanSleaa
TurfameVG eneratoc
Conderaate Sfttea
De-a«atai

Strie»

SWXAX4"
• 6WXAX10-

6WXAX1T
- GWXAX12"

Figure 12

Help



M
-^
CO

file Output Zoom Switch Removal Help

Press'zer Lvi. VS
DTAB Calc. Power
DTAB Calc. Power Fraction

GWXAX150
SSLVLDTA8150

GWXAX333-
ATB'LRPWRAV

ao a2 3.4 se s.8 mo 102 m4 ms ms no
Press*zer Lvl. m

Eile Display Zoom Switch Removal Help

0 00~ GWXAI Z5W*
000- GWXAI25XO-V
(i oo— GWXAizsatr»
OZ5- GWXAJ2527-)

SWXAI 2S«r faî/s«:! MftlN STM aO£3611-FT1
' ' ' '

"_GWXAI 253(r fra/tecl B01 FEED ^ _
EWXAI25ZT Ikg/ied RUTR PR fU6411$

1 2 3 4 5 G 7 8 9 10 11 12 13
Time (12h) (start93-OS-03.00 00m end.93-05-09,23-55m)

Figure 15

PAW

Input File None |c:\te<l«tVpd(_irnVMAa3»a03 om~

Output fife NMM |c \.gdext\pdl_intVMA03FLOB va ~

GROUP NAHE VARIABLE NAME PARAMETER NAME

Jam Sie»«
T urtane/G encrai
ixxideraatc Syrien
30-aeraCoc
Feedwatef Srttem

Bofei 1 Level
Boïei 2 Level
8ofef3Levd
Boilet4LeYel
auiUTiiJbJtîêS -̂-
BoAer Piessutes
Blondotm Fkmt

6WXAIZ531-
6WXAI253T
6V/XAI2533-

[• 6WXAI2S4Q- ||

[• 6WXAI2S40- ||

|- 6WXAI2S30- ||

I" 6WXAI2527-

Elle Output Zoom Swttdi Removal Help

ROH *1 P
CUSUM

500
2 3 4 5 6 7 8 3 10 11 12 13
Time (IZh) (stort:93-flS-03.flO 00m end 93-05-09.23.55m)

Figure 16



ro-t». PAW
pic Output Zoom Switch Removal Help

Dttcctoty

Input Fue Namel

Input Fie Na«c2

Input Fie N MM3

Input Fie Nun«

Input Fit N«MS
Input tie HtmcB

2 3 4 5 6 7 8 9 1 0 1 1 1 2
Time (12h) (startS3-05-fl3 00 00m and:33-05-09 23 55m)

13 14

0le Output Zoom Switch Removal Help

ROH #1 P

Standard Deviation

0.004

0003
2 3 4 5 6 7 8 9 10 11 12 13

Time (12h) (start93-05-03 00 00m end 93-05-09 23 55m)

Figure 19

PAW
Elle Output Zoom Switch Removal Help

3.65
2 3 4 5 6 7 8 9 1 0 i l 1 2 1 3 1 4
Time (12h) (start33-05-03 00 00m end-93-05-09 23'55m)

Figure 18



DATA OF INTEREST

HEADERS
ROH #1
ROH #3
ROH #5
ROH #7
RIH #2
RIH #4
RIH #6
RIH #8
DLTA 1-3
DLTA 5-7
DLTA 4-1
DLTA 2-3
DLTA 8-5
DLTA 6-7

PRIMART PUMPS
Pump 1
Pump 2
Pump 3
Pump 4

RB DATA
Boiler Room
FM Room 108E
m Room 108W
P t I Control

Bleed
Feed
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Press. Bulk
Press. Steam
Vent. Cond.
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Pressure
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11.183080
15.008580
15.333220

Suction Press
9.464136
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Pressure
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Pressure
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Tenperature
309.534400
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266.117200
266.693700
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43.028720
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Delta P
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1.672728
1.709866

Terrperature
38.078630
39.891000
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Temperature
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188.259400
309.142900
308.299500

Level

Level

Level

10.674380
1.128498

Flow

Flow

Flow
3.697218
5.543008
0.000782

23.731310
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Kurtosis
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7.7944
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ro Following an unanticipated transient, the PAW tool provides an efficient method
Q£ for examination of trends. Since it is a WINDOWS application, a number of PAW

windows may be opened simultaneously to correlate different system behaviours.

In addition to the weekly review of overall plant performance for the Operational
Safety group at PLGS, a specific PAW application for the Performance Analysis group
is being developed.

5. CONCLUSION

As the plant ages, the need to monitor in detail the performance of the plant
increases. This capability was enhanced considerably at PLGS with the installation of the
GATEWAY system, that allows for permanent storage, and easy retrieval of all
monitored data.

The development of the PAW tool provides safety analysts and performance
monitoring staff with the capability to effectively manage the plant data, and to perform
a range of standard analysis functions on the data. The tool is configured to easily
present plots of a variety of forms of the data, and to generate summaries of plant
performance data, and detailed statistical tables of signal behaviour.

The concept of monitoring performance against well established statitical norms
is being developed, with the eventual aim of using artificial intelligence to assess the data
and identify percieved problem areas. Also, the use of advanced analysis tools, such as
neural networks, as part of an overall approach to signal validation, is being explored.

HEAVY WATER: A DISTINCTIVE AND
ESSENTIAL COMPONENT OF CANDU

A.I. MILLER
AECL Research,
Chalk River Laboratories,
Chalk River, Ontario
H.M. VAN ALSTYNE
AECL CANDU,
Mississauga, Ontario
Canada

Abstract

The exceptional properties of heavy water as a neutron moderator provide one of the distinctive
features of CANDU® (Canadian Heuterium Ujranium) reactors. Although most of the chemical
and physical properties of deuterium and protium (mass 1 hydrogen) are appreciably different,
the low terrestrial abundance of deuterium makes separation of heavy water a relatively costly
process and so of considerable importance to the CANDU system

World heavy water supplies are currently provided by the Girdler-Sulphide process or processes
based on ammonia-hydrogen exchange. Due to cost and hazard considerations, new processes
will be required for production of heavy water in and beyond the next decade. Through AECL's
development and refinement of wetproofed catalysts for exchange of hydrogen isotopes between
water and hydrogen, a family of new processes is expected to be deployed. Two monothermal
processes, OECE (Combined Electrolysis and Catalytic Exchange, using water-to-hydrogen
conversion by electrolysis) and CIRCE (Combined Industrially Reformed hydrogen and
Catalytic Exchange, based on steam reforming of hydrocarbons) are furthest advanced. Beside
its use for heavy water production, the CECE process is a highly effective technology for heavy
water upgrading and for tritium separation from heavy (or light) water.

1. HEAVY WATER REACTORS

Today's nuclear reactors all depend on the absorption of a neutron to induce fission in a fissile
nuclide such as 235^ followed by the release of further neutrons from that fission, and the
survival of enough of these next generation of neutrons that an average of at least one new
fission can be induced — a chain reaction. In the predominant, thermal form of today's
nuclear reactors, between fission-induced release and fission-inducing re-capture, neutrons
must be "moderated", i.e. give up a large part of their initial kinetic energy. Light hydrogen
(mass 1 or ^H) is an unsurpassed substance for this moderation and can conveniently be
provided as water since oxygen isotopes collectively interact to only a minor degree with
neutrons. Inconveniently, however, *H itself can capture neutrons and will compete so
effectively with fissile nuclides that a chain reaction cannot be sustained unless fissile nuclei
are more than normally abundant. So, where light water is used as a moderator, uranium fuel
must be enriched with the fissile 235jj isotope, typically by a factor of four above the natural
0.7 mole % abundance.



The alternative approach, used in CANDU reactors, is to provide moderation with the heavier
hydrogen isotope, deuterium (D or ^H), again in the oxide form, D2O, commonly known as
"heavy" water. Heavy water's much smaller ability to capture neutrons, compared to natural
water, allows the use of uranium with the natural 0.7% abundance of **°U.

Hence, there is a choice of reactor systems and both require isotopic enrichment: one can use
ordinary (predominantly light) water and modest enrichment of all of its uranium fuel or one
can use natural uranium with almost pure heavy water. Each approach has its advantages and
disadvantages: (1) light water-moderated reactors require 235rj jsotope enrichment
continuously and the differences in properties between uranium isotopes are small though 235tj
is relatively abundant; (2) the differences in properties between hydrogen isotopes are often
very large but the terrestrial natural abundance of deuterium is low (averaging
-0.0155 mole %; (3) heavy water-moderated reactors require appreciable quantities of isotope
separation before they can begin to operate but — at least in theory — most of that heavy water is
available for re-use at the end of reactor life. Actually a blending of the two approaches offers
much of the advantages of both and CANDU reactors using slightly enriched uranium are
drawing increasing attention. However, CANDU's commitment to heavy water moderation
remains and so Canada retains a strong commitment to developing efficient heavy water
production processes.

where [DX] is the deuterium concentration in one chemical or physical form
[DY] is the deuterium concentration in the other chemical or physical form

and [HX] and [HY] are the corresponding protium or light hydrogen concentrations.

Note that at low concentrations of deuterium, the equation tends toward:

[DX]
a = ÎDYÏ

Numerous reviews, some of which are cited2, have appeared on the merits of diverse processes
based on divergences between physical and chemical processes that could be used to separate the
isotopes of hydrogen and particularly to produce heavy water. It is not intended in this paper to
review the myriad possibilities. However, it should be noted that a practical process must meet
three exacting criteria: (1) because the natural abundance of deuterium is so low, the feedstock
must be abundant; (2) because of this low abundance, large quantities of material must be
processed and so processing must be kept relatively simple and should use a minimum of
energy; and (3) the separation factor pertaining to the properties of deuterated and protiated
molecules, a, should be as large as possible both to reduce the number of protium atoms that will
separate with the deuterium-rich stream and to reduce the number of deuterium atoms that will
remain with the deuterium-depleted stream.

2. EXISTING HEAVY WATER PRODUCTION 4. PROCESSES BASED ON CHEMICAL EXCHANGE
Heavy water is currently produced in Canada, India, and China. Production facilities are
being commissioned this year in Romania and Argentina. The largest installed capacity
among these producers utilitizes the Girdler-Sulphide (GS) process, which is basically a
cascaded series of dual-temperature, mass-transfer columns circulating large quantities of
hydrogen sulphide gas countercurrently to natural water feed. A number of small capacity
plants using the hydrogen-ammonia catalytic exchange process is in service in India and a
250 Mg/a plant, also using ammonia-hydrogen exchange, is in its start-up phase in Argentina.

Both of these production processes require large capital expenditures. The ammonia process
has size limitations and the GS process consumes large amounts of energy and utilizes very
hazardous hydrogen sulphide though, after initial technical problems had been resolved, GS
technology has performed extremely well in Canada. The history of GS technology in Canada
has been reviewed by Hae*.

Forecasts of the cost of heavy water produced in new plants using GS and ammonia-based
processes are very high, high enough to affect the economic attractiveness of a heavy water
reactors such as CANDU.

Installed Canadian capacity for heavy water production is forecast to be adequate throughout the
present decade. However, in the next decade and beyond, new processes which have lower
production costs will be required.

3. SEPARATION METHODS

CO

The difference in any property on which an isotope separation process can be based is usually
expressed as a separation factor, a:

[DXHHY1
[DYHHX]

A small group of chemical exchange processes meets these criteria for economic viability and
they have dominated and appear likely to continue to dominate heavy water production. They
all involve transfer of hydrogen isotopes between two hydrogen-containing chemical species.
They can be described, in the most general way, as:

DHn_iX-i-HmY » HnX + DHm„iY.

Exploitation of chemical exchange can be based either on exchange at one (low) temperature or
on exchange in opposite directions at two different temperatures. These are shown
schematically in Figures 1 and 2, using water and hydrogen as typical examples of working
substances. In principle, a monothermal process is advantageous for two reasons: (1) its
intrinsic capacity to recover deuterium is higher (limited to 1-1/Oc rather than 1-cth/Oc for a
bithennal process, where the subscripts refer to the cold and the h.ot tower conditions* ) and
(2) one exchange column is eliminated and the volume of the other is substantially reduced.
However, monothermal processes must have a means of converting the deuterium-enriched
chemical species into the other chemical species. This is often impractical and, even when
practical, usually uneconomic.

A number of conditions influence the choices for such a system. None are irrevocably essential
but their combination is very important. Obviously, the separation factor for the reaction
should favour one or other side of the reaction fairly strongly and it will be helpful if this
separation factor is also strongly temperature-dependent. It is useful if one of the species is
abundantly available. The molecules should be relatively light and inexpensive. Desirably,
one should be a gas at high pressure and the other a liquid.

* To say that a process is limited to a particular recovery is not strictly correct since
exchange sections can be extended to provide stripping to any degree of the process feed
but this approach does not reduce the internal flows of the process and is only useful
where there is limited availability of feedstock.



en
o [D]

-150 ppm

[D] [D]
-150 ppm -60 ppm

AHHX

Figure 1 Schematic of a Monothermal
Process

r w
Figure 2 Schematic of a Brthermal Process

10-1

9-

8-

7-

l 6H
CO

1 «H
2<ö

Effects of Temperature on Separation Factors

1 i
-50 50

Temperature
100 150

Figure 3 Separation Factors for the Mam Chemical Exchange Systems as a Function of
Temperature

In practice, only three systems plus one variant have been found to be economically attractive
They are water-hydrogen sulphide, water-hydrogen, ammonia-hydrogen, and the last-
mentioned's variant, aminomethane-hydrogen (In the case of the aminomethane (CHaNHj)
system, it is the ammo-hydrogens which are active though the methyl-hydrogens are not
completely inert ) Only the water hydrogen and the ammonia-hydrogen systems can permit
the chemical conversions to hydrogen needed for monothermal processes

While Canadian heavy water production to date has relied exclusively on the bithermal water-
hydrogen sulphide process (the GS process), capital costs for a new GS plant coupled with the
process's high energy costs would result in an undesirably high heavy water cost and so
AECL's development is now focused almost entirely on the water-hydrogen system

5. PROCESSES BASED ON HYDROGEN-WATER EXCHANGE

The attractiveness to the Canadian program of processes based on hydrogen-water exchange
has been discussed elsewhere** The crux of that superiority can be understood by reference to
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Figure 3, which shows that the separation factor for the water-hydrogen system is both much
larger and varies much more strongly with temperature than for the water-hydrogen sulphide
system.

However, while thermodynamics favour the water-hydrogen system, successful processes must
also have acceptable kinetics. Exchange between water and hydrogen sulphide is a fast, ionic
reaction that does not require catalysis; exchange in the hydrogen-water system is effectively
non-existent unless a catalyst is provided and the only really effective catalysts are on solid
surfaces.

The superiority of the water-hydrogen system and of platinum as the most active catalyst were
recognized during the Manhattan Project*. • The system was exploited by the Manhattan
District at Trail in British Columbia, taking advantage of the electrolytic hydrogen that was
generated there. Because of the severely adverse effect of liquid water on activity of the catalyst,
an elaborate system was devised with alternating contacts between hydrogen containing
superheated water vapour with a catalyst (to transfer deuterium from the hydrogen to the water
vapour) and between liquid water and the same water vapour after it had been cooled to
saturation. This was not intrinsically an economic route to heavy water production. Despite
considerable efforts to devise a heterogeneous catalyst system able to operate in liquid water*"'",
further economic exploitation of the hydrogen-water system remained blocked, entirely for
lack of a suitable catalyst able to operate in the presence of liquid water. That situation has been
changed by 25 years of Canadian development of wetproofed catalysts.

The seminal insight came in 1968 from W.H. Stevens of AECL Research, who conceived and
demonstrated the concept of a "wetproofed" catalyst where a porous, hydrophobic coating over a
platinum catalyst left the platinum accessible to hydrogen and water vapour but protected it
from direct contact with liquid water''. Refinement and improvement of Stevens's concept has
continued at AECL Research over the last 25 years. The concept demonstrated by Stevens has
had to be developed in a number of very significant ways. Butler et al.8 summarized early
progress in Canada. It was quickly appreciated that mixing approximately 50% of an inert
hydrophilic with 50% of hydrophobic catalyst was advantageous since the former promoted the
complementary exchange between water vapour and liquid water. One of the most significant
advances was the concept of a structured or ordered bed'. This concept uses alternating layers
of catalytic hydrophobic metal gauze and hydrophilic material, with one layer being finely
corrugated to give a large fraction of open area and hence an exceptionally low pressure drop.
Shimizu et al.*" have provided a broad review of wetproofed catalyst development work in
Canada, Japan, Belgium, and Germany.

Japan moved away from the simple trickle-bed concept to a separated bed concept with
alternating contacts between hydrophobic catalyst and hydrophilic packing. This appears to
have been influenced by difficulties in maintaining catalyst activity over even short trickle
beds.

One can summarize the main thrusts of catalyst development in the AECL program: (1) much
increased activity was needed over that initially demonstrated by Stevens; (2) low pressure
drop through the catalyst bed was seen as a desirable characteristic, (3) an operating lifetime of
five years was set; (4) scale-up had to be assured both for long beds (tens of metres) and large
diameters (a few metres); (5) catalyst cost had to be optimized; and (6) mechanisms that could
cause poisoning of the catalyst had to be understood and solutions identified.

There is no single set of targets for these parameters because the catalyst can be applied to a
number of process configurations and some are much more demanding than others. Excellent
catalyst activities have been demonstrated with values at standard conditions (Im/s
superficial velocity, 25°C, and 101 kPa) as high as 700 moKDJ'm^-s'1 though sustained values
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Figure 4: Example of Maintenance of Catalyst Activity with Increasing Packed Column Height

above 400 moKDJ-m^-s"1 has not yet been achieved. Pressure drop with the ordered-bed
configuration is excellent. The desired lifetime seems to be attainable though it has yet to be
demonstrated for the most recent, very high activity catalysts. Contrary to the Japanese
experience of rapidly falling catalyst activity as trickle beds went from a few centimetres to
one metre, Figure 4 shows an AECL example of the maintenance of catalyst activity. (This
study was done on a relatively low activity catalyst but the important point is that it
demonstrates the principle that activity is being fully maintained.) AECL has also
successfully carried out two commercial contracts where deuterium was almost completely
transferred from a gas form to a water stream. These required many metres of catalyst
packing. Attention to initial water distribution and subsequent retention within the bed are both
extremely important to maintaining activity with increasing column length. Large diameter
scale-up has still to be demonstrated but is not expected to present any special problem. Catalyst
cost is still being reduced but is already within an acceptable range. Provided the catalyst is not
poisoned by a select group of permanent poisons (copper and sulphur compounds being the
commonest), brief treatment with hot air recovers completely any loss of activity caused by
"temporary" poisons such as carbon monoxide or non-volatile organics. A special problem
associated with carbon monoxide poisoning is discussed further below.

6. PROCESS CONFIGURATIONS

By far the simplest approach for harnessing hydrogen-water exchange is C_ombined
Electrolysis and Catalytic Exchange (CECE). This is illustrated in Figure 5. It is a
monothermal process with conversion of water into hydrogen achieved by electrolysis.
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Figure 6: Simplified Schematic of a CIRCE Process

Unfortunately, because the entire feed stream must be electrolysed, the cost of electrolysis would
result in a prohibitively expensive process for heavy water extraction. However, where large-
scale (certainly above 50 MW) electrolysis is already performed for other reasons, this process
has the capability of producing heavy water very economically on a small scale (100 MW m
-12 Mg/a D2Û production). A very small, demonstration CECE plant was recently committed
by the Egyptian Atomic Energy Authority. This is expected to lead to commitment of a CECE
production plant at Kima, near Aswan, where 180 MW of electrolysis currently is in operation.
The CECE process also has considerable potential for upgrading of downgraded reactor heavy
water and for the separation of tritium from light or heavy water.

A second parasitic process, Combined Industrially Reformed hydrogen and Catalytic
Exchange (CIRCE), harnesses hydrogen-water exchange to hydrogen production by steam
reforming. This is illustrated in Figure 6. Note that the second and higher stages actually use
the CECE process. The first stage in CIRCE is also a monothermal process but conversion of
hydrogen to water is done by steam reforming and this introduces many complications when
compared to the CECE process. The complications are summarized in Table I.

TABLE I: FACTORS OF RELATIVE COMPLEXITY FOR THE CIRCE PROCESS

Complication Consequences

Hydrogen isotope exchange
must take place at the high
pressure of the reformer
(typically 2 to 3.5 MPa)

Activity of wetproofed catalysts is found to decline as
approximately the square root of pressure: volume of
catalyst increased 4.5- to 6-fold.

Water flow provides only
half the hydrogen generated
in the reformer

Water must extract twice as much deuterium from the
hydrogen stream as the water flow in the CECE
process, which means weaker driving forces and
longer columns._____________________

Reformer becomes the
equivalent of the electrolysis
cell of the CECE process

The reformer contains elevated levels of deuterium,
which means that losses of any deuterated species
(H2, H20, and CrLj) must be maintained at very low
levels. CH4 is particularly difficult since it will pass
through the water-hydrogen exchange column
unaltered.

Steam reformed hydrogen
usually contains traces of
CO and Pt catalysts are
poisoned by CO.

CO must either be removed, or be shift-converted to
CH4 (but this would cause unacceptable losses of
deuterium unless CO levels are low), or be tolerated
by a specially formulated catalyst, or be absorbed on
platinum on a guard-bed ahead of the main exchange
column.

The first two complications are unavoidable. The third is plant-specific. (Figure 7 shows the
major changes that would be needed to adapt CIRCE to one design of steam reformer using
pressure swing absorption for hydrogen purification.) The fourth complication can be dealt
with generically and, on it, recent work by AECL Research has produced preliminary but
encouraging results both for catalysts able to methanate CO at low temperatures and for water-
hydrogen exchange catalysts resistant to CO.
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the BHW process. By deploying both CIRCE and CECE processes worldwide, this program will
assure continuing supplies of heavy water for CANDU reactors that can meet any conceivable
demand for heavy water production at a cost that maintains the competitiveness of CANDU
reactors.
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EFFECT OF DESIGN IMPROVEMENTS IN
HEAVY WATER MANAGEMENT SYSTEMS
TO REDUCE HEAVY WATER LOSSES AND
TRITIUM RELEASES AT WOLSONG 2,3 AND 4

Tae-Keun PARK
Korea Atomic Energy Research Institute,
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The environmental impact of routine releases including tritium are assessed around
CANDU nuclear power plants as a part of their routine environmental monitoring program.
Tritium control is inherently addressed by design in CANDU reactors because of the basic
requirements for conservation of expensive heavy water and reduction of tritium doses. The
main features of the D2O management systems are that both the HTS and the moderator
system have not only two separate purification systems, which are served by two separate
deuteration/dedeuteration and sampling systems, but also have two separate D2O recovery
and clean-up systems, and there are upgraders. This is further discussed in Section 3.

During CANDU reactor design room boundaries are chosen so that systems known
to be chronic leakage sources are confined into their own rooms, e.g., moderator room,
fuelling machine vaults. Ventilation and D2O vapour recovery systems are then designed to
maintain acceptable airborne tritium levels based on calculated/operational chronic heavy
water leakage data for system components.

Abstract

Design improvements are being incorporated into the heavy water management
systems at Wolsong 2,3 & 4 to reduce the load on the vapour recovery driers and upgraders
and the heavy water losses via the stack. There will also be improvements to monitor heavy
water and tritium releases. This paper describes the improvements, gives background on
heavy water balance mechanism, the historical trends for heavy water recovery/losses and
estimated dose to the member of the public critical group resulting from the airborne and
waterborne releases. The measured tritium activity levels in the heat transport system (HTS)
and moderator system at Wolsong 1 are given. Using these activity levels and heavy water
loss data, tritium losses from the dried and ventilated areas are estimated. A qualitative
assessment of expected heavy water and tritium releases has been performed for
Wolsong 2,3 & 4. CANDU 6 plants continue to perform well in that heavy water losses are
small and tritium releases are well below the design/operating targets. Tritium is retained so
effectively that only small quantities are released, consequently it makes only a small
contribution to the dose to the member of the public. With the design improvements in the
heavy water management systems, it isexpected that tritium releases to the environment and
resulting public dose will be even lower for Wolsong Nuclear Power Plant.

2. HEAVY WATER BALANCE MECHANISM

1. BACKGROUND

Dependingon the plant design, the tritium produced in nuclear power plants is either
contained or released. CANDU reactors produce more tritium than do LWR's, but it is
retained so effectively that the small quantities are released and this does not contribute
significantly to the public dose. The light water reactors are not designed to return tritium.
However, their actual tritium releases are smaller than the CANDU releases.

In spite of the higher tritium production rates in a CANDU reactor, the total
occupational dose and the environmental emissions are comparable to or even lower than
a PWR. CANDU is designed to contain the heavy water and its tritium in containment so that
the public and the operators are protected. It should be noted that, any comparisons for
environmental releases for tritium, noble gases, radioiodines and particulates and
corresponding dose to the member of the public critical group are not discussed in this paper.

CANDU reactor design includes systems to recover both D2O liquid and vapour
which escapes from the heavy water filled systems.

During normal operation, the heavy water is contained in a closed system such as
the moderator system and the heat transport system (HTS). Most leakage occurs from the
hot, pressurized HTS.

Some heavy water may leak through routine operations of the plant via pump seals
and valve packings in a controlled fashion. There are also likely to be chronic losses of heavy
water from the mechanical joints, particularly those associated with the heat transport
system. These would include the feeder graylock joints between the feeders and
end-fittings and the closure plug seals at the ends of the end fittings. These leakages are
termed as "chronic" leakages. Such operations include:
a. sampling
b. deuteration and dedeuteration
c. transfer of heavy water
d. fuelling machine operations when the machine unlocks from the end-fitting
e. draining of equipment for maintenance.

Heavy water may also escape through acute events. For instance, when there is a
leak in a steam generator or a heat exchanger tube, there is an additional leakage of heavy
water, called "acute" leakage. These events include:

spillsa.
b.
c.

steam generator tube leaks
delayed neutron sampling tube leaks, etc.

Most of the heavy water leakage are recovered via the D2O recovery system or the
active drainage system. However, a small amount of D2O leaked from systems and
components are lost through the stack or via the condenser cooling water canal into the
environment.
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Leakage

where,

= Recovery + Loss

Leakage (or Escape): amount of heavy water leaking from the intended
containment

Heat Transport System Moderator System

Recovery:

Loss:

downgraded or reactor grade heavy water which is
recovered and upgraded

heavy water that is released to environment or lost
from the plant

It is important to minimize leaks from pieces of equipment and components of the
heavy water filled systems, so that the heavy water losses are reduced, and consequently,
the tritium hazard for the plant personnel and the member of the public. For further
information on component leakage data, reader should refer to Ref. [1J.

3. HEAVY WATER MANAGEMENT AT WOLSONG 1

Figure 1 shows the heavy water handling systems in Wolsong 1, a typical CANDU
6 reactor. As shown in that figure, mixing between the HTS and moderator system is
minimized.

The heavy water escape can occurasvapourorliquid. Thus, the plant systems were
designed to collect and recover the heavy water as quickly as possible with the minimum
downgrading. The airborne D2O is recovered in molecular sieve drier beds. The driers
maintain the reactor building atmosphere dry and ensure the maximum recovery. The
recovered D2<D is removed and transferred to the clean-up and upgrading systems.

The heavy water may also escape as liquid. The CANDU design has special features
( e.g. beetle alarms) in its drains and in all areas where heavy water may spill to detect the
accumulation of water. Operators may then be dispatched to the area to analyze the water
and to clean up the spill. In addition a special drain tank has been designed as a back-up
system. This tank accepts liquid from areas where they may be D£) spillage and the water
recovered in this tank may be analyzed. If the water contains recoverable D2O then it is
transferred to the storage and clean-up system. All DaO recovered as downgraded DgO with
its contained tritium is taken to the DaO clean-up system. This system removes impurities
from water entering the upgrader distillation tower.

The upgrader provides an economical method of upgrading DaO isotopic and at the
same time keeping almost all of the tritium which escapes from the heavy water systems in
the plant and minimizing its loss to the environment.

4. ASSESSMENT OF TRITIUM RELEASES AND PUBLIC DOSE FOR WOLSONG 1

Tritium releases are in general related to heavy water losses and system tritium
concentrations. A correlation between losses and tritium releases cannot be established
because the heavy water losses from the HTS and moderator systems vary depending on

Figure 1. Heavy Water Handling Systems at Wolsong 1

operating conditions. Figure 2 shows the measured tritium concentrations in the HTS and
moderator system heavy water.

The historical trends for heavy water leakage at Wolsong 1 from 1983 to 1992 are
shown in Table I. The escape rate is given in two categories.viz., "chronic" and "acute". The
recovery and loss rates are also given in that table. The recovery rates vary from year to year
according to operating or maintenance conditions. In some years, e.g., 1988, the acute
leakage was high. However, the heavy water loss in 1988 was consistent with previous years
rather than particularly high because of the acute leakage. The overall life-time average for
escape rates for Wolsong 1 is 23.6 Mg/a, 81 % of which is chronic and 19% is acute. The
life-time average for losses, are 3.7 Mg/a excluding acute losses from acute events. It
averages about 3.9 Mg/a when acute losses are included.
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Heat Transport Sytem Table I. Heavy Water Management at Wolsong 1 Nuclear Power Plant
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Figure 2. Tritium Concentration in the Heat Transport and Moderator
Systems at Wolsong 1

After inspection of other CANDU 6 data, it can be seen that Wolsong 1 loss rate is
around CANDU 6 average, because of increased heavy water recovered during acute
events This demonstrates the success of the heavy water vapour recovery systems at
reducing the amount of heavy water reaching environment from CANDU 6 plants

Year
1983

Chronic
Acute
1984

Chronic
Acute
1985

Chronic
Acute
1986

Chronic
Acute
1987

Chronic
Acute
1988

Chronic
Acute
1989

Chronic
Acute
1990

Chronic
Acute
1991

Chronic
Acute
1992

Chronic
Acute

Lifetime Average
(Mg/a)
Chronic
Acute
Total

Leakage
(Mg/a)

NA

250
100

343
15.0

184
00

21.2
0.0

18.5
21 5

17.0
00

59.52

0.0

NA
0.0

NA
00

NA
52

Recovery
(Mg/a)

NA

29.7

451

180

17.6

35.9

14.1

56.12

NA

NA

NA

Loss
(Mg/a)

NA

53

4.2

4.4

36

2.8
(13)1

29

34

31

34

37
(0-2)1

Note 1 Values in brackets show heavy water lost from acute events
2 Includes amounts of heavy water sent for on-line upgrading, i e , not

actually leaked
NA Not Available
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Table II. Historical Trends for Wolsong 1 Heavy Water Losses and
Tritium Activity Releases to Environment

Tritium Releases to Environment
(TBq/a)

Year
Heavy Water Loss

(Mg) Airborne Waterbome Total

19831

19842

19852

1986
1987
19883

1989
1990
1991
1992

Average

NA
5.3(NA)
4.2(NA)
4.4(0)
3.6(0)
2.8(1.3)
2.9(0.0)
3.4(0.0)
3.1(0)
3.4(0)
3.7(0.2)

NA
100
90
242
313
318
226
231
257
389
241

NA
7
12
37
50
80
60
52
93
42
48

NA
107
102
279
363
398
286
283
350
431
289

Note: Values in brackets show heavy water lost from acute events i.e., SQ tube leaks,
ON tube leaks, liquid relief valve fail open, etc.
NA : Not Available

[1 ] In-service date December 1983; not all data are available.
[2] D2O spill 1984/1985.

[3] DN tube leak; loss amount is due to abnormal high load on D2Û vapour recovery
driers due to high humidity in the reactor building during the rainy season.

The heavy water losses, tritium releases and corresponding dose to a member of
the public critical group are given in Tables I to III for Wolsong 1. A simple correlation between
the dose and acute leaks cannot be defined. However, the total tritium activity releases and
corresponding dose to a member of the public critical group is greater in 1988 due to the
delayed neutron (DN) sampling tube leaks (i.e., acute loss) as shown in Tables II and III.

The calculated dose rate from current tritium releases at Wolsong 1 via airborne and
waterbome pathways averages around 4.1 nSv/a for the member of the public critical group.
The corresponding dose from releases of radioiodines, noble gases and particulates is also
low. The total dose from all sources and pathways was estimated to be about 10 nSv/a. Note

Table III. Historical Trends for Wolsong 1 Tritium Releases and
Calculated Dose to a Member of the Public Critical Group

Evaluated Dose to a Member of the Public Critical Group (u,Sv/a)
{Tritium Only)

Year

1983
1984

1985

1986

1987

1988

1989

1990

1991

1992

Average

Airborne

NA

1.0
1.0

3.0

3.9

3.9

2.8

2.9

3.2

4.9

3.0

Waterborne

NA
0.2
0.3

1.3

1.4

2.3

1.8

0.8

1.4

0.6

1.1

Total*

NA

1.2

1.3

4.3

5.3

6.2

4.6

3.7

4.6

5.5

4.1

+ ICRP-26 regulatory limit 5000 (nSv/a); CANDU operating target 50 ((iSv/a).
Total dose from all releases including tritium averages around 10 u.Sv/a.

that this amount is a factor of five lower than the CANDU design target of 50 u.Sv/a and a factor
of 500 lower than the ICRP-26 regulatory limit of 5000 u.Sv/a.

Using average values of measured tritium activities over a given year from Figure 2,
heavy waterand tritium activity losses from Table II, the heat transport and moderatorsystem
contributions to overall losses are estimated. This is shown in Figure 3. (Note that the
measured activity levels prior to 1986, since the in-service date of December 1983, are not
available. These levels are estimated by normalizing the theoretical concentrations prior to
1986 to the average value in 1986.) It appears that most of the heavy water losses (94%)
is coming from the hot and pressurized HTS. As far as tritium losses are concerned, the HTS
contributes about 35% of the total tritium releases.

5. DESIGN IMPROVEMENTS FOR TRITIUM RELEASES AT WOLSONG 2,3&4

The conventional D2O loss monitoring systems at CANDU 6 plants are very sensitive
and small increases in tritium levels are detected. Even in the event of D2O spills, usually
90 to 99% of the Ü2O is contained and recovered and no significant Û2O losses occur as a
result of the spill. Thus the possibility of health hazard at the station is reduced.



M
Öl
00 L\\\N Tritium Losses

•̂H Heavy Water Losses

1984 1985 1986 1987 1988 1989 1990 1991 1992

Figure 3. Estimated Heavy Water and Tritium Activity Contributions
for Losses from the HTS and Moderator System (Wolsong 1 Average)

Airborne Losses
(Total = 100%

Waterbome Losses
(Total =100%

Figure 4. Estimated Heavy Water and Tritium Activity
Losses from the HTS and Moderator System (Wolsong 1 Average)



Table IV. Tritium Releases to Environment as a Function of Upgrader Feed Isotopic

Feed isotopic Liquid Feed DjO Amount H2O Amount Top Products Percentage
(wt. %D20) (kg) (kg) (kg) (kg D2O) Lost

0.4
5
10

1000
80
40

4
4
4

996
76
36

0.996
0.076
0.036

25
2
1
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The routine stack monitoring for D2O and tritium allow trends to be determined and
ensures any leak is quickly located. The airborne recovery rates and isotopics are routinely
monitored. Any increase in recovery rates and isotopics alerts the operators to possible D2O
leaks or spills.

Various design improvements have been introduced to reduce tritium releases even
further at Wolsong 2,3&4. The following describes those design improvements including the
improvements in the monitoring systems:

a. Improvements in the D2O and Tritium Management System
This design change item refers to the introduction of an inlet air drier system for the
reactor building air. According to available data, the ingress of light water into the reactor
building causes dilution of the heavy water leaked from the heavy water systems; and
in some cases the water has been diluted to the point that it is not economic to upgrade.
This pathway will be reduced by reducing the humidity of the ventilation air entering the
reactor building. Thus, this will keep the upgrader feed at as high isotopic as possible
to reduce the D2O losses via the water in the top product. Table IV shows the tritium
releases to the environment for different isotopic feeds into the upgrader.

b. D2O Vapour Recovery Drier for the Heavy Water Management Area
The D£) vapour recovery drier serving the moderator equipment enclosure has been
doubled in size and capacity, so that it can be used for the moderator purification valve
gallery and the heavy water management areas in the service building. This will reduce
the heavy water losses, termed as unmonrtored losses, during drumming operations in
this area. Since the heavy water being drummed has a high isotopic content during such
operations, the proper ventilation of this area is very important to reduce resulting
occupational dose.

Based on data from CANDU 6 stations, estimates of heavy water losses in airborne and
waterbome releases have been made. This is shown in Figure 4. Most of the airborne
losses are occurring via the stack (also shown in Table III) from the ventilated areas.

c. Re-routing of Delayed Neutron Sensing Tubing
Minorchanges in the layout of the delayed neutron (DN) sampling tubes under the feeder
cabinet will be made with the objective of eliminating or reducing fretting and to improve
visual inspection of tubes. Thus, this should reduce any potential acute leaks in the future
from this system.

d. Monitors for the Steam Generator Slowdown System
The radiation monitors will be installed to provide additional detection capability for tritium
content in the water for the secondary side. Currently, infrared devices are used to
measure the concentration of heavy water in light water for evaluating any tritium losses
via the condenser cooling water duct. This pathway constitutes very small fraction of the
heavy water losses.

e. Continuous D2O-in-Air Monitoring of Stack Air
In CANDU plants there is a provision for sampling of tritium released from the stack. An
air sample from the stack is passed through a dessicant which collects water vapour.
The dessicant is changed daily and analyzed to find the amount of D2O and tritium which
is released from the stack. The system, which is going to be provided for Wolsong 2,3&4
will use a continuous monitor with facility to indicate and alarm when preset levels are
exceeded. Signalsfrom the monitor will be wired to thealarmwindowsthroughthedigital
computer control.

6. DISCUSSIONS

The heavy water losses and tritium releases were estimated from heavy water
management data of the HTS and the moderator system. The heavy water losses from the
HTS constitutes 94% (on average) of the total losses. This comprises about 35% of the tritium
releases into the environment. However, the moderator system contributes to less than 6%
of the total heavy water losses, but due to its higher specific activity level, it makes up 65%
of the total tritium releases. This can be explained as follows: A larger fraction of the
moderator inventory, is exposed to the neutron flux, inside the calandria at any given time,
viz., -91% versus -5% for the HTS. The neutron flux level and the activation cross-section
for D(n,7) T reaction is larger in the moderator D2O.

According to tritium release data, airborne releases contributes about 80% of the
total dose from tritium for the member of the public critical group. The remaining 20% comes
from the waterbome releases. Rgure 4 shows that the heavy water or tritium losses from
the ventilated areas constitutes greater than 80% of the total airborne releases. The losses
from the areas served by the heavy water recovery driers (dried areas) is about 10%. For
the waterbome releases, the total amount of heavy water or tritium losses from the upgrader
tailing and other condensais, which is too low in isotopic to upgrade, equal to about 45% of
the total liquid losses.

Under these conditions, an attempt has been made to assess the impact of the
design change items as to reduce releases and exposures. With a now-upgraded
dehumidification capacity of the inlet air drier, it is anticipated that the waterbome releases
for tritium will be lower. If a factor two reduction in those 45% of the liquid losses could be
achieved, this means that a corresponding reduction in tritium releases for the waterbome
pathway. Since the waterbome pathway constitutes about 20% of the calculated dose to the
member of the public critical group, at least 5% reduction in total dose could be expected.

It is not straightforward to estimate reductions in airborne releases for tritium of the
inlet air drier, additional capacity driers. This is because of several factors which effect the
ultimate reduction factors including: the total ingress of heavy water and light water; expected
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vapour recovery isotopic, target purge rate, maintenance outages and other events, etc.
However, reviewing of heavy water management for Wolsong 1 there is substantial evidence
that the light water ingress is large during rainy seasons and the heavy water recovery rates
from the driers are low during such times. There is no clear indication that the airborne
releases of tritium are higher during outages. The dried area losses ( i.e., the Û2Û vapour
recovery exhaust) are already low (see Figure 4).

7. CONCLUSIONS

This paper presented the heavy water loss rates, tritium releases and the calculated
corresponding dose to the memberof the public critical group using the derived release limits
for Wolsong 1.

It is concluded that the current driers are performing well and that with the above
design change items they will collect heavy water most of the time and collect less light water.
Thus, they won't be in their regeneration cycle more often. During acute events, as a virtue
of the design change item, the acute losses will be reduced so as the peak tritium levels in
the area and its duration. This is beneficial from occupational exposure view point.

The radiation monitoring equipment to be provided for the stack and the steam
generator blowdown system will ensure accurate measurements for tritium releases and
ensure prompt action during acute events to reduce heavy water losses.
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Abstract

Tritium technology developments have been an integral part of the advancement of CANDU®
(Canadian D_euterium Uranium) reactor technology. An understanding of tritium behaviour
within the heavy-water systems has led to improvements in tritium recovery processes, tritium
measurement techniques and overall tritium control. Detritiation technology has been put in
place as part of heavy water and tritium management practices. A summary of the advances
made in these technologies is presented.

1. INTRODUCTION

The presence of significant amounts of tritium is a unique and characteristic feature of heavy-
water reactors. In the development of CANDU reactor technology, tritium management activities
have, and continue to be, an integral part of the developments carried out by design, operations
and research personnel. The focus has been on improving tritium containment, tritium removal
and tritium measurement, to mitigate man-rem exposures and emissions to the environment.

While sophisticated tritium control measures are included in operating CANDU stations,
occupational dose from tritium typically ranges from 30 - 50% of the total dose. In particular,
tritium is a significant contributor to maintenance dose and, hence, overall maintenance costs.
The suggestion of the International Commission on Radiation Protection (ICRP) to limit worker
dose to an average 20 mSv per year over five years, and the relatively high contribution of tritium
to the overall total dose, provides incentive to develop improvements in tritium-control technology
for operating stations and advanced designs.

In the heavy-water moderated and cooled CANDU reactors, the rate of tritium production is
directly proportional to the neutron flux and to the time the heavy water is exposed to this flux.
With the moderator and coolant of CANDUs on separate circuits, tritium formation in the
moderator dominates since the residence time of the coolant in the reactor core is significantly
shorter. Annual tritium production for a CANDU is typically 1.4-1.5 kCi*/MW(e). Of this, only

*Ci = 3.7 x 1010 Bq
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2.5-3.0% is generated in the coolant, but because of its higher operating pressure and
temperature, tritium releases from the coolant contribute approximately half of the tritium dose.
Great care is taken to keep both coolant and moderator circuits separate to minimize potential
cross contamination and to limit the coolant tritium concentration to below 2 Ci/kg (preferably
<1 Ci/kg). An increase in the tritium concentration in the moderator is of less concern, with
present concentrations of some CANDU 6s approaching 40 Ci/kg. Without detritiation or heavy
water replacement, the tritium concentration in the moderator would equilibrate at about
80 Ci/kg.

Tritium removal or detritiation of the heavy-water systems is a technology already in place at
Ontario Hydro and is under consideration by other CANDU operators and designers. This
extends tritium management practices from that required for a few parts per million tritium in
the reactor system to that necessary for the containment, measurement and handling of a very
high specific activity tritium product, T2- Although there is additional handling at higher
concentrations of tritium, the relative toxicity of the T2 product is -25 000 times less than that
for tritiated waterM making overall dose reduction possible. Tritium-handling laboratories at
Ontario Hydro Research^2' and AECL Research^ have the capability of handling significant
inventories of Tg, allowing R&D work to be carried out in experimental and pilot-scale facilities to
circumvent costly operational or design changes within the operating facilities. The operating
experience gained from these laboratories also allows for improvements in tritium measurement,
decontamination, and general handling procedures used in plant operations.

An overview of detritiation technology, R&D results and their impact on tritium management
practices is presented.

2. DETRITIATION TECHNOLOGY

2.1 Technology Options and Strategie*

Ontario Hydro is the only CANDU utility that has committed to detritiating its heavy water.
This is done at a centralized site at the Darlington Nuclear Generating Station (DNGS). All other
CANDU utilities have so far limited their efforts to reduce tritium by simply replacing circuit
losses with low-tritium heavy water. However, interest by utilities in larger scale detritiation is
steadily increasing. Future CANDU targets could require moderator and coolant concentrations
as low as 5 Ci/kg and 0.2 Ci/kg, respectively.

Continuous detritiation of the moderator and coolant can be tackled in two ways:
(1) Detritiate the moderator and coolant in separate campaigns.
(2) Detritiate the moderator and return the detritiated product to the coolant, thus

displacing coolant (after upgrading) to the moderator.

The latter is used at Ontario Hydro and is preferred, provided the tritium extraction efficiency of
the detritiation plant is sufficient to produce a detritiated product with a lower tritium
concentration than exists in the coolant.

The process of detritiating water consists of three main steps:
(1) A front-end that handles the tritium in the aqueous phase and exchanges it to the less

toxic hydrogen phase. This can be done either through chemical exchange in the
presence of a platinum-based catalyst, DTO + Ü2 = D2Û + DT, or through the
decomposition of water, DTO -> DT + Û2-

(2) A back-end that concentrates the tritium in the hydrogen phase. Cryogenic hydrogen
distillation (C-D) at -23 K is usually preferred for this service since other potential
candidates such as gas Chromatographie methods do not scale-up economically.

(3) A means of immobilizing the concentrated tritium and storing it safely. Uranium metal
is used if storage is temporary; titanium has been selected for permanent storage.

Several technology options exist for the front-end step. The most industrially proven process is
the Yapour fhase Catalytic Exchange (VFCE,) which was developed and patented by the
Commissariat a l'Energie Atomique (CEA) of France and first used to detritiate the high flux
research reactor in Grenoble. W This plant was built by Sulzer under license from the CEA. This
same technology was later used on a much larger scale by Sulzer Canada for Ontario Hydro at
the Darlington Tritium Removal Facility f&

Tritiuxn
Product

FIGURE 1 - VPCE PROCESS

The VPCE is schematically illustrated in Figure 1. The process normally comprises between
three to eight stages, each stage consisting of a water evaporator, superheater, catalyst bed and
condenser/separator. Since conventional platinized catalyst is used, superheating is required to
minimize steam condensation within the catalyst pores, which would inhibit isotopic exchange.
Heavy water is fed to the first VPCE stage where it is evaporated and mixed with cold deuterium
gas returning from the condenser/separator of the subsequent stage. This gas/vapour mixture is
superheated to 200°C prior to entering the catalyst bed. Here tritium is exchanged and
equilibrated. The deuterium gas, somewhat enriched in tritium, is separated from water in the
condenser and fed to the back-end C-D system. The tritium-depleted water flows to the
evaporator of the subsequent stage. Detritiated water from the last stage condenser is fed back to
the reactor as product. Deuterium gas feeding the last stage comes from the C-D system where it
has been depleted of its tritium.

With the development of a wetproofed catalyst by AECL^, this catalytic isotopic exchange
process can be greatly simplified to a packed catalyst column with liquid entering from the top
and trickling down the column in counter-current contact with deuterium gas flowing up.
Wetproofing allows the catalyst to operate in liquid or very humid environments. This process,
which operates at 50*C, is referred to as Liquid £hase Catalytic Exchange (LPCE) and is
illustrated in Figure 2. The Chalk River Tritium Extraction Plant (TEP)'7' was based on this
process. However, because of the shut down and subsequent decommissioning of all AECL's
prototype heavy water reactors, need for the TEP was no longer justified and thus the plant has
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FIGURE 3 - CECE PROCESS

not been commissioned. This process and catalyst is patented by AECL with Sulzer Canada as a
licensee.

A third option for the front-end is Combined Electrolysis and Catalytic Exchange (CECE). This
process has also been patented by AECL with Sulzer Canada as a licensee for tritium
extraction/upgrading. Unlike the other options, this process also does some pre-enrichment of the
tritium stream before sending the deuterium to the C-D. As the name implies and as illustrated
in Figure 3, this process consists of LPCE columns and electrolytic cells. The catalyst column is

divided into stripping and enriching sections. Tritiated water is fed to the top of the enriching
section in which it picks up tritium from the electrolytic deuterium produced from the water
leaving the bottom of the column. (Electrolysis causes a further — generally unezploited —
tritium enrichment in the liquid phase because its separation factor approaches 2.) A side stream
of tritium-enriched deuterium gas is taken from the electrolysis cell as feed to the C-D system and
is returned detritiated higher up in the exchange column. The deuterium gas flowing through the
stripping section is stripped of tritium by the detritiated reflux water formed by catalytic
recombination with oxygen produced in the electrolytic cells. The detritiated product water is
also drawn from the recombiner.

A small-scale CECE was built and operated by Monsanto Research Corp. at the Mound
Laboratories^ in collaboration with AECL for tritium recovery from light water. AECL is
presently looking at various schemes, based on CECE, to detritiate CANDU reactors. A version
of the CECE, which will not only detritiate but also upgrade heavy water and detritiate light
water wastes, has been chosen as the reference design concept for the Advanced Neutron Source
(ANS) reactor at Oak Ridge. A similar scheme could be applied to future CANDUs with CECE
providing the upgrading function, replacing the water distillation (DW) technology presently
used.

The last technology option that has frequently been considered for the front-end is electrolysis in
which the heavy water is completely electrolyzed to deuterium and oxygen. The deuterium gas
is fed directly to the C-D system where it is detritiated and then sent to a catalytic or flame-type
recombiner to reform with the oxygen from the electrolytic cells to produce the detritiated water
product This option is power intensive and expensive. The same could be said for the CECE
which also employs even more electrolysis, except that the CECE can pre-enrich the feed stream
substantially and concomitantly reduce the size and refrigeration power requirements of the
back-end C-D system.

Other options for tritium pre-enrichment and/or phase conversion have at times been mentioned
such as water distillation, laser isotope separation and chemical decomposition but, for various
reasons, none have been considered as serious contenders.

Significant progress has been made in the development of low-inventory cryogenic distillation
systems at Ontario Hydro. This has allowed the design of C-D systems that are compact and
have very low tritium inventory. On this basis, Ontario Hydro has designed a C-D system for the
Princeton Plasma Physics Laboratory, which is expected to produce pure tritium, but with a
working inventory of less than one gram of tritium. This reduction in inventory can help to
reduced the potential hazards of CANDU detritiation systems, and also make the licensing of
such facilities much easier.

22 Operation of the Darlington Tritium Removal Facility (DTRF)

Ontario Hydro owns and operates 20 CANDU reactors with a rated capacity of 14 160 MWe.
About 60% of its total generating capacity is nuclear-based. The Darlington TRF is intended to
service all Ontario Hydro's nuclear reactors, and has been in operation since 1989, removing
tritium, primarily from the heavy-water moderator systems of the reactors. The DTRF was
originally constructed to help reduce the occupational tritium hazard and environmental tritium
emissions from Ontario Hydro's reactors. The DTRF has also become a vital part of the Ü20
management system, reducing the demand for virgin DgO by processing tritiated heavy water
which had been stored, thus freeing it for re-use.

The DTRF process is based on a VPCE system for exchanging tritium from heavy water into
recirculating deuterium gas, and a C-D system for concentration of the extracted tritium.



2.2.1 Plant Performance

A total of about 4300 Mg of heavy water with an average concentration of 20 CiTkg has been
processed by the facility, at a rate of 360 kg/h. As a result, approximately 57.4 MCi of tritium
gas, with an atomic purity >97%, has been immobilized as titanium tritide and is stored at the
DTRF.

Several problems were encountered during commissioning and early operation of the DTRF,
typical of a complex and prototypical engineered facility. Leakage was experienced in the VPCE
evaporator tubes, caused by stress-corrosion cracking of stainless-steel due to residual chlorides
migrating from the VPCE catalyst. The stainless-steel tube bundles in all nine evaporators were
replaced with tube bundles made of Inconel 625. No further cracking has been observed since the
bundles were replaced.

To establish stable C-D operation, the Pt-on-charcoal-based catalyst in the equilibrator, located
on the vapour exit Une from the final distillation column, was replaced with a Pt-on-Alumina
catalyst. Some line sizes around the distillation columns were increased. This involved
decontaminating, cutting and welding highly contaminated Unes. These operation were
completed with minimal worker dose.'9'

Some other problems involved the reliability of valves around molecular-sieve dryers, reliability
of liquid-ring compressors and blockage of filters in the refrigeration system. All of these
problems were successfully overcome by early 1992, and the DTRF has been operating at, or
above its rated capacity since then.

Tritium Management

The DTRF has treated water from the Pickering and Brace reactors, as well as tritiated water
which had been stored as part of Ontario Hydro's tritium displacement program. In this manner,
1200 Mg of Ü2U was detritiated to provide heavy water for filling the moderator systems of the
Darlington reactors.

Heavy water from Pickering and Brace is transported to the DTRF on flat-bed trucks equipped
with two type B(U) containers, each with a capacity of 5 Mg. At Pickering and Brace, systems
installed for on-line moderator upgraders are used to fill and empty the transportation
containers. One truckload of heavy water is equivalent to a day's operation of the DTRF.

The DTRF was used initially to reduce moderator concentrations at Pickering "A" and "B"
stations. During 1989 to 1991, moderator concentrations were reduced from about 18-20 Ci/kg to
about 10 Ci/kg. In 1991, the DTRF started processing water from the Bruce "A" and "B" reactors.
The moderator concentrations at Pickering, therefore, have since climbed slowly back to an
average of about 14 Ci/kg. In the meantime, Bruce "A" moderators, which were as high as
34 Ci/kg, have been reduced to about 24 Ci/kg, and Bruce "B" moderators have been reduced from
about 30 Ci/kg to about 26 Ci/kg. The tritium levels in the Bruce "A" heat transport systems have
also been lowered from 2.2 Ci/kg to 1.9 Ci/kg. This has been accomplished by using low-curie
DjO, mainly from the DTRF, to displace the water in the heat-transport systems. These
reductions in concentration have had a positive impact on worker safety and tritium emissions.

3. R&D PROGRAMS

3.1 Program Direction

R&D programs are in place to support the reactor operators and designers in achieving effective
tritium control. Various technologies employed in the DTRF and the Chalk River TEP were
developed and demonstrated by internal R&D programs. Considerable advances have been made
in understanding tritium behaviour within reactor and processing systems and worker
environments. Tritium recovery from atmospheres and exhaust streams, decontamination
techniques, tritium measurement, detritiation methods, and tritium storage are areas of special
interest Recent developments in some of these program areas are highlighted below.

3-2 Tritium Removal from Air Atmosphere»

Desiccant dryers employed in vapour-recovery dryer systems (VRDs) and air detritiation dryers
(ADD's) are used as the final barriers to control airborne tritium emissions from CANDU stations
and tritium extraction facilities, respectively. The VRDs have a dual role, to minimize heavy-
water losses and to minimize tritium levels within the reactor building which are emitted to the
environment. R&D work at CRL has shown that changes to the methods of operating and
regenerating these dryers can reduce tritium levels in their exhaustj10! It has been
demonstrated that the concentration of tritiated water writing an ADD/VRD during adsorption is
a strong function of the residual HTO remaining on the bed from the previous regeneration cycle.
This means that tritium (HTO) and heavy-water control are not identical to moisture control.

Figure 4 illustrates the effect of residual HTO on the outlet tritium concentration from a pilot-
scale dryer. The humidity and tritium concentration of the feed air to the two dryer beds were
kept constant, but one bed was regenerated with tritium-free water while the other was
regenerated with 17 Ci/kg water. The outlet tritium concentration from the latter "used" bed was
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FIGURE 4 - EFFECT OF THE RESIDUAL TRITIUM ON THE ADSORBENT BED ON OUTLET
HUMIDITY AND TRITIUM CONCENTRATION
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significantly higher, as shown Figure 4 This resuty demonstrates that the dryer exhaust is not
necessanly a reflection of the current airborne tritium concentrations, particularly if the specific
activity of the water in the room or building environment has changed over the cycle time of the
dryer system. This has implications for the monitoring techniques used to track the dryer
performance (requiring moisture (hygrometer) and tritium measurement), and for the use of the
VRD outlet activity to identify leaks, as it will lag the inlet conditions by one operating cycle
Thus, regeneration techniques play a major role in determining the performance of the dryer unit,
and must be well defined and controlled An experimental program is currently examining the
kinetics and effect on desiccant hfe of "steam-washing", a technique in which non-tntiated steam
is used to wash the residual tritium from the dryer bed during the regeneration cycle, so that m
theory a dryer could operate with no tntium or heavy water in its exhaust (100% efficient)

A dynamic dryer simulation, incorporating experimentally obtained physical-property data and
treating the bed as a multi-component adsorber, is been developed for use as a diagnostic tool
This will assist with the analysis of existing dryer systems, and act as a design tool for predicting
the effects of various system changes Such a tool will help improve failure analysis, limit the
resources required to diagnose and maintain dryers within operating systems and help ensure the
desired performance in new designs will be achieved.

3.3 Tritium Measurement

A key element of demonstrating tntium containment within reactor systems or tritium extraction
faculties is to have available accurate tritium measurement techniques. Tritium monitoring
programs for health-physics purposes and compliance with emission limits have been an integral
part of the development of CANDU technology. However, to allow more accurate and timely
assessments of process performance and operational upsets, real-time monitoring of work
environments, process streams, and effluent or exhaust streams would provide a definite
advantage. This would also be of particular help in characterizing man-rem exposures, to help
achieve the lower targets in advanced designs For this broader scope and the more restrictive
operation, the development of measurement techniques for a wide range of concentrations,
tritiated sources, and process conditions is required.

To help improve tritium-release control, selected commercial tntium monitors are being
evaluated for their ability to measure tntium accurately on-line in the low humidity atmosphere
of a ADD or VRD exhaust or in stack exhaust gases. Erroneous readings due to the presence of
gamma fields are well known but the dry atmosphere can also be a concern for the commonly
used ionization chamber-type monitor. Contamination of the interior surfaces of the tritium
monitor by sorbed tintaated water can result in significantly higher readings than the true
valueftU. This is commonly referred to as the "memory effect". Humidifying the carrier stream
for measurement is a solution that has been proven, but this technique has some practical
limitations m the reactor environment Improvements in construction material selection and
chamber design are being pursued. Along this Une, Ontario Hydro Research have designed and
tested a simple and compact ionization chamber that is bakeable to 300°C f 121 This heating
feature can hmit memory effect problems and allow rapid recovery from a high background
contamination following exposure to high specific activity tritium. On-line liquid effluent
monitoring systems are also being evaluated to determine if they can provide the necessary
compliance monitoring of liquid emissions in a timely manner Station evaluation of commercial
radio-chromatography detection units has recently commenced.

The operation of a detntiation facility such as the Darlmgton TRF provides many new
requirements for tntium measurement, particularly in the concentration and packaging processes
where tntium is concentrated from a few ppm DT to pure T2. Specially designed ionization
chamber-type process tntium monitors'*3' have been assessed over a wide range of operating
conditions and concentration levels The effects of system pressure, gas composition, tntium
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FIGURE 6 - PERFORMANCE OF PROCESS MONITOR IN MEASURING 95% T OVER
PRESSURE RANGE TO 101 IcPa

concentration, and surface contamination on the calibration of these instruments have been
determined and operating limits defined C1^ Figure 5 shows the excellent reproduabihty and
lineanty achievable in measuring 95% T2 from 40 to 100 kPa with a "cross-type" monitor design.
Tritium losses to the walls are responsible for the non-linearity below 50 kPa in this design.
Based on the test results, these monitors can be used in various locations in tritium extraction
facilities as process diagnostic tools to help ensure safe and reliable operation of the process.

Mass spectrometry is used to measure the purity of the T2 product stream at the DTRF
Hydrogen isotope gas chromatography has also been developed for this purpose and is used for
compositional analysis of the vanous tntium sources in the Chalk River Tntium Laboratory f15^
In the DTRF, the fz product is immobilized on titanium metal for secure, long term storage of
this strategic matenal. Accountability of the Ï2 product may become a concern and the use of
calonmetry to verify the tritium content of the titanium storage package has been investigated.

3.4 Tritium and Material* Interactions

Tntium, as elemental hydrogen or water vapour, is readily adsorbed by, and penetrates into,
most materials It can also be incorporated into the structure of organic compounds, such as
those that constitute pump oils and valve seats, compromising their matenal properties. Once
adsorbed, it will subsequently outgas, giving nse to chronic airborne contamination

Understanding tntium materials interactions is necessary to ensure tntium containment within
the intended process system, and to identify possible tnbated sources — contaminated
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components, waste products, and building or room atmospheres. Contaminated components can
include something as simple as tools or measuring instruments, or much more complex process
equipment that must be maintained or removed from service.

Various studies have been undertaken to identify the tritiated compounds present on metal
surfaces through analysis of thermal desorption spectra^1"}, in an effort to assist in the
development of tritium dosimetry models. Analysis of stainless steel surfaces exposed to pure
tritium gas has indicated that the tritium is desorbed largely as HTO and a small fraction is also
present in more complex forms. Methods to determine their composition, suspected to be tritiated
methane and tritiated ammonia, are being developed.

À number of techniques are used to decontaminate tritium-containing systems or components,
including a combination of washing, purging, thermal desorption and isotopic exchange. '̂ As
mentioned in Section 2.2, a combination of these techniques have been successfully used for the
necessary modifications to the DTRF after operation and production of pure TZ within the process
system. Plasma-driven cleaning has been developed by Ontario Hydro Research as a
decontamination technique, which avoids production of other low-activity tritiated wastes J18-! It
has been demonstrated as a successful method for decontaminating uranium shipping beds used
for the sale of tritium, and a decontamination workstation including this technique has been
designed for the DTRF.

Metal getter technology, the use of metals and metal alloys to remove tritium and form a metal
tritide, has been developed for the safe storage of the recovered T2 product from detritiation
facilities!19! and also for the purification of inert gas streams, such as glove-box atmospheres or
purge gasesJ20' Storage and purification beds of titanium, uranium, and metal alloys of Zr/Fe
and Zr/Fe/V (SAES Getters S.p.A., Italy) have been designed and are in use in the research
laboratories and in the DTRF for tritium storage and tritium release control.

4. SUMMARY

JO

Tritium containment, tritium measurement and tritium removal have been identified as
important technology areas for effective, proactive tritium management within the CANDU
reactor system. R&D work, operating procedures, and design advances made in the tritium
technology area contribute to the goals of improved operational efficiency, worker safety, and
emission reduction for the CANDU reactor.
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