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Par: M. Gacesa, G.R. Quarrington, W.R. Tarasuk, I.R. Carrick,

J. Pawliw, G. McGregor, H.R. Debnam, L. Proos.

RÉSUMÉ

Dans ce rapport présenté en trois parties, on
examine la qualité du ccrröustible CANDU du point de vue
du concepteur, de l'exploitant et du fabricant. A la
partie 'A', on examine les considérations relatives au
rendement et à la qualité "lu combustible du point de vue
du concepteur et de l'exploitant. Aux parties 'B' et
'C , on examine la qualité du combustible du point de vue
du fabricant. Le rapport a été divisé de cette façon
pour montrer l'esprit de "travail d'équipe" qui existe
dans le cadre du programma canadien; le travail d'équipe
constitue une partie essentielle de l'histoire du CANDU.



CANDU FUEL QUALITY AND HOW IT IS ACHIEVED

By: M. Gacesa, G.R. Quarrington, W.R. Tarasuk, I.R. Carrick, J. Pawliw,
G. McGregor, H.R. Debnam, L. Proos.

ABSTRACT

In this three part presentation CANDU fuel quality is reviewed from
the point of view of a designer/operator and a fabricator. In Part 'A'
fuel performance and quality considerations are discussed from the point
of view of a designer/operator. In Parts 'B' and 'C fuel quality is
reviewed from the point of view of a fabricator. The presentation was
divided in this way to convey the "team effort" attitude which exists in
the Canadian program; the team effort which is an essential part of the
CANDU story.
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INTRODUCTION

Of approximately 200,000 CANDU bundles irradiated to date
more than 99•8? have performed their design function without
defects. One reason for this remarkable performance is the
fundamental nature of the CANDU reactor system. The ability
to detect defects on-line and remove them on power has made the
identification of the causes of defects possible and has
facilitated the development of improved fuel designs. Other
reasons are: the availability of exceptional experimental
facilities for testing of novel ideas, and the interaction
of the participants involved in the industry.

The appropriate quality program standard for fuel is selected
from the Canadian Standards Association Z-299 series of quality
program standards. Four aspects dealing with the verification of
implementation of a quality program in a fuel fabricator's shop
are described.

The acceptance of the Quality Program Standard by the fuel
fabricators is demonstrated. A step by step Standard requirement
is analyzed and the industry response, relating to each step, is
recorded. Typical product inspections are reported, to demonstrate
hew product requirements are incoprorated into quality control
procedures.

The flexibility of the CANDU process and quality procedures
is demonstrated by their application to non-CANDU fuel. A
successful application of the brazing process to SGHWR*') fuel
demonstrates the flexibility of that process. Complete redesign
and application of CANDU technology to produce fuel assemblies
for a BWR'2' and an experimental heavy water reactor M Z F R ' 3 )
demonstrate the flexibility of the CANDU design and fabrication
principles.

(1) ^team Generating Heavy Water Reactor (United Kingdom)

(2) foiling Water Reactor (Big Rock Point, USA)

(3) Experimental Reactor (FDR)
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PART A: CANDU FUEL PERFORMANCE AND QUALITY STANDARDS

by

M. Gacesa and G.R. Quarrington
Atomic Energy of Canada Limited

Engineering Company
Sheridan Park Research Community

Mississauga, Ontario, Canada L5K 1B2

1. INTRODUCTION

In this part of the paper the following aspects of CANDU
fuel are reviewed: CANDU fuel performance; inter-relationships
among the designer, the fabricator and the user required to achieve
good fuel performance from good quality fuel; and CANDU fuel
quality program standards.

For all of the above aspects the conditions as they exist
today are considered in the context of how they developed over
the past two to three decades.

2. CANDU FUEL PERFORMANCE

A typ'cal CANDU fuel bundle is shown in Figure A-l. The
bundle consists of seven component parts:

high density (10.6 Mg/m ) natural UO, pelleti

thin wall (0.38 mm) Zircaloy sheathing

resistance welded Zircaloy end caps

braced Zircaloy split spacers

brazed Zircaloy bearing pads

resistance welded Zircaloy end plates

graphite coating, Canlub.

The design is the natural evolution of an engineer's response
to the CANDU challenge to produce fuel which minimizes
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neutron absorbing material and maximizes uranium content. Of the
tota l weight of approximately 2k kg, more than 90% is uranium dioxide.

Figure A-2 i l l us t ra tes up-to-date CANDU fuel production and per-
formance s t a t i s t i C S L ' ' . The marked reduction in defects af ter Canlub
was introduced should be noted.

Table A-1 shows the same performance information but now the
s ta t i s t i cs for individual plants are shown. The remarkable improve-
ment in Pickering fuel performance, af ter Canlub was introduced, is
evident. I t should be noted that when Canlub was introduced the fuel
management scheme was also changed and the improved performance is a
ref lect ion of both changes. I t is important to note that "% defec-

t ives" is based on the number of defective bundles. But, usually,
only one defective element is found in a defective bundle. Therefore,
i f the defect s ta t i s t i cs were reported in terms of elements, as is
customary for other reactor vendors, % defectives would be: 0.006%
defective elements (a l l fuel) and 0.002% defective elements (Canlub
fue l ) .

Of the 371 bundles defected about hal f (191) have been evaluated
to determine the reason for f a i l u re . The results are shown in Table
A-2. I t is worth noting that there have been no fa i lures in Canlub
fuel due to power ramp defect. A second important observation with
respect to this presentation is that only 17 fa i lures are at t r ibutab le
to manufacturing defects.

3. THE CANDU REACTOR SYSTEM

The CANDU reactor system1 '31 and CANDU power reactor f u e l l J

have been well documented. We w i l l therefore only mention the sal ient
reactor system features which have contributed t o : our understanding
of fuel performance, development of improved fuel designs, and the
development of the process control procedures.

On-line defect monitoring has made i t possible to detect defects
and pinpoint the i r location in the core.

On-power fue l l ing has made i t possible to remove defective fuel
soon af ter the detection of the defect s ignal . Thus, i t is possible
to infer or observe the cause of the primary defect without i t being
camouflaged by secondary damage.

Small and simple fuel assemblies lend themselves to re la t i ve ly
simple examination techniques in the discharge fuel bay and hot ce l l s .
Casks for transportation of i r radiated assemblies are also re la t ive ly
small and transportable.

Heavy water coolant, has made i t possible to separate secondary
damage (deuteriding) from defects caused by hydrogen-bearing im-
pur i t ies which have been very few indeed.

These at t r ibutes and others have made i t possible to separate
the fuel features which bear s ign i f i can t ly on performance from those
which do not. For instance, the fact that very few defects have
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been caused by hydrogen-bearing impurities is reflected In the pro-
cess control procedures. On the other hand, there have been some
defects caused by inclusions in the bar used for manufacture of end
caps. The process control procedures, therefore, call for 100% in-
spection of the start ing bar material and 100% inspection of com-
pleted elements. The influence of performance feedback on process
controls and quality checks w i l l be referred to again in Part 'B'
of this paper.

From the purely performance point of view, the quick detection
and analysis of fuel defects had made i t possible to relate in - r,-]
reactor defective fuel information to well controlled experiments
and to develop semi-empirical correlations which predict probabil i-
ties of fuel defectst°J. I t is interesting to note that the cor-
relations developed for the CANDU power reactor defect data have
relevance to non-CANDU systems^].

This performance information and understanding of performance
do not in themselves constitute process/quality control information.
However, a thorough understanding of these performance c r i te r ia by
the reactor operator is indispensible in achieving good performance
from good quality fuel . The relationship among the designer, the
fabricator tsnd the operator is discussed more fu l ly in Section k below.

k. PARTICIPATING ORGANIZATIONS

The nature of the CANDU fuel system and of the organization re-
quired to bring i t to f ru i t ion are characterized by the decisions
made at the very beginning of the program. One decision was to
build experimental reactors (NRXl1?, NRUU) and later WR-1 (3)) which
are capable of simulating power reactor conditions. Other decisions
were: (1) in connection with the future power program, to engage
the participation of private industry and the u t i l i t i e s (notably
Ontario Hydro) right from the inception of the program, and (2) to
establish a competitive industry for as many reactor components as
possible, and in particular for fuel to support the development of
two companies. Just recently a th i rd company has started producing
fuel on a commercial scale. Thus, r ight from the s tar t , the stage
was set for the program and the relationship among the participants.

The existence of the experimental reactors which were able
to simulate power reactor conditions made i t possible to do
meaningful ad-hoc experiments. Thus i t was possible to proceed
quickly from an idea to a proven design with reduced reliance on
modelling which is usually more time consuming and frequently not
as conclusive. In due course the experimental data were organized
into semi-empirical models, for example ELESIMl°J, which have
since been generalized through the inclusion of fundamental
theoryl9J. The construction of the power demonstration plant,
NPD, and the prototype plant, Douglas Point, fu l ly integrated the
participants: The national labs, the fabricators, and Ontario
Hydro (the u t i l i t y ) into an operating unit able to design,

(1) National Research EXperimenta1

(2) National Research Universal

(3) Whiteshell Research #1



develop, fabricate, and operate the plants. Mooradian
describes the development process and the relationship among the
participants as follows: "Typically, an idea is explored first
in small out-reactor facilities. If results are encouraging,
in-reactor experiments follow in the smaller loop facilities.
Ultimately, full scale engineering tests are carried out to test
performance under the most demanding conditions foreseen. From
there, the idea graduates to field tests in an appropriate
prototype unit. The same approach is used for materials, fuels,
components and coolant systems. The prototype reactors make a
particularly good focus of the test of an innovation. They are
operated by the utilities and the experimenter is forced to face
the reality of an operator's scepticism and conservatism.
Simultaneously the operators come to recognize a problem requir-
ing a special team approach."

To illustrate further the co-ordinated response from the
national laboratories, the manufacturers, and the utilities, we
refer you to Robertons's account*''-" of the introduction of
Canlub. Within a period of two years it was possible to progress
from diagnosing a problem to introducing a new fuel design, on a
mass production scale, into the reactors. In the interval, it
was necessary to confirm the postulated defect mechanism, search
for improvements, test the modifications in a consistent fashion,
and develop commercially viable manufacturing processes. In the
process, the designer/developer, the fabricator, and the operator
became fully acquainted with the constraints and the concerns
of the other parties and as a result were able to contribute
more fulty to the final solution.

5. QUALITY STANDARDS

5.1 Historical Development

The fundamental requirements of CANDU fuel: to maximize
uranium content and minimize structural material, with corollary
features of being amenable to on-power fuelling and mass produc-
tion were recognized at the Inception of the program as having
special process control considerations. However, at that time
there was neither an accepted national quality program standard nor
a co-ordinated approach to apply it. It was, therefore, necessary
for the designer/operator on the one hand and the fabricator on
the other, to define not only the appropriate process control
methods but also the method of implementation and control. The
inspection points and frequency of inspection were based on
feedback from developmen-t fuel irradiated in experimental reactors
and on feasibility reports from the fabricators. The net result
was that the design specifications for N P D W and Douglas Point
fuel aiso contained extensive quality control instructions. The
development of process control procedures, implementation of
quality systems, and methods of verification used to hanJle the

(k) Nuclear Power Demonstration
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early production of NPD, Douglas Point and other early production
fuels are discussed in Part 'B1. It should be noted here that
the general industrial experience of the fuel fabricators and
Ontario Hydro proved to be of particular value at that stage of
the development of our industry.

Thus the industry began with each fuel manufacturer having
his own quality program, each requiring an adjustment on the
purchaser's side in the methods used for verification. As volume
of production increased the need became more pressing to
establish a uniform standard for suppliers' quality programs.
It is important to note that the need was not felt to improve
product quality but to standardize the approach taken both by
the suppliers and the purchasers in verifying the quality. This
may be the appropriate place to note the distinction between
product quality and quality program standards.

The view is frequently expressed that higher levels of
quality program standards lead directly to better product
quality. This is rarely the case. In the case of CANDU fuel,
product quality requirements are established as described in
Sections 3 and *» above. These requirements are clearly defined
in technical specifications and drawings. The role of the
quality program standard is to provide the means by which the
purchaser (and the supplier) can be assured that the specified
requirements and activities are accomplished in a planned,
systematic and documented fashion. The role of the quality
program standard is not to supplement the quality requirements
which may have been inadequately specified in the design docu-
ments .

Pickering fuel production was well underway when the Ontario
Hydro quality program standard QA-20 became available. Although
the timing of its introduction made its implementation on Pickering
first charge fuel unfeasible, the standard was fundamentally a
good one and its applicability to procurement of fuel appeared
promising. It should be noted that QA-20 was designed for procure-
ment of items which have the highest impact on station safety
and performance, and from this point of view was considered
appropriate for the procurement of fuel. At about the same time
Ontario Hydro introduced QA-21 which was a standard designed for
procurement of items which have lower impact on safety and
performance but required more visibility than the standard
commercial "off the shelf" devices. This latter standard was
not considered appropriate to fuel but the difficulties associated
with it affected O.A-20 as well.

The problem which both programs had in common and which
contributed to their abandonment was: the two standards were
"company" standards. This meant that a supplier had to possibly
abandon the quality program already established in their plants
and develop a new program which met the requirements of only one
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customer or a small group of customers without the assurance that
the program would be universally accepted. From the supplier's
point of view this was an unnecessary nuisance since it is obviously
in the supplier's interest to have only one set of controls in
their plants.

In addition, QA-21 had some problems unique to itself. QA-21
was applied to items of variable complexity and impact to the
station. As a result the individuals charged with its application
and enforcement had to make a number of subjective judgements as
to the degree to which the standard should be applied. This
subjectivity was not acceptable to either the suppliers, who
complained of unequal treatment, or the designers who did not
always concur with the control invoked.

As in most situations, once the problems were understood,
the solutions were obvious. The first standard (QA-20) was left
more or less intact a* the highest standard; the second standard (QA-21)
was divided into three different levels; and, to give the standards
national status, the co-operation of the Canadian Standards
Association (CSA) was secured. The resulting documents are the
now famous CSA Z-239 series of quality program standards.

5.2 CSA Z-299 Series of Quality Program Standards

The CSA Z-299 series of quality program standards are built
on the philosophy that every good quality program is constructed
around the same elements: planning, performance, and proof. The
basic variation is one of intensity, that is, how much visibility
is achieved on the three elements.

Thus the lowest standard CSA Z-299.h is called an Inspection
Program and it requires the supplier to inspect the product before
it is shipped.

The next level CSA Z-299.3 is a Quality Verification Program.
Here, evidence of the planning of the inspection and of some
elementary controls on purchasing and special processes are
expected.

The second level, CSA Z-299.2, is considered a full Quality
Control Program. At this level, the supplier is required to
demonstrate that both inspection and manufacturing are fully con-
trol led from the time of receipt of drawings to the time of final
shipment, including extensive sub-vendor control as well.

The top standard, CSA Z-299.I, the Quality Assurance Program,
requires implementation of visible control right from the receipt
of a contract by the supplier and includes control of all activi-
ties which could affect the product, the two major additions being
Design and Management.

A condensed listing of the requirements of the four standards
is shown in Table A-3- The requirements that pertain to each of
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the programs are noted and it can be seen how the need for each
requirement changes or disappears for the lower levels.

It merits mentfoning here, that these standards have been
received very favourably not only in Canada but around the world.
They have been translated into French, German, Spanish, and
Japanese and are either under study or being used by companies in
France, Switzerland, West Germany, Japan, Italy, Argentina,
Australia, United States of America, and United Kingdom. In
addition, largely because of these standards, Canada was awarded
the International Standards Organization Secretariat of the
Technical Committee on Quality Assurance. And the CSA has what
it considers a best seller, with we!! over 20,000 copies sold
already.

5.3 Selection of the Appropriate Standard for Fuel

There are two criteria, both empirical, which can be used
for the selection of the appropriate standard for the procurement
of fuel. The first criterion was developed by the CSA committee
which developed the standards and is included as "Guideline B"
in each standard. This criterion requires the designer to
consider the level of impact the product has on station safety
and performance and to assign the "scores" appropriate to that
on a number of safety and performance aspects. The questionnaire
is shown in Table k-k. Using this questionnaire with a number
of fuel experts we have most often had the result of Z-299-2
standard and occasionally Z-299.3 standard but very infrequently
Z-299.1.

The second criterion is more empirical still and was produced
by AECL-EC(5). This criterion requires Z-299.1 standard to be
applied if any of the following conditions apply:

the fuel is of a new design

the fuel is for a first charge

the fuel fabricator is producing the design for the
first time

a warranty is offered for the plant.

If none of the above conditions apply, then Z-299-2 standard may
be applied.

5.k Implementation of a CSA Z-2.̂ 9.1 Standard

The constituents of the quality program and how they are
implemented by the suppliers will be discussed in Part 'B'. We
will discuss four aspects of the quality program implementation
as viewed from the purchasers' side, that is, four aspects dealing
with the verification of implementation.

(5) Atomic jinergy of panada J.imited - Engineering Company
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5.4.1 QuaLLty Ai6iww.cz MaxuxaJL Acc&ptance. and Vfioynxm Audit

Well before the start of production the purchaser needs to
establish that the supplier has an operating quality program
which is also documented. On occasion, the purchaser may wish
to verify the existence of a documented quality program before
the issue of the Purchase Order. The documentation is presented
in a Quality Assurance Manual which normally consists of two
parts, a Policy Manual and a Procedure Manual.

In the Policy Manual the supplier is expected to describe
the organization and define the inter-departmental relationships
necessary to the performance of related activities. That is,
this part of the manual defines who does what and when in order
to ensure that product quality is maintained.

In the Procedure Manual the supplier is expected to define
how each activity is performed. Typically the following system
functions should be defined:

review and approval of drawings

issue of drawings

preparation of Purchase Orders

audit of Quality Programs

qualification of special processes

preparation of manufacturing procedures

source inspection

receiving

receiving inspection

performance of internal audits

control of calibrated instruments

calibration of instruments.

Following a thorough review and acceptance of the Quality
Assurance Manual, the purchaser performs an audit on the supplier's
plant to verify that the program described in the Manual is
being followed. The audit may be done by a single purchaser but
it is more customary for several purchasers to conduct a joint
audit. The audit typically involves 5 to 10 clients' personnel
and may take up to three days to complete. A single report is
submitted to the supplier. In addition to these "formalized"
audits, each of the purchasers has a representative at the
supplier's plant and part of his responsibilities includes the
performance of periodic checks to verify that the supplier is
following the program.
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5.4.2 QuatiXy Ccm&wl ?wczduA<u> Acceptance

Another set of documents which require the purchaser's
acceptance before fabrication starts are the detailed inspection
procedures. Typically, these procedures should define, for each
inspection step, the following:

what inspection gauges are to be used

how many items are to be inspected

what product feature is to be examined and what the
acceptance criteria are

what special (if any) inspection techniques are to
be used

what types (destructive, metallographic, etc.) of
inspections are to be done and how many items are to
be inspected

what analyses are to be performed and what the
acceptance criteria are for the results

what action is to be taken in case of unacceptable
results

what results are to be recorded and in what form.

The supplier is also required to supply a complete set of
detailed Manufacturing Procedures for the purchaser's information
and comment. Although these procedures do not require the pur-
chaser's formal acceptance, they are checked to ensure consistency
with the accepted design documents and the detailed inspection
documents.

In Part 'B1, some of the above parameters will be defined
for a typical inspection of end plates and bearing pads.

5.4.3

In the production of CANDU fuel a number of specialized
processes are used which are subject to qualification. The
intent is to demonstrate that the process is capable of
consistently producing within the drawing tolerances. As a first
step the supplier is required to submit a qualification proposal
for purchaser's acceptance. The proposal defines the manufactur-
ing and quality control procedures which are to be used, and the
acceptance criteria. Following the acceptance of the qualification
proposal the supplier produces the qualification batch,
carries out the required inspection, and produces a qualification
report.

In addition to demonstrating that the process is capable
of consistently producing within the drawing tolerance, the data
from the qualification batch is used to select/justify the
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inspection sampling plans which provide optimum economic control
of the process.

5.4.4 QuaLLty SuMeJUULaxicz and Product Acceptance.

As mentioned earlier, each purchaser has a representative
at the supplier's plant whose responsibility is to verify that
all aspects of the quality program are implemented. In order
to guide the representative in carrying out his duties the
purchaser prepares a "Surveillance Plan". In the plan all of
the key points in the supplier's operation are identified,
including manufacturing procedures, and the verification action
for each operation is specified.

In addition to the above mentioned responsibilities, the
purchaser's representative is responsible for reviewing the
supplier's inspection reports, and accepting the product. In
cases of discrepancies, the representative is responsible for
verifying that the discrepancy is properly recorded and reported
to the purchaser. In summary, the purchaser's representative
performs the following six functions:

carries out his surveillance in accordance with the
Surveillance Plan augmented by his own experience

investigates and reports on any anomalies which are
not controlled by the program

notifies the supplier of any minor deviations which
occur in the execution of the program

alerts the supplier and the purchaser of any major
deviations that might occur

reports his own and t"ie supplier's activities to the
purchaser as verification that the supplier is indeed
adhering to his commitments

reviews and accepts the finished product on behalf
of the purchaser.

5.4.5 OthtK QuaJUty Pfiogim ¥zxituK<u>

It is recognized that verification of implementation of the
Quality Program requirements described in items 5.k.\ to S.k.k
above does not constitute the complete CSA Z-299.1. standard.
Those activities were highlighted because they have particular
relevance to the verification of the implementation of the
program from the point of view of the purchaser. All the other
features except "Design Assurance", are of more general nature
and their description and verification of implementation can be
adequately inferred from the CSA standards. It should be noted,
however, that al1 the features are mandatory for a fully qualified
program.
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One system function which has not been described but does
merit special mention is "Design Assurance". From earlier dis-
cussion, it is clear that CANDU fuel is not designed, developed,
produced, and utilized according to the well established cycle
for commercial products. Rather, the designer/developer, the
fabricator, and the user participate together in the total
cycle. Therefore, the "Design Assurance" function carries a
significantly different impact for fuel than it does for other
products. In short, the overall design (excluding the manufac-
turing detail) is proven before it is submitted to the supplier
for quotation. Not only that, but the supplier participates in
the development of the design, and in the formulation of the
specificat ion.

6. SUMMARY

Of approximately 200,000 CANDU bundles discharged to the
end of September 1979 from power reactors, only 0.18% were defec-
tive (0.006% if fuel elements are considered). This exceptional
performance results from the fundamental nature of the CANDU
system, and the co-operative efforts of the participating organ-
izations: AECL Research Company and Engineering Company; the
fabricators, Canadian General Electric Company Limited and
Westinghouse Canada Limited; and the utilities, notably Ontario
Hydro.

Formalized quality program standards were initially availabie
in 1969; a national standard was applied in 1975 and fully
implemented shortly thereafter. A standard is now available which
is widely accepted, its application is clearly understood, and
implementation well co-ordinated.

7. ACKNOWLEDGEMENTS

The authors are grateful to Dr. E. Kohn for his assistance
in researching the performance data and preparing the manuscript,
and to Miss B.J. Lucas for typing the manuscript. A special
expression of gratitude is extended to Mr. R.D. Page for his
review of the manuscript and resourceful contributions. Ontario
Hydro permission to publish the performance data is gratefully
acknowledged.



- A-12 -

REFERENCES

(1) Performance data supplied by Ontario Hydro, Nuclear
Generation Division, Central Nuclear Services

(2) HAYWOOD, L.R., "The CANDU Power Plant", Atomic Energy of
Canada Limited Report AECL-5321 (1976)

(3) ROBERTSON, J.A.L., "Nuclear Energy in Canada, the CANDU
System", Atomic Energy of Canada Report, AECL-6328 (1979)

CO PAGE, R.D., "CANDU Power Reactor Fuel", Atomic Energy of
Canada Report, AECL-5609 (1976)

(5) BAIN, A.S., WOOD, J.C., COLEMAN, C.E., "Fuel Designs to
Eliminate Defects on Power Increases", Proceedings of
BNES Conference on Nuclear Fuel Performance, British Nuclear
Energy Society, Paper 56, Atomic Energy of Canada Report
AECL-A518 (1973)

(6) PENN, W.J., LO, R.K., WOOD, J.C., "CANDU Fuel - Power Ramp
Performance Criteria", Nuclear Technology "ik, (1977), 2*»9

(7) WOOD, J.C., "PCI-OGRAMS: Application of CANDU Fuelograms
Methodology to PCI Data from Light Water Reactors",
International Atomic Energy Agency Specialists Meeting
on "Power Ramping and Power Cycling of Water Reactor Fuels"
Aries, France, May 1979» Atomic Energy of Canada Report
AECL-6676

(8) NOTELY, M.J.F., "A Computer Program to Predict the
Performance of UO2 Fuel Elements Irradiated at High Power
Outputs to a Burnup of 10,000 MWd/mtU", Nuclear Applied
Technology 9 (1970), 195

(9) NOTLEY, M.J.F., "ELESIM: A Computer Code for Predicting
the Performance of Nuclear Fuel Elements", Nuclear
Technology M» (1979)

(10) M00RAD1AN, A.J., "Nuclear Research and Development in
Canada", Nuclear Engineering International, ('97^) 13

(11) ROBERTSON, J.A.L., "Improved Performance for U02 Fuel"
The Engineering Journal of the Engineering Institute
of Canada 55 (1972) 9



o
3D
m

f

m
m

•n

P
CO

I
m

END VIEW

ZIRCALOY BEARING PADS
ZIRCALOY FUEL SHEATH
ZIRCALOY END CAP
ZIRCALOY END SUPPORT PLATE
URANIUM DCOXIDE PELLETS
CANLUB GRAPHITE INTERLAYER
INTER ELEMENT SPACERS
PRESSURE TUBE



- A-14

250 000

200000

150 000

2
in

o
a
LLJ

2 100000

50000

FABRICATED

CANLUB fuel

Non CANLUB fuel

IRRADIATED

CANLUB fuel

100 defective
CANLUB bundles-

"

Non CANLUB fuel

271 defective non-
CANLUB bundles J

FIGURE A2 CANDU FUEL PRODUCTION AND PERFORMANCE TO SEPT. 1979



Table A-l CANDU Fuel Production and Performance Data to September 1979

Station

NPD

Douglas Point

Pickering 1-4

Bruce A 1-4

RAPP (Mar 76)

Kanupp (Apr 76)

Genti1ly -1

600 MWe

- Gentilly-2

- Cordoba

- Pt. Lepreau

- Wolsung

Total

Bundles
Fabricated

4,600

17,650

122,750

68,300

5,480e

6,5OOe

7,850

8,000

6,600

2,000

-

249,731

Bundles

Non-Canlub

4,228

9,622

41,578

-

5,480e

3,747e

3,313

67,968

1rradiated

Canlub

7.71C

73,042

57,960

-

1,100

-

139,812

Total

4,228

17,332

114,620

57,960

5,480*

4,847e

3,313

207,780

Defect

Non-Canlub

8

89
109
-

5
30

30

271

ive Bundles

Canlub

16

2

82

-

0

-

100

Total

8

105

111

82

5
30

30

371

; Defective Bundles

^on-Canlul

0

0

0

0

0

0

0

.189

.92

.26

-

• 09

.80

.91

.40

) Canlub

0.208

0.003

0.141

-

0

-

0.072

Total

0.189

0.606

0.096

0.141

0.09

0.62

0.91

0.178

e - estimated
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Table A-2 Reasons for Defects in CANDL) Power Reactor Fuel

Power Ramp

Incomplete End Cap Welds

Porous End Caps

Handling Damage

Fretting by debris in coolant

Flow induced fretting

Unknown causes

13*

12

5

7

6

1

16

(Canlub - 0)
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Requi rement

Qua Ii ty Program

Organ izat ion

Quality Audits (Internal)

Z-299-1

Assurance

]

1

2-299.2 Z-299.3

Control Veri Heat ion

2 3

Z-299-A

Inspection

Quality Program Documents

Manual

Inspection and Test Plan/Checklist

Procedures/Descriptions

QC
1

1

QV

3

3

Records

- Inspection and Test

*• Disposition of Non-Conforming Items

- Feedback or Corrective Action

- Qualification of special processes, personnel, etc

- Audit and Analysis of Audit Data

System Funet ions

Contract Review

Design Assurance

Document Control

Measur i ng and Test ing Equipment

Purchas ing

Incoming Inspection (including Test as appropriate)

In Process Inspection (including Test as appropriate)

Final Inspect ion (i nclud ing Test as appropriate)

Inspection Status (including Test as appropriate)

Identification and Traceability of Items

Handling and Storage

Manufacturing and Construction

Special Processes

Preservation, Packaging and Shipping

Quali ty Records

Non-Conforming I terns

Customer Supplied I terns

Corrective Action

1
1

1

1

1

1

1

1

t

1

1

1

?

1

1

1

1

1

1

1

!

1

1

1

1

1

1

1

1

1

2

1

1

1

3

3

3

3

1

3
1

1

1

1

3

3

1

Verification of Quality by Customer

Initial Evaluation for Quality Program Capability QA QC QV

Inspection and Test Plan/Checklist Review and X XX
Acceptance

Continuing Evaluation and Verification X XX

Corrective Action (right to demand) X XX

Access - audit X XX

- surveiI lance X XX

Legend:

1 - As required by CSA Z-299.1

2 - As required by CSA Z-299-2

3 - As required by CSA Z-299-3

k - As required by CSA Z-299.<*

X - As appropriate

Table A-3 Matrix Comparison of CSA Quality Program Standards
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(a) Design Process Complexity (OPC)

0. Design effort is minimal and simple.

1. Design effort is significant but simple.

2. Des ign effort is s ign i f i cant -?°d presents some complex i ty.

3- Design effort is extensive or complex.

*i. Design effort fs extensive and complex.

(b) Design Maturity (DM)

0. Proven des i gn ava ilable.

1. Combination of proven design elements for same application.

2. Modification of proven design for a different application.

3. Redesign of existing item for a different application.

k. New design from first principles of a complex \':em.

(c) Item or Service Characteristics (IC)

0. I tern or service has no tight or interrelated characteristics.

1. I tern or service has only a few tight or interrelated characteristics.

2. Item or service has a few tight and interrelated characteristics.

3. Item or service has a significant number of tight and interrelated characteristics.

If. Item or service has a large number of tight and interrelated characteristics.

(d) Manufacturing Complexity (MC)

0. Few simpfe processes- required.

1. S ign i ficant number of s imple processes required.

2. Few complex processes required.

3• Significant number of complex processes requi red.

k. Large number of complex processes required.

(3) Safety (S)

0. No risk to ̂ he health and safety of operating personnel.

t. Results in limited risk to the health and safety of operating personnel.

2. Results in significant risk to the health and safety of operating personnel.

3- Results in undue rfsk to the health and safety of operating personnel and/or limited risk to
the public.

U. Results in undue risk to the health and safety of operating personnel and to the public,

(f) Economics (E)

0. Results in negligible inconvenience and/or cost.

1. Downgrades the service of a facility to a limited extent and results in limited cost.

2. Significantly downgrades the service of a facility and results in significant cost.

3- Seriously downgrades the service of a facility and results in serious cost.

k. Results in total loss of service of a facility and extreme cost.

Selection Formula

Select the applicable value from 0 to k for each of the above factors and sum M l values.

Read the suggested Z-299 Quality Program Standard requirement from the following table--:

Quality Program Standard Selection

Value

IB -

13 -

8 -

h -

0 -

Range

2<i

17

12

7

3

Quality Program Standard

CSA Z-299.1

2-299.2

Z-299.3

Z-299.4

processes: manufacturing! Inspection, testing, assembly, construction or any other activity.

This table can be adjusted to suit the industry concerned.

Table A-*t Guidelines for Selecting a Quality Program Standard



PART B: QUALITY SYSTEMS

by

W.R. Tarasuk, I.R. Carrick, J. Pawliw
Canadian General Electric Company Limited

Generation Department
Peterborough, Ontario, Canada K9J 7B5

1. INTRODUCTION

Discussed in this presentation is the system developed and
employed by Canadian General Electric for controlling and
monitoring the quality of the fuels fabricated in its plant.
Presented is a brief account of the evolution of both the
product and process highlighting the changes which influenced
the development of the quality system, followed by a discussion
of the present system which is based on the Canadian Standards
Association Quality Assurance Program Standard Z-299-J-

Development of the CANDU System as a viable source of
electrical power was made possible through the co-operative,
highly integrated effort of government, utility and industry.
Nowhere was this more evident or effective than in development
of th<̂  nuclear fuels. The operating experience of the utility
combined with the depth of scientific expertise of the government
laboratories and engineering and manufacturing capabilities of
industry have not only enabled the product to be built and put
into operation, but have provided a large pool of scientific
and technical experience essential to the business.

Canadian General Electric, assisted by Federal Government,
and more recently Ontario Hydro, participated in design,
development and testing of CANDU fuels; and subsequently using
its own resources, evolved techniques for large scale manufactur-
ing of the product. Its involvement dates back to the late
1950's and the development and fabrication of fuel for Canada's
first Nuclear Power demonstration reactor NPD. Since then its
operation in Peterborough has supplied the initial fuel charges
for all the major CANDU nuclear power installations namely:

(a) Douglas Point - Canada's first prototype reactor

(b) WR-P ' - - Canada's first organic cooled reactor

(c) K A N U P P ^ - Canada's first export reactor

(d) Pickering A - Canada's first large scale commercial
station

(e) Bruce A - Second generation commercial power
station.

Currently the Company is engaged in production of various
replacement fuels with a plant capacity in the order of 500 Mg
per year.

(1) Whiteshell Research #1_

(2) KArachi NUclear Power Plant
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The quality system employed today has undergone considerable
evolution from the date of initial inception 25 years ago. As
the nuclear industry in Canada progressed from the first Nuclear
Power Demonstration reactor to the prototype to the present large
commercial stations so was there progress in fuel design,
manufacturing and associated quality systems. With greater
experience in the performance of fuel came an increase in knowledge
of the importance of various dimensional and process parameters.
This added information and understanding permitted a periodic
review and re-classi f ication of these parameters on the scale of
importance (e.g., critical, major, minor incidental) followed by
a re-evaluation of the established quality levels. With
increased utilization came the need for higher rated production
systems. Here the quality system had to reflect the introduction
of new and different processes as well as the increased rates of
product ion.

2. EVOLUTIONARY DEVELOPMENT OF C G E ' s ^ QUALITY SYSTEM

To get an appreciation for the quality system and how it
evolved, one needs to look at the evolution of the product itself
and the associated manufacturing process.

The first power reactor fuel fabricated in Canada was the
first charge for NPD(5) reactor. The entire lot consisted of
1300 bundles taking approximately three years to manufacture.
Figures B-l and B-2 show the two basic fuel designs which made
up the initial charge. It should be noted that eight models
of these two basic designs were introduced during the period of
production pointing out the evolutionary nature of the fuel
during this period.

The two bundle designs were similar in length (50 cm) and
diameter (8.25 cm) but differed in numbers of elements and element
size. In both cases the end caps were fusion welded. Inter-
element and the bundle to pressure tube spacings were provided
by spiral wires resistance welded to the fuel sheaths.

Quality system employed during manufacture of this fuel
was fashioned after existing systems used within the Company.
Quality standards on the other hand were established in one of
two ways. The principal method involved establisheding how well
we could make it, testing it, if it worked, it became a standard.
The other method was to arbitrarily set standards on some per-
ceived scientific or gut feel logic.

An example of the latter method was an arbitrary standard
that the frequency of element closure weld failures shall not be
greater than 3 in 1000. The actual experience, right from the
start, was considerably better than this value.

(4) £anad?an General £lectric

(5) Nuclear Power Demonstration
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On the heels of NPD came the design and fabrication of the
first charge fuel for Douglas Point, (Figure B-3). The fuel for
this reactor was an upgrade of the NPD 19 element bundle.
Refinements were made in design, material specification, manu-
facturing processes and the quality system, to achieve higher
thermal and mechanical performance and to improve the fuel
economics through higher production rates. The Douglas Point
initial charge was the first fuel to have resistance welded end
caps. Approximately 4000 bundles were fabricated in a span of
two years which was a considerable improvement over the NPD
charge.

Following Douglas Point, CGE designed and fabricated a charge
of fuel for KANUPP (a nuclear station designed and built by CGE
in Pakistan). The fuel bundle for this reactor is also of the
19 element design, Figure B-4. Unlike Douglas Point however,
the fuel elements no longer contained the spiral wire spacers.
The company elected to replace the wire wrap spacer with split
spacers. The development of brazing and the concept of split
spacers are addressed in Part 'C of this presentation. The
same concept is in use on all CANDU fuels today.

If we classify NPD fuel production as a prototype operation,
the Douglas Point and KANUPP initial charges as semi-volume
production, then the initial fuel charge for the Pickering A
station was the first instance of large scale volume production
of CANDU fuel. Taking a moment to re cap:

NPD initial fuel was manufactured during the years
1958 - 1961

Douglas Point initial charge was manufactured in
1962 - 1964

KANUPP initial charge was manufactured in 1967

Pickering A initial charge manufacturing started in
1968.

The Pickering fuel bundle is larger than the KANUPP or
Douglas Point bundle. It is designed to fit into a 10 cm
pressure tube. This bundle, shown in Figure B-5, is made up of
28 elements. The individual elements are similar to the KANUPP
and Douglas Point elements in basic design and method of manu-
facture. Therefore, the experience gained in the manufacture
of the earlier fuels was invaluable in gearing up the manufactur-
ing and quality systems for the Pickering initial fuel charge.
The initial Pickering fuel charge was produced at an average
rate of 6,500 bundles per year, a production rate equivalent to
15 times that of NPD.

As noted in Part 'A' of this presentation, a formal quality
assurance standard (QA-20) was introduced by Ontario Hydro.
However, because of the timing of its introduction it was never
implemented during production of the Pickering first charge fuel.
CGE continued to use its own developed system.



Design.and development of ths Bruce fuel was the next undertaking
after Pickering. Like Pickering the Bruce fuel bundle (Figure B-6)
is 10 cm diameter. However, to accommodate the higher thermal
density in this core, the designers increased the bundle sub-
division to 37 elements. An additional change was made at this
time: Canlubt-'J was introduced.

The fuel design for the 600 MW reactor is almost identical to
the Bruce fuel design, see Figure A-l.

Let us now leave the discussion on design and manufacturing
and return to quality systems. The first charge of Pickering
fuel was manufactured using the CGE developed quality system
which was based on the extensive quality knowledge developed
since 19^8 by the General Electric Company^]. For that matter
all fuel produced by the company up to the present has used this
well proven quality program.

For some time the nuclear community in Canada recognized the
need for developing a universal standard. This resulted in the
development of the CSA Z-299 series of quality program standards
referred to in Part 'A' of the presentation. In this presentation
the discussion will centre around CGE's response to CSA Z-299•'
Quality Assurance Standards.

3. CGE's CURRENT QUALITY SYSTEM

The Z-299-1 standard specifies the scope of the quality
activities as follows.

3.1 Organization

The manufacturer is required to determine the policy and
objectives of each of the contributing functions in his
organization including: senior management, marketing, engineer-
ing, manufacturing, quality, and in addition must regularly review
the effectiveness of each of these groups. Figure B-7 shows the
current CGE organization structure which satisfies these require-
ments .

Within the quality organization a staff is put in place
to support the programs in the following capacities:

(a) the INSPECTION AND TEST STAFF, who do the various
tests

(b) the TECHNICIAN STAFF, who provide technical support
to purchasing, manufacturing, monitoring inspection
and testing, and instrument and gauge calibration

(c) the QUALITY ENGINEERING STAFF, who design hardware and
quality systems software in support of the business

(d) the AUDIT STAFF, who perform formal, structured audits
on all facets of the quality system to ensure effective
implementation.
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3.2 Documentation and Records

In response to the documentation requirements of the Standard,
the manufacturer must provide documented policies and procedures
for the entire operation and must maintain records of non-
con formances and the disposition of non-conforming material,
qualifications of people and processes, vendor data, audit
results and corrective actions.

The documentation is provided on

(a) QUALITY ASSURANCE MANUAL which describes in broad terms
the extent of the system and how the system is
control led

(b) PROCEDURES MANUAL, which contains the detailed procedures
to be followed for each item defined in the overall plan
and covers each item in the Systems Function Procedure
11st ing

(c) INSPECTION AND TEST PLAN, which defines what has to be
done to all materials at the vendors, at receiving,
in-process and at final inspection before shipment

(d) AUDIT SUB-SYSTEM, which defines the method of monitoring
and overall Quality System.

The information generated during production activities is
analyzed by the Quality Staff and retained in record files for
the specified period of time.

3.3 System Functions

The manufacturer must implement effective systems to address
all facets of the production cycle, e.g., systems to monitor and
control suppliers, in-house activities, special processes,
handling of material, non-conformance control, corrective action,
and measuring and test equipment.

To grasp the significance of system functions let us consider
two of the more important ones, non-conformance and measuring and
test equipment.

(a) Non-Conformance

Non-conformance is a critical system function. To
adequately control non-conforming material one must
design a system which will ensure complete segregation
of the suspect material and which will identify how
much product is affected. The identification and
sepregation activity must be available on all operating
sliifts and all days of the week and must be completely
effective. Procedures are developed to disposition
the suspect material, i.e., rework, repair, use as is
etc., and economic factors
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determine that generally the dispositioning activity
should follow very shortly after segregation. Basically
non-conformance procedures identify very specifically
how material segregation is to be accomplished; who
is responsible for the review; what records will be
kept; how good material will be released; how defective
material will be scrapped; how re-occurrence will be
identified, and so on.

(b) Control of Measuring and Test Equipment

Control of measuring and test equipment is also a
critical system function. We must know that the
equipment used to inspect or test the product is
calibrated. To this end all such equipment whether
mechanical; electrical; hydraulic is
identified. A docket is made up for each item of
equipment which includes such items as: the equipment
number, its location and use, whether currently active
or inactive, its next calibration date, its detailed
history of performance, and the details of the
procedure required for its calibration.

All these devices, certainly several hundred for a
business of this size, are catalogued and maintained
in a "gauge control system" ledger. A staff of
specialist, mechanical, electrical and
electronic technicians calibrate and maintain the
gauges and test equipment. The frequency of calibra-
tion varies depending upon the frequency of the
inspection being performed and the through-put. Thus
a gauge which is used once every three months to check
incoming vendor supplied material may have a "check before
and after use" calibration interval, whereas a standard
used to calibrate ultrasonic tube test equipment may
be recalibrated much more frequently in order to minimize
the amount of product which could be potentially recalled.

These examples show how detail-d the system procedures
have to be to assure effective, timely and economical control of
the business functions.

Each function has similar detailed procedures specifying the
scope and purpose; who is responsible for what; who, when and where
all steps are to be performed; what materials, equipment and
documentation are to be used and how it is all controlled.

3.h Inspection and Test Plan

This Plan defines the inspections and tests that are to be
carried out: at a supplier's plant, at incoming inspection, at
in-process points, at final production inspection, etc.
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The Plan specified exactly what is to be done at each point:

(a) TYPE OF INSPECTION, whether to sample inspect or
100 percent inspect

(b) TYPE OF MEASUREMENT, exactly what to measure or test,
whether it be metallurgical properties, mechanical
attributes or electrical characteristics

(c) TEST PROCEDURE, the test procedure and documentation
that will be used

(d) ACCEPTANCE CRITERIA, the acceptance criteria that will
be applied.

The Inspection and Test Plan summarizes the assurance
activities in detail. Take for example, end supports. The
material from which end supports are manufactured is flat-stock
Zirconium of a thickness approximately 1.7 mm which is purchased
in long strip lengths. The inspections required at each stage
are planned and the degree of inspection is specified. Each
operation in sequence is listed: purchase flat-stock, survey
vendor, check mill certificate, dimensionally inspect strip, and
so on to the final operation of dimensional inspection of the final
end support. Each operation has an associated procedure stating
exactly what has to be done. For example, Quality Control
Instruction defines the inspections required to "Dimensionally
Inspect Strip", and all the other steps required to ensure that
the Zirconium alloy strip meets specification and drawing require-
ments.

Similarly the manufacture of bearing pads has an associated
Inspection and Test Plan procedure listing each operation in the
s.equence from: purchase strip, vendor surveillance, check mill
certificate and so on to the operation requiring Beryllium coating
to be applied.

The operation "Dimensionally Inspect Machined Substrates"
calls for a specific quality control instruction which
defines in detail all the inspections required.

The whole Inspection and Test Plan is thus a very detailed
road map of the required inspections and tests at every stage of
the cycle including vendor and in-house requirements.

3.5 Customer Verification

All the above activities, policies and procedures are subject
to verification by the customer and to this end the manufacturer
puts in place procedures to fully accommodate these needs.

1». BENEFITS OF A QUALITY STANDARD

CGE looks with a very positive attitude on all the requirements
of the Quality Standard. The reason is straightforward: the
benefits outweigh the costs.
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A properly designed Quality System can fully satisfy both the
quality standard and the cost measurement placed on a business.
In practice the overall benefits of satisfying the standard, the
customer, and the financial requirements are greater than the cost
of implementation.

5. SUMMARY

We have examined the manufacturer's response to the whole
quality program. What we have seen is evidence of a large amount
of very detailed Information, captured and moulded into a cost-
effective quality system, a system which enables CGE to have a
very high level of confidence that the CANDU fuel it produces will
perform with superior in-service reliability.

This detailed information comes from experience; experience
with the early development of the product; experience with ever
higher volumes; experience with higher and higher in-service
reliability requirements; experience with suppliers; experience
with manufacturing and inspection technology. Twenty-five years
of experience in the successful manufacture of CANDU fuel has
brought us to the state-of-the art today and further building on
this experience will move us in future to higher volumes, lower
quality costs and superior in-sen/ice reliability.

REFERENCES

(1) ROBERTSON, J.A.L., Improved Performance of U0- Fuel -
72-CSME-H TH 6 NUC k.
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BUNDLE
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FIGURE B-3 DOUGLAS POINT 19-ELEMENT FUEL BUNDLE

FIGURE B-4 KANUPP 19-ELEMENT FUEL BUNDLE
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FIGURE B-5 PICKERING 28-ELEMENT FUEL BUNDLE

FIGURE B-6 BRUCE 37-ELEMENT FUEL BUNDLE



Canadian General Electric

Chairman of the Board
and Chief Executive Officer

Apparatus and Heavy
Machinery Division
Division Manager

Power Generation Department
General Manager

Other Section
and Finance
Management

Nuclear Fuel
Handling Section
Section Manager

Nuclear Fuel Section
Section Manager

O

Shop
Operations

Unit Manager

Fuel Shop
Supervisors

Production
Control

Pelletizing
Unit Manager

Shop
Operations

Manu. Engrg.
and Services
Unit Manager

Process
Engineering

Facilities
Engineering

Engineering
Unit Manager

Fuel Product
Engineering

Fuel
Development

Materials
Engineering Met,
and Chem. Lab

Spec. Shop
Operations

Marketing
Unit Manager

Facility
Project

Manager

Quality
Assurance

Unit Manager

Quality
Assurance

Quality
Assurance
Engineering

Quality
Surveillance

Inspection
Records

Inspection and
Test Bundle
Fabrication

Audit

Inspection and
Test Palletizing

Gauge
Control



C-l

PART C: THE APPLICATION OF C A N D U ^ FUEL TECHNOLOGY
AND PROCESS CONTROLS TO NON-CANDU FUELS

by

G. McGregor, H.R. Debnam, L. Proos
Westinghouse Canada Limited

Atomic Power Division
Port Hope, Ontario, Canada L1A 3V4

1. INTRODUCTION

Parts 'A' and 'B' have discussed the development and
application of quality standards to CANDU fuel fabrication. This
section will illustrate that the standards are flexible enough to
be adapted for other applications. Some Canadian experience will
be shared in applying CANDU technology to the fabrication of.
assemblies for M Z F R ^ (FDR), Big Rock Point (USA) and SGHWR(?J

(UK).

Canada owes much of its technology and innovative ability
in fuel manufacture to a decision made in I960 between
and Canadian industry to support two fuel designs. One design
employed conventional end plates to hold the assembly together,
the development of which is discussed in Part 'B', and the other
a strong central fuel element with internal supports joining the
elements. The latter approach, certainly produced many exciting
and novel ideas, but after much testing and evaluation, the
reference design which evolved was the "Three Fixed Plane" bundle.
In this design the elements were joined to each other by
resistance brazed spacers to form a grid integral with the fuel
elements. It also features induction brazed wear pads and
resistance welded end caps. The "three fixed plane" design
never went into production, but as shown in Figure C-l, some
very sophisticated equipment and techniques were developed.
However, of greater importance, we learned how to work with the
new technology, how to control it, and to establish process
specifications.

From the two early designs emerged a composite called the
"split spacer". The rigid spacer had now given way to two
separate spacers, induction brazed in conjunction with the wear
pads, and resistance welded end plates were employed to hold the
assembly together. The split spacer design was the forerunner
of the present family of CANDU bundles.

Why are these welding and brazing processes regarded as
uniquely Canadian? Why indeed! Other countries such as the
U S A H ] , USSR and UK had all reached the conclusion that Zr5w/o Be
alloy was the most suitable for brazing Zircaloy for in-reactor
operation. The stumbling blocks were well documented:

(1) CANada £euterium Uranium (3) Steam Generating Heavy Water
,„, , , Reactor (UK)
(2) Experimental Reactor (FDR) ~

(*») Atomic ^nergy of £anada Umited
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(a) the alloy was difficult and costly to manufacture into
any of the conventional forms, consequently

(b) placement of the alloy presented a formidable problem,
and

(c) existing methods of brazing reactive materials were
uneconomical.

In all of these areas Canadian industry found very practical and
economical solutionsL2>3J, Similar discoveries in welding enabled
reliable low cost methods for resistance welding to be developed.
This type of welding gave rise to the often misused expression
"Magnetic Force Welding"^-".

The discoveries may not rank with the greatest in the world -
but to the fledgeling Canadian industry they acted as catalysts
giving meaning and a definite sense of pride in the CANDU approach.

2. SGHWR

In the period I965-78 when Canadian industry was just starting
to manufacture in quantity the "split spacer" design, Westinghouse
Canada Limited (WCL) performed several development projects
involving brazing for the UKAEA(5). This work resulted in an order
to braze spacers to 5000 tubes for SGHWR - and the subsequent sale
of the related technology. The program only entailed brazing
spacers onto the tubes, but the tubes and spacers were quite
different to CANDU.

SGHWR CANDU

Length

Wall Thickness

Spacer Length

k

0

ks

.0

.66

.0

m

mm

mm

0.

0.

28.

5
k
0

m

mm

mm

Ten planes of spacers were located along the tube length, with
three equally spaced spacers in each plane.

Positional tolerances were checked by simple
go - no-go gauges.

After brazing, each tube was plug gauged to ensure
that no distortion had taken place.

The main requirement for the brazed joint was to
establish a complete fillet, but samples were destruc-
tively tested throughout production for alloy
penetration, alloy structure, and grain structure of
the tube wall; all of which are indicators of how well
the process is under control.

(5) IJnited J<ingdom Atomic ^nergy Agency
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The formed spacers were positioned and tack welded to the
tubes. The sub-assemblies were in turn induction heated in a
vacuum chamber. The semi-automatic machine, shown in Figure C-2,
positioned and tack welded the 30 spacers per tube at a rate of one
tube every 5 minutes. The brazing chamber consisting of a 5 m long
glass chamber contained 10 susceptor coils corresponding to the
braze planes. The primary heating coil was attached to the induction
heater by a water cooled flexible conductor and the primary coil
positioned around each plane in turn. The brazing operation is
portrayed in Figure C-3. During the heating cycle, braze material
previously coated on the spacer at the joint interface flows
through the joint at 'iO6O°C. The braze cycle was monitored and
compared to a standard cycle by means of an infrared scanner.

With the technology obtained from this program the UKAEA
built a pilot brazing line at their Springfield plant, but con-
tinued to purchase spacers from Westinghouse. We have long
understood that assemblies manufactured from the brazed spacers
performed well, but the performance and economic benefits were
not sufficient to change from the welded spacer design originated
by the UKAEA. More recent information indicates'•->•' that the
UKAEA abandoned brazing because of their concern about the
susceptibility of the heat affected zone to hydriding and post
defect deterioration. To date, 25 mi 11 ion brazed joints on CANDU
fuel elements have been irradiated without a defect. Canadian
experience also shows that the heat affected zone is no more
susceptible to power ramp defects than the "as-received"
material[6].

3. BIG ROCK POINT

In 1968, shortly after the completion of the SGHWR program,
work was started on a qualification bundle for Consumers Power
of Jackson, Michigan. The bundle was to be irradiated in the
60 MW boiling light water reactor at Big Rock Point.

Figure C-h is a schematic of the fuel design considered typi-
cal of BWR's'^) at that time. Details of this fuel were not made
available, but in general terms it consists of a 9 x 9 array
held in position by upper and lower tie plates. Precision
machined steel grids were used to restrain and position the
elements.

WCL's task was to produce a fuel bundle capable of operating
under specific channel power and coolant flow conditions - in
other words, meet fuel performance specifications, while using
concepts and fabrication technology developed for CANDU fuel.

The Canadian design shown schematically in Figure C-5 was
also a 9 x 9 array with upper and lower end plates. An
interesting feature was the provision of 8 removable elements.
These are identified by the castle shaped nuts. Each of the
special elements was of a different design to ensure correct

(6) Boiling Water Reactor (General Electric Design, USA)
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re-assembly, should the elements be removed. The grid and spacer
arrangement was the most significant application of CANDU design
technology. The fuel rods are reinforced by brazed spacer pads
which bear on the grid as opposed to the grid bearing on the
fuel cladding, (see Figure C-6). The grid design is very simple
as seen in Figure C-7» and can be readily fabricated in limited
quantities with a high degree of assurance.

The UO2 pellets were pressed and sintered following normal
practices and standards for CANDU. These standards are believed
to be significantly tighter than the quality standards applicable
to light water reactors at that time.

Tubing was procured and ultrasonically tested by Wesinghouse
designed equipment.

The end plugs were resistance welded in contrast to the
"fusion Welding" which was universally used at that time for
light water reactor fuel. The fine grain structure of the weld
cross section in Figure C-8 results from the rapidity with which
the weld is produced. There is no evidence of melting, and the
original interface cannot be seen. This is typical of millions
of welds now produced. The form of the upset is important. It
ensures that the bond area is greater than the original wall
thickness. Welds, subject to internal pressurization tests,
always fail at a point removed from the joint. These character-
istics are superior in our experience to those obtained by fusion
welding.

Figure C-9 is a section through a typical brazed joint.
The time/temperature cycle is most important. Time at the flow
temperature must be long enough to allow the alloy to flow freely
to give substantially void free joints. However, the time at
temperature must be limited to prevent excessive grain growth in
the heat affected zone.

The bundle assembly operation was carried out on a strong
back fixture, in which the grids and bottom tie plate were
located. Figure C-10.

The elements were threaded through the grids and
anchored to the bottom tie plate.

The upper tie plate and springs were then assembled
and secured. Figure C—11-

The strong back containing the bundle was rotated to
the vertical position. Angle plates were then
assembled to the fixture to simulate the box that
would ultimately receive the fuel. Figure C-12.

The bundle was then moved up and down using the fixture
as a go - no-go gauge for checking the bundle envelope.

The job took about 9 months to design, obtain fixturing,
manufacture and ship. The bundle, called Wl, was loaded into the
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reactor at a time when heavy crud deposits were causing many
fuel failures. Wl subsequently failed. The failure mode was
suspected to be associated with the crud deposits, that is,
corrosion from the outside in. On visual examination, the
bundle appeared structurally sound, but reddish crud deposits
were found on the fuel pins. No other post irradiation
examination was carried out.

k. MZFR

In 1972, ten fuel assemblies were designed and fabricated
for the West German MZFR reactor using CANDU technology. Six
bundles had natural UO2 and four had 0.9% U-235 enrichment.
MZFR is a multi-purpose research or 68 MWe, heavy water moderated
and cooled.

The standard fuel bundle for MZFR is a 37 element circular
array 1.8 m long shown schematically in Figure C-13- The
elements are attached mechanically to massive end plates and
the elements separated and restrained along their length by
wave form springs.

The design restraints were that the end plate design should
be compatible with the MZFR handling system and that the bundle
length and diameter remain the same.

An extensive design study concluded that a 28 element array
as illustrated in Figure C-14 would meet the power requirements.
Additionally, it increased the Uranium content by 17% and
decreased the Zircaloy by 13%. The design used 6 planes of brazed
spacers to accomplish the element spacing. Zircaloy bands were
also used at the spacer planes to overcome the inherent flexibility
of the assembly. To allow for differential expansion, the outer
ring of elements were pinned to both end plates while the inner
elements were hot upset welded to the upper end plate leaving
their lower ends free to slide in the bottom end plate. The
inner element bands were tack welded to a spacer pad (Figure
C-15) and the outer element bands were located between spacers
and tightened by sinking the bands "in situ" (Figure C-16).

The pellets? fabricated to 97% theoretical density, the
brazing of the spacers, and the resistance welded end caps, all
used basic technology developed for CANDU.

The end cap weld preparation was the same as that used for
CANDU production. However, the end caps and tubing were a
different diameter and slightly more massive. In this particular
instance process control sampling was set at k times the usual
frequency for CANDU.
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The sampling plan went well, but, the real proof of the
success of any plan is the actual performance. All ten bundles,
recently removed from the reactor, survived irradiation without
a single defect. The four enriched bundles achieved their design
burnup of 12,000 MWd/TeU and the natural over 8000 MWd/TeU. The
fuel management scheme involved zone to zone transfers and inver-
sions. Some of the bundles were in a high flux region near the
end of their life and therefore received a significant power
boost.

5. QUALITY METHODS

While the inspection and test plans developed for CANDU are
based on large volume fuel production, the jobs discussed in
this paper are quite small, so in some instances"changes to the
plans were necessary to achieve the same degree of quality
assurance. In the areas of non-destructive testing this can
readily be accomplished by say 100% inspection of all features.
This is virtually impossible where destructive testing is carried
out.

For small or large quantity production, quality assurance for
destructively tested features such as end cap welding is generated
from process sampling. In small jobs, production must be
preceded by a thorough process qualification to establish where
the process !>es relative to specifications. Sample frequency
and levels during and after production are based on the qualifica-
tion result. The actual sample sizes for initial qualification is
a matter of experience and the interpretation of prior test results.
The confidence in predetermined limits can be calculated from the
qualification - the narrower the dispersion of results the higher
the confidence.

It is easy to give the impression that a quality product comes
entirely from the application of standards. Yet we all know that
some plans and some organizations are more successful than others;
success being not only how well the customer is pleased but how
profitable the organization is on the whole. Organizations can
be likened to orchestras, all having acess to the same music,
musical instruments and trained musicians. But it takes time for
an orchestra to mature and strong leadership for it to become
great. Small jobs are like special pieces played by the orchestra
demanding the most experienced performers. In all of these jobs
we used our best people working in special teams.

6. CONCLUDING REMARKS

There can be no doubt about the quality of CANDU fuel and
the effectiveness of the systems for quality assurance. The defect
rate given in Part 'A' speaks for itself.

Each year the base of experience broadens. For example,
in 1979 Canadian industry will produce in total approximately
9 million brazed joints and 3.5 million end cap welds.
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The character of manufacturing equipment is also changing
very rapidly with advances in machine control technology, such
as microprocessors. Five years ago it was generally accepted
that welding both ends of a fuel element including gas filling
would take about one minute. Today, the same operation can be
done in 10 seconds - and with a greater assurance of quality.
Similar advances have taken place or are imminent on other
processes.

Canadian fabrication and design capabilities are unique -
but as demonstrated, they can also be applied effectively to
other fuel concepts.
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FIGURE C-1 RESISTANCE BRAZING OF "THREE FIXED PLANE" BUNDLE
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FIGURE C-2 TACK WELDING OPERATION

FIGURE C-3 GENERAL VIEW OF THE BRAZING OPERATION



5
a>
m
o

CD

5
S
o

o

I
I
D

3
m

om
3

Removable Cobalt Rod

GZiihwmmmm ••• ••: * •

.5625" diameter

o
S
+ i
CO

a

^
Upper Tie Plate

5.00" Ref.

mum

Fuel Rod T
70" Active Fuel Length

-¥

• ' : .•• ; t = t i

AC

7/_

Spacer, Typical of Three

83.98"

fro

,2 1/4"».

Lower Tie Plate



- C-11 -

FIGURE C-5 BIG ROCK POINT — BRAZED CONCEPT
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FIGURE C-6 BRAZED CONCEPT - GRID AND SPACER ARRANGEMENT
- BIG ROCK POINT

FIGURE C-7 SIMPLE BRAZED GRID — BIG ROCK POINT
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FIGURE O8 SECTION THROUGH END CAP WELD

FIGURE C-9 SECTION THROUGH BRAZED JOINT
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FIGURE C-10 BIG ROCK POINT — ELEMENT AND GRID ASSEMBLY OPERATION

FIGURE C-11 ATTACHMENT OF UPPER TIE PLATE TO BIG ROCK POINT ASSEMBLY
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FIGURE C-12 BIG ROCK POINT FINISHED BUNDLE
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SECTION 'A-A'

G

FIGURE C-13 37 ELEMENT MZFR FUEL BUNDLE SIEMENS DESIGN
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FIGURE C-14 28 ELEMENT MZFR FUEL BUNDLE WESTINGHOUSE CANADA LTD. DESIGN
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FIGURE C-15 DETAILS OF BRAZED SPACERS

FIGURE C-16 BANDS USED TO OVERCOME INHERENT FLEXIBILITY OF THE MZFR ASSEMBLY
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