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PREFACE

The Third International Conference on CANDU fuel held at Pembroke was an unqualified
success, due primarily to the excellent response from a wide cross-section of the fuel
community and another strong International representation. Over 90 people attended from
eight countries, including Korea, Romania, Argentina, India, Japan, the United Kingdom, the
United States, and of course, Canada. As with the previous Conferences held in 1986 and
1989, this Conference was sponsored by the Canadian Nuclear Society (CNS) and hosted by
the Chalk River Branch of the CNS.
These proceedings contain full texts of all 49 papers from the ten sessions of the Conference,
and from the banquet address presented by Dr. C. J. Allan on "The AECL Concept for
Disposal of Nuclear Fuel Waste and the Importance of its Implementation". They therefore
represent the state-of-the-art in the following CANDU fuel technology topics: National
CANDU fuel programs; fuel behaviour under normal and abnormal operating conditions;
fuel modelling, design, testing, manufacturing, and handling at stations; spent fuel
management; the Darlington fuel examinations; and advanced CANDU fuel cycles. We
believe that these proceedings will provide a useful and up-to-date reference for these aspects
of CANDU fuel technology.
Participant's feedback concerning this Conference series was solicited through a postConference survey. On the basis of this response, and recognizing that both the pace and the
number of International initiatives in CANDU fuel development are increasing, it is proposed
that the Fourth International Conference on CANDU Fuel be held in 1994, again in the
Pembroke/Chalk River area.
Our thanks to all the members of the Organizing Committee for their outstanding efforts in
the planning and operation of this conference, but more particularly, to all of the paper
presenters and participants who made this Conference such a great success.
We look forward *o seeing you in 1994!

Peter G. Boczar
Program Chairman

Dr. Paul J. Fehrenbach
Conference Chairman

Banquet Head Table Guests:

Dr Colin Allan; Vice-Pf >sident. Environmental and Waste Management, AECl.-WL
Dr. Paul Fehrenbach; Director. Advanced Reactor Development, AECL-CRL (Conference Chair)
Dr Ho-Chun Suk. Head. Nuclear Fuels Division, KAERI, Korea

Joseph Lau; Supervising Design Engineer, Fuel and Source Terms, Ontario Hydro
Dr. Constantin Georghiu; Scientilic Deputy Director, Institute ot Nuclear Research, Romania
Dr. K Balaramamoorthy; Chief Executive, Nuclear Fuel Complex, India
Peter Boczar; Manager, Fuel Materials Branch, AECL-CflL (Program Chair)
Raul Olezza, Division Head, Nuclear Fuel Supply, CNEA. Argentina
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NUCLEAR FUEL FABRICATION IN ROHANIA
Constantin A. Galeriu, Axente Pascu
Nuclear Fuel Plant
Pitesti, Romania
ABSTRACT
The fabrication of Zircaloy-clad-U02 fuel became intensive after the
Institute for Nuclear Technology, Pitesti, was established, in 1971.
Nuclear fuel fabrication vent through the following steps:
laboratory research and studies;
development of equipment and technology;
experimental fuel fabrication and testing in the reactors MZFR in
Germany, BR2 in Belgium, NRU in Canada and MTR in Romania;
fabrication of 37-element CANDU* fuel at pilot-plant scale;
qualification of manufacturing processes;
industrial scale fabrication of 33 000 CANDU fuel bundles.
In parallel with fabrication development, in Pitesti the necessary
experimental facilities include a 14 MW Material Testing Reactor (TRIGAtype) with related hot cells, test-stands for CANDU-type bundles, and
analyses and control laboratories. At present, the fabrication line is
being .'ydated in order to be qualified and authorized by AECL as a CANDU
fuel supplier; this action will ensure the first fuel loading for Unit 1 of
the Cernavoda Nuclear Power Station.
INTRODUCTION
:In Romania, intensive research on CANDU fuel began in 1971 when the
Institute for Nuclear Technology was established (later named the Institute
for Nuclear Power Reactor); the institute was founded to sustain Romania's
nuclear power program.
For five years, the center of the institute was in Bucharest - Magurele,
together with the Institute for Atomic Physics (IFA).
The installation of the new center near Pitesti-Colibasi, about 130 km
northwest of Bucharest, started in 1975. In 1977, most of the personnel
moved to Pitesti.
*CANDU - CANada Deuterium Uranium, registered trademark
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To commence a nuclear research program, a TRIGA-type reactor was provided,
having irradiation facilities for fuel testing, including hot cells. The
test reactor was ready for operation in 1979. Five years later, hot cells
with French equipment were licensed.
Meanwhile, an important effort for process development, design and equipment
fabrication permittee a fuel pilot-plant to be put into operation. A number
of fuel bundles were fabricated after 1980, when the pilot plant was
commissioned, to obtain experience and make improvements needed for
commercial fabrication.
In 1985, after preliminary results, large-scale fuel fabrication began.
Until 1990, the Institute for Nuclear Power Reactors reported to the State
Committee for Nuclear Energy. Afterwards, re-named the Institute for
Nuclear Research, it was transferred to the Romanian Electricity Authority
(RENEL). At the same time, the reactor design activity was separated and
organized into the Institute for Power Studies and Design, also under
RENEL's authority.
Since 1992 February fuel fabrication has been organized as an independent
unit, named the Nuclear Fuel Plant (NFP). The organization of the NFP is
shown in Figure 1. Modifications will probably take place for
qualification, according to AECL/ZPI (Zircatec Precision Industries)
recommendations.

FABRICATION AND TESTING OF EXPERIMENTAL FUEL
The first research for nuclear fuel technology was performed in 1968 at IFA,
the effort being focussed on U02 pellet fabrication and Zircaloy welding.
Starting in 1972, the research activity took advantage of the IAEA-UNDP
project for Romania, named "Development of Nuclear Technology in Romania".
The scientific and financial support led to the successful fabrication of a
number of fuel rods for irradiation tests.
From the beginning, we used as a reference model the Pickering fuel: the
first experimental fuel elements were fabricated to have an outer diameter
of 15.2 mm.
At that time much value was placed on using irradiation tests to prove the
feasibility of successful fuel performance. The Pickering-size fuel
elements were tested in the BR-2 Mol reactor in Belgiuiu, and in the MZFR
reactor in Karlsruhe, Germany [1,2].
When the preference for CANDU-6 became evident, we made adjustments to be
able to manufacture fuel elements of 13.08 mm O.D. and to produce assembled
bundles.
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For U02 pellets, as well as dimensional changes, the work was focused on
improving structural homogeneity, integrity and resistance during
manipulation.
The first relevant results regarding our capability to manufacture CANDU-6
type fuel were those obtained vith the irradiation tests performed in NRU at
Chalk. River Laboratories, Canada, in 1982-1983. The irradiation tests in
NRU used a power history given by AECL, covering power ramp and overpower
conditions. The fuel elements were manufactured using the normal
fabrication processes. However, the testing conditions required the use of
enriched U02 fuel and small differences in the fuel-element geometry.
Consequently, the U02 pellets were fabricated on a laboratory scale, but
they preserved the basic fabrication parameters. For the coordinating body,
the favorable results obtained from these tests represented a very strong
argument in favour of using indigenous methods for fuel production.
Irradiation testing continued in the TRIGA reactor, aimed at obtaining more
consistent data on fuel performance in a power reactor. Although the
possibilities of simultaneous irradiation in TRIGA a^e reduced by careful
scheduling, we obtained useful irradiation data with which to verify the
technology and confirm the predicted behaviour. Special attention was paid
to fuel behaviour in power ramp conditions. For the test conditions, ve
referred to CANDU fuelograms. The tests showed that the fuel had a good
capacity to withstand power changes. A number of experimental fuel rods
were used for other tests, as discussed in the paper, "Irradiation Test
Programme Aimed to Check Ronanian Nuclear Fuel Behaviour", presented at this
conference.

LARGE-SCALE FABRICATION OF CAHDU-6 FUEL
In the 1980's, the governmental programme for nuclear energy in Romania was
quite impressive and ambitious; it included fuel fabrication for all reactor
units, even for the first charge. However, the bilateral arrangements for
nuclear fuel technology transfer from Canada to Romania were inconsistent
with Romanian objectives. As is now well known, the fuel technology
development was achieved without Canadian support.
Technical Documentation
Starting with the data transmitted by AECL CANDU, and using limited openliterature information, we developed a set of documents necessary for the
initiation stage and for production. These consisted of reports, specifications and product drawings, quality assurance (QA) docnments, and procedures
for fabrication and quality control (QC), which were used until 1990.
AECL. and ZPI representatives visited Pitesti-NFP and noted many differences
relative to Canadian practice. For example, the QA program lacked
sufficient preventative and corrective actions.
Because the production plan had been so intensive, it was difficult to
introduce changes to improve the fuel fabrication system. Another important
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factor that helped perpetuate the system was the lack of well-defined fuelprocuring requirements and practices.
Equipment
Most of the equipment was preserved as it was used in the pilot-plant stage,
when we produced small quantities of fuel; it was gradually adapted for
production.
The capacity of the facility for U02 powder fabrication in the pilot plant
was about. 30 tU/a, too small for a production plant. A new factory for U0 2
fabrication was installed near Feldioara, about 30 km west of Brasov. Our
experience was transferred to that plant- Considerably improved U02 povder
was obtained in lots of higher weight, according to production needs.
Presently, the U02 powder shop, which is in the same building but separate
from the pellet fabrication area, is being reconditioned. This facility
will be used for U0 2 scrap recycling. Improvements are necessary for some
operations, such as the ADU-drying process, powder homogenization, and the
process control system.
For pellet fabrication, we established good co-operation with industry and
with the mechanical shop at the Institute of Nuclear Research. Among the
most important results of this co-operation were the installation of:
a pelletizing press with hydraulic compensation for 5 pellets per
sequence,
centerless grinding machines,
a high-capacity sintering furnace, and
machines for pellet tapering.
Similarly, some of the assembly equipment included:
a furnace for graphite coating,
a beryllium coating device,
a brazing furnace with 20 positions,
a machine for mechanical processing,
welding machines for spacers and bearing pads, and
washing and cleaning devices for components and finished fuel bundles.
Initial Stages of Fabrication
The assembly of small quantities of fuel bundles commenced in 1977. Until
1983, various lots of fuel bundles were fabricated [3], partly to verify
different improvements to line capability. This activity was sustained to
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check equipment reliability, to train personnel for production and to verify
the fabrication system, including QA efficiency. The fuel bundles used for
the out-of-pile tests vere selected from the fuel produced before 1984.
Out of Pile Tests
A special high-pressure loop was installed at Pitesti, which was built with
experimental facilities, to perform the out-of-pile tests, according to an
AECL specification. Between 1983 and 1985, all specified out-of-pile tests
were completed.
The testing programme included resistance, impact, wear, pressure drop and
endurance tests. Seismic tests vere also conducted, according tc the
requirements of the Romanian regulatory body, CNCAN.
The results obtained vere quite encouraging.
No abnormal results were recorded and the acceptance criteria were
fulfilled. Later, the testing conditions were extended, part of the tests
being performed in more severe conditions or in a more complex regims.
Previously tested fuel bundles were exposed to higher axial loads, complex
seismic conditions and/or a longer test duration.
Our conclusion is that the as-fabricated fuel bundles may support a more
severe regime than that specified by AECL CANDU.
Unfortunately, the compatibility test remains incomplete until the test
programme on the fuelling machine head, which is stored in Pitesti, is
conducted.
Licensing of Fuel Fabrication
The licensing authority was the former State Committee for Nuclear Energy,
now abolished. For licensing the fuel production line, a procedure based on
Romanian legislation was applied, with specific requirements imposed by
Romanian QA standards, which are similar to CSA Z299.
The requirements for licensing referenced the:
documentation basis;
internal equipment and process qualification;
irradiation and out-of-pile testing results;
acceptance of the QA System and Inspection and Test Plan by CNCAN (the
regulatory body), and by Cernavoda Nuclear Pover Station (the
customer); and
compliance vith the legislation.
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Large-Scale Fabrication
The industrial production, based on the preliminary activity, began in 1984.
At that time, only about half of the endurance tests had been finished.
Later, in 1985, acceptable endurance behaviour was confirmed.
Until 1990, intensive production of CANDU-6 nuclear fuel was maintained, as
shown in Figure 2.
Over the same period, a number of experimental fuel elements were
fabricated, most of them destined for power-ramp tests. Their behaviour was
satisfactory, even though the test conditions were quite severe, as shown in
Figure 3.
The fabricated nuclear fuel is stored at Pitesti under IAEA safeguards
control.
Present Situation
In 1990 June, fuel production was stopped and preparatory negotiations were
initiated with AECL and ZPI, whose tasks were:
qualification of the fabrication line and certification of the Pitesti
Nuclear Fuel Plant as a CANDU-6 fuel supplier, and
evaluation of stored fuel to determine the possibility of using,
repairing or reworking it.
In the meantime, personnel activity was differentiated according to skill
level. The operators were involved in plant cleaning, equipment maintenance
and improvement of working conditions. Some of the operators worked for a
time on uranium recovery from different wastes accumulated during
production.
Skilled staff revised and originated documentation, such as product
specification or qualification plans, which were not used before in our
system.
Training courses were organized for most of our personnel. To facil* "\te
the evaluation work, the fabrication and quality control data have bv-^n
computerized.
Negotiations concerning the qualification programme are going well. The
work will be achieved as outlined in the paper, "Qualification of FCN as a
Supplier of CANDU Power Reactor Fuel", to be presented at this conference.
CONCLUSIONS
The organized efforts in Romania for nuclear fuel fabrication were commenced
to assure the domestic fabrication of fuel for the Cernavoda Nuclear Power
Station. The results are remarkable.
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Future work, to be carried out in collaboration with AECL and ZPI, has as
its prime objective the qualification and certification of the Pitesti
Nuclear Fuel Plant as a CANDU-6 fuel supplier. We intend to extend the work
to an evaluation of CANDU fuel fabricated up to the present and stored at
Pitesti.
A decision regarding the first fuel charge for Cernavoda Unit 1 will be made
after qualification.

REFERENCES
[1] ANDREESCU, N., ALECU, M. and MIRION, I., "Some Aspects of the
Implementation of a Nuclear Technology Project IAEA-CN-36/456", Vienna
1977.
[2] GHEATA, V., GALERIU, A.C., DOBOS, I. and GLODEANU, F., "Experience
Gained in the Fabrication of Experimental Fuel Rods with Natural
Uranium and Zircaloy-4 Cladding for Irradiation Experiments", IAEA-SM233/41, Vienna, 1979.
[3] ANDREESCU, N., ALECU, M., PASCU, A. and MIRION, T ., "Present Status and
Development of the Romanian Fuel Project", IAEA-CN-42/412, Vienna,
1983.
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KOREA'S EXPERIENCE AND PROGRAM
ON CANDU FUEL R & D AND FABRICATION
H. C. Suk and S. H. Jung
Korea Atomic Energy Research Institute
Daejeon, Korea
ABSTRACT
In Korea, KAERI has commercially produced, up to May 1992, just more
than 20,000 fuel bundles for use in Wolsong Unit 1 power reactor since 198V
after his successful development of CANDU 37 element bundle from 1981 to
1986.
Up to now, about 15, 000 fuel bundles has been irradiated in the
Wolsong reactor and almost all of them have made good performances. KAERI
expects to do the transfer of his commercial fuel production pogram to KNFC
from 1995 since KAERI is an public organiztion to do R & D program on
atomic energy in Korea. KNFC now is in preparation of CANDU fuel
fabrication plant with a capacity of 400 tens of uranium per year.
As the current CANDU fuel R & D program in Korea, the CANFLEX fuel is
being developed jointly by AECL and KAERI to provide a fuel bundle format
that is more appropriate to the specific needs of CANDU advanced fuel cycles
than the current 37-element bundle which is used in Wolsong, Bruce and
Darlington reactors operating with natural uranium. As the CANDU advanced
fuel cycles, a feasibility study on DUPIC fuel is being carried out jointly by
KAERI, AECL and DOE. KAERI expects that these R & D programs will be
successfully completed as their goals because the R & D programs and funds
have been established under an approval of Korea Atomic Energy Committee in
June 1992.
1. INTRODUCTION
In Korea, nine nuclear power plants, 8 PWRs and 1 CANDU-PHWR, are
now in operation with a total installed generation capacity of 7,616 MWe, which
accounts for about 36 % of the domestic installed generation capacity in Korea,
since the country has begun its first commercial operation of nuclear power
plant, Kori Unit 1, in 1978.
During the past several years, these nucler
power plants has taken annual charge of around 50 percent of total generation of
electric power in Korea.
In addition, five nuclear power plants , 4 PWRs and 1 CANDU-PHWR, are
under construction in Korea . Consequently, Korea will operate 14 nuclear
power plants with the total capacity of about 12,300 MWe by the 2000 year as
shown in Table 1-1.
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Following the Korea's expected economical growth and energy consumption
increase for the future, the nuclear program will remain in the comming 30
years at least as significiant as it is today. Beside the new units already
decided, Korea tentatively planned the construction of 13 additional units, 5
PHWRs and 8 PWRs for a start-up between 1,999 and 2,006 and would
decommission Kori unit 1 in 2,004, as shown in Table 1-2. At the time of 2006
years, 7 PHWRs and 19 PWRs will be operated in Korea.
Along with the active nuclear power program, the development of nuclear
fuel technology has been carried out as a part of the localization of the fuel cycle
technology in Korea. In this regard, the Korea of today successfully produces
the commercial fuel for both CANDU-PHWR and PWRs. The commercial
CANDU fuel have been produced by KAERKKorea Atomic Energy Research
Institute) which had facilitated the fuel fabrication plant by expanding his
research facility of CANDU fuel for mass production with the domestically
developed fuel technology. The commercial PWR fuel has been produced by
KNFC(Korea Nuclear Fuel Company) which had constructed the fuei fabrication
plant in cooperation with Siemens-KWU, Germany.
In this paper, it will describe the Korea's experience and current program
on CANDU fuel development and then will summary them in connection with
the Korea's nuclear power program as mentioned above.
2. DEVELOPMENT AND FABRICATION OF CANDU 37-ELEMENT FUEL
BUNDLE
Since late period of 1970s, nuclear fuel design and fabrication technology
has been engaged as one of the important KAERI R & D activities.
As the
first one of R & D activities led to the nuclear power industrializations in Korea,
KAERI begun the project to develop the design and fabrication technology of
CANDU fuel in 1981 and succeeded in the production of the prototype fuel
bundles in 1983. In 1981 and 1982, a Hot Test Loop facility first designed and
constructed for the hydraulic tests of CANDU fuel bundles with KAERI's
own manpower and technology.
In 1983 and 1984, KAERI performed a series of out-of-reactor tests to
evaluate and guarantee the performance and safety of the KAERI's prototype
fuel bundles and also to show the compatibility of the fuel bundles with CANUD6 reactor's design. At this period, KAERI successfully completed the pressure
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drop test, strength test, impact test, cross flow test and endurance test for the
KAERI's prototype fuel bundles using the CANDU Hot Test Loop, where the
test and evaluation methods were very conservative. All the out-of-reactor test
results indicated that the KAERI's prototype fuel bundles were not only met
for the CANDU-6 reactor's hydraulic requirements, but also compatible with
the primary heat transport system and fuel handling system.
Keeping abreast with the development of the CANDU Hot Test Loop, in
1982, KAERI made an Fuel Verification Agreement with AECL to do the
in-reactor performance test of KAERI's prototype fuel bundles under CANDU-6
reactor condition.
During the years of 1983 and 1984, two KAERI made fuel
bundles were irradiated in the U2C loop of NRU n actor and examined at Chalk
River Hot Cell Laboratory under the Fuel Verification Agreement. One of the
bundles was filled with 1.58 % slightly enriched uranium dioxide pellets, and
the other was assembled with natural uranium dioxide pellets. As the results
of this in-reactor test, AECL and KAERI experts jointly concluded that the
bundles performed similarly to Canadian made fuel subjected to the same power
history since no significant deviation from normal irradiated CANDU fuel were
revealed by surpassing their target burnups.
Consequently, these results of out-of-reactor and in-reactor tests led to do
irradiation test of KAERI made fuel bundles in a commercial power reactor. In
1984 and 1985, 48 KAERI made fuel bundles had been loaded in Wolsong Unit
1 power reactor and were discharged after successful performance satisfying
the discharge burnup and power output requirements without showing any
defects. This successful irradiation demonstration of the prototype CANDU-6
fuel bundles in the commercial reactor made to decide commercial scale
production of CANDU fuel in KAERI. In 1986, KAERI fabricated 360 fuel
bundles and also expanded the production capacity of the research facility to do
commercial scale production of CANDU-6 fuel bundles for Wolsong Unit 1 power
reactor from 1987. Since 1983 as the year of the first irradiation in Wolsong
Unit 1 power reactor, KAERI has supplied just more than 20,000 CANDU-6
fuel bundles to Wolsong reactor up to May, 1992. About 15,000 fuel bundles of
them has been loaded in the reactor. Reviewing the KAERI made CANDU-6
fuel bundles discharged from Wolsong Unit 1 reactor, the average and
maximum discharge burnups were around 7200 MWd/MTU and about 9400
MWd/MTU, respectively.
The average and maximum dwelling times were
around 265 FPD and about 570 FPD, respectively.
The maximum power of
the bundles was about 900 kW. Under these irradiation conditions of KAERI
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made CANDU-6 fuel bundles in Wolsong reactor, only a few defective bundles
seem to be happened. Considering its short manufacturing experience, the
performance of fuel have been outstanding.
In the course of the commercial production of CANDU-6 fuel bundles from
1987, KAERI has improved the design and fabrication of 37-element bundle
components such as end pellets and bearing pad. However, due to only one
CANDU reactor operation in Korea, KAERI has not facilitated full automatic
equipment in the commercial fuel fabrication plant as much as Canadian
CANDU fuel manufacturers. But, early in this year, KAERI made a contract
with KEPCCKKorea Electric Power Company) to supply CANDU-6 fuel bundles
of 360 ton-uranium to Wolsong Unit 1 power reactor from 1992 to 1995 where
the production capacity of KAERI's CANDU fuel fabrication plant is 100 ton?
per year as an uranium weight base.
At this time, it must be noted that Korea will have additional CANDU
PHWRs as metioned in the Introduction.
That is, KEPCO will have
Wolsong Unit 2 which is now under construction, and is also in negotiation
with AECL to construct Wolsong 3 and 4 units as KNU # 15 and 16
respectively . Consequently, as an uranium weight basis, about 400 tons per
year will be required by the 2000 years. Additional notes are that, in Korea,
KAERI is a public organization to do the atomic energy research and
development and KNFC is commercial fuel production company as in operation.
Therefore, Korea's nuclear industrial community included Korean Government
has discussed the commercial project of KAERI's CANDU fuel production to be
transferred from KAERI to KNFC. Now, KNFC is in preparation of CANDU
fuel fabrication plant with a capacity of 400 tons of uranum per year in order to
supply the fuel to Wolsong site's CANDU reactors , say, from 1996. For this
project, KAERI gives the technical assistance to KNFC.
3. CURRENT STATUS OF CANDU FUEL R & D IN KOREA
Just after the successful completion of the CANDU fuel R & D in 1987,
KAERI has developed a CANDU-6 advanced fuel to improve reactor safety and
fuel economy in comparision with the current fuel.
KAERI expanded this
domestic R & D program into an international program, "KAERI/AECL Joint
CANFLEX Development Program , since Febuary 1991. That is, the
CANFLEX(CANdu FLEXible) fuel bundle is being developed jointly by AECL
and KAERI to provide a fuel bundle format that is more appropriate to the
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specific needs of CANDU advanced fuel cycles than the current 37-element
bundle which is used in the Wolsong, Bruce and Darlington reactors operating
with natural uranium. In this paper, the status of KAERI/AECL Joint
CANFLEX Development Program will not discuss in more detail because AECL
Coordinator in the Progam will present the Joint Program in this Conference
But it woud be worth to mention shortly that the use of CANFLEX fuel will
reduce the peak heat ratings for a given bundle power, provide better fuel
performance at the higher burnups, and provide greater flexibility of fuel rod
internal design through the use of natural or slightly enriched uranium or
other advanced fuel cycles for optimization of uranium supply-demand
imbalance in the future.
In connection with CANDU fuel R & D in KAERI, it is noted that a study on
CANDU advanced fuel cycles is desirable to provide synergism with LWRs
because Korea is only the country in operation of both types, light and heavy
water reactors. Therefore, a feasibility study on "DUPIC(Direct Use of spent
PWRs fuel In CANDU) fuel " is being carried out jointly by Korea, Canada
and USA.
KAERI expects these R & D programs to be successfully completed as their
goals because the R & D funds have been established under an intermediate
and long term atomic energy plan which was approved by Korea Atomic
Energy Committee in June 1992.
4. SUMMARY
As the first one of R & D activities led to the nuclear power
industrializations in Korea, KAERI had successfully developed the CANDU 37
element fuel in the period of 1981 to 1987 and, up to May 1992, has
commercially produced just more than 20,000 fuel bundles for use in Wolsung
Unit 1 power reactor since 1987. So far, the performance of KAERI made fuel
is so good, considering its short manufacturing experience. Consequently, it is
noted that the successful development of the CANDU fuel in KAERI has made
active localization of PWR fuel and NSSS design technology in KAERI since
1988.
Nowadays, PWR commercial fuel is being produced at KNFC,
provided by KAERI design and KAERI is being participated the NSSS design of
Young-Gwang Units 3 & 4 and Ulchin Unit 3 & 4 power plants .
So far,

KAERI as an atomic energy R & D organization in Korea has
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produced the commercial CANDU fuel. But, it is expected that KNFC as a
commercial fuel production comany in Korea will produce the fuel, say, from
1996 and now is in preparation of CANDU fuel fabrication plant with a capacity
of 400 tons of uranium per year.
As the current CANDU fuel R & D in Korea, the CANFLEX fuel is being
developed jointly by AECL and KAERI to provide a fuel bundle format that is
more appropriate to the specific needs of CANDU advanced fuel cycles than the
current 37-element bundle which is used in Wolsong, Bruce and Darlington
reactors operating with natural uranium. As the CANDU advanced fuel cycles,
a feasibility on DUPIC fuel is being carried out jointly by KAERI, AECL and
DOE.
KAERI expects that these R & D programs will be successfully
completed as their goals because the R & D programs and funds have been
established under an approval of Korea Atomic Energy Committee in June 1992.
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TABLE 1-1
CURRENT STATUS OF KOREA'S NUCLEAR POWER PLANTS (JUNE, 1992)

Reactor
Name(Unit No.)

Reactor Capacity
Type

(MWe)

Manufacturer

Commercial

Reactor

T/G

Operation*

Kori #1

PWR

587

WH

GEC

April, 1978

Kori #2

PWR

650

WH

GEC

July,

Kori #3

PWR

950

WH

GEC

Sept, 1985

Kori #4

PWR

950

WH

GEC

April, 1986

Wolsong # 1

PHWR

679

AECL

NEI/PARSONS

April, 1983

Wolsong # 2

PHWR

700

AECL

KHIC/GE

(June, 1997)

Young-Gwang # 1 PVR

950

WH

WH

Aug., 1986

Young-Gwang # 2 PWR

950

WH

WH

June, 1987

Young-Gwang # 3 PWR

1,000

KHIC/ABB-CE

KHIC/GE

(March, 1995)

Young-Gwang # 4 PWR

1,000

KHIC/ABB-CE

KHIC/GE

(March, 1996)

1983

Ulchin # 1

PWR

950

FRAMATOME ALSTHOM

Sept, 1988

Ulchii # 2

PWR

950

FR4MAT0ME ALSTHOM

Sept, 1989

Ulchin # 3

PWR

1,000

KHIC/ABB-CE

KHIC/GE

(June, 1998)

Ulchin # 4

PWR

1,000

KHIC/ABB-CE

KHIC/GE

(June, 1999)

*Dates in brackets are for reactors under construction.
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TABLE 1-2.
TENTATIVE PLANNED REACTORS UP TO 2006 IN KOREA

Capacity(MWe)

Commercial Operation

Reactor Name

Reactor Type

KNU#15

PHWR

700

June, 1998

KNU #16

PHWR

700

June, 1999

KNU #17

PWR

1,000

June, 2000

KNU #18

PWR

1.000

June, 2001

KNU #19

PHWR

700

June, 2002

KNU #20

PWR

1,000

June, 2002

KNU #21

PWR

1.000

June, 2003

KNU #22

PHWR

700

June, 2003

KNU # 2 3

PWR

1,000

Oct. 2003

KNU #24

PWR

1,000

June, 2004

KNU #25

PWR

1,000

June, 2005

KNU #26

PWR

1,000

June, 2006

KNU #27

PHWR

700

June, 2006

Kori Unit 1

PWR

587

2004
Decommissioning
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SELF-RELIANCE !N PHWR FUEL PRODUCTION

K.BALARAMAMOORTHY, U.C. GUPTA, N.P.S. KATIYAR,
T.S.KRISHNAN, P.S.A. NARAYANAN, R. NARAYANASWAMY,
B.P. PANDE, N.K. SINGH, R.N. JAYARAJ,
V.A. CHANDRAMOULI, A.K. SRIDHARAN, B. LAXMINARAYANA
Nuclear Fuel Complex
Department of Atomic EnergyGovernment of India
Hyderabad, India
ABSTRACT
Great emphasis on self-reliance and self-sufficiency in all
areas of nuclear technology has been the basic principle of
the Department of Atomic Energy,
Government of
India.
Consistent with this policy of the Department, work was taken
up simultaneously in different areas of 'nuclear fuel cycle 1 .
Based on the experience generated for designing and building
the fuel fabrication faciities to meet the needs of some
research reactors and other pilot plant scale experiments done
at BARC, Trombay, large scale fuel fabrication facilities were
designed and built and that is how Nuclear Fuel Complex (NFC)
came into existence: at Hyderabad in the early 70s.
NFC is an
integrated facility for production of PHWR and BWR fuel
assemblies, zircaloy tubing and hardware requirements, and
structural components such as calandria tubes and pressure
tubes required for the reactors.
NFC has been producing,
since two decades, fuel bundles/assemblies both for PHWRs and
BWRs.
To-date, so far 85,000 numbers of PHWR fuel bundles
have been fabricated and supplied to different nuclear power
stations in the country.
It also has been our endeavour to
keep in tune with the requirements of operating stations and
the advances taking place both in the process technologies and
quality assurance practices.
In order to meet the envisaged
nuclear power generation capacity, NFC has recently embarked
on
various expansion programmes for both the fuel and
zirconium alloy components.
The process developments in UO2
powder production,
characterisation results,
the phased
introduction of changes in the production line and some
details on the fuel assembly operations have been dealt with
in the paper.
Owing to the peculiar difficulties faced in getting some
of
the
equipments
from
other
advanced
countries,
indigenization efforts had to be stepped up in NFC on warfooting with the objective of meeting the delivery schedules
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of fabricated components of assemblies.
The paper brings out
these efforts which culiminated in the manufacture of some
critical equipment not only within NFC but also with the help
of other Indian industries.
This has given tremendous
confidence in self-reliance for meeting the project schedules.
The paper also deals with the additional QA/QC procedures
that are adapted to improve further the confidence level in
the quality of the fuel and other components fabricated and
supplied for reactor use.
Areas of work planned for further
improvements in design,
fabrication and quality control
methods have also been briefly dealt with in the paper.
1.0.INTRODUCTION:
The emphasis on self-reliance/ self-sufficiency and excellence
in all areas of nuclear technology has been the hallmark of
the Dept. of Atomic Energy, Government of India. Consistent
with this policy,
work was taken up simultaneously in
different
areas of nuclear fuel cycle.
Based on the
experience generated for designing and building the fuel
fabrication faciities to meet the needs of research reactors
and based on pilot plant experiments done on uranium oxide
production etc. at BARC/ Bombay, large scale fuel fabrication
facilities for meeting the needs of nuclear power reactors
were designed and built. That is how the Nuclear Fuel Complex
(NFC) came into existence at Hyderabad in the earlier 70s.
NFC is an integrated faciity consisting of uranium and
zirconium streams spread over several plants for producing
fuel for PHWR and BWR.
Reactor core structural components
such as calandria tubes, pressure tubes, flow tubes, garter
springs and other zircaloy hardware are also supplied for
PHWRs from NFC.
It is realised that any technology has to be
dynamic and flexible enough to allow for improvement and
updating in a continuous manner.
The fuel fabrication
technology is no exception to this and NFC has been fortunate
enough to have a core of dedicated engineers, technologists
and scientists to continuously shoulder responsibilities for
execution
of
the tasks and to improve not only
the
technological
aspects but also the equipment that
are
necessary in the production of nuclear fuel. There has been a
constant endeavour leading to the advances taking place both
in
the the process technologies and quality
assurance
practices.

2.0.PROCESS IMPROVEMENTS AND AUGMENTATION:
Details regarding PHWR fuel production have already been
given in the papers presented in the first and second
International Conferences held on CANDU fuel. In order to keep
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pace with the nuclear power programme, progressive increase in
the capacity of fuel fabrication facilities has become a
necessityFor meeting the fuel requirements of PHWRs,
concerted plans had been drawn taking into account the
immediate
and the future requirements •
The
former
necessitated che augmentation of the existing plants to the
maximum possible extent and the latter required long term plan
of constructing new modular plants for scaled-up production.
For immediate necessity, since new facilities would require
considerable time and money, the existing plants both for the
oxide production and the fuel assembly fabrication have been
augmented. For implementation of the above scheme, following
aspects have been critically studied, assessed and work is
executed.
a)

The processes followed at all stages are stable
enough to ensure reproduceability and consistency of
the product at a reasonable price.

b)

Increase in percentage of
recycles to a minimum.

c)

Achievement of the augmented capacity with least
disturbances to the existing layout and without loss
of production.

d)

High capacity machines wherever possible are to
introduced
having reliability with respect
quality and quantity of output.

recovery and keeping the

Fig.
1
briefly highlights the work
improvements have been put into practice.

areas

be
to

wherein

2.1.Powder Production
In the powder production plant, extensive process changes
and improvements have been made in the last few years enabling
the plant to go to a level of highly consistent production.
In the same plant it has become possible to increase the
production almost by three times in stages without much
disruption of operations.
From
the indepth studies carried out on
continuous
precipitation, which was used over the years and the batch
precipitation process developed, it is of our firm opinion
that the batch precipitation carried out close to equilibrium
conditions can only give a more consistently reproduceable UO2
powder resulting in sintered pellets of uniform high density
and homogenous microstructure.
Based on the experimental
results, pilot plant studies with 150 kg. batch size were
carried out on equilibrium precipitation conditions and the
precipitates were studied for their characteristics using DTA
and TGA studies.
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Process parameters such as feed rate/ temperature, time
etc. for calcination and reduction for large scale production
could well be established from the pilot plant trials and
studies and based on thermo gravometric analysis.
The
sintered pellets were found to be of high density and uniform
microstructure. Powder characteristics are thus kept in a
close range on a large scale production.
Based on the
encouraging and pilot plant studies/the scale-up to increased
batch size of about 500 to 600 kg. was taken up. For the
increased production, we had decided to go in for a totally
different concept of moving and stirred bed type reactor from
earlier band type to get more homogenous dry precipitate
coupled with a higher capacity. The turbo type drier equipment
was designed and later built indigenously through a reputed
Indian manufacturer. The layout was also elegantly designed
such that the precipitation, filtration through rotary type
filter and drying have become a production line set up and the
dried precipitate can be collected directly in standardized
bunkers
for further operation.
For the
calcination,
reduction and stabilisation operations, high capacity rotary
furnace equipment were specifically designed and installed.
These
equipment are totally interchangeable and are of
identical size.
Special type of gasket arrangement is
provided as sealing for hydrogen at high temperature.
All
these
equipment were designed for operation through
a
specially designed and built microprocessor controller.
The
powder produced by this newly installed production line has
been found to be highly consistent, reproduceable and of good
sinterable quality. Milling operation for grinding the hard
granules and blending operation for homcgenisation of powder
lots could also be avoided completely thus minimising the
airborne activity around the work stations. The acceptability
of the powder lots on sinterability test has been found to be
very high.

2.2.Compaction
In the precompacting presses, additional equipment has been
incorporated for the removal of fines after granulation so
that fines could be separated and recompacted.
Removal of
fines in the granulated powder has vastly improved the
integrity of the pellets in the final compaction stage.
Detailed studies such as compaction . force,
uniform and
controllable die-wall lubrication etc. at the final compaction
stage were undertaken and the remedial measures and frequent
monitoring have been .introduced.
To match with the increased
and consistent production of sinterable U02 powder, 12 plunger
compacting presses were installed replacing the earlier 4plunger compacting presses.
Introduction of several quality
measures at this stage has improved the quality and the
recovery in pellets due to early identification of defects at
the green stage itself.
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2.3 .Sintering
The productivity at the sintering stage could be increased
with the use of larger capacity and longer
furnace with
more
heating
zones and better temperature profile for sintering
compatible with the quality of the powder/ resulting in faster
pushing
interval
and loading of more pellets in each boat.
Due
to
high cost of
hydrogen
generation
equipment/
conventional
ammonia cracker is employed
for
sintering
atmosphere.

2.4.Fuel

Assembly

In order to improve the performance of fuel in reactors,
graphite coating technique on the inside surface of fuel tubes
has been productionised. A high capacity baking furnace
has
been designed and built indigenously to give adherent
coating
of graphite in the fuel tubes. End cleaning of tubes before
endcap welding has been given utmost attention in the process
and this has improved the end closure welding to a high degree
of confidence. With the introduction of parameter controls in
the welding equipment/ adoption of scooped zircaloy end plug,
and with more stringent quality control
measures/ the end
closure welding could be further improved in quality.
Our process of adding appendages namely the spacer
and
bearing
pads to the fuel elements by resistance welding
has
been well standardised now.
We have further improved
our
process
by automation and closer control
on
critical
parameters. This has helped in narrowing down the spread weld
strength values.
In addition we have eliminated pickling of welded
and
machined
fuel elements before appendage welding
without
sacrificing on weld quality.
This eliminates not only
the
harmful
fluoride coming into contact with zircaloy tubing but
also generation of fluoride effluents making the whole process
environment friendly.

3.0.ZIRCALOY

HARDWARE

All the zircaloy hardware required for fuel fabrication
tubing, appendages, endplugs, endplates - as well as
core
internals like coolant tubes, calandria tubes, garter springs/
flow tubes are fabricated in NFC. Based on inhouse technology
plants were set up for production of Zirconium oxide
from
Zircon sand. Reactor Grade Zirconium sponge/ Zirconium alloy
ingots/
extruded blanks, fuel tubes and other hardware.
Capacities of these plants have also been augmented in tune
with the requirements.
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4.0.STRINGENT QA MEASURES
The improvement
in the performance of fuel
and the
extension of life of the fuel in the reactors has
always
been uppermost in the minds of reactor operators. It is known
that the decrease
in the failure rate coupled with
the
increased life will give boost to the economics of a power
reactor.
In other words this would require a higher and
higher confidence level in the quality and integrity of the
fuel.
This/ as a corollary, would require a constant review
and upgrading of quality assurance measures during
the
manufacture of the fuel. This assumes greater importance to us
at NFC considering the scaled-up production in the fabrication
plants.
Some of the important and effective control measures
introduced/tightened at different stages are as follows:
a)

Control of fines in the granulated powder.

b)

Reduction
in the variation of density
in green
pellets, closely monitoring the die wall lubrication
and control on the integrity of green pellets.

c)

Modification and tightening of specifications
for
geometric dimension of compacting dies and plungers.

d)

Stricter
loading.

e)

Effective use of control charts for endcap welding.

f)

Stricter control on collet dimensions to match
tubes during the end plug welding operation.

g)

Better
control on the cleanliness of
elements
resulting in the eliminatin of pickling process.

h)

Decreasing
stages

i)

Leak testing of finished bundles both for coarse and
fine leaks.

control on cleanliness of

the

pellets

standard deviation in

all

before

the

welding

5.0.INDIGENISATION OF EQUIPMENT
Considering
the sensitive nature of fuel
fabrication
technology
and tightened regimen of international atmosphere
towards supply of equipment and processes for anything related
with nuclear facilities India had to go on its own
for
technology and equipment. Even though orders were placed with
different countries for supplying equipment, which were not
readily available in the country, the suppliers backed
out
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from the contractual obligations due to their own Governmental
regulations.
Even though this has delayed our programmes
somewhac, this has come as a blessing in disguise for raising
the level of our engineering industry.
Inhouse facilities of
NFC along with active support and cooperation from the
equipment manufacturers in the country have come together
rising to the occasion, for designing and fabricating some of
the critical equipment for the first time in the country.
With the experience gained in sintering operation, our
engineers were given the task of fabricating one large
capacity
sintering furnace.
This was successfully made
inhouse with all the control necessary and was put into
regular operation. This has encouraged us to pass on the
technology to the local manufacturers and already erection and
commissioning of two more furnaces are on hand.
Endcap welding machine is one of the special purpose
equipment required for welding of PHWR elements which has been
built with close interaction with the experts in automtion and
welding in the private sector.
The concept is slightly
different in this machine that both the ends of the element
are welded at different stations simultaneously.
Based on the experience gained in the prototype machine
fabricated inhouse for spacer pad
welding, several design
improvements including microprocessor controlled circuits were
introduced and fully automated machine has been developed and
productionised.
In Bearing pad welding machine 9 welds are
carried out at the same time in a totally automated fashion.
Some photographs o : the critical equipment that
was
designed, built, commissioned and in continuous use are given
in Fia.2 - 5.
6.0.SUMMARY
Sofar we have supplied about 85000 numbers of 19-eleroent
PHWR fuel assemblies to the reactors.
With the effective and
visible improvements incorporated in manufacturing, quality
assurance and reactor fuel management and operation, fuel
performance
in
different
power
reactors
has
been
satisfactory.
Requisite quantity of PHWR fuel bundles of 22element and 37-element have also been supplied.
The developmental efforts put in for process development
for manufacturing specific and special purpose equipment have
increased our confidence level in the fabrication of more
numbers of quality machines and quality products.
We have
moved
a
long way in self-sufficiency in process
and
engineering for manufacture of PHWR split spacer fuel bundles.
We, in NFC, are happy to mention that we are in a position to
design and fabricate the required equipment for fabrication
of finished fuel assemblies starting from concentrated ore.
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A. URANIUM OXIDE PRODUCTION
-

EQUILIBRIUM PRECIPITATION
PPT DRYING MECHANISM
ROTARY CALCINATION/REDUCTION/STABILISATION
AVOIDANCE OF MILLING AND BLENDING
IDENTIFICATION AND CONTROL OF ESSENTIAL QUALITY
REQUIREMENTS TO GET CONSISTENCY
* - WASHING OF PPT AND AVOIDANCE OF DRYING
* - COMBINED CALCINATION AND REDUCTION IN ONE UNIT
B. PELLETISING
* * -

MEANS OF DIE WALL LUBRICATION
MECHANISED PICKUP OF GREEN PELLETS
BOAT DESIGN FOR SINTERING
TEMPERATURE PROFILE IN FURNACE
AVOIDANCE OF PRECOMPACTION
MECHANISED LOADING OF PELLETS IN BOATS

C. ASSEMBLY
* * -

GRAPHITE COATING AND BAKING OF TUBES
SELECTION OF COLLETS TAILORED TO TUBE DIA
CLOSER CONTROL OF RESISTANCE WELDING PARAMETERS
ATTACHMENTS OF APPENDAGES BY OTHER TECHNIQUES
AVOIDANCE OF PICKLING OF ELEMENTS
MECHANISATION OF OPERATIONS
ELIMINATION OF BURR MILLING OF BEARING PADS

P. QUALITY CHECKS
* -

STATISTICAL CONTROLS FOR WELDS
WITNESS/CONTROL POINTS
HELIUM LEAK TESTING OF PHWR BUNDLES
NDE OF END CAP WELDS

*

Steps under
productionising

development/

FIG. I. PROCESS IMPROVEMENTS INCORPORATED/ONHAND
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FIG.2

URANIUM SLURRY EXTRACTION, PURIFICATION
SYSTEM DESIGNED AND BUILT AT NFC.

*<
FIG.3 INDIGENOUSLY BUILT AUTOMATIC END CAP
WELDING UNIT.

j
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FIG.4

FIG.5

INDIGENOUSLY BUILT AUTOMATIC SPACER
WELDING UNIT

IN-HOUSE BUILT AUTOMATIC BEARING PAD
WELDING UNIT, NINE WELDS AT A TIME.
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INDUSTRIAL APPROACH OF NUCLEAR FUEL CYCLE IN ARGENTINA
R.O. CIRIMELLO
R.L. OLEZZA
Comisidn Nacional de Energi'a Atomica (CNEA)
Argentina

ABSTRACT
lie status and trends of the front and back ends of nuclear fuel cycle in Argentina, including
lie necessary research and development support for the near future are described.
^fter several years devoted to developing and controlling the domestic technologies, since
|L989 the nuclear fuel cycle activities in Argentina have been reoriented towards an economic
bjective. In view of the depression in the world uranium market, plans for uranium
bxploration and mining were changed to: a) the evaluation of news areas with possibilities
for new technologies such as ''in situ" lixiviation; and b) the economical optimization of
rgentina's largest open-pit mine, Sierra Pintada, located in the Province of Mendoza. In
lining Sierra Pintada, priority was given to lowering costs raiher than the maximum
Efficiency in the recovery of reserves.
order to obtain a maximum added value in the industrial plant, it was decided to reconvert
present uranium concentration plant at San Rafael, Mendoza, into a complex including
[luclear purification and conversion to UO2. The present UO2 convertion plant, in Cordoba
Hity, will be prepared to process enriched UF6 and to back the system up.
tie low price of uranium in the spot market and the tremendous amount of material
egotiated in this market allow the country to produce the minimum quantity compatible with
iie production fixed cost while buying the rest in the world market.
industrial scale production of nuclear fuel bundles during the last two years, resulted in
reduction of the excellent in-reactor performance achieved in the previous smaller scale
•reduction and required a careful evaluation and corrective actions in the quality assurance
nd control system as well as in the manufacturing processes.
Tie total front end system will be optimized to meet the requirements of 300 tU/year when
he Atucha II power station begins operation.
Tie present influence of the nuclear fuel cycle cost in the cost of nucleoelectricity generation
s about 10 mills/kWh, while the future presence of Atucha II in the system will bring this
ost down to 7 mills/kWh. Light enrichment of the Atucha I and Embalse cores may decrease
his cost to 6 mills/kWh. This value is compatible with published international data taking
Into account the influence of the Atucha I fuel cost on the CANDU nuclear fuel cycle.
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INTRODUCTION
Argentina operates two natural uranium power stations: Atucha I and Embalse; a third one
in construction, Atucha II, is almost completed.
Atucha I, generates 364 MWe, is PHWR type, the same as Atucha II, which will generate
690 MWe.
Embalse is Candu-6 type.
Tiie Atomic Energy Commission of Argentina (CNEA), through the Nuclear Fuel Cycle
Division, defines the policy of the Nuclear Fuel Cycle, coordinates and follows up the
different, stages, from mineral prospxtion to delivering the fuel on the reactor's site,
including waste management, heavy water production and uranium enrichment.
The Nuclear Fuel Cycle Division is the CNEA's area resp> nsible of performing each one of
these stages, which operate by themselves or through associated enterprises.
In order to secure the domestic provision of nuclear fuel, as well as to cover the possibilities
to export, to optimize costs and to obtain the maximum participation, CNEA decided three
years ago to organize a nuclear fuel cycle area .

OBJECTIVES AND SCOPE
The manufacturing, design, production and supply capability for all the stages related to the
nixlear fuel cycle which had been developed during more than 30 years were available for
this purpose. An investment of approximately 400 millon dollars in research, development
and industrial plants, including the uranium enrichment technology, was done.
CNEA objectives in this undertaking comprises:

Reliability and autonomy in the supply:
Taking into account that the energy is an essential factor in the economic
development, the capacity to generate the resources and to control the quantities and
prices of such resources cannot be jeopardized.
Capacity of decision in the supply:
A country must have the capacity to decide when and how to produce the nuclear fuel
con^dmed by its own nuclear power stations and the convenience to import part of
that consumption, such as fuel bundles, or their main raw materials, uranium and
zircaloy materials.
Nuclear fuel supply at lower cost compatible with international prices and the
maintenance of its own production capacity:
Once the strategical necessity to maintain its own production capacity is defined, the
cost of the supply can be minimized, importing (if possible and cheaper) the
complementary quantity to guarantee the operation of its cwn production system.
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Technology control:
Technology is a "supply" as essential as uranium or zirconium and also the subject
of eventual international restrictions.
Technology optimization:
The need to replace technologies must be continuously balanced with the costs of that
renewal, as to maintain the resulting costs competitive.

ORGANIZATION AND PLANNING
The formation of the Nuclear Fuel Cycle Division required the study, discussion and
integration of different sectors of the existing organization, to conform a new productive
structure. Therefore, the following stages had to be covered:
*

Diagnosis:
It contemplated the determination of production costs, the technology state, the
industrial capacity, the appropriate organization and the necessary staff.

*

Reordering:
To optimize the industrial capacity and to reconvert the productive complexes, to
improve the technologies, the organization of CNEA and the use of the staff, to
analyze and define a future organization, involving the participation of private
capitals.

*

Operative implementation:
To outline an operative CNEA, under the figure of a public enterprise which, acting
as head of the Technological Holding of the nuclear fuel cycle stages, integrates the
production engineerings in its different stages of the Nuclear Fuel Cycle,
incorporating the production for the Atucha II Nuclear Power Station, obtains the
competitive costs of the Nuclear Fuel Cycle, and expands the model used in the
manufacturing of the fuel bundles (formation of mixed enterprises with governmental
and private capitals) in all stages of the Nuclear Fuel Cycle.

So far, the following stage? have been performed:
An analysis of the nuclear fuel cycle cost, including all operative expenses determining their
actual cost of 10 mills. doilar/Kwii and fixing a competitive goal of 7 mills. dollar/Kwh,
when the production of Atucha II Nuclear Power Station is incorporated.
The determination of thf industrial capacity limit of the the nuclear fuel cycle stages in the
country and the technological optimization oi the present production plants.
The definitior of CNEA as nuclear supplier prior to enterprise formation.
The elaboration of an economic-industrial-technological optimization project for the nuclear
fuel cycie stages.
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The redefinition of the uranium exploration activity in Argentina based on an investment cost
compatible with the present nuclear plan.
The design of a Research and Development Program for the Nuclear Fuel Cycle, fmantially
supported by the production units.
The resizing of the Enrichment Uranium Plant taking into account the new economic
objectives of the Nuclear Fuel Cycle and the investment already done.
The incorporation of the Heavy Water Industrial Plant to the Nuclear Fuel Cycle Division
management.

ACTION OUTLINE

Exploration
The objectives of this sector have been reevaluated, due to the appreciable reduction in the
program to build new nuclear power stations in Argentina until the end of this century, and
the possible expenses and investments to be financed from the nuclear fuel cycle cost. As a
result, the exploration activity has been oriented to three main areas:
Study of the geological areas in Argentina suitable for the final disposal of radioactive
wastes of low, medium and high activity.
Geological prospect of favorable uranium areas at present established in Fiambala
(Catamarca), Sierra Pintada (Mendoza) and Batolito de Achala (Cordoba).
Development of the uranium mining complex named Yacimiento Cerro Solo in the
Province of Chubut.
The geological characteristics of the zc ues closed to the centers that produce radioactive
wastes have been defined and are presently being evaluated.
The first stage of the Cerro Solo Project has been completed with more than 10.000 m
perforations. The estimated resources at present should reach 600 uranium tons, field of good
size and quality (2 k U/t), fit for the use of "in situ" lixivitation technique. These results
justify the second stage and a three years term to start the explotation is foreseen.

Uranium Mining
This activity covers the provision of uranium concentrates coming from all possible sources,
including:
*

the renegotiation of the contracts with the different mining companies that operated
the fields;
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the restarting of mining at Sierra Pintada according to a plan based upon economic
optimization including mixing with imported concentrate, in order to obtain
competitive coses for the domestic supply.

With reference to Sierra Pintada, an exhaustive study on the different ways of explotation has
been made, in order to optimize its cost at the reserves expenses, the fixed costs have been
reduced and a mix of local and imported material has been defined, giving as a result a cost
compatible with long terms contracts at international level.
The reconversion of the Uranium Mining Complex at Sierra Pintada has been studied and
decided based upon an economic-technological optimization study leading to:
*

the transfer of the purification stage, based on the amines process, from the uranium
dioxide complex at Cordoba to Sierra Pintada Complex;

*

the installation of an uranium dioxide production line in the same complex which shall
increase the total capacity of production in the country to 300 tlT/year, in order to
satisfy the future requirements of the Atucha II Nuclear Power Station. This increase
will be achieved on the basis of domestic technology and engineering using an
original process which has been qualified up to fuel pellets manufacturing.

Uranium Dioxide Production
The activity at the uranium dioxide production plant was re-oriented to the optimization of
the industrial production through a demonstration program planned and started in November
1990.
On this basis, in 1991 an exceptional production was obtained, i.e. 30 % above nominal
design capacity. This situation is being repeated in 1992, indicating a notorious increase of
the production efficiency, which is a permanent objective in order to find the operative limits
of this plant.

Fuel Bundles Manufacturing
The Nuclear Fuel Cycle Division is responsible for the supply of fuel bundles to the nuclear
power stations. The Product Engineering and the Quality Assurance of the supply are
performed by CNEA, while the manufacturing is performed through a contract with
CONUAR SA, a subsidiary of CNEA.
During the period considered, the manufacturing of fuel bundles for Atucha I was restarted
and the maximum production in one year was achieved. The total values of production in the
last three years were:
431 fuel bundles for Atucha I Nuclear Power Station
14.416 fuel bundles for Embalse Nuclear Power Station.
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Likewise, the Special Alloy Manufacturing Company named FAESA, another subsidiary of
CNEA, produced in the same period 105 km cladding tubes for Atucha I fuel bundles and
325 km cladding tubes for Embalse (CANDU).
During 1991 a failure rate increase of the fuel bundles for Embalse was observed. Various
actions to identify the origin and to solve the causes of the failures were taken. In 1992 the
normal level of failures for this type of fuel bundles was observed. Failures were due in a
95 % to manufacturing defects of different origin.
To decrease the production rhythm, in order to facilitate the identification of the failure
origin, and to rebuild the almost inexistent uranium, zircaloy materials and fuel bundles
inventories, 1000 fuel bundles from Canada were imported. It must be mentioned that, not
having local alternative suppliers of fuel bundles for Atucha I Nuclear Power Station, the
domestic production should privilege this fuel in comparison with the fuel bundles for
Embalse.
CONUAR SA has obtained the contracts for the industrial manufacturing of fuel bundles for
research reactors, which shall start at the end of 1992.
The satisfactory finantial results obtained by CONUAR SA in these years, validates the
decision to incorporate private capitals in the management of production units of CNEA. On
7 December, 1991, this enterprise reached 10 years of functioning.

PROJECTS IN PROGRESS

Uranium Enrichment Plant
This project has been appreciably reactivated since 1991, with a schedule and technical scope
essentially focussed on the production of enriched uranium for power stations and for the
CAREM reactor.
The uranium hexafluoride production plant has been completed; handling and transference
of uranium hexafluoride station have also been finished.

Storage of Irradiated Fuel Bundles
The decision of Argentina to interrupt the Reprocessing Pilot Laboratory Project, the rhythm
decrease of building nuclear power stations, in particular Atucha II and the fourth station,
and the international policies on management of the back-ends of nuclear fuel cycle led
CNEA to review its own policy on subsequent stages of the use of fuel bundles in the
Nuclear Power Stations.
Hence, the Nuclear Fuel Cycle Division is carrying out the following projects addressed to
this new policy:
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- Study of geological sites in Argentina suitable for the final disposal of radioactive wastes
of low, medium and high activity.
- Basic design of a container to transport irradiated fuel bundles.
- Study of the most convenient alternatives for the storage of irradiated fuel bundles out of
the nuclear power station premises, from the point of view of the site as well as the system.
Regional, environmental and public impact of this storage forseen for no less than 50 years.

Economic and Technological Management
Cost evaluation of the Nuclear Fuel Cycle stages and its incidence in the cost of kilowatshour, as well as the evaluation of the research and development projects to improve the
technologies used in the production of the different products and services were aspects
carefully studied.
As a result of this analysis, the budget of CNEA were orientated to reduce, in a first stage,
the incidence of the the nuclear fuel cycle cost down to 10 mills, dollar per kilowat-hour,
which implied a decrease of 20 %.

CONCLUSIONS
Argentina has acquired, through a task carried out by CNEA during the last 30 years,
capacity of development, design, production at industrial scale and supply in all the stages
of the Nuclear Fuel Cycle.
CNEA has decided to reorganize this capacity to cover with autonomy and reliability the
supply to its Nuclear Power Stations, by structuring a Nuclear Fuel Cycle of higher
efficiency and minimum cost, maintaining the capacity of decision and the possibility to
generate continuous improvements through the optimization of the technologies employed.
The achievement of these objectives implies:
a.-

The permanent search of a better combination of the resources, resorting both to
domestic and international supply of services and products involved in the Nuclear
Fuel Cycls, in order to operate the system at the lowest cost.

b.-

To outline organizative policies and schemes suitable to secure the capacity of
decision.

c-

To define and finance research and development lines, that will allow not only the
management of the technologies used but also the increase of productivity.

d.-

To insert private capital so that it can participate in the different stages of the Nuclear
Fuel Cycle and convert each one of these stages in a commercial undertaking, where
the profits and the risks of the contractor shall be present.
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ABSTRACT
CANDU power reactor fuel has demonstrated an enviable operational record. More than 99.9% of the
bundles irradiated have provided defect-free service. "Defect excursions" which occur from time to time
are responsible for the majority of reported defects. In some cases R&D effort is necessary to resolve
these problems. In addition, development initiatives are also directed at improvements of the current
design or reduction of fuelling cost. The majority of the funding for this effort b?s been provided by COG
(CANDU Owners Group.; over the past 10 to 15 years. This paper contains an overview of some key Fuel
Technology programs within COG.
The CANDU reactor is unique among the world's power reactors in its flexibility and adaptability to
use a number of different fuel cycles. A very active program of analysis and development, to demonstrate
the viability of different fuel cycles in CANDU. has been funded by AECL in parallel with the work on
the natural uranium cycle. Market forces and advances in technology have obliged us to reassess and
refocus some parts of our R&D effort in this area, and, in the recent past, significant success has been
achieved in integrating all the Canadian efforts in this area. This paper contains a brief summary of some
key components of the Advanced Fuel Cycle program.

INTRODUCTION
The fuel development program has to compete with other CANDU products and systems for its share
of the available development resources. Like any other industry the CANDU industry allocates its R&D
resources on the basis of balancing short-term imperatives, and long-term developmental needs. The needs
are generally created in two ways:
1. inability of a product or system to meet the existing operating requirements, and
2. a planned, systematic innovation or evolution of an entire product line.
Canadian fuel development program has R&D commitments in both of the above categories. Although
the CANDU power reactor fuel is a mature proven product, operational problems do arise from time to
time which require R&D support in order to be solved. Furthermore, as operational experience is
accumulated and understanding of fuel behaviour increases, development initiatives can be undertaken to
improve the operating margin of the current design or to reduce fuelling costs. The support for resolving
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operational probiems. and improvements of current fuel design are presently funded by the Fuel
Technology program within COG (CANDU Owners Group). COG brings together the CANDU utilities
(Ontario Hydro. New Brunswick Electric Power Commission and Hydro Queoec) and AE>:L in an
organization which funds and manages R&D work needed by the industry. CANDU fuel has a very active
and productive program of work funded by COG. Some of the key parts of the program are described
in this paper. Canada also has a very vigorous Advanced Fuel Cycle Program, of which fuel development
is a very important component. This program is centered at AECL. Since other papers in this conference
describe in detail the key components in the Advanced Fuel Cycle Program, this paper provides only a
brief overview of this program.

CANDU POWER REACTOR FUEL
Design Evolution
The use of natural uranium has governed the evolution of CANDU fuel. The current production fuel
shares the neutron economy features of the earliest CANDU bundles from which the current fuel evolved.
The features of the current fuel are shown in Figure 1. An important characteristic of CANDU fuel
elements is the thin Zircaloy fuel sheathing. The minimum wall thickness of 0.38 mm has been used
continuously since a portion of the first charge for NPD used this thickness1''. Because this thin sheathing
is collapsible under the normal operating pressure of the coolant, the need for high density "irradiation
stable" fuel pellets was established. The introduction of other features such as resistance welding, brazing
and CANLUB is also shown in Figure 1. The main design features of the fuel in current production (28element Pickering, 37-element Bruce and 37-element CANDU 6) have remained unchanged since the
introduction of CANLUB in 1973.
The evolution of bundle cross-sections is shown in Figure 2. The need for larger bundles and greater
subdivision of elements up to the 37-element design arose from the requirement to produce increasinglyhigher power per bundle. The 43-element CANFLEX bundle concept features increased subdivision, and
two element diameters. The driving force here is to lower element rating (for a given bundle power), in
order to facilitate the achievement of extended burnup.

Performance and Defect Mechanisms
One of the universally recognized CANDU strengths is the excellent performance of CANDU fuel'--"'.
More than 900.000 bundles have been irradiated to date, in Canada. Less than 0.155- have developed
defects.
The implication of these statistics for a CANDU 6 reactor, which discharges about 5000 bundles per
year, is that it produces 5 defects per year. This is not true.
The total number of bundles and defects
quoted is correct. However, it is not correct to assume that the number of defects as a fraction of the total
number of bundles irradiated is an equilibrium or a steady-state defect "rate". The majority of the defects
reported have occurred either in a small number of batches of fuel with manufacturing flaws or as a result
of non-standard operation, .A those instances the defect rate is high and is referred to as a "defect
excursion". The number of such defect excursions in Canada has been very small - see Table 1. The
prompt and decisive action which accompanies these events is described in References (3) and (4). The
first priority in a defect excursion is to neutralize the effect of the incident on the reactor performance.
In some cases, the elimination of the root cause of the excursion has required the initiation of a fuel
development program.
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The defects that have occurred in CANDU fuel elements and bundles fall primarily into three categories
as shown in Figure 3. The number of manufacturing defects is not known precisely - the utilities tend
to lump them with "unassigned" causes. However, this "combined" category accounts for approximately
50%- of all defects. The next largest defect category is Stress Corrosion Cracking (SCO. The last
category is fretting by debris.
Although the number of manufacturing defects is not known precisely, it is recognized that end cap
welding is by far the most sensitive process in the production of CANDU fuel. At any one time there are
nearly 500.000 end cap to sheath welds in a CANDU core. Therefore, a manufacturing process that
allows 2 ppm defective product would introduce approximately one defective weld into the core every
year. It can be readily shown that standard inspection practices cannot assure this level of product quality
and that a different approach"" is required. The recognition of the importance of this process has led to
the initiation of development programs to better understand the parameters affected by end cap welding.
It is clear from Figure 3 that SCC is a very dominant mechanism for fuel failures. CANLUB was
introduced in order to mitigate the conditions which led to the first defect excursion incident'5' which was
attributed primarily to SCC. Other programs are continuing to be funded to better understand this field
which is so critical to fuel performance.
Fretting by debris is also an important defect mechanism. It generally occurs due to debris left behind
in the primary heat transport system during reactor construction. In the first few months of reactor
operation, the debris gets trapped in the fuel string and is removed when the fuel is discharged. Although
fretting has caused some limited damage in First-charge fuel, it does not pose a major long-term threat.
The appropriate way to deal with debris is via improved construction methods, not via fuel redesign.

COG FUEL TECHNOLOGY PROGRAM
The Formation of COG
In the section above we give some examples of fuel problems which require R&D funding in order to
be solved. Other, less tangible problems, were also emerging as the traditional roles of AECL and OH
started changing in the mid to late 1970's. These changes were occurring precisely as the nuclear program
was experiencing its greatest growth in Canada. Specifically in the fuel area challenges were emerging
related to the following aspects'"':
•
•
•
•

maintenance and improvement of fuel performance;
enhancement of operating flexibility:
reduction of fuelling cost:
provision of technical capability to respond to future problems and opportunities.

Between 1975 and 1984 AECL and OH formulated and refined several times the agreement for
cooperative support of fuel development. Subsequently, other Canadian utilities joined die COG
organization and provided support for the Fuel Technology program'".

COG Strategic Goats
Over the past 3 years COG management has undertaken a thorough review of the structure, the mission
and the goals of the organization. The overall COG structure is shown in Figure 4. The Fuel Technology
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working pany operates within the Safety and Licensing Technical Committee (SLTC). Within this
structure, the Directing Committee is responsible for defining the overall mission and scope of the entire
program. The technical committees define the common goals for the working parties that work within
their purview. The working parties define the sub-goals (programs) and have the responsibility for their
execution. The SLTC common goals are as follows:
1. Maintain or increase operating margins over the plant life.
2. Minimize need for costly design changes.
3. Enhance design to increase safety or minimize reliance on safety systems.
4. Reduce operational complexity.
5. Decrease human error contributions.
6. Improve plant performance and economics.
7. Support underlying R&D expertise, infrastructure and response capability.

Fuel Technology Working Party
The Fuel Technology working pany sub-goals and targets are consistent with the overall goals of the
SLTC. A brief description of some of the key program-elements within the Fuel Technology program
follows.

The Effect of O/M Ratio on CANDU Fuel Performance. This program is aimed at developing the
capability of measuring the spatial distribution of the oxygen-to-metal (O/M) ratio in irradiated CANDU
fuel. The oxygen potential of the fuel (or O/M) is a key parameter, as it affects thermal conductivity,
fission product diffusion, grain growth rates, and the chemical state and distribution of fission products.
This program will also determine the processes that control trie radial redistribution of oxygen in CANDU
fuel, including production of oxygen with burnup. gettering by the Zircaloy sheath, and the role of
CANLUB graphite on the oxygen redistribution.

Fundamental Studies. This program seeks to increase our understanding of the important underlying
phenomena and properties in CANDU fuel, such as the changes in thermal conductivity and fission-gas
mobility with burnup and oxidation. Experiments with SIMFUEL (Simulated high burnup fuel) have
proven to be extremely valuable in this regard, and have led to two important conclusions to date: the
presence of fission products at high burnup leads to a significant reduction in the intrinsic thermal
conductivity of the fuel, and fission gas mobility is enhanced only slightly at high burnup (at least for
stoichiometric UO;V?1. Another paper in this conference describes the most recent findings in our
SIMFUEL program on the effect of fuel stoichiometry on thermal conductivity191. One other important
aspect of this program is our involvement in the Belgonucleaire High Burnup Club, through which COG
will obtain information on fuel temperatures, thermal conductivity, and gas release from instrumented ramp
tests on high burnup fuel.

CANLUB Development. We have already emphasized the importance of CANLUB in protecting against
SCC. We have a rigorous program aimed at understanding this protection mechanism, with the goal of
developing an improved CANLUB coating. Another paper in this conference describes progress that has
been made in identifying the active compound in CANLUB11".
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Extended Burnup Irradiation and PIE. This program includes fuel irradiations in NRU to extended bumup.
as well as irradiations of prototype bundles containing advanced coalings (graphite and siloxane CANLUB.
zirconium barrier clad). Post-irradiation examination (PIE) of these and other high burnup bundles
contributes to our understanding of the processes in fuel operation at extended burnup which benefit or
jeopardize fuel defect-free performance. The behaviour of Bruce fuel to burnups of about 500 MWh/kgU
is described in another paper in this conference'" .

Fuel Model Development. The objective is to provide a model for fuel behaviour under normal operating
conditions. This will produce the following benefits: (a) tool(s) for the acceptance of manufacturing
nonconformances. e.g. effects of manufacturing variations/flaws such as bundle mass, pellet-to-sheath gap.
end cap welds, etc.; (b) tool(s) to guide reactor operation, e.g. effects of power cycles, non-routine
startups, non-routine fuelling, etc.; and (c) help fuel design evolution, e.g. extended burnup, low void
reactivity, direct use of °WR fuel in CANDU reactors, etc.

Crevice Corrosion (T-Pads). The discovery of localized corrosion of the pressure tube (FT) in contact
with the fuel bearing pad (BP). led to the development of a bearing pad with modified geometry that
reduces heat flux at the PT/BP contact area and eliminates crevice corrosion'11'. All the required outreactor and irradiation tests with the new pad have been successfully completed. Prototype irradiations
in power reactors are in progress (Bruce) or ready to start (Pickering. Point Lepreau). When completed,
these tests will clear the way for large-scale implementation.

Fuel Element Operational Limits. The program was initiated after the rash of circumferential cracks in
end cap welds occurred in Bruce fuel13'. The objective is to determine/improve the defect threshold of the
element closure weld. Principal tasks include the determination of: (a) defect thresholds of unirradiated
welds (completed); (b) defect thresholds of irradiated welds (in progress): and (c) crack growth resistance
of as-received and heat-affected microstructures of the sheath (in progress).

All-Welded Bundle. The replacement of beryllium brazing with welding for appendage attachment has
three positive effects: (a) it eliminates the use of toxic beryllium; (b) it eliminates the braze heat affected
sections of sheathing which has inferior properties; and (c) it reduces manufacturing costs. Candidate
methods of joining have been evaluated, and resistance welding selected as a viable technology. The next
major objective of the program is to demonstrate, through product design and process development, that
the joints have sufficient strength and will not cause sheath/appendage crevices.

Follow-up to Darlington Fuel Damage Investigation. Inspection of fuel recently discharged from some
Darlington units has revealed the following types of damage: cracked end plates, spacer wear on tile inner
elements, wear of the end plates between bundles and bearing pad wear near the channel inlet. The
examination also indicates that the damage to the end plates was a result of fatigue. The root cause of
the damage has been attributed to dynamic pressure oscillations, with amplitudes of up to about 50 kPi
at the inlet to the fuel channel, at a frequency associated with the main pump impeller vane passing
frequency of 150 Hz. The problem at the Darlington station has been eliminated by the change of the
main pump impellers which reduced the dynamic pressure amplitude and increased its frequency to 209
Hz.
In response to the results of the Darlington fuel investigation, two new programs have been initiated:
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a. Fuel String Vibration: This program will support the continuation of out-reactor tests which were
instrumental in diagnosing the Darlington problem. New tests will be done, with fuel bundles having
some new features, to examine the sensitivity of the fuel to controlled pressure oscillations. The test
is expected to lead to a better understanding of the parameters involved and ultimately to (possibly)
a better fuel design.
b. Bundle Assembly Weld: This program aims to identify the parameters which govern end plate
cracking. In particular, the properties of assembly weld and end plate geometry are being investigated.

Decav Heat Removal in Air. In this experimental program, representative. CANDU type bundles, are
simulated with electrically heated rods, with the power to each rod separately controlled. The temperature
transients of the fuel sheaths are monitored while the bundles are subjected to various (off-normal) cooling
environments (e.g. fog. water sprays, etc.). The geometry of the test setup can be altered to simulate the
actual environment at the station. Other tests using production Zircaloy fuei sheaths have been done in
order to define the failure criteria due to oxidation and hydrogen embrittlement during heatup transients.
The experimental program is continuing in parallel with analysis and modelling.

Fuel Data Documentation. The experience accumulated during the CANDU fuel development program
provides a starting point from which to assess new problems and formulate development programs. The
information is also useful for training purposes. This program, with contributions from selected experts
in the fuel industry, aims to document and record generic information and techniques used for the design
of CANDU fuel, as well as information on fuel performance.

ADVANCED FUEL CYCLE PROGRAMS
CANDU reactor is unique among the world's power reactors in its flexibility and adaptability to use
a number of different fuel cycles. Traditionally, the rationale for advanced fuel cycle development has
been to further improve the already excellent neutron economy of CANDU. For example, slightlyenriched uranium (SEU) of about 1.2% U-235 leads to about a 30% improvement in fuel cycle costs and
uranium utilization compared to natural uranium, and a reduction in the volume of spent fuel by about a
factor of 3. While these are important considerations, attention has recently been focused on other
potential benefits that enrichment can lead to in CANDU. such as reduction in capital costs, simplification
of plant design, and increase in safety margins. Some of these benefits come as a trade-off with neutron
economy'13'.
AECL leads the CANDU advanced fuel cycle program in Canada, and recently significant progress has
been made in coordinating the work done at AECL CANDU and AECL Research, and focusing the
program on shorter-term needs. A short summary of the key initiatives currently underway in advanced
fuel cycles is presented below; many of the programs are described in greater detail in other papers at this
conference.

Recovered Uranium ("RLO. Recovered Uranium (RU) refers to the uranium contained in reprocessed LWR
fuel. The U-235 level is dependent on the burnup and fuel type of the LWR, but is typically 0.9%. In
CANDU, it would yield about double the burnup of natural uranium fuel. The use of RU in CANDU is
expected to be even more economical than SEU. Its use in CANDU is preferred to re-enrichment and use
in a LWR"4;"-I5i.
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CAN FLEX. Intrinsic with CANDU advanced fuel cycles is an increase in fuel burnup over that obtained
with natural uranium fuel. The CANFLEX bundle has been developed to facilitate the achievement of
extended burnup in CANDU. by lowering the peak element ratings, and hence fuel temperatures, fission
gas release, etc. Reduced element ratings are achieved through increased subdivision (43-elements) and
two pin sizes. Another paper in this conference describes the status of the CANFLEX program'16'.

DUPIC (Direct Use of Spent PWR Fuel in CANDU). CANDU's excellent neutron economy leads to a
synergy with the LWR. The use of recovered uranium in CANDU is one example of this: the DUPIC
fuel cycle is another. The DUPIC fuel cycle involves the use in CANDU of spent LWR fuel, without wet
reprocessing. The results of a collaborative AECL/KAERl/Los Alamos assessment of these options is
presented in another paper in this conference"7.

Low Void Reactivity Fuel (LVRF) Bundle. 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 degree of safety which is second to none. Nonetheless, certain clients mayrequire reduced, or even negative void reactivity, for licensing, political, or other considerations. As a
response, AECL has developed a fuel concept in which any level of void reactivity, and fuel burnup, can
be achieved. Another paper in this conference discusses the LVRF bundle concept08'.

CONCLUSION
The natural uranium fuel cycle has served CANDU well and will continue to do so for some time to
come. Fuel defects have not affected plant capacity at any CANDU station. Fuel "defect excursions"
have occurred at intervals of 3 years, on average. These have b;en dealt with expeditiously and in some
cases they have provided the direction for our R&D programs. Recent review of the COG programs has
resulted in a coordinated, robust top-down strategy for future R&D endeavours. Advanced fuel cycles
continue to be an active and indispensable part of CANDU evolutionary strategy. Some exciting recent
developments have verified CANDU's flexibility in exploiting enriched luel cycles as well as its synergy
with the existing LWR cycles.
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TABLE 1: Defect Excursions in CANDU Fuel
- CANADIAN EXPERIENCE
PERIOD
Early 70 s
Early 70s
1980
1983/84
1985
1988

EXTENT
110 Bundles
80 Bundles
50 Bundles
40 Bundles
N/A
36 Bundles
290 Elements
*
Darlington/Bruce-B
Point Lepreau
20 Bundles
REACTOR
Pickering
Douglas Point
Douglas Point
Bruce
Pickering
Pickering

1990
1991/92
Symbols
N/A

REASON

LOCATION
Ridges
Ridges
Sheaths
Endcaps
Sheaths
Ridges

DESIGN
Non-Canlub
Non-Canlub
Canlub
Canlub
Canlub
Canlub

Endplates
Sheaths

Canlub

*

Canlub

Primary Hydriding

sec
sec
Incomplete Welds

sec
fretting by Debris

sec

Not Available
Stress Corrosion Cracking
The extent a n d causes of end plate cracks are currently under investigation

see

Bruce

600 MW Reactors
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Pickering
Douglas Point
and RAPP
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I
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FIGURE 1: Evolution of CANDU Fuel Features
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_ 221
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7
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ELEMENT DIAMETER mm
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10 cm
.

REACTOR
NUMBER OF ELEMENTS/BUNDLE ELEMENT DIAMETER mm
NOMINAL BUNDLE POWER kW

NOTE:

*

:

.PICKERING.
28
640

I-

&

.BRUCE & 600 MW.
37
.13.08.
_900_

.GRADED (CANFLEX)

37

.13.08.
_800_
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BUNDLE, OMITTED FROM OTHER BUNDLES FOR CURITY
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ABSTRACT
Prior to 1984, the -fuel performance in PHWR units was quite
satisfactory. Subsequently the performance deteriorated. The
refuelling strategies were improved to bring down the -fuel
failure rate. In parallel, actions were taken to review the fuel
design, fabrication, quality control and reactor operation. Post
Irradiation Examination (PIE) of the failed bundles has also
been carried out. This paper reviews the fuel performance and
highlights the improvements carried out in design, manufacture,
quality control, anrt operation.

1.0

INTRODUCTION

Presently six units of Pressurized Heavy Water Reactors (PHWRs)
are under operation and six more units are at different stages of
construction and commissioning. The first 220 Mi's unit of KAPP
has just been commissioned. The total period of operating
experience accumulated is about 50 reactor
years.
So far,
about
66,000
bundles have been irradiated in six units of
PHWRs.
The fuel used is natural uranium in oxide form, cladded
in zircaloy tubes. The fuel assembly consists of 19 elements
arranged in concentric circular configuration of 1, 6 and
12
elements.
The bundle design is of split spacer type.
The
bearing and spacer pads are attached on to the sheath by
resistance welding. A modified design of 22 element bundle using
two sizes of elements has also been developed.
About 600
bundles
of
this design are presently
undergoing
proof
irradiation in Narora Atomic Power Station (NAPS) Unit-1.
Prior to 1984, the fuel performance in PHWR units was quite
satisfactory. Subsequently the 1-131 activity in the primary heat
transport system increased over the years.
The background
Delayed Neutron (DN) activity also increased indicating the
presence of failed fuels.
The refuelling strategies were improved to bring down the
failure rate. In parallel, actions were taken to review the
design, fabrication, quality control and reactor operation.

fuel
fuel
Post
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Irradiation Examination (PIE) of the -failed bundles has also
been carried out. This paper reviews the -fuel per-formance and
highlights the improvements carried out in design, manufacture,
quality control and operation.
2.0

FUEL PERFORMANCE

The -fuel failure rate in di-fferent reactors is given in Tabie 1
Table-1
FUEL FAILURE DATA
SI.
No.
1.
2.
3.
4.
5.

Reactor

(UPTO JULY, 1992)

No. o-f bundles
•failed

Total No. o-f
Bundles
Discharged

Failure
rate

RAPS-1
RAPS-2
MAPS-1
MAPS-2
NAPS-1

22
131
103
66
35

15703
23733
12650
9106
1493

0. 14
0.55

TOTAL

357

62690

0.57

o.ai
0.72
2.33

The reactorwise per-formance is discussed below:
2.1

Fuel Per-formance at RAPS

The overall -fuel performance of RAPS—1 reactor (as seen from
Table 1) is considered to be the best. The reactor was shutdown
because of end shield leak in September, 1981.
After repairs,
the reactor was started again in February, 1988 but its power has
been restricted to 50% F.P. Since then there has been no
incidence of fuel failure in RAPS-1 as a result of lower heat
rating.
Figure 1 shows the fuel failure data of RAPS-2 for the period
1980 - 1991. In RAPS-2, the equilibrium 1-131 activity in PHT has
been monitored at different reactor power levels. It is observed
that 1-131 activity reduces with reactor power. 1-131 activity
can be maintained in sinqle digit ( 5 - 9 /_iCi /lit) upto a reactor
power of ISO MWe. The DN ratio is maintained at less than 1.2.
The purification flow is maintained at maximum in the range of
400-600 lit/min.
Therefore, in order to bring down the 1-131
value to single
digit, the power of the reactor had to be
brought down to 80"/.. Otherwise, based on the above experience, to
bring down the 1-131 activity to single digit value, the power
limit of the maximum rated bundle had to be brought down to 80%
(i.e. 336 kw) for 19 element non-graphite-coated elements). The

2-3

RAPS unit-2 reactor is operated at maximum allowed power level
and -fuelling machine outages are accommodated by varying the
reactivity on adjusters between 2 mk to 6 mk. It was noted that
there is an increase in bundle power due to adjuster rod movement
by 167., based on TRIVENI simulation o-f RAPS. Based on Penn' s
power ramp criteria there is 1 to 2% defect probability -for the
bundles. It was -Felt that the iodine activity in RAPS unit-2 may
be due to U contamination or leaching of " u" -from -failed bundles
to other channels. Due to U contamination in all the channels in
PHT core, the DN counts in channel, even after 12 bundle
re-fuelling, does not vary as observed at RAPS. This may also bs
the reason for reduction in activity with reduction in power
(flux) .
2.2

Fuel Performance at MflPS

The analysis of the fuel behaviour of MAPS reactors revealed that
fuel failures were due to the bundle power ramp. If the increase
in power is of the order of 25-307., there is a definite
probability that the uncoated fuel bundles will fail. Even if a
bundle operating at lower power (200 kw) is subjected to the
power ramps, it is susceptible to failure. The overpowers are
caused by (a! block refuelling of reactor in order to achieve
reactivity margin after prolonged fuelling machine outages (b)
withdrawal of corner adjusters during F.M. outages causing flux
distortion <c> refuelling of high burnup channels and adjacent
channel refuelling.
After establishing the fact that the fuel failures were being
caused by power ramps, refueling strategies were streamlined,
operational procedures were evolved at MAPS such that power ramps
are avoided. This showed excellent results and fuel failures as
well as iodine activity are now well under control as may be seen
in Figure 2. Presently the steady state iodine activity in PHT
for MAPS-1 and MAPS-2 units is of the order of 3-4>uCi/lit.
2.3

Fuel Performance at NftPS

NAPS-1 reactor was synchronized to the grid in July, 1989. Until
March, 1991 about 11 channels were identified as having failed
fuelDuring this period and later upto December, 1991, the
reactor had operated at low power (max. 125 MWe) for a prolonged
period (upto 219 FPD). Subsequently during January, 1992 the
reactor power was raised to 200 MWe. This resulted in a massive
fuel failure excursion with about 13 channels having failed fuel.
The fuel failure rate as on February, 1992 works out to be 2.33/C.
Presently
iodine value
has come
down to less than 10
uCi/lit.
It was observed that the fuel failure? in the first 11 channels
were during the initial period of reactor operation and as such
the possible reasons for such failures could be (i) manufacturing
defect; or (ii) presence of debri in the coolant. It was also
noted that all the bundles were 100% helium leak tested at site
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prior to loading to avoid manufacturing defects. Also adequate
care was taken during commissioning o-f NAPS—1 to preclude debri
being
left out in the system. However, possibility o-f pellet
damage
during additional
handling at site and
hard
UD2
particles/chips getting lodged in the gap between pellet and clad
cannot be ruled out. This aspect is being examined
by neutron
radiography.
Failure of fuel in 13 channels during January - February, 1992
were clearly due to global power ramp for raising the power to
200 MWe after prolonged operation at lower power. Guidelines for
reactor operation (fuelling restrictions and reactor power
rise)
are being evolved.
2.4

Irradiation Of Special Bundles

Special
documented
bundles as summarised in Table 2 have been
fabricated, successfully irradiated and some of the results are
already
incorporated
in
regular
specifications.
These
irradiations covered U02 as well as zircaloy specifications.

3.0

Post Irradiation Examination

Three fuel bundles from MAPS 1&2 irradiated in the burnup range
of 3700 to 4700 MWD/Te were examined at hot cell
facility of
BARC.
Out of these, bundle No. DP067 was found
to have no
defect. Bundle No. SX219 and BX247 were identified as leakers at
pool side seeping test at site. Bundle No. GX219 failed due to
fretting
by debris. Bundle No. GX247 failed because of end cap
failure
due to internal hydriding.
It has now been planned
to
examine about 50 failed bundles from RAPS, MAPS & NAPS.

4.0

FUEL PERFORMANCE

Areas identified
below:
4. 1

IMPROVEMENTS

for improving fuel performance

a.re discussed

Fuel Design

The following design modifications have been implemented/
review:
a) Graphite coating which was already developed in late 70's
introduced to reduce incidence of power ramp failures.

under
was

b) End cap design and joint configuration were modified
to
improve the reliability of the joint and increase fuel burnup.
c) Double dished chamfered pellets were designed with lower L/D
ratio to reduce the sheath stresses due to fuel expansion,
particularly at circumferential ridge and
sheath-to-end
weld zone.
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d) Use
of
tapered
pellets near the
minimise stresses in .he weld area.

end

caps

so

as

e) Improvement
in
pellet
density and
use o-f large
size LJ02 pellets to reduce -Fission gas release.

to
grain

•f) Appendage joint
by -full surface welding
or attachment
of
appendages by shrink fitting, thus avoiding altogether welding
or brazing of appendages.
g) Modified
end plate design and
rounding
of
end
edges to reduce pressure drop along the fuel string.

plate

h) Reduction of sheath thickness to improve burnup.
i) Use of graded elements as in 22 - element
discussed in section 4 . 2 ) .
4.2

design

(further

22 - Element Graded Fuel Bundle Design

The 22 - element bundle design was specifically developed for the
new standard series of 235 MWe reactors form Narora onwards. The
objective
for evolving
this design for the 82 mm dia.
fuel
channels were the following:
1) Ability to operate on a continuous basis at 235 MWe;
2) No incidence of failed fuel i.e. zero defect fuel performance;
3) 1-131 activity in PHT system at below detectable limits;
4) To provide adequate operational flexibility with
regard
to
fuel shifting schemes, power maneuvering
and margins
for
bundle power limits; and
5) To achieve extended burnup for advanced
lower linear element heat ratings.

fuel

cycles

using

The 22 - element bundle is more subdivided
using
two element
sizes. Compared with the current 19 - element design, this bundle
will
have a higher power capability (483 kw v s . 420 kw) and
higher
burnup potential
(about 21000 MWD/TeU with
slight
enrichment) or a combination of the two. The 22 - element
bundle
is a logical extention of progressive increase in the number of
elements from 7 (NPD) to 19 (DPGS, RAPS, MAPS) and now to 22 for
the 82 mm dia. channels. For the 104 mm dia. channels the numbers
increased
from 28 to 37 and now to 43 element (CANFLEX) in
the
Canadian reactors. The greater subdivision is also being done in
advanced BWRs and PWRs.
The 22 element fuel bundle would provide about 15% reduction
in
peak linear element ratings at a given bundle power, compared
to
19 element design. This design also provides 6 to 77. increase in
critical
channel
power over the 19 element design. The
bundle
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design
is compatible with the existing -fuel handling system.
It
may be noted that the flexibilities available in the 22 element
design are exactly similar to that of CANFLEX design. Some of the
important advantages are as follows:
a) Operating Flexibility:
- More operating margin for both bundle power and channel power
compared
to
19 element design (eg. increased
Pc and A Pc
margins,
lower fuel centre temperature, increased
margin
to
dryout).
- 4, 6 or 8 bundle shifting schemes or their combinations can be
used as against only B bundle shift for the 19 element design.
- Power maneuvering of rector is greatly facilitated
lower linear element ratings. Net generation can be
considerably in the Indian context.

by using
increased

- The greater bundle and channel power margins can be traded off
for increased fuel burnup by reducing the
burnup-f1attening
of the radial channel power distribution in the core.
b) Operating Power:
- Lower linear heat ratings are possible for the current
bundle
powers. The lower fuel operating temperature of the 22 element
bundle makes it more tolerant in various accident scenarios.
- For
future reactors, this design will provide channel
power
uprating capability without exceeding the current fuel
linear
element ratings. This will bring down the capital cost.
c)

Advanced Fuel Cycles:

- Enrichment grading (1.2 '/.) in the existing 19 element
design
can provide about 8 to 107. reduction in peak
linear
heat
rating
for fresh fuel, but effect of this enrichment
grading
disappear at high burnup, where lower ratings are most needed
for fuel performance.
- With element size grading and more number of elements, the
reduction in peak linear heat rating is retained not only
for
fresh fuel
but also at high burnup. Thus achievement
of
extended burnup with SEU or MOX is possible using lower linear
heat ratings.

5.0

FABRICATION AND QUALITY CONTROL

With regard to fabrication and
measures were taken/under review:
— Elimination of pickling

quality

control,

following
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- Change in design of- sintering boats.
- Voltage stabilization during welding
- Change in the procedure of the leak test and
acetone dip test.
- End
cap to
condition.

sheath

compatibility

by

introduction of

changing

material

- Segregation o-F pellet grinding and pellet loading area.
- Attachment o-f appendages by -full surfact Weiu-Lng.
- Shrink

-fitting

o-f

the

spacers

- Improvement in packing and transportation.
6.0

REACTOR OPERATION

Following steps were taken to improve -fuel per-formance:
a) The -fuelling rate is maintained as uniform as practicable.
b) Reactivity buildup by block refuelling consequent to any nonre-fuelling period is discouraged. The catch up -fuelling rate
is adjusted
so as to keep -flux shape near ideal i.e. the
maximum bundle power and maximum channel power limits are kept
close to technical speci-fication limits as -far as possible
when extrapolated to 100'/. F.P.
c) Whenever
fuelling machine outage occurs or refuelling is not
possible due to any reason, the reactor power is lowered
to
avoid
the local power peaking of bundles due to adjuster rod
movements.
d) Refuelling of a channel is done in such a way that shifting of
fuel bundles and stay at high flux position obeys the power
ramp criteria.
e) Movement of adjusters is limited to small withdrawals.

7.0

CONCLUSIONS

Fuel technology in India can be said to have matured. Till mid
80's fuel performance was rather excellent. Delay in introducing
certain improved design features in the regular production as
well as some operational limitations in fuel management slowly
resulted in the deterioration of fuel performance. The main cause
of the fuel failure has been identified to be power ramps. The
problem has been tackled effectively and improvements in design,
fabrication and operation have been made. Proof irradiation of 22

element graded bundle design (560 bundles) is in progress.
Introduction o-f this design is expected to -further improve the
•fuel performance and at the same time provide the
operational -flexibility.
Table - 2
IRRADIATION OF SPECIAL BUNDLES
Category

Burn-up
MWd/TeU

Performance
& Remarks

U02 PELLETS:
Large grain Size

11000

Satisfactoiry
and adopted

Tear - outs

12000

Satisfactory

Surface Cracks

13000

Satisfactory

End Capping

10150

Satisfactory

Auc Route

83000

Satisfactory

Short - Height,
Chamferred

13000

Satisfactory
and adopted

CLADDIN6 TUBES:
11600

Satisfactory

Fully Annealed

6000

Satisfactory

Argon - Helium
Bundles

12000

Low Y.S

Satisfactory

Unautoclaved
Bundles

13000

Satisfactory
and adopted

Graphite Lubricated Bundles

14500

Satisfactory
and adopted

22-Element Bundle
Graded Design

12000

Satisfactory
and adopted

1700

Satisfactory
and adopted

Thoria Bundles
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RECENT OPERATING EXPERIENCE vflTH
28 ELEMENT1 FUEL AT PICKERING NGS
A. HARRIS, M.W. HERSEY, M.K. O'NEILL
(Pickering NGS, Ontario Hydro)
R.T. LEE
(Fuel Performance Section, Ontario Hydro)
A review of 28 element fuel operating experience at Pickering NGS is presented.
The following topics are discussed:
1)
2)
3)

1.0

Recent experience with in-core defeats and I 131 releases,
Operating strategies to minimize defect potential and/or to mitigate I131
releases to the PHTS,
Impact of reduced regulatory limits as well as higher corporate
expectations on operating strategies.

INTRODUCTION

Unlike PWR and BWR designs, the Candu reactor's on-power fuelling
capability requires that fuelling be carried out on a continuous basis. On a
Candu unit, reactor fuelling is a routine activity (performed on a daily basis)
which must be rigidly controlled to preclude adverse effects on safe, economic
operation.
Pickering NGS has adopted the following set of objectives (see
references 1,2) as the basis for ongoing fuel management:
1)
2)
3)
4)
5)
6)

Compliance with
Optimization of
Minimization of
Optimization of
Optimization of
Minimization of

licence limits and safety analysis constraints
spatial control
production loss related to fuelling activities
fuel economy
fuel handling resources
fuel defects

In this paper we will be describing the methods in use at PNGS to achieve
this latter goal (minimization of defects) and will review our recent operating
experience.

2.0

PICKERING NGS - A BRIEF DESCRIPTION

Pickering NGS is an eight unit Candu station located east of Toronto on
Lake Ontario. The first four units (1-4) were placed in service during the
1971-73 period and are referred to as Pickering NGS-A (PNGSA). These units have
been retubed and rehabilitated over the past 7 years. The later four units (5-8)
were placed in service during the 1982-86 period and are referred to as
Pickering NGS-B (PNGSB). Table 1 provides information on the PNGSA and PNGSB
which is relevant to fuelling and fuel performance.
Pickering NGS units are the sole users of 28 element fuel within the Candu
community.
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3.0

FUELLING AND FUEL PERFORMANCE: AN HISTORICAL PERSPECTIVE

During the initial 10-15 years of operation, fuel management strategies did
not explicitly consider fuel performance and defect concerns. The reasons for
this are as follows:
1)

After the introduction of the Canlub coating, the frequency of fuel
defects was sufficiently low to maintain the steady state I'HTS I131
inventory well below the shutdown limit (1000 Ci at the time).

2)

Unlike the Bruce reactors (which hc.ve Delayed Neutron [DN1 detection
systems), the PNGS design does not include a reliable tool to locate
defects in-core. Consequently, the timely removal of defective bundles
cannot be performed.

3)

It was believed that 28 element fuel would not fail in-core provided that
the bundle power was maintained below the licence limit and reactor power
limits were observed. Therefore, it was felt that any fuel defects were
attributable to incipient (manufacturing) flaws, debris (fretting), and
other causes outside fuel management control.

The end result was that defects could not be removed expeditiously and
would normally remain in-core for their standard dwell time. PNGS reactors
typically carried 1-5 defective elements, with PHTS I 131 inventories of 1-15 Ci.
However, in recent years, several developments have necessitated a revision
to our fuel management strategies. These are described briefly below.
1)

The
1988 fuel defect excursion on Unit
1 demonstrated
that
power-ramp-induced (PRI) defects will occur at final powers less than the
licence limit if the bundle irradiation and/or the power ramp (overpower)
are sufficiently large.

2)

Recent revisions to the PNGS safety report have reduced the I 131 shutdown
limit to 200 Ci, a. factor of 5 less than in the past. This reduction has
led to the implementation of action lin>5ts below 100 Ci (see table 2) and
hence, operation with elevated 1-131 levels has become much less
acceptable than in the past.

3)

Occupational dose limits have been reduced by a factor of at least three,
and maintenance activities have become more dose-intensive (due to plant
aging). Consequently, elevated PHTS I 131 are having a larger effect on
overall station dose, and can have a negative impact on maintenance
activities and resourcing.

4)

Nuclear Operation Branch (NOB) targets on fuel reliability have been set
using the WANO Fuel Reliability Index (FRI).
Not surprisingly, PNGS
performance, compared with other OH stations and other Candu sites, is
relatively poor. Furthermore, PHTS iodine levels are being reported
internationally (through WANO).

As a result of the concerns described above, measures and programs to
reduce the frequency and duration of defects have been developed/implemented and
are outlined in the next section.
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4.0

PNGS FUEL DEFECT MONITORING AND REDUCTION PROGRAMS

4.1

Power Ramp Induced Defects

The PRI fuel defects which occurred on Unit 1 in 1988 were studied
extensively and have provided a wealth of data on fuel behaviour and this defect
mechanism. However, from an operations perspective, the most important finding
was the correlation between PRI defects and bundle power, overpower and
irradiationt3).
Figure 1 shows the PNGS fuelling guidelines derived from this correlation.
The guidelines are used to determine if the a normal fuelling activity (i.e. a
4 bundle shift in the FAF region) has the potential to cause PRI defects, as
follows:

Action

Fourth Bundle
Burnup (Mtfb/kgu)

<150
150 < Burnup < 210

Burnup > 210

4.2

Perform a normal 4 bundle shift
i)

Perform a SORO simulation to estimate bundle power
after fuelling
ii) If below the limit perform a normal 4 bundle shift
If above the limit perform an 8 bundle shift
Consult fuel performance support staff

PHTS Monitoring

With the implementation of new (reduced) I 131 limits, a more intensive PHTS
monitoring program has been implemented, with routine samples being obtained at
least twice per week for each unit. Typically, only 10-15 channels will be
fuelled between samples and it is possible to identiiy channels containing
defects by correlating fuelling activities with changes in the steady state I 131
concentration.
Figure 2 shows the "raw" measurement data collected during 1992.
4 show monthly averaged data for the 1990-92 period

5.0

Figures 3 and

DISCUSSION AND SUMMARY

In closing,
there are several points worth noting from the data and
information presented here.

5.1

Adjuster Shim Operation

During 1989 and 1990, elevated I 131 levels occurred on several PNGSB units.
Over this time period, the PNGSB units operated extensively in adjuster shim mode
(up to 16 adjuster rods withdrawn), due to fuel handling system problems. Under
these conditions, average fuel bundle burnup increases and the reactivity loss
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is compensated by adjuster rod withdrawal. Of itself, this does not affect fuel
performance.
Once the FHS capability is restored, the burnup in the fourth
bundle of many channels will be well in excess of 150 MWh/kgU limit noted above
(section 4.1). Under these conditions, the potential for PRI defects during
normal four bundle shifts is not negligible and we suspect that many of the
defects during this period are attributable (at least in part) to this mechanism.
The current procedure regarding fourth bundle burnup and four bundle shifts
should preclude this concern in the future.

5.2

Defect Removal Problems

In February, 1991 (see figure 3a) a large increase in the Unit 1 PHTS I 131
concentration occurred and persisted for over a year. To date, only one channel
has discharged suspect fuel bundles and these bundles will be inspected on site.
The duration and magnitude of this excursion demonstrate the limitations of
defective fuel management at PNGS.

5.3

Fuel Reliability Targets

As noted above, NOB and PNGS fuel performance targets have been set using
the WANO FRI definition and PHTS I 131 steady state inventory measurements. These
are:

Note/Comment

Target
Set By

Target
Value

PNGS

5 Ci

PNGS

35 uCi/kg

NOB

<10 uCi/kg

—
19'>2 target on maximum unit inventory
1992 FRI target for PNGSA & FNGSB
Long term NOB FRI target

From figure 2, it may be seen that PNGS can and will meet its 1992 targets.
It is not clear that the long term NOB target is achievable.

6.0
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Table 1
Major Parameters Relevant to Fuelling and Fuel Performance
PNGSA

PHGSB

Fuel Channels

390

380

Bundles per channel

12

12

FM Scheme: Inner core
Outer core

4 Bundle Shift
8 Bundle Shift

4 Bundle Shift
8 Bundle Shift

Reactor Power (lOOZfp)

1744 MW

1744 MW

Max. Channel Power*

6100 kW

6100 kW

Max. Bundle Power*

750 kW

750 kW

0.25 ink/day (5%AZL/day)

0.28 mk/day (5%AZL/day)

2-3 channe1s/day

3-4 channels/day

215 HWh/kgU

195 MWh/kgU

Parameter

Reactivity Loss Rate
Fuelling Rate
Avg. Discharge Burnup

||

- Administrative limits are set 4% below the licence limit

Table 2: I131 Operating Limits
Purification Flow

I 131 Limit

< 30 kg/s

> 10 Ci

< 5 kg/s

160 Ci

6-10 kg/s

80 Ci

11-15 kg/s

60 Ci

16-30 kg/s

35 Ci

< 5kg/s

200 Ci

6-10 kg/s

105 Ci

11-15 kg/s

73 Ci

16-30 kg/s

44 Ci

Action
a) Increase purification flow
a) reduce RP to < 75%FP

a) Shutdown unit
b) Remove 1131 via purification
c) Increase RP to < 75%FP
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Figure 1: Fourth Bundle Burnup
Fuelling Guidelines
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Figure 2(a): PNGSA 1992 Fuel Performance
Station 1-131 Measurments
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Figure 2(b): PNGSB 1992 Fuel Performance
Station 1-131 Measurement
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Figure 3(a).- PNGSA Fuei Performance Data
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Figure 3(b): PNGSB Fuel Performance Data
Fuel Reliability Indicator - 1990
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AN OVERVIEW OF THE EXAMINATION OF FUEL AS FOLLOW-UP
TO THE 1988 NOVEMBER OVERPOWER TRANSIENT IN
PICKERING NGS-A UNIT 1
M.R. FLOYD,* RJ. CHENTER, D.A. LEACH AND R.R. ELDER
Fuel Materials, AECL Research
Chalk River Laboratories, Chalk River, Ontario KOJ 1J0
*Ontario Hydro staff, attached to Chalk River Laboratories
ABSTRACT
A significant number of fuel elements that sustained power ramps during a forty-minute
transient in Pickering NGS-A Unit 1 exhibited SCC* failures. These were always located at
pellet-interface locations at the end of the element that achieved the largest relative increase in
power. In addition, a preference for recrystallized-alpha (heat-affected-transition-zone) material
was observed. The defect threshold was influenced by pellet geometry.
The duration of the transient was too short to influence residual midpellet sheath strain or grain
growth. Circumferential ridges at pellet-interface locations were generally enlarged and existing
grain-boundary fission-gas inventories were vented to the free volume.
1 . INTRODUCTION
In 1988 November, a reactor trip occurred in Pickering NGS-A Unit 1. During the trip
recovery, all adjuster rods were withdrawn from the core and reactor power was raised to 87% of
full power for 40 minutes. This was outside the range of normal operation; reactor power is
usually limited to 65% in this situation. As a result of the transient, approximately 200 fuel
bundles in 40 centre-core channels sustained large power ramps. Following the transient, coolant
radioiodine levels indicated the presence of many defective fuel elements. Subsequently, fuel was
discharged from the 40 centre-core channels that sustained large power ramps. One-hundred and
forty-five fuel bundles from 33 of these channels were visually inspected in the Pickering NGS-A
Irradiated Fuel Bay. Approximately 290 outer-element failures were observed in 36 fuel bundles.
Some bundles experienced failures in all 16 outer elements. The extent of failures was higher than
predicted by the existing power-ramp defect correlations.
In 1989, fuel elements from eight fuel bundles that experienced power ramps during the
transient were examined in the Hot Cell Facilities at Chalk River Laboratories.!1] Failures were
observed in outer elements that sustained peak linear powers in excess of 50 kW/m, having SCC
as their primary cause. Higher-than-expected values of strain and fission-gas release (FGR) were
observed in intact elements. Anomalous grain-growth behaviour was also observed. The defect
threshold has been correlated with power history, resulting in a new failure-probability formalism.
The results show that power-ramp failures would not have occurred had the reactor been operated
within its normal range during the trip recovery.
' Stress-Corrosion Cracking.
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In 1990, an additional 29 fuel elements were examined at Chalk River, to assist in further
understanding the fuel behaviour exhibited during the 1988 November transient. Both ramped and
unramped elements were examined, in order to determine the effect of the 40-minute transient on
fuel behaviour.
This paper reviews the examination that was conducted on fuel examined in 1989 and 1990,
and discusses the impact of the transient on perfo.cmance parameters such as sheath strain, grain
growth and FGR.
2 . THE EFFECT OF FABRICATION PARAMETERS ON PERFORMANCE
The majority of bundles that exhibited SC'C were power-ramped at outer-element burnups of
120 to 215 MWh/kgU.n] All of the bundles in-core that were ramped in this range of burnup had
virtually identical fabrication parameters. Two bundles, H29243C and H31138C, exhibited single
outer-element failures at bumups of 77 and 88 MWh/kgU, respectively. Both achieved peak outer
element linear powers of 60 kW/m. In contrast, bundles H59398W, H76155W and H78879W did
not exhibit failures, having similar power histories (Table 1). These bundles had a different pellet
geometry ("B", Table 1) from that of bundles H29243C and H31138C ("A").** Pellet geometry
"B" incorporated a smaller length-to-diameter ratio (1/d) and larger land width than pellet geometry
"A" (Figure 1). Similar trends in fuel performance have been exhibited elsewhere in fuel elements
with different pellet geometries,!2.3] and may be important to the optimization of existing
fabrication parameters.
3 . PRIMARY DEFECT CAUSE
The primary defect cause was SCC. The defects were characterized as follows: M
1. SCC was limited to the end of the element adjacent to an adjuster rod withdrawn daring the
overpower transient. This end of the element experienced the largest increase in power during
the transient.
2. SCC was limited to pellet interfaces where circumferential ridging resulted in peak stra;ns.
3. SCC was limited to recrystallized-alpha material located in the transition zone between the
braze-heat-affected and as-received sheath structures. A similar structure preference has been
observed in SCC-related endcap failures!3-4]
4 . SHEATH DIMENSIONAL CHANGES
Residual midpellet diametral sheath strains showed no dependence on the peak power achieved
during the forty-minute ramp (Figure 2), nor was there any relation between residual (plastic)
midpellet strain and the onset of defects. Apparently, the ramp duration was too short to permit
conversion of elastic strain to plastic strain, and hence the residual strains observed were better
related to operation before and after the transient. This is substantiated by the fact that unramped
and ramped elements exhibited similar residual tensile sheath strains (up to 1%). We can conclude
that residual midpellet tensile sheath strains*** are occuning in 28-element fuel irradiated in
Pickering NGS within the normal operating envelope. This was not the case in the past with fuel
that had lower uranium masses,!5] and was not predicted by the fuel-modelling code ELESIM
(ModlO).
**

The UO2 pellet densities for all five bundles were the same, but slightly lower than those ramped at bumups
>I00MWh/kgU.
* * * Relative to the as-fabricated diameter.
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Total residual strains of up to 2% were observed at the pellet interfaces. Circumferential
ridging at the pellet interfaces was influenced by the peak power achieved during the transient
(Figure 3). In addition, unramped elements generally exhibited smaller ridges than those ramped.
Figure 3 also shows that elements from bundles exhibiting failures tended to exhibit the largest
ridges. Hence, unlike residual midpellet strain, pellet-interface ridging exhibited a dependence on
the transient and the onset of defects. The correlation between ridges and defects is consistent with
the exclusive occurrence of SCC at pellet interfaces (Section 2).
5 . FISSION-GAS RELEASE
From Figure 4, the following FGR observations can be made:
1. For a given peak power, unramped outer elements exhibited less FGR than those that were
ramped (0.1 to 1.0% versus 1 to 5%, respectively). This suggests that the forty-minute
transient had a significant role in venting existing grain-boundary fission-gas inventories.
2. For a given peak power, ramped intermediate elements showed FGR that was an order of
magnitude less than for ramped outer elements (from different bundles). This is apparently due
to the fact that the intermediate elements operated at lower powers prior to the transient. This
resulted in smaller fission-gas inventories at the grain boundaries available for release upon
ramping.
3. There is no simple correlation between FGR and peak power. FGR is dependent on fuel
temperature, which varies with fuel power; however, the duration of the transient was
apparently too short to allow a significant amount of enhanced fission-gas diffusion to the grain
boundaries.
From the above observations, it is concluded that the role of the transient with respect to FGR
was to vent existing grain-boundary inventories to the free volume of the elements. The magnitude
of grain-boundary fission-gas inventories was determined by the pre-transient power history.
6 . GRAIN GROWTH
Grain growth did not exhibit any dependence on the peak power achieved during the ramp,
being better correlated with the pre/post-transient steady-state power history. Apparently, the
transient duration/fuel temperature was insufficient to induce grain growth (consistent with FGR
observations, Section 5).
7 . CONCLUSIONS
1. The observed primary defects were caused by SCC at the end of the elements, which sustained
the largest relative increase in power.
2. These defects were always at pellet-interface locations and showed a preference for
recrystallized-alpha material.
3. The defect threshold appears to have been influenced by pellet geometry; those elements
incorporating pellets with smaller I/d and larger land widths exhibited higher defect thresholds.
This may be useful in optimizing existing fabrication parameters.
4. The duration of the transient was too short to influence residual midpellet strain or grain
growth. Pellet interface ridges were generally enlarged as a result of the power ramp, and
existing fission-gas grain-boundary inventories (determined by the pre-transient power history)
were vented to the free volume.
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TABLE 1: POWER fflSTORY DATA FOR BUNDLES
HAVING DIFFERENT PELLET GEOMETRIES

Outer Element
Bundle

Burnup @
Ramp
(MWh/kgU)

H29243C

SCC Failures

Pellet
Geometry

77

Peak Power
(kW/m)
60

1 element

"A"

H31138C

87

60

1 element

"A"

H59398W

67

62

none

"B"

H76155W

95

61

none

"B"

H78879W

99

56

none

"B"

2-26

"LAND"
WIDTH

T
LENGTH (I)

DIAMETER (d)

NOT TO SCALE
FIGURE 1:

SCHEMATIC CANDU FUEL-PELLET uEOMETRY SHOWING
PARAMETERS THAT INFLUENCE PERFORMANCE.

2-27

AVERAGE MIDPELLET STRAIN (%)
1;

0.8

0.6

ALL INTACT ELEMENTS

L
x

0.4
a

0.2

c

B

e

0
0

/.

D
A

0

!—

v

"

X

X

0

-0.2
35

40

X

45

50

55

60

65

70

PEAK LINEAR POWER (kW/m)
X

OUTER ELEMENTS

a

INTERMEDIATE ELS. *

OUTER ELEMENTS *

0

OUTER ELS.-UNRAMPED

* FROM DEFECTIVE BUNDLES

FIGURE 2:

MIDPELLET SHEATH STRAIN VERSUS PEAK POWER.

2-28

50

AVERAGE RIDGE HEIGHT (urn)

40 ~

ALL INTACT ELEMENTS

30 r

"

J
X'
i

X

20
V'

10

00

n |

35

|

|

|

|

I

|

i

40

45

50

55

60

65

70

PEAK LINEAR POWER (kW/m)
•

OUTER ELEMENTS

°

INTERMEDIATE ELS. *

x

OUTER ELEMENTS *

0

OUTER ELS.-UNRAMPED

* FROM DEFECTIVE BUNDLES

FIGURE 3:

PELLET-INTERFACE RIDGE HEIGHT VERSUS PEAK POWER.

2-29

FISSION-GAS RELEASE (%)
10
•

i_

9

1=

r
0 1

F
r

n

0.01
35

40

45

50

55

60

65

70

PEAK LINEAR POWER (kW/m)
x

OUTER ELEMENTS

a

INTERMEDIATE ELS.*

OUTER ELS.*

0

OUTER ELS.-UNRAMPED

* FROM DEFECTIVE BUNDLES

FIGURE 4:

FISSION-GAS RELEASE VERSUS PEAK POWER.

2-30

FUEL DEFECT INVESTIGATION AT POINT LEPREAU
A. M. MANZER and R. SEJNOHA
AECL CANDU
Mississauga, Ontario

R.G. STEED and T. WHYNOT
New Brunswick Power
Point Lepreau, New Brunswick

N.A. GRAHAM and A.P. BARR
Zircatec Precision Industries
Port Hope, Ontario

T. J. CARTER

AECL Research
Chalk River, Ontario

ABSTRACT
Twenty defective bundles, mostly from high power positions, were discharged from the Point Lepreau core
in 1991/92. They had no impact on station capacity factor nor did they contribute significantly to the
occupational exposures. This paper summarizes the defect investigation which included in-core diagnostics
of fission product levels in the coolant, fuel bay inspections, and destructive examinations of new bundles
at the manufacturing plant and of irradiated bundles at Chalk River. Primary hydriding is now strongly
suspected based on high levels of hydrogen found inside unirradiated fuel elements. The contamination
was introduced by insufficient baking of the CANLUB graphite coatings.

INTRODUCTION

Since the startup of Point Lepreau in 1982, the fuel performance has been excellent with a cumulative
bundle defect rate of 0.08% or 43 fuel failures in 51,000 bundles discharged to September 1992. However,
approximately half of the failures occurred in 1991-92. This represented an abrupt change in the annual
defect rate as shown in Figure 1 and was therefore considered to be a defect excursion. The operational
details and the location of the defects are summarized in Table 1 and Figure 2.
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The excursion had a minimum impact on station performance. This can be attributed to NB Power's
approach in maintaining and operating the on-line failed fuel detection and location equipment and in
responding quickly to signals that indicate the presence of defective fuel in the core. During the event,
the operations staff at Lepreau called in experts, as needed from the fuel design group (AECL-CANDU),
the fuel manufacturer (Zircatec Precision Industries), and fuel researchers (AECL-Chalk River
Laboratories). The investigation was focused on finding the cause of the fuel failures as soon as possible
and to characterize the post-defect performance so that corrective action could be taken to minimize
contamination of the heat transport system.
The following sections describe the course of action during the investigation in chronological order,
starting with the in-core diagnostics and ending with the fuel examinations.

IN-CORE DIAGONOSTICS
Normally, the fuelling engineer at Point Lepreau assesses the defect condition of the core by using some
basic rules derived from References 1 and 2 to interpret the signal trends generated by the two
independent on-line failed fuel detection and location systems: the Gaseous Fission Product (GFP)
Monitoring system and the on-power Delayed Neutron (DN) system. The GFP system monitors four
selected isotopes (Xe-133, Xe-135. Kr-88 and 1-131) continuously on an approximate 40 minute cycle,
and produces signals that form the basis for early warning of a fuel failure (Ref. 1). The main isotope for
indicating the onset of fuel failure is Xe-133. Typically, a defective element operating at 40 kW/m in a
CANDU 6 core can increase the Xe-133 levels in the coolant by 5-10 MBq/kg. The DN system scans the
delayed neutron precursers (halogens 1-137 and Br-87) in coolant lines connected to each of the outlet
feeders of all fuel channels. The defective bundle is usually found by identifying the ine fuel channel
having a high delayed neutron signal reiative to those of channels whose signal is measured by the same
detector (Ref. 2).
The rules for in-core diagnostics have worked well in the past because most fuel defects contained single
element failures. Defects could be characterized, easily found and removed before the heat transport
system became contaminated with irradiated uranium and depositing fission products. These species, if
released from defects can substantially increase the gamma radiation fields near the heat transport system
for several months (Ref. 3). The in-core assessment becomes more difficult when several defects reside
in the core as was the case in 1991.

CHRONOLOGICAL SEQUENCE OF EVENTS
Figure 3 shows the monthly trend of the GFP system that provided the basis for the initial assessment of
the defects. The trends include all activity concentration measurements taken at 40 minute intervals over
a four month period. Later on when defects were discharged, the investigation focused on the fuel
inspections.
Fehruan 1991
Based primarily on the GFP trend analyses, the core was believed to have contained more than one
defective fuel element operating at high power or several at intermediate power. These were the signs.
a)

The Xe-133 levels in the coolant began to increase sharply (about 3 MBq/kg per day) beyond the
levels expected for one defective element operating at a typical power of 40 kW/m. Normally,
when the core is free of fuel defects, the Xe-133 levels remain steady at 1-2 MBq/kg.
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b)

c)
d)

Hie abnormally high levels of Xe-133 (about 30 MBq/kg; combined with the absence of any
significant iodine release indicated that the defect, assuming a single defect scenario, was a
pinhole type and operating at high power, above about 45 kW/m.
The inability to locate the defects in the core with the DN system provided additional evidence
that the defects could be classified as pinhole type which were not releasing haiogens.
The gradually increasing levels of Xe-135 and Kr-88 indicated that either the number of pinhole
failures in the core was increasing or at least the hole size was increasing slightly.

March 1991
No fuel defects could be located and none were removed as part of the normal refuelling schedule. Flow
verification tests were done on March 1 and 22. During these routine tests, the reactor is derated to 80%
power for 30 minutes to measure flow rates in the instrumented fuel channels under single phase
conditions. Based on the GFP trends following each test, the defect situation in the core became worse
for these reasons.
a)

b)
c)
d)

All noble gas levels increased significantly within a few days after each test indicating a similar
increase in the number of defects in the core. Two defect scenarios were considered: 1) an
equivalent of at least two defects in the core operating at 45 kW/m (Xe-133 at 60 MBq/kg) after
the first test and 2-4 defects after the second test (150 MBq/kg); or 2) many pinhole defects in
the core operating at lower powers.
The inability to locate the defects in the core with the DN system again indicated that the defects
were not releasing halogens, and could still be classified as pinhole defects.
The absence of any increase in the average DN signals indicated that there was no significant
release of uranium to the heat transport system.
The Xe-333 level continued to increase gradually to a new equilibrium level over a two week
period following the first test on Mar 1. This indicated that the new defect had low burnup.
Consequently, the defect was believed to have been loaded into one of the high power channels
refuelled in early March. (Fuel inspections done several months later confirmed that a bundle had
been loaded into a high power position in channel M04 on March 1 and was discharged on May
22. It contained 2 defective elements on the outer ring that operated above 50 kW/ra - see Table
1.)

April 1991
Attempts to locate and remove the defects prior to the annual 2 week shutdown on April 14 were
unsuccessful. During the outage, the noble gases in the coolant were removed by degassing and by normal
radioactive decay. Again, based on the GFP levels, the defect condition was assessed as follows.
a}
b)
c)

d)

The gradual increase in all noble gases prior to the outage indicated little change in the condition
of the defects.
An 1-131 spike of 10 MBq/kg generated by the shutdown indicated that at least 2 high powereJ
defects were in the core.
All noble gas levels in the coolant returned to their pre-shutdown levels within about three halflives, as expected for the time required to rebuild the gap inventories of the gases within the fuel
elements operating at steady power. This indicated that there was no significant change in the
defect situation.
The inability to locate the defects in the core with the DN system before and after the outage
confirmed that the defects could still be classified as pinhole failures with no halogen release.
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e)

The absence of any increase in the average DN signals indicated that there was still no significant
uranium release to the heat transport system. The gamma radiation fields measured on the heal
transport system during the annual outage were only marginally higher than expected. This
confirmed that tnere had been no significant release of irradiated uranium nor depositing fission
products from the defects.

May 1991
The first 2 defective fuel bundles (in channels M04 and J19) were located with the DN system ana
subsequently discharged as shown on Table 1. (Fuel inspections in the bay later confirmed a total of 4
defective elements on these bundles. All four had operated above 50 kW/m.) The fuel defect assessment
based on the GFP ?.nd DN systems is summarized below.
a)

b)

c)

Prio: to defect removal, the DN signals for two channels increased by as much as 20-50% as
shown in Figure 4. This trend indicated that the pinhole defects had opened up enough to permit
the halogens to escape.
After defect removal, the same DN signals decreased but did not return to the pre-defect level.
This indicated that some residual amount of uranium had been released from the defects and had
deposited on the pressure tubes in these channels. The amount of uranium released was not
enough to cause an increase in the average DN signals. (Fuel inspections later confirmed that the
defective elements from M04 and J19 had fission product/uranium deposition on the sheath,
downstream of the holes.)
The drop in the noble gas levels following the discharge of the two defects, indicated that they
were the main source of the noble gases in the coolant. However, the gas levels remained well
above the pre-excursion levels in January suggesting that more defects were in the core.

Tune to September 1991
By the end of September, eight defective bundles had been discharged and inspected in the fuel bay at
Lepreau. The inspection results are summarized below.
a)

b)
c)
d)

With the exception of the 2 defective bundles that operated at the lowest powers in channels P09
and W l l , the remaining 6 bundles had :
1 or 2 defective elements each, all showing hydride damage and all located on the high
powered outer ring (operating above 42 kW/m), and
resided in the central high power positions in their respective fuel channels, positions 6
or 7 in the 12 bundle column,
Three of the 6 high powered defective bundles had serial numbers in close succession: A73049Z,
A73050Z, and A73052Z from channels J19, E12, and M04, respectively.
None of the defective elements appeared to have been caused by fretting.
Several defective elements had fission product or uranium deposition along the sheaths.

The above information prompted a detailed investigation in two directions. First of all, investigators from
Zircatec reviewed the manufacturing data in an attempt to find a common link among the defective
bundles. Secondly, investigators from AECL-CANDU reviewed bundle power histories and the reactor
physics transients to determine whether or not the defective elements operated above the power ramp
thresholds (Ref. 4), in particular during the flow verification tests, described earlier. Both reviews failed
to pinpoint the primary cause of failure. Instead, the following information was generated.
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a)

b)

All defective bundles were built within the same year (1990), but in two manufacturing campaigns
separated by about 6 months. This suggested that if the defects were manufacturing related, the
cause might be due to a sporadic material or process problem. It did not suggest a general problem
in any manufacturing process.
During flow verification tests, bundles in positions 6 and 7 did not experience any power
increases. On the contrary, they experienced the largest reductions in powers due to xenon-135
transient effects.

To avoid further risk of contamination to the core, NB Power imposed a quarantine on approximately
1,000 unirradiated Zircatec fuel bundles built in 1990 and stored at site.
Octoher to December 1991
Fuel defects continued to be located by the DN system and subsequently discharged according to the
discharged dates on Table 1. Subsequent fuel inspections in the bay confirmed the earlier findings: almost
all defects were found in high power positions 6 and 7 of high power channels, and all belonged to the
1990 batch of Zircatec fuel.
For the 1992 April outage, NB Power had scheduled a major program of replacing in-core flux detectors.
To avoid the risk of extending the outage due to high gamma radiation fields in the vault, the utility made
plans to ship the defective fuel elements to Chalk River for detailed post-irradiated examinations (PIE).
In preparation for this shipment, CRL staff were brought to site to dismantle the defective bundles and
store selected elements in shipping cans in the fuel bay.
In parallel with this program, NB Power returned 33 new bundles to Zircatec, who performed destructive
examinations on them. These bundles were built during the same time period as the defective ones. These
new bundles were related to the defective bundles by tubing lot, endcap material lot, endcap welder or
manufacturing time. The aim was to look for any fabrication anomalies which would help determine the
cause and eventually reduce the number of bundles placed in quarantine.
By December, it became obvious that there was a pattern in post-defect behaviour. Most of the defects
could only be found with the DN system after they resided for several weeks at high power. During the
initial period, the defective elements were only releasing noble gases to the coolant indicating a pinhole
defect. At some point, the post-defect deterioration rate increased suddenly as the hydride blisters that had
developed on the sheath cracked open as indicated by an abrupt increase in the DN signal. Assuming this
to be the case, AECL-CANDU correlated the DN signal trends with the bundle power histories to look
for a common pattern, Figure 5 shows the power and burnup conditons at the time of the hydride cracking
for most of the high powered defects. Based on the number of 1990 Zircatec bundles in the core and the
bundle power distribution in the core, about two hundred of these bundles had operated above this
threshold. Therefore, a 10% failure rate was assigned to the 1990 Zircatec bundles operating above the
bundle power and burnup conditions outlined by the threshold.
January to April 1992
By mid-January, 16 defective bundles had been discharged and the noble gas levels were returning to
normal. From the first 12 defective bundles, 17 defective and 8 intact fuel elements were shipped to CRL
for PIE.
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By February, Zircatec had dismantled a number of fuel elements from the unirradiated bundles and their
components were examined in great detail. Specific parameters measured included sheath-to-pellet
clearances, UO2 pellet densities, CANLUB-graphite coating thicknesses, axial gap clearances, and end cap
weld ratings. With the exception of one element which was found not to contain any CANLUB-graphite,
all design dimensional requirements were generally satisfied.
An investigation of the endcap and sheath materials associated with the defects, revealed that the endcap
barstock supplier had experienced porosity problems with the other users at about the same time. However,
high pressure helium leak testing of the elements from the new fuel bundles failed to reveal any evidence
of porosity in the endcaps.
By March, CRL had completed the detailed PIE. All seventeen defective elements were subjected to
detailed visual examination under the stereomicroscope, cutting, pressurized leak testing of sections of
elements, and metallographic examination of endcaps and selected element sections. The 8 intact elements
received a visual inspection and were set aside for future examination. The major findings are listed
below.
a)
b)
c)
d)
e)

The two low power defective elements from channels P09 and WI1 had incomplete endcap welds.
These elements were also the only defects from the non-outer rings.
From endcap leak tests and metallography, there was no evidence of endcap porosity nor
incomplete welds among the remaining high powered defects.
All defective elements contained extensive hydriding (or deuteriding). This made it extremely
difficult to assess primary hydriding as a defect mechanism.
From visual inspections, there was no evidence of fretting damage on any of the fuel elements.
Several photographs from metallography indicated axial interaction between the fuel stack and
endcap, and in some cases, circumferentially oriented cracks caused by axial loads. These cracks
may have been introduced as secondary damage during leak testing. The evidence did not confirm
stress corrosion cracking as the primary cause. The intact fuel elements from the high power
defects were not examined.

In absence of an assignable cause, the results were reviewed in detail. Some concern was raised about the
physical condition of the CANLUB - graphite coatings. It was decided to measure the hydrogen levels
inside selected unirradiated fuel elements.
By April, further examinations at Zircatec indicated that some of these coatings were incompletely cured
or baked, leaving high levels of residual hydrogen in the elements due to the cganic binder remaining
in the coatings. Quantitative analyses of the hydrogen remaining in the coatings suggested residual levels
of UP LO 4 mg hydrogen per element. This was higher than the AECL design limit of 1 mg hydrogen per
element.
Prior to the April outage, the investigators concluded from the above evidence that: the most likely cause
of failure of the high power defects was primary hydriding introduced by insufficient baking of the
CANLUB-graphite coatings; and the problem appeared to be confined to the 1990 batch of Zircatec fuel.
Only 40 bundles from this batch remained in high power positions operating above the hydride cracking
threshold. Assuming a 10% failure rate among these bundles, only 4 defective bundles were expected to
fail after the outage. (By July, only 2 of the high power Zircatec bundles failed in channels E14 and K12 see Table 1.)
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In preparation for the startup, tests were planned to commission the new flux detectors at low reactor
power. These tests were to last several days after which the reactor would be returned to full power. There
was some concern at the time about the integrity of the fuel since tiie evidence indicated that the defects
opened up in high power positions that were subjected to the largest power reductions during the flow
verification tests. AECL-CANDU recommended some guidelines for increasing reactor power to minimize
the risk of cracking open more hydride blisters over a short period of time. (Note that from a fuelling
operations standpoint, premature refuelling operations to remove defects introduce fewer power-flux
perturbations if spread over a long time period.) Two options were suggested: Option 1 if there were no
signs of defects in the core during the ramp up to full power, and Option 2 if there were signs, as outlined
below.
OPTION 1:

Increase reactor power with no special restrictions on bundle powers nor on power ramp
rates. To a first approximation, about 4 bundles may fail (10% of the 40 ZPI 1990
bundles operating with powers above the threshold).

OPTION 2:

Increase reactor power with no special restrictions on ramp rates but with a 750 kW limit
on bundle power, corresponding to approximately 83% reactor pow;r. Hold the reactor
power steady for one day and monitor the core for fuel defects. Locate and remove
defects as needed. Increase the reactor power in low power increments and repeat the hold
time for defect fuel monitoring and removal. This option was intended to slow down the
hydride cracking process and prevent a large number of failures from occurring
simultaneously.

Although the ambient gamma radiation fields near the heat transport system piping immediately after a
shutdown and poison-out in February were twice as high as measured a year earlier; the high fields had
largely disappeared at the time of the annual outage. The gamma dose for the steam generator inspection
during the outage was 250 man mSv. About half of this accumulated dose was attributed to the 17
defective bundles discharged during the previous 12 months. Considering the number of defective elements
and their high power ratings, the dose was lower-than-anticipated. The relatively low dose provides some
indication that the defects had been removed on time before any significant uranium release.
After the one month outage, Uie reactor was returned to 100% power, exercising a modified version of
Option 2. The final approach to full power was gradual for reasons that were related to commissioning
of new flux detectors installed in the core. In any case, no defects developed in the core immediately after
returning to full power.
Subsequent investigations of the CANLUB baking cycle suggested a previously undetected upward shift
in the decomposition temperature of the organic binder. The problem was later corrected by increasing
the baking temperature by about 50 C and by decreasing tl.- furnace stoking rate. These steps were taken
to ensure adequate removal of residual hyrogen from the coatings. Interlocks were also installed on the
furnace to assist the operator to ensure that the graphite coated sheaths remained in the furnace for not
less than the specified minimum dwell time period.
DEFECT DETERIORATION MECHANISM
In absence of any direct evidence as to the cause of the defects in the high power outer elements, it is now
strongly suspected that these may have been caused by primary hydrides due to internal contaminaiion
of the fuel elements. Destructive examination of the fuel elements removed from unirradiated fuel bundles
taken from new fuel inventory, revealed high levels of residual hydrocarbon binders remaining in the
CANLUB coatings due to inadequate vacuum baking.
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It seems feasible that after loading certain bundles into the core, the hydrogen inside a number of fuel
elements entered the sheaths and concentrated as hydrides in localized regions. Some of the hydrides
cracked open forming small irregular pathways through the sheath. The rates of hydrogen pickup by the
sheath and of crack growth through the hydrides are likely temperature dependent. TLs would explain
why the defects with excess hydrogen only occurred among the outer elements of high powered bundles
in positions 6 and 7. These positions also have the highest inside sheath temperatures.
Generally, small "meandering" pathways through the fuel sheath tend to holdup fissior. products inside
the fuel element and inhibit their release to the coolant. The halogens react with other fission product
species or deprsit on surfaces inside the element. In addition, the indirect pathway(s) and the high sheath
temperature provide limited access for the coolant to enter the element. Water is needed to dissolve the
halogens and make them available for release. The noble gases on the other hand, are chemically inert
and can escape more easily than the halogens, even in the absence of water. Nevertheless, the small
amount of holdup of noble gases within the element does prevent a large fraction of the short-lived noble
gases from escaping. Instead, they are lost by radioactive decay. However, Xe-133 with its 5 day half-life
can escape to the coolant at a higher rate than the short-lived ones. These different transport mechanisms
explain why the GFP system (detects mainly noble gases) detected the defects in the core before the DN
system did(detects halogens only).
As the coolant enters the fuel element, especially during power reductions (shutdowns, flow verification
tests, etc.), deuterium becomes available to enter the sheath from the inside surfaces. When this happens,
deterioration can be very rapid leading to massive deuteriding and cracking. With many cracks along the
fuel element, the halogens can escape at a high rate allowing the DN system to locate the defects in the
core.

KEY ISSUES
The GFP .system played an important role in providing advanced warning of a fuel problem and in
diagnosing the defect situation in the core. The noble gas trends provided early indications that the core
contained defects that were operating at high power, were pinhole size and were not releasing halogens.
During the entire period, there was very little change in the steady state 1-131 levels.
Although the DN system could not initially locate the high power defects, they were found shortly after
the hydrides cracked open and were discharged shortly after the signal increased. There was evidence of
uranium release: some fuel elements had deposition along the sheaths downstream of the defects, the DN
signals did not return to pre-defect levels after removing defects from some channels, and higher-thannormal gamma fields and doses were encountered during the outages in 1991/92. However, the uranium
release was not significant as the average DN signal trends remained virtually unchanged.
'fhe results of the destructive examinations of new fuel bundles at Zircatec played the key role in
identifying the primary cause of fuel failure. The findings were consistent with the PIE at Chalk River
where the traditional defect causes like porous end caps, stress corrosion cracking, etc. were eliminated.
All participants involved in the investigation came from various sectors in the nuclear fuel industry. Each
member had a common interest in identifying the cause of the fuel problem and correcting it. Team
participation and cooperation were excellent.
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CONCLUSIONS
1.

In spite of no direct evidence from PIE, the investigation concluded that the primary cause of
failure among the high power defects at Point Lepreau was more than likely primary hydriding.
Fuel elements examined from unirradiafed fuel built at the same time as the defects had hydrogen
levels up to 4 mg, which exceeded the AECL design limit of 1 mg.

2.

The primary hydriding failures were preferentially located in positions 6 and 7 in high power
channels. These bundles did not experience power ramps due to refuelling nor due to the flow
verification tests which required short deratings to 80% power. They experienced the largest
power reductions during these routine tests.

3.

Fuel elements containing pinhole defects and operating at high power, 42-50 kW/m range remain
extremely stable wiihout releasing halogens and uranium. Only the noble gases escape. Post-defeci
deterioration via hydriding only occurs after a critical element burnup of about 60 MWh/kgU. The
threshold for hydride cracking is shown in Figure 5.

4.

The Xe-133 activity concentrations in the coolant not only provided a good indication of high
power defects in the core, but also of the linear power of the defective element.
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Table 1: Summary of Confirmed Fuel Defects at Point Lepreau (1991/92)
Serial Number Channel ID Loading
& Posiiiun
Date
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

A730522
A73049Z
A71492ZA73012Z
A70319Z"
A73050Z
A75148Z
A73713Z
A75147Z
A7001QZ
A7126OZ
A728852
A72315Z
A71499Z
A736982
A71968Z
A751<)6Z
A78774Z
A71779Z
A79O99Z

Discharge
Maximum
Discharge
Oeteclive"
Date
B Powsr (kW) Bornup(MW)yi<gU) Eteroeni »

Shift
Dale

M04W-6.10 91/03/01 91/05/21 91/05/22
J19W-7 91/02/05
91/05/23
P09W-8" 91/03/19
91/07/18
F11E-7 91/02/07
91/08/15
W11E-7" 91/01/28
91/08/16
E12E-6 91/05/13
91/08/27
L19W-7 91/07/22
91/03/26
L05W-7 91/06/11
91/09/28
H04W-7 91/07/22
91/10/08
L06E-6 91/04/05
91/10/10
G11W-6 91/04/03
91/10/17
NO6E-6 91/05/02
91/10/26
S08W-7 91/03/25
91/10/02
L19W-7 91/09/26
92/01/09
Q16W-6 91/07/04
92/01/10
S12W-1.9 91/03/2? 91/10*07 92/01/16
F15E-6 91/12/09
92/02/04
E14E-5 92/01/16
92/07/16
M05-1.9 91/09/16 92/02/18 92/07/28
K12W-6 92/01/31
92/07/30

868
819
736
818
429
815
834
840
797
828
808
841
816
810
832
673
805
766
705
745

73

8,12
6.13

97
99
173
96
105

33'
12
19'
7.9

69

1.18

110
76

3
3.4

176
176

8

175

78
105
183
121
56

5
9
Not found
Nottound
10.12.13.18
6
12
18

128
134

35

125

12

Figure 1: Point Lepreau NGS - Lifetime Detective Fuel History
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Figure 2:Channel Location and Bundle Position of 1991/92 Fuel Defects in Point Lepreau Core
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Figure 3c: Point Lepreau GFP Trends — Apr 8 to May 9,1991
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Figure3d: Point Lepreau GFP Trends — May 9 to June 3,1991
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Figure 4a: DN Signal Trends for Defect #1 (M04W-6)
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Figure 4b: Power History for Defect #1 (M04W-6)
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Figure 5: Hydride Cracking Threshold
For 1991-92 Defects at Point Lepreau
(Based on DN Signal and Bundle Power Histories)
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BEHAVIOUR OF BRUCE NGS-A FUEL IRRADIATED
TO A BURNUP OF ~ 500 MWh/kgU
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RJ. CHENTER and D. O'BRIEN
Fuel Materials, AECL Research
Chalk River Laboratories
Chalk River, Ontario, Canada KOJ 1 JO
^Ontario Hydro staff, attached to Chalk River Laboratories
ABSTRACT
Fuel elements from three fuel bundles discharged from Bruce NGS-A at bumups of 478 to 518
MWh/kgU were examined in the Hot-Cell Facilities at Chalk River Laboratories (CRL). The
examination results show that the fuel operated at higher-than-expected temperatures resulting in
fission-gas releases of up to (and probably exceeding) 24%. Sheathing strains of up to 3% were
also observed indicating a high level of pellet-clad interaction (PCI). This unexpected behaviour is
believed to be related to a bumup-dependent reduction in UO2 thermal conductivity.
All of the outer elements examined from two of the bundles apparently experienced SCC** related failures in the endcap-weld region and sheath as a result of PCI. No failures were observed
in the elements examined from the third bundle. The factors believed to have primarily influenced
performance are endcap-weld geometry and UO2 density. Pellet geometry, stack length and sheath
properties may also have influenced performance.
The results of these examinations may help to facilitate performance enhancements to existing
and future fuel-bundle designs. Until such an optimization takes place, the current bundle average
burnup limit in Ontario Hydro reactors of 450 MWh/kgU is justified.
1 . INTRODUCTION
The performance of 37-element CANDU*** fuel at extended bumups is of interest to:
1. reactor operators who desire a better understanding of the limits of operation, particularly for
fuel resident in fuel channels that cannot be refueled for an extended period of time; and
2. fuel designers who desire a better understanding of the parameters that influence performance.
Such an understanding will facilitate a) an optimization of bundle designs currently in use to
enhance performance thresholds, and b) the utilization of advanced fuel cycles/bundles
designed for longer irradiations, higher bumups and more demanding power histories.

***

Stress-Corrosion Cracking.
CANDU: CANada Deuterium Uranium. Registered trademark.

The average discharge burnup of CANDU fuel is approximately 200 MWh/kgU.
Approximately 400 000 37-element bundles have been successfully irradiated to date, having a
defect rate of 6.1%. On an element basis, the defect rate is significantly lower (<0.01%). Most of
the failures can be attributed to manufacturing and debris fretting. Approximately one-tenth of the
failures are duty related.
Approximately 210 37-element bundles have achieved bumups in excess of 400 MWh/kgU in
Bruce Nuclear Generating Station (NGS) reactors. The majority of these showed no evidence of
having failed in-reactor (Bruce reactors have on-power failed-fuel monitoring systems); hence, the
majority of these bundles have not been examined in the Irradiated-Fuel Bay (IFB) or examined in
hot-cell facilities. Of those bundles inspected, four have exhibited apparent SCC-related defects in
the endcap regions and sheath. Two of these bundles were irradiated to burnups in excess of 600
MWh/kgU, exhibiting fission-gas release (FGR) of up to 26% and diametral strain of up to
1.5%.HI Both of these bundles had identical fabrication parameters having been supplied by one
manufacturer.
Recently, fuel was discharged from Bruce NGS-A Unit 3 at an unusually high burnup
following an extended irradiation caused by a fueling restriction on Channel N08. This channel
contained fuel that had subtle differences in parameters (such as weld geometry, UO2 density,
pellet geometry and stack length) having been fabricated by two difference manufacturers. All of
the variances were within limits specified by Ontario Hydro. The bundles were ramped to peak
powers of up to 59 kW/m at burnups of about 100 MWh/kgU. Following this, they experienced
declining power histories to discharge bumups of 478 to 518 MWh/kgU. A typical power history
is shown in Figure 1. Subsequent discharge and inspection of the fuel in the IFB revealed
numerous defective outer elements on bundles J98315C and J98324C. Bundle J03311W
(supplied by a different manufacturer) had no obvious defect features.
Selected fuel elements from the three bundles were shipped to CRL for destructive examination
in the Hot-Cell Facilities in 1990 December. All of the outer elements examined from bundles
J98315C (eighteen) and J98324C (two) had defects in the endcap-weld region and sheath which
appeared to be SCC related (Section 2). All of the outer elements examined from J03311W
(seven) were intact, and exhibited FGR up to 24% (Section 3).
2 . DEFECT CAUSES
Twenty outer elements examined from bundles J98315C (eighteen) and J98324C (two) were
defective. All of the primary defects are believed to be SCC-related and located at the end of the
element associated with the outboard bearing pad (Figure 2).
Two of the outer elements from J98315C exhibited features similar to SCC in the heat-affected
sheath associated with the outboard bearing pad (Figure 3). Three others exhibited large shear
cracks in the sheath alongside the outboard bearing pad (Figure 4). Some evidence suggested that
the shear fractures initiated at the sheath outer surface. Other evidence suggested that SCC was the
root cause.
The remaining outer elements in bundles J98315C (thirteen) and J98324C (two) exhibited
circumferential cracking in the endcap-weld region adjacent to the outboard bearing pad (Figure 5).
Each of the cracks initiated at the tip of the notch between the sheath and the weld upset. The
cracks propagated through the braze-heat-affected sheath material and did not appear to have been
influenced by the weld-sheath transition zone or by the presence of deuteride platelets. Although
cracks were observed at the endcap at the other end of the element, they were always related to
massive secondary deuteriding. Hence, primary cracking associated with the endcap-weld notch
showed an exclusive preference for welds made from braze-heat-affected sheath material (adjacent
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to the outboard bearing pad).**** This preference has been observed elsewhere, \.~-5] and is
believed to be related to the increased SCC susceptibility of heat-affected zircaloy relative to that of
as-received material.[5-7]
3 . FISSION-GAS RELEASE AND GRAIN GROWTH
Table 1 summarizes the FGR observed in the intact elements of bundles JO3311W and
J98315C FGR of up to 24% was observed in the outer elements of JO3311W. It is inferred that
the failed outer elements of J98315C probably experienced FGR greater than 24%, since its
intermediate elements experienced higher FGR than those of J03311W (5% and 3%, respectively).
Up to a factor of five was observed in pellet-centre grain growth, and extensive tunnelling was
observed at the grain boundaries (Figure 6).
These data suggest that the fuel experienced higher-than-expected operating temperatures. This
is believed to have been caused by a burnup-dependent reduction in fuel thermal conductivity.[8.9]
This is due, at least in part, to the buildup of solid fission products in the fuel matrix, and may also
be related to the onset of hyperstoichiometry (oxidation of fuel by oxygen liberated through
fissioning, Section 6)110,11]
4 . DIMENSIONAL BEHAVIOUR
Table 1 summarizes the midpellet strain and pellet interface ridge values calculated from
profilometry measurements.
In general, strains and ridges were highest in bundles J98315C and J98324C and indicative of
a high level of PCI (up to 2.5% and 43 (xm, respectively). One should not conclude that all of the
increased strain/ridging in J98315C outer elements relative to that in J03311W is due to post-defect
operation, since a similar pattern is observed in the intact intermediate elements. These high values
of strain are undoubtedly linked to the higher-than-expected operating temperatures discussed in
conjunction with the observed FGR (Section 3).
5 . SHEATH-DEUTERIUM PICKUP
Table 1 summarizes the deuterium-pickup measurements made on sheath samples from intact
elements. In general, braze-heat-affected zone (BHAZ) material exhibited higher deuterium
concentrations than as-received zone (ARZ) material. This is typical of experience elsewhereI4Ai
The intact elements of bundle J98315C showed significantly more BHAZ deuterium pickup
and less ARZ deuterium pickup than those of bundle J03311W. This may indicate a difference in
sheath properties, which may have influenced performance (Section 6).

6. CANLUB BEHAVIOUR AND OXIDATION OF THE SHEATH AND FUEL
Typically, 60% of the CANLUB-graphite layer was retained and was primarily adhering to the
fuel in the outer elements of J03311W and the intermediate elements ofJ98315C and J03311W.
The other 40% could not be accounted for. Figure 7 shows the behaviour of CANLUB at
extended bumups (taken from reference 8). Below 400 MWh/kgU, CANLUB retentions greater
than 80% are typical; however, at extended bumups, retentions diminish so that at bumups greater
than 700 MWh/kgU, less than 10% of the CANLUB is retained (i.e., more than 90% is
unaccounted for). The CANLUB layer does not appear to "thin" with irradiation; rather, it breaks
up into fragments and as irradiation progresses more of the fragments, "disappear". This
In contrast, the weld adjacent to the inboard pad is always made from as-received (cold-worked) sheath material.
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behaviour is not yet ^ully understood, but may be linked with the oxidation behaviour of the fuel
and inner surface of the sheathJS]
The CANLUB-coated elements of J03311W and J983." 5C generally exhibited little or ..o oxine
on the inner surface of the sheath whereas thj urcoated inner and centre elements of 798315C
exhibited patches of oxide up to 10 um. This behaviour his been observed elsewhere in
extended-bumup fuelst8] and is currently under investigation.
Some of the outer elements of JO3311W and intermediate elements of J98315C showed
evidence of UCb oxidation at the fuel-pellet periphery and along large radial cracks. The grain
boundaries at the pellet periphery were observed to preferentially etch, suggesting that a phase such
as U4O9 may be present. This has been observed in other extended-bumup fuel.[1-8] Microcracks
were observed along the border of radial cracks (Figure 8). These may also indicate the presence
of a higher-oxide phase.
7 . DISCUSSION
The irradiation and examination of bundles J03311W, J98315C and J98324C h3s provided an
unprecedented opportunity to investigate the effect of fabrication parameters on performance
thresholds. Each of these bundles was irradiated side-by-side, having near-identical power
histories. However, there are subtle differences in the fabrication parameters of bundles J03311W
and J98315C/J98324C. These are undoubtedly responsible for the marked difference in
performance between these bundles (J98315C/T98324C: 100% outer-element failure rate versus
J03311W: 0% outer-element failure rate). Some of the fabrication factors believed to have
influenced performance are discussed, below.
Bundles J03311W and J98315C/J98324C have endcap-weld geometries that differ
significantly (Figure 9). The latter bundles always exhibited a "notch", which was caused by the
inboard folding of the weld upset over the sheath (Figure 9a). The notch tip apparently acts as a
point of concentration for multiaxial stress caused by pellet-induced axial and radial loads on the
endcap and sheath (respectively). The majority (75%) of failures observed in J98315C and
J98324C were observed to have initiated at the notch tip. This type of failure in "notched" endcap
weld geometries has been observed elsewhere, at both extended bumupstM] and inside the normal
operating envelope. [2.3] Conversely, bundle JO3311W endcap welds exhibited "notchless"
geometries (Figure 9b). The notchless weld geometry is less susceptible to multiaxial stress
concentration and has yet to exhibit failures in-reactor. Out-reactor tests have shown that notchless
weld geometries have higher failure thresholds than those that are notched.!5] Although differences
in weld geometry are believed to have influenced the perfonnance of the bundles being considered,
they do not account for the observed sheath failures in J98315C (and lack thereof in J03311W);
hence, other factors must have contributed to at least those failures (and probably the endcap
failures, as well).
A difference existed in the UO2 density of the bundles (J03311W: 10.70 Mg/m3;
J98315C/J98324C: 10.76 Mg/m 3 ). Lower density results in more sintering of porosity during
irradiation, which offsets swelling due to thermal expansion or fission-product buildup. IX^\ This is
consistent with the fact that J03311W elements generally exhibited 1% less diametral strain and
pellet-interface ridges 50% smaller than their J98315C counterparts (Section 3 and Table 1).
Other parameters, such as pellet geometry, may have also influenced performance. The pellets
used in bundle J03311W had larger land widths than those in J98315C (Figure 10). Carter[12]
showed that increased land width served to decrease pellet interface ridging. However, any
motivation to increase land widths to reduce diametral pellet-clad interaction (PCI) should be
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tempered by the fact that increased land widths also serve to increase axial strains.!13] In addition,
end-pellet design differed (reduced diameter vs. tapered).
The fuel-pellet stack lengths were longer in bundles J98315C/J98324C than in J03311W.
This may have contributed to greater axial interference, leading to greater stresses in the endcapweld region (including the adjacent outboard bearing pad, where 25% of the defects were
observed).
Finally, sheath properties may have also influenced performance. In general, the BHAZ of
J03311W elements exhibited less deuterium pickup than that of J98315C elements. This may have
been an important factor given that all of the defects observed in J98315C/798324C were in heataffected material. It has been postulatedt2'4! that the observed SCC-related end<~ap-cracking
mechanism may be assisted by delayed-hydride cracking (DHC). Although the conclusive
evidence for DHC is lacking, tests have shown that heat-affected zircaloy exhibits increased
susceptibility to SCC when hydrides/deuterides are present.'5.6]
8 . CONCLUSIONS
1. Three fuel bundles irradiated to discharge bumups of 478-518 MWh/kgU operated at higherthan-expected fuel temperatures having exhibited FGR up tb (and probably exceeding) 24%
and diametral sheath strain of up to 3%.
2. This behaviour is believed to be related to a burnup-dependent reduction in UO2 thermal
conductivity caused (in part) by the buildup of solid fission products in the fuel matrix and
possibly the onset of hyperstoichiometry.
3. All of the outer elements from two of the bundles (J98315C and J98324C) apparently
experienced SCC-related failures in the endcap-weld region or the adjacent outboard bearing
pad BHAZ as a result of PCI. All of the elements from the third bundle (J03311W) were
intact.
4. The factors believed to have primarily influenced the difference in performance between the
bundles are endcap-weld geometry and UO2 density. Pellet geometry, stack length and sheath
properties may also have influenced performance.
5. Until the existing bundle designs can be optimized, the current bundle-average burnup limit of
450 MWh/kgU in Ontario Hydro reactors is justified.
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TABLE 1: DATA SUMMARY FOR J13311W, J98315C AND J98324C*

Bundle

Element
Type
(Figure 2)

Peak Power
(kW/m)

Burnup
(MWh/kgU)*

FGR
(%)***

Midpellet
Diametral
Strain

Pellet
Interface
Ridge Height
(M-m)

Sheath
Deuterium
Concentration
(ug/g)
BHAZ***

J03311W

J98315C

J98324C

Outers

59

543

Intermediates

48

445

Outers****
Intermediates
Inners
Centre

57
47
42
40

583
472
429
400

Outers*

56

605

23.6
2.5

4.6
0.2
0.1

i.4

ARZ**
124

0.3

20
10

199
70

2.5
1.2
0.9
0.7

43
20
15
15

_

_

111
318
248

80
44
51

1.9

35

79

All values of bumup, FGR, strain, ridge height and deuterium pickup are averages of all measurements made on a particular element type (i.e., outers,
intermediates, etc.).
Chemically measured.
Fission-Qas Release; graze-Heat-Aifected gone; <*nd As-Received Zone.
All outer elements failed.

Outer Element Linear Power (kW/m)
60
50
40
30
20
10
0

100

FIGURE 1:
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POWER HISTORY OF BUNDLE J98315C, TYPICAL OF THAT FOR J03311W AND J98324C.
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FIGURE 2:

SCHEMATIC OF 37-ELEMENT BUNDLE IRRADIATED IN BRUCE REACTORS, SHOWING BEARING PAD AND
ELEMENT-RING GEOMETRIES.

FIGURE 3:

SHEATH SCC IN BT'AZ ASSOCIATED WITH OUTBOARD BEARING PAD
OF ELEMENT 6 FROM BUNDLE J9X315C. CRACK ON LEFT HAS
INITIATED AND PROPAGATED VIA SCC THROUGH 75% OF THE SHEATH
WALL. THE REMAINING 25<7r IS SHEAR. AS EVIDENCED BY NECKING
ONTHEOD. INCIPIENT SCC IS SEEN ON THE RIGHT. (DD32I6 \10Ch

FIGURE 4:

AXIAL SPLIT ALONGSIDE OUTBOARD BEARING PAD OF ELEMENT 18 (J983I5C) BELIEVED TO HAVE
BEEN CAUSED BY SCC AND SHEAR. (RE-515R-U x4.85)
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FIGURE 5:

LONGITUDINAL SECTION THROUGH ENDCAP OF ELEMENT 0 (J98315C)
SHOWING WELD REGION. SCC-RELATED CRACK HAS PROPAGATED
FROM THE TIP OF THE WELD UPSET NOTCH THROUGH THE SHEATH,
WHICH HAS BEEN HEAT-AFFECTED BY THE BRAZING OF THE
ADJACENT OUTBOARD BEARING PAD. NOTE THAT CRACK DOES NOT
APPr./»R TO HAVE BEEN INFLUENCED BY THE WELD TRANSITION AND
ITS \J IOCIATED DEUTEPJDE/HYDRIDE PLATELETS. (DD32L2 xlOO)
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e.

FIGURE 6:

GRAIN MORPHOLOGY AT CENTRE OF PELLET AT MIDPLANE OF
ELEMENT 18 (J03311W). AVERAGE GRAIN SIZE IS 37 \xm (INITIAL SIZE =
8 \ua). NOTE LARGE TUNNELS AT GRAIN BOUNDARIES FACILITATING
FISSION-GAS RELEASE. WHITE DOTS ARE SOLID FISSION-PRODUCT
DEPOSITS. (DD84C5 xlOO)
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FIGURE 7:

RETENTION OF CANLUB-GRAPHITE COATINGS AT EXTENDED
BURNUPS (FROM REFERENCE 8).
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FIGURE 8:

MICROCRACKING ALONG BORDER OF RADIAL CRACK IN PELLET
FROMJ03311W, ELEMENT 18. (DD84B14 x500)

•' I

I

I

FIGURE 9A: TYPICAL INTACT ENDCAP WELD OBSERVED
IN BUNDLES J98315C AND J98324C. NOTE
PRESENCE OF "NOTCH" FORMED BETWEEN
WELD UPSET AND SHEATH. (DD83M3 x50)

FIGURE 9B: TYPICAL INTACT ENDCAP WELD OBSERVED
IN BUNDLE J03311W. NOTE ABSENCE OF
"NOTCH". (DD83A3 x50)
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DIAMETER (d)

NOT 70 SCALE

FIGURE 10: PELLET-GEOMETRY SCHEMATIC SHOWING LOCATION OF "LAND".
WHICH VARIED IN WIDTH FOR BUNDLES J03311W AND J9831SC/T98324C.
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HYPERSTOICHIOMETRIC SIMFUEL

P.G. LUCUTA+, R.A. VERRAW, Hj. MATZKE' and I.J. HASTINGS"
+

AECL Research, Chalk River Laboratories, Chalk River, Ontario, KOJ I JO Canada
Commission of the European Communities, Joint Research Centre, European Institute for
Transuranium Elements, 7500 Karlsruhe, Federal Republic of Germany
* AECL Head Office, 344 Slater St., Ottawa, Ontario, K1A 0S4 Canada

ABSTRACT
Thermal properties of UO2 at high temperature are among the most important parameters in
assessing fuel behaviour at high burnup. Reduction in thermal conductivity occurs in the fuel
during irradiation because of fission-gas bubbles, fission products (dissolved and precipitated) and
oxygen to uranium ratio (O/U) increase.
SIMFUEL — SIMulated high-burnup UO2 FUEL- provides a non-radioactive analogue to
irradiated fuel. Hyperstoichiometric SIMFUEL and UO2, with selected O/U ratios, are prepared
by annealing specimens in an oxidizing atmosphere, so that the effect of the stoichiometry on
thermal properties of the fuel can be investigated.
The thermal conductivity of stoichiometric SIMFUEL has been reported to be lower than that of
the "pure" UO2. In this paper, we present results from studies of:
- thermal conductivity of stoichiometric 1.5 at% burnup SIMFUEL, relevant to the operating
burnup envelope of CANDU fuel,
- characterization of hyperstoichiometric SIMFUEL, and
- thermal conductivity of slightly hyperstoichiometric SIMFUEL.
The thermal diffusivity and specific heat of annealed SIMFUEL and UO2 were measured between
room temperature and 1500°C, and the data were combined to obtain the thermal conductivity.
The thermal conductivity of SIMFUEL decreases as the burnup increases. Preliminary results
from studies of hyperstoichiometric SIMFUEL show that a small increase in the O/U ratio
(2.001) slightly decreases the thermal conductivity. A reduction by 4% has been observed at
400°C in the hyperstoichiometric SIMFUEL.
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1. INTRODUCTION
A typical discharge burnup for CANDU1 fuel is in the range of 150 to 350 MW.h/kg U.2
However, during normal commercial operation, significant numbers of bundles are now reaching
higher burnups; for example, in channels experiencing fuelling restrictions. Post-irradiation
examination of fuel bundles from the Ontario Hydro Bruce NGS showed enhanced fission-gas
release from intact elements in the higher-burnup bundles, compared to release from bundles
irradiated at similar power but to lower burnup [1]. The grain growth, diametral strain, and
fission-gas release in the investigated higher-burnup bundles were typical of fuel with operating
temperatures higher than expected from the power histories [1-3]. The increased fission-product
mobility was attributed to reduced fuel thermal conductivity rather than degraded heat transfer
in the fuel-to-sheath gap [2]. Above a power rating of 40 kW/m, there appears to be a burnupthreshold value around 500 MW.h/kg U [1, 2], above which enhanced fission-gas release is
observed, with accompanying element diametral increases, leading to failures (Ontario Hydro
presently uses a discharge burnup limit of 450 MW.h/kg U [2, 3]).
Studies of irradiated fuels provide important data on the thermodynamics and chemistry of the
fission products at high burnup. However, the associated high costs and practical difficulties
of handling active material have limited the number of these studies. The only reported study
on the thermal conductivity of irradiated high-burnup fuels, by Daniel and Cohen [4], showed
a marked decrease in conductivity at high burnup compared to fresh fuel. Their data for 4 at%
burnup showed a difference of 27% at 500°C and 10% at 1500°C compared to unirradiated fuel.
These measurements included all changes in the luel induced by irradiation: e.g., dissolved and
precipitated fission products, changes in stoichiometry. displacement of the atoms in the lattice,
and fission-gas bubbles and cracks in the fuel on top of pre-existing stable porosity.
A decrease in thermal conductivity was also shown in several experiments that have measured
the effect of a single additive on UO2 [5-8]. All additives decreased the conductivity and the
reduction was proportional to the amount of the additive. Simulated high-burnup fuel, termed
SIMFUEL, provides a convenient way to investigate thermal conductivity. Schmitz et al. [9]
fabricated simulated (U,Pu)O2 fuel with eight additives at an equivalent bumup of 16 at%, and
showed that between 500 and 800°C the conductivity of the high-burnup simulated fuel was
comparable to pure (U,Pu)O2 when the O/M ratio was 1.97, but 30% lower when the ratio was
2.0. A similar experiment by Runfors [10] with UO2 doped with oxides of zirconium, rare earths,
and alkaline earths (forerunners of SIMFUEL) indicated a degradation in conductivity by 18%
compared to pure UO2 between 500 and 1000°C.
Besides the dissolved fission products, fuel stoichiometry (O/M ratio) is another important
parameter that affects thermal conductivity and fission-product mobility, as well as other
properties such as the chemical state and distribution of the fission products For O/U ratios
ranging from 2.00 to 2.11, Goldsmith and Douglas [11] reported a degradation in the thermal
1

CANDU: CANada Deuterium Uranium. Registered trademark.

2

1 at% burnup = 225 MW.h/kg U = 9375 MW d/t U
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conductivity of "pure" UO2 over the temperature range of 500-1000°C. They found a reduction
in conductivity of 28% at "l000°C and 39% at 500°C for O/U = 2.05.
Currently, worK funded by the CANDU Owners Group and performed at AECL in support of the
CANDU reactor is focusing on fuel performance and behaviour within and outside the operating
burnup envelope. In examining life-limiting factors at extended burnup, increased fission-product
mobility and gas release rank among the most important, and these are directly related to the fuel
operating temperatures, which, in turn, are determined by fuel thermal properties.
This paper describes the concept of UO2-based SIMFUEL. Microstructural features of the
hyperstoichiometric UO2 and SIMFUEL are examined. Results of the thermal conductivity of
1.5 &t% (340 MW.h/kg U) burnup SIMFUEL are presented and compared to those from pure
UO2 and previously reported 3 and 8 at% burnup SIMFUEL. The effect of a small
hyperstoichiometry on the thermal conductivity is also described.

2. SIMFUEL CONCEPT
Since 1988, a program has been in place at Chalk River Laboratories (CRL), in cooperation with
the Institute for Transuranium Elements and Whiteshell Laboratories (WL), to fabricate and test
SIMFUEL. SIMFUEL provides a quick and easy procedure for various scoping tests, avoiding
the high activity of irradiated fuel. The burnup i-; simulated by doping UO2 with stable additives
in an appropriate amount. Because gases and volatiles are not added (they could not be retained
during sintering), the microstructure does not contain the gas bubbles formed in irradiated fuel.
We have previously reported the fabrication procedure of UQ,-based SIMFUEL with equivalent
burnups of 3, 6 and 8 at% [12-15]. SIMFUEL with a burnup of 1.5 at% (340 MW.bTkg U),
which is within the operating burnup envelope of CANDU fuel, was added to the burnup range
and tested. To replicate the complex structure of high-burnup fuel, it is necessary to have a very
fine and uniform dispersion of ail added fzssion products and to reach phase equilibrium during
SIMFUEL preparation. This requires that SIMFUEL constituents be mixed homogeneously on
a submicrometer scale and then heated to a sufficiently high temperature to achieve homogeneity
on an atomic level by diffusion. High-energy, wet-attrition ball-milling was used to achieve a
uniform fine dispersion. A spray-drying step served to lock the selected burnup composition into
granules. Conventional pressing and sintering at 1700°C for 2 hours in lowing H2 yielded a
structure typical of a fuel that has operated at high temperature, where solid phase precipitates
and fission-gas bubbles form.
Extensive characterization [13-15] demonstrated the equivalence of the niicrostructure and phase
structure of SIMFUEL to irradiated high-burnup fuel (not including bubbles). All classes of
fission products (except the fission gases and volatiles) are represented in SIMFUEL. The UO2
matrix contained fully or partially dissolved oxides (e.g., Nd, La, Ce, Y, Sr, Zr (Figure 1)).
Spherical metallic Mo-Ru-Pd-Rh precipitates were uniformly dispersed tiiroughout the matrix and
a fine perovskite phase of the (Ba,Sr)2ZrO3-type precipitated at the matrix grain boundaries [14].
SIMFUEL represents a unique non-radioactive analogue of irradiated high-burnup fuel. Due to
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its similarity in microstructure to irradiated high-burnup fuel, SIMFUEL is presently used in a
variety of experiments:
-

thermal conductivity,
fission-gas mobility,
oxidation behaviour,
assessment of the direct _use
of spent £WR fuel in CANDU (DUPIC),

- leaching tests,
- electrochemistry,
- fuel-zircaloy interaction,
- radiation damage studies,
- measurements of physical properties.

SIMFUEL yields the intrinsic thermal conductivity of the nuclear fuel (without fission-gas
bubbles and cracks). Determination of the thermal conductivity using SIMFUEL have major
advantages:
•
•

Permits easy and reliable measurements.
Provides relatively large, well characterized samples.

3. RESULTS AND DISCUSSION
3.1 Hvperstoichiometric SIMFUEL
Excess oxygen is generated in irradiated fuel as many fission products have a lower valence than
uranium. From the fission yields and valence states of the fission products [16], the excess of
oxygen per atom percent burnup can be estimated: the result is one atomic percent burnup causes
a change from 2.000 to 2.009 in O/M ratio [17]. However, in practice, the excess oxygen is
thought to migrate to, and react with the Zircaloy sheath, so no net oxidation of the fuel should
be observed. Recently, it has been questioned whether the CANLUB coating on the inside of
the Zircaloy sheath in CANDU fuel was inhibiting ZrO2 formation at high burnup [2], in which
case the excess of oxygen may remain in the fuel.
An excess of oxygen is introduced in SIMFUEL by annealing the specimens in an oxidizing
atmosphere (CCVCO mixture). The ratio of the gas mixture and the annealing temperature
determine the oxygen potential, which is directly linked to the O/U ratio. The relationship is
known for unirradiated fuel, but is not known for irradiated or simulated fuel. UO2 control
samples with calculated O/U ratios of 2.001, 2.01 and 2.045 (Figure 2) were prepared in a
CO2/CO = 10/1 atmosphere using 1000°C, 1250°C and 1570°C as annealing temperature. The
above-calculated O/U values from the higher oxygen potentials (2.01 and 2.045) were in good
agreement with those measured by thermogravimetric analysis (2.015±0.005 and 2.05±0.005).
SIMFUEL specimens were annealed under the same conditions for thermal conductivity
measurements. The O/U ratio in SIMFUEL is lower due to the oxidation of the metallic
precipitates (Mo and Ru); this effect is beyond the scope of this paper.
X-ray diffraction analysis and scanning electron microscopy (SEM) were used to investigate
structural changes in the hyperstoichiometric SIMFUEL and UO2. The lattice parameters of the
fluorite unit cell (Figure 3a) showed the expected linear dependence with the O/U ratio for 0 at%
burnup [18]. For the SIMFUEL matrix, a similar linear dependence of the lattice parameter with
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the O/U ratio was found (Figure 3a). The lattice parameter of the SIMFUEL fluorite matrix
decreases with an increasing amount of dissolved fission products [15, 16]. A similar dependence
on the O/U ratio was found. For a burnup of 3 at%, the lattice parameter of the SIMFUEL
matrix decreases from 0.54676 nm to 0.54663 nm as the O/U ratio increases from 2.00 to 2.05.
The lattice parameter of the fluorite matrix was also plotted versus burnup in Figure 3b for
stoichiometric and hyperstoichiometric SIMFUEL. The O/U ratio has a stronger effect on the
matrix at high burriup. These results are in good agreement with the reported decrease of the
fluorite unit cell in irradiated fuel [18, 19]. Note that the disturbing effects of radiation damage,
which occur in reactor-irradiated UO2, are avoided in SIMFUEL, so the results unequivocally
reflect the effects of O/U-ratio and/or dissolved fission products.
The micr structure of hyperstoichiometric SIMFUEL is not significantly different, upon mild
oxidation, from that of stoichiometric SIMFUEL. SEM images of hyperstoichiometric SIMFUEL
(O/U=2,045) displayed features similar to the stoichiometric sample (Figure 4): polygonal,
equiaxed UO2 grains with dissolved fission products form the matrix and spherical metallic
precipitates are dispersed throughout. The only difference regards the perovskite phase, which
recrystallized in larger precipitates at the grain boundaries in the hyperstoichiometric SIMFUEL.

3.2 Thermal Conductivity of SIMFUEL
The thermal conductivity, A, of SIMFUEL was calculated by combining the measured values of
thermal diffusivity a, specific heat cp and density Q:

Thermal diffusivity was measured by a laser-flash technique between 25 and 1500°C and has
been described earlier [20, 21]. Specific heat was measured between 25 and 600°C using
Differential Scanning Calorimeter (DSC) and was calculated from enthalpy data for higher
temperatures (400 - HOOT).
Thermal conductivity of 1.5 at% SIMFUEL has been calculated from the measurements of
thermal diffusivity and specific heat. These new data, normalized to 95% of the theoretical
density match well the previously reported data from higher burnup [20, 21]. Thermal
conductivities of UO2 and 1.5, 3 and 8 at% equivalent burnup stoichiometric SIMFUEL are
plotted in Figure 5 for various temperatures between 25 and I500°C. The effect of burnup is
observed, as the results show a significant degradation of the thermal conductivity of SIMFUEL
compared to that of "pure" UO2. At room temperature, the thermal conductivities of 1.5, 3 and
8 at% burnup SIMFUEL are 89, 71 and 53% that of pure UO2. At 1500°C, the differences are
smaller. 98, 94 and 85% for 1.5, 3 and 8 at% SIMFUEL, compared to UO2. Most of the
difference in thermal conductivity of SIMFUEL compared to fresh UO2 is due to the decrease
in thermal diffusivity; specific heat has only a small effect and it is in the opposite direction [20].
Compared to thermal conductivities reported for 4 at% bur^p irradiated fuel [4], these results
for SIMFUEL, interpolated to 4 at% burnup, show systematically a smaller reduction in
conductivity. We obtained reductions of 16%, 10% and 8% at 500, 1000 and 1500°C, compared
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to 27%, 16% and 10% reported for irradiated fuel [4] ai the same temperatures. The higher
conductivity of SIMFUEL is qualitatively attributed to the fact that SIMFUEL shows only the
effect of solid fission products without the effect of the fission-gas bubbles occurring in reactorirradiated fuel.
The thermal resistivities (R = I/A) of UO2 and SIMFUEL are shown in Figure 6. As obtained
by Fukushima et al. [7, 8] for the single additive tests, the resistivity varies linearly with
temperature for each SIMFUEL burnup:
R=A+BT
The parameters A and B for each burnup were determined by fitting the data to straight lines.
Analysis of our results yields a linear dependence of the parameters with the burnup:
R = [0.053 + (0.016 ± 0.0015) b] + [2.2 - (0.005 ± 0.002) b] 104 T
where R is expressed in m-K/W and b is the burnup in at%. This shows good agreement with
the theoretical approach of Van Vliet and Haas [22], indicating that most of the burnup
dependence is in the temperature-independent parameter (i.e., the phonon-defect interaction term).
Figure 7 is a plot of the thermal resistivity versus burnup for three selected temperatures, showing
linear variation.
From the thermal conductivity, the central temperature Tc of the fuel can be calculated for a
given linear rating % and a given surface temperature Ts from the conductivity integral:

For a typical CANDU reactor linear power of 45 kW/m, the central temperature is about 200°C
higher for 3 at% burnup SIMRJEL than for the "pure" UO2. This estimated increase in fuel
operating temperatures due to the changes in the intrinsic thermal conductivity partially explains
the enhanced gas-release observed at high burnup, especially in those fuels that have not
undergone high-temperature transients.
The thermal diffusivity and specific heat of hyperstoichiometric UO2 and SIMFUEL are being
measured to investigate the effect of the O/U ratio (in the range of 2.000 to 2.100) on thermal
conductivity. Preliminary results for slightly hyperstoichiometric SIMFUEL with an equivalent
O/U ratio of 2.001 were obtained and showed a reduction in conductivity of about 47c at 400°C
for each burnup composition. This is in good agreement with the earlier results published by
Goldsmith and Douglas [11] on pure UO2.
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4. SUMMARY
•

SIMFUEL with equivalent burnups of 1.5, 3, 6 and 8 at% has been fabricated and shown
to be a good analogue of high-burnup UO2 fuels.

•

Hyperstoichiometric SIMFUEL specimens are easily obtained by annealing in oxidizing
atmospheres at a predetermined oxygen potential.

•

The thermal conductivity of SIMFUEL is reduced, compared with that of pure UO2, and
the effect is stronger at low temperatures.

•

The reduction in the intrinsic thermal conductivity of the fuel is linearly dependent on the
burnup.

•

It is postulated that the analogous reduction of thermal conductivity in irradiated fuel
contributes significantly to observed higher operating temperatures and enhanced fissiongas release.
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8182 15KV X5.>W
Figure 1.

Secondary electron image of polished and etched surface showing matrix grains
with solute La and Nd. Metallic precipitates are also obsen-ed (see arrows).
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Lattice parameter of the fluorite unit cell plotted versus the equivalent O/U ratio
for 0, 1.5, 3 and 8 at% burnup.
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Variation of the lattice parameter of the fluorite unit cell with the burnup for the
near stoichiometric and hyperstoichiometric SIMFUEL.
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Fisure 4.

SEM microstructure of 8 at?; burnup hypersioichiometric SIMFUEL showing features
similar to the stoichiometric one. 7Tie perovskite ceramic phase, recrystallized ai ihe grain
houndaries. is marked bv arrows.
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OVERVIEW OF FUEL INSPECTIONS AT THE DARLINGTON
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Fuel and Physics Department, Nuclear Operations Central Division, Ontario Hydro
Prepared for the Third International Conference on CANDU Fuel,
4 to 8 October 1992, Chalk River, CANADA.

ABSTRACT
On November 30, 1990 a routine fueling operation was attempted on Darlington NGS Unit 2
Channel N12. This operation was unsuccessful and later inspection of the contents of the fuel
carrier revealed that it contained fragments of the Position 1 (outlet) bundle.
The subsequent investigation has included inspection in the irradiated fuel bay, of over one
thousand fuel bundles discharged from Unit 1 and Unit 2. These inspections have revealed
fatigue cracks in endplates, heavy endplate to endplate wear between adjacent fuel bundles, deep
spacer pad to spacer pad wear and complete wear of the upstream outboard bearing pad of the
position 13 bundle against the fuel channel / endfitting spacer sleeve.
The fuel handling problems during the fueling of 2N12 were caused by cracking of both
endplates of the Position 1 bundle at ten significant locations, and the subsequent in-situ
dislocation of the seven element "core" of the bundle in the downstream direction.
This paper will discuss the fuel inspection methodology and strategy, and will present the fuel
inspection results.

INTRODUCTION
In late November 1990, Unit 2 at the Darlington Nuclear Generating Station was experiencing a
period of on-power recycling fueling in which low burnup first charge fuel bundles from the
coolant inlet end (i.e. fueling discharge end for normal fueling) of the donating fuel channel,
were being recycled to the coolant outlet end (i.e. fuel insertion end for normal fueling) of the
receiving fuel channel. Repeated ram stalls during the attempted insertion of recycle fuel from
channel 2Y08 into channel 2N12, resulted in the shutdown of Unit 2 and the on-site inspection in
the irradiated fuel bay (IFB) of the contents of the fuel carrier. This was followed soon after by
the first shipment of fuel (in this case fragments) to the Chalk River Laboratories (CRL) for hotcell examinations.
There have been a total of 22 fuel shipments to hot-cells at CRL and the Whiteshell Research
Establishment (WRE), consisting of 40 fuel bundles and elements from 8 others (including
shipment of some Bruce B bundles for comparison purposes).
These events have led to the lengthy shutdowns of Unit 2 and Unit 1 (for a shorter time), design
changes to the primary heat transport systems (PHTS) and to the on-site IFB inspections of over
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1200 irradiated fuel bundles. Table 1 provides some information regarding these investigations.
Figure 1 illustrates the scope of this work.
The intent of this paper is to provide an overview of the results of our on-site EFB inspections of
fuel from Units 1 and 2, and to provide information on the methodology developed for
classification and documentation of the resulting large amount of data. It is hoped that this will
promote consistency and standardization in data management, should similar fuel damage be
observed in other reactors. Results of the inspections of unirradiated test bundles from Unit 3
will not be discussed.
The results of hot-cell examinations are provided in a separate paper in this session.

BACKGROUND
Darlington NGS will eventually consist of four CANDU reactor units, each of which is designed
to generate 2776 MW of thermal power (936 MW electrical).
Units 2 and 1 were commissioned in 1989 and 1990 respectively, and were later shutdown due to
the problems discussed here. After lengthy shutdowns, both units have been returned to service.
The heat transport systems of both units have recently been modified by the installation of 7 vane
pump impellers (replacing the original 5 vane impellers). Unit 1 has been operating at close to
full power since mid-July 1992. Unit 2 has been operating at low power (i.e. < 30 percent) since
mid-September 1992. Unit 3 has been loaded with it's first charge of fuel and has been
extensively tested, but has not yet been brought to criticality. Unit 4 is still under construction.
Each reactor contains 480 fuel channels, each of which contains thirteen 37 element natural
uranium fuel bundles (Figure 2). The normal fueling direction is counter to the coolant flow
direction.
Each 37 element fuel bundle has 18 elements in an outer ring, 12 elements in an intermediate
ring, 6 elements in an inner ring and a single center element. Each element has a diameter of 13
mm. The elements are separated by spacer pads of which the majority are approximately 0.7 mm
high. The elements are welded to endplates which have a thickness of 1.5 mm, to create the
bundle assembly. The overall bundle length is 495 mm and the diameter is 103 mrn. The sheath,
endcap, endplate and appendage material is Zircaloy-4. The overall bundle mass is about 24 kg.
Each bundle is supported on the pressure tube by bearing pads which have a bearing face length
of ~25 mm and a height of < 1.4 mm.
Each outer element contains three bearing pads: a "center" pad mounted at mid-length, an
outboard pad centered ~ 3 cm from one end and an "inboard" pad which is centered ~9 cm from
the opposite end. The outer elements are mounted so that at one end of the bundle, alternate
outer elements have outboard pads.
At the downstream end of the fuel channel (i.e. the fuel insertion end), the fuel string is supported
on the endcaps of approximately 14 of 18 outer elements of the downstream bundle (fueling
Position 1), by a four fingered latch. The downstream endplate of this "latch" bundle is
unsupported. At the upstream end of the fuel string (i.e. the fuel discharge end), the upstream
outboard bearing pads of the Position 13 bundles of center core channels rest partially on the
stainless steel endfitting component called the fuel channel spacer sleeve (Figure 3).
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METHODOLOGY
IFB Fuei Inspection Technique
The detailed on-site fuel inspections are performed in the IFB. The inspection technique
involves the use of a high resolution, close focus, underwater, radiation resistant television
camera and high intensity underwater lights. The working depth at Darlington
is about 15 feet.
Television images are viewed on a high resolution black and white monitor. It is at this stage
that inspection resolution is highest and where fuel inspectors obtain their most detailed results.
Resolution is enhanced by the ability of the inspectors to manipulate the fuel bundle transversely
and laterally and to rotate it axially. In addition, light intensity and position may be manipulated
to enhance the viewing of features with v^ry low relief. Resolution at this stage is estimated to
be better than 1/1000 inch to the extent that differences in surface texture of fuel sheathing may
be discerned. Video images are digitally stored on "still video floppy disks" and are available
for reviewing at
fairly high resolution or printing at reduced resolution. The pictures in this document were
produced by this technique.
Nomenclature and Classification Schemes
Our observations of fuel bundle damage have fallen into the following main categories:
Endplate Cracks "Completed" endplate cracks are defined to be those that have completely
severed a web of the endplate. If the crack extends from the inboard to the outboard side
of the endplate (i.e. the full thickness of the endplate), but has not yet completely severed
the web, it is defined to be a "partial" crack. A crack that has not progressed to the full
thickness of the endplate is called an "incipient" crack.
Completed cracks and some partial cracks are discernible during IFB inspections.
Incipient cracks have only been observed during hot-cell examinations.
SSI

Wearing of the upstream outboard bearing pad of the Position 13 (i.e. coolant inlet)
bundle against the fuel channel spacer sleeve has been named "spacer sleeve interaction"
or SSI.
A seven level scheme has been devised to help categorize our observations. This scheme
is provided as Table 3. Levels of wear range from "Type 1" for a bearing pad that shows
no such interaction to "Type 7" for wear that has progressed completely through the pad
and fuel sheath, penetrating the fuel sheath. (Mete: the maximum wear observed so far
has been Type 6.)
The ooservation of a "demarcation line" which separa; he part of the bearing pad that
has worn against the spacer sleeve (i.e. the upstream end) uom the part that has not worn
(downstream) is one of the primary indications of SSI. The LOE (i.e. length o_f
engagement) parameter has been introduced to indicate the amount of interaction between
the upstream outboard bearing pad and the fuel channel spacer sleeve (i.e. measured from
the upstream end of the bearir j pad wear surface to the demarcation line). This
parameter is a function of fuel string length, pressure tube creep and reactor construction /
design details.
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Spacer Pad Wear The ten level scheme used to classify spacer pad * ear is provided as
Table 4. The depth estimates and wear volumes provided are ar propriate for single
height spacer pads.
Spacer pads are mounted at a 15 degree angle with respect to the axis of the fuel
elements. For this reason, matching spacer pads do not make complete face to face
contaa, but instead interact at ~ 30 degrees with respect to each other. A well developed
spacer wear pattern (i.e. Type 6 and greater) will have a diamond shape with the outboard
parts of the pads being unworn (up to and including Type 7). In wear Types 8 to 10 the
wear is sufficient to allow these outboard parts of the pads to contact and wear the fuel
sheath of the facing element.
Endplate Wear
A five level classification scheme has been implemented to categorize
observations of endplate to endplate wear.
Clearly, facing endplates are always interacting. The intent of the classification scheme
is primarily to allow documentation of endplate to endplate "impression" wear. This type
of wear, which produces on an endplate, a clear impression of some portion of the
adjacent endplate, has been observed at Darlington and Bruce.
It is difficult to measure the depth of these wear patterns in the IFB. For this reason, the
endplate wear classification scheme remains qualitative.
The classification scheme is provided as Table 5.
OBSERVATIONS AND DATA
Endplate Cracks
Endplate cracks have been found on 25 fuel bundles discharged from eight Unit 2 (22 bundles)
and three Unit 1 (3 bundles) fuel channels. Table 6 provides some data regarding the in-core
locations of all fuel bundles found to have endplate cracks. The numbers indicate the total
number of cracks (i.e. incipient, partial and completed) cracks found on the upstream and
downstream endplates of these bundles. The different fuel manufacturers are represented by an
"X" or "Y", positioned between the two numbers.
The most likely in-core location for endplate cracking appears to be Position 1. A secondary
preferred location appears to be in the Position 8 and 9 region (e.g.. in Channels 2K12, 2K13 and
1M13).
The preferred locations of downstream cracks appears to be at the intersection of the three main
radial endplate webs and the intermediate circumferential web. Typically these cracks take an
"anvil" shape. An example is provided in Figure 4.
Upstream cracks appear to be most likely at the locations of the six inner ring elements and the
center elements. Two of these cracks are illustrated in Figure 5. They are generally shaped
differently than the downstream cracks and have been called "radial". On some of the most
damaged bundles, secondary cracks have also been observed.
A significant exception to the above is the discovery of a very typical "anvil" crack on the
upstream endplate of the bundle discharged from Unit 1 Channel M13 Position 9.
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Hot-cell examinations have revealed that these cracks are due to high cycle low amplitude
fatigue failures of the endplates. Inspection of the Position 1 bundle from Unit 2 Channel N12
revealed that this bundle failed at all three critical locations on the downstream endplate and all 7
critical locations on the upstream endplate. These endplates are shown in Figures 6 and 7. The
complete dislocation of the center core of the bundle is evident.
Until recently, it was hoped that the cracking channels were restricted to the center core block
defined by Channels J12 and R13. The discovery in early August 1992 of endplate cracks on the
Position 1 bundle from Unit 1 Channel G05, indicates a potentially more widespread problem.
There have been very few inspections of Position 1 fuel bundles since this time, so this concern
remains uninvestigated. Figure 8 illustrates the scope of the inspection of Position 1 bundles.
SSI
SSI appears to be a widespread phenomenon in Units 1 and 2. Types 2 and 3 SSI appear to be
very common and are found on approximately 50 percent of the inspected Position 13 fuel
bundles. The extent of this inspection is illustrated by Figure 9. The Unit 1 SSI data is
summarized in Table 7. The data labeled "pure 7 vane" is a subset of the monthly data provided
above it. It represents those bundles that were shifted to Position 13 after the installation of the
seven vane HTS pump impellers (i.e. 24 May 1992).
The data from Table 7 is condensed and plotted as Figure 10 to illustrate the evolution of SSI in
Unit 1. The most significant observation is that the statistics for "pure 7 vane" SSI appear to be
not much different than before the installation of the new impellers. There are no similar
comparisons for Unit 2 because there have been no Unit 2 fuel inspections since the installation
of the 7 vane impellers and restart.
The more severe SSI Types, represent significant bearing pad wear depth. Type 4 SSI occurs
with approximately a one percent frequency in Unit 1 and a four percent frequency in Unit 2.
Types 5 and 6 SSI have only been found in fuel from three Unit 2 channels (2K12, 2K13 and
2J13). On each of these three bundles, at least one bearing pad had Type 6 SSI (i.e. 100 percent
wear of the bearing pad). It should be noted that these three channels are also those that had the
most severe endplate cracking problems. Figure 11 provides an example of Type 6 SSI. The
complete reduction of the bearing pad and the resulting wearing of the adjacent fuel sheath and
endcap, on the SSI element and on the adjacent element, is evident
An additional general observation regarding all SSI types is that the most severe SSI on a bundle
can be on alternate upstream outboard bearing pads. For example, on a bundle, elements 2 and 6
may have Type 4 SSI while element 4 may only have Type 3 or Type 2 SSI. This is thought to
be an indication that coolant flow induced bundle rocking may be a significant mechanism for
SSI. These were the first indications of bundle rocking. Recently, it has been found that the
locations of fret marks on pressure tubes, give support to this idea.
Also it has been observed that bundles with heavy SSI also have other bearing pads with heavier
then normal wear (full surface or "near" full surface wear). This is thought to represent a
significant risk of pressure tube fretting.
Spacer Pad Wear
The observation of spacer pad wear is not unique, and is expected. Up to Type 7 spacer pad
wear has been previously observed. These observations are difficult to make and requires bundle
disassembly. Fifty two fuel bundles have been disassembled, 16 in the IFB. Figure 12 shows an
example of Type 6 spacer pad wear.
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The observation of the heaviest types of spacer pad wear (i.e. Types 8, 9 and 10) were not
expected. Table 6 provides the fuel channels and locations of all 10 fuel bundles that have been
found to have Type 8 or greater spacer pad wear (Channels 2K12, 2K13, 2 J13, 1M13 and 2Q12).
Type 10 spacer pad wear (i.e. through sheath wear) has only been found in fuel bundles from
channels 2K12 and 2K13. Channels 2JI3 and 1M13 have been found to have Type 9 wear.
The Type 9 wear observed in the Position 13 bundle from Channel 1M13 may be an aberration.
The cause of this wear may be due to Beryllium hardening of the sides of the spacer pad which
sometimes results from the process of one of the fuel manufacturers. This excessive hardening
of the side walls of the pad, promotes a "ridge and groove" wear pattern.
The spacer pad wear patterns in individual fuel bundles have been found to be consistent with the
stiffening effects of the three main radial endplate webs and the movement of the center core of
the bundle with respect to the outer ring of elements.
Endplate Wear
The phenomenon of endplate to endplate "impression" wear had not previously been noted,
although our fuel inspectors recall observing possibly low levels of such wear at other stations.
As noted earlier, this wear appears to be due to largely axial motion of adjacent endplates with
respect to each other with little slippage. The impressions created on facing endplates are very
crisp and clear, to the extent that we have observed mirror image imprints of the serial numbers
and manufacturers' monograms of the interfacing bundle.
Table 6 indicates all occurrences of Type 4 and Type 5 endplate wear. The occurrence of Type 4
endplate wear is significantly lower in Unit 1 (2 occurrences) than in Unit 2 (14 occurrences).
Type 5 endplate wear has only been observed on fuel bundles discharged from Unit 2 Channels
K12 and K13. Figure 13 provides an example of Type 5 endplate wear.
DISCUSSION
Issues
This massive program has been driven by the following operational issues that are directly
related to the observed fuel damage.
Pressure Tube Wear
SSI is indicative of excessive movement of the inlet bundle.
Recent analysis has indicated that bundle rocking motions may be responsible for the
deepest pressure tube fret marks. This observation is in-line with observation of SSI on
alternate bearing pads. Also, the combination of observations of SSI and "full surface
wear" on bearing pads seems to be a useful indicator of potential pressure tube fretting.
Fuel Defects / Fission Product Release
Heavy spacer pad wear has been observed to result
in penetration of the fuel sheath. A number of Position 1 bundles have shown such wear.
Pushing of bundles that are defected in such a way, into center core, could result in
fission product release and possible reactor shutdown
Heavy spacer pad wear in Position 13 is not &> serious a problem because Position 13
bundles are low powered and are normally shifted out cf core. Note: fuel recycling has
been discontinued at DNGS.
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Bundle Disassembly / Fuel Handling Problems Endplate cracks have resulted in bundle
disassembly and fuel handling problems. Endplate wear can result in similar problems.
Discussion of Observations
It is evident that Unit 1 exhibits much less fuel damage and "activity" than Unit 2. These
differences are listed below:
fewer bundles with cracked endplates in Unit 1 than Unit 2.
Unit 1 has lower rates of Type 4 SSI, and no occurrences of heavier types.
Unit 1 has fewer occurrences of Type 4 endplate wear and no Type 5 wear,
spacer pad wear rates are lower in Unit 1 than in Unit 2.
Unit 2 clearly has a more serious problem with cracked bundles than Unit 1. With the exception
of Unit 1 Channel G05, all channels with cracked bundles appear to be limited to a center core
block of fuel channels defined by Channels J12 and R13. The most serious cracking problems
(i.e. multiple bundles with cracks, loose elements, bundle disassembly) seem to be limited to a
few "active" channels. As discussed below and illustrated in Table 6, these "active" channels
generally also have the most serious problems v/ith SSi, spacer pad wear and endplate wear
(mainly 2K12 and 2K13, but also 2J13, 2Q12,2N12). This is however not rigorously true and
there are exceptions. For example, Channel 2Q12 had two cracked downstream bundles
(Positions 1 and 2) and Type 8 spacer pad wear in Position 13, but only Type 3 SSI at Position
13. Similarly, Channel 2J12 had a severely cracked Position 1 bundle but only Type 2 SSI.
The majority of bundles with cracked endplates have been discharged from Unit 2 and the
majority of such bundles were fabricated by one of our manufacturers (indicated by an "X" on
Table 6). Some of this apparent difference in cracking performance between manufacturers may
be function of differences between reactors. In Unit 2, bundles in critical locations were
produced by manufacturer "X" and in Unit 1 bundles in critical locations were made by
manufacturer "Y". However, manufacturing differences may also be important. Unirradiated
loop tests indicate that "X" bundles are generally more susceptible to cracking, possibly because
of a tendancy for "Y" bundles to have more concave endplates in the as-manufactured condition.
Inspections of position 1 bundles have focused on the central cores of Units 1 and 2. The
discovery of the cracked bundle from 1G05, may indicate that other regions may still contain
cracked bundles (in particular in Unit 2).
In all other areas (i.e. SSI, spacer pad wear and endplate wear), Unit 2 also appears to have a
greater number of "active" channels than Unit 1.
The reason why Unit 2 shows so much more activity / damage than Unit 1 remains undecided.
The primary relevant differences between Units 1 and 2 are:
1.

Unit 1 operated with lower flows (3.1 percent lower) for a substantial period (see
Table 2).

2.

Fuel bundles residing in critical locations of the two reactors are made by different
manufacturers. Subtle manufactured differences may be important. The main one is that
endplates of Unit 1 bundles (le manufacturer "Y") are probably more concave
(-0.5 mm) in the as-manufactured condition.

3.

Unit 1 had fewer operating heat transport temperature transients than Unit 2.
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Active Channels
Extensive testing have shown that in some heat transport conditions (at less than normal
operating temperatures during HTS temperature transients), fuel bundles and fuel strings can be
driven into resonant modes of vibration by the 150 Hz pressure pulses produced by the 5 vane
HTS pumps (i.e. this is the vane passing frequency for a five vane impeller rotating at 30 Hz).
Some channels appear to be "acoustically" active and in them we have observed excessive (i.e.
the highest) levels of fuel damage.
It is hoped that these resonant behaviors will be reduced substantially by the new seven vane
impellers. Testing of the Unit 3 unirradiated core indicates that the seven vane impellers will
reduce the pressure pulse amplitudes by an order of magnitude, and possibly eliminate the
cracking problem. Unfortunately we cannot yet confirm this prediction for Unit 1 or Unit 2. We
have not inspected Unit 2 Position 1 fuel bundles and only a few Unit 1 Position 1 bundles since
the installation of the new impellers.
Fuel inspections have recently focused on Unit 3 unirradiated fuel and Unit 1 Position 13
bundles. As discussed earlier, Unit 1 SSI rates appear not to have been reduced by installation of
the seven vane impellers. Also, inspections of Unit 3 pressure tubes at the Position 13 location,
indicate that pressure tube fret rates are still unacceptably high for the long term. There is no
"pure 7 vane" Position 13 inspection data available for Unit 2.
In addition, it is apparent that the Unit 2 core has not yet been adequately characterized for
endplate cracking and channel activity. The recent identification of Unit 1 G05 as a cracking
channel indicates that there may be (or have been with the 5 vane impellers) other zones of
activity that have not yet been discovered. Position 1 inspections have focused on the center core
zone.
CONCLUSIONS
We have discovered, characterized and documented significant new wear and damage
phenomena in fuel bundles discharged from Darlington NGS. At Darlington, the greatest
amounts of this damage seems occur in a few "acoustically active" fuel channels. (Note:
recently we have discovered similar damage in a few outer core fuel channels at Bruce NGS B.)
Extensive investigations by many groups have indicated that the cause of endplate cracking are
probably 150 Hz pressure pulses generated by the original 5 vane HTS pump impellers. For this
reason all PHTS pump impellers at Darlington have been replaced with a seven vane design.
These will drive the HTS at 210 Hz, which is not expected to be acoustically significant for fuel
bundle and fuel string resonant vibrations. Unit 3 tests indicate that this is true. There is a
paucity of Unit 1 and 2 Position 1 "pure seven vane" inspection data.
Pressure pulses probably contribute to the other observed phenomena, but it is not clear how
significantly. Endplate "impression" wear and some of the spacer pad wear are probably driven
by pressure pulses. SSI and pressure tube fretting is probably not.
Fuel inspection evidence (i.e. alternate outboard pads with heavy SSI and the in-between
outboard pad with light or no SSI), indicates that Position 13 (i.e. coolant inlet) rocking motions
may be responsible for much of the Position 13 wear. Recent inspections of the distribution of
fret marks in Unit 3 pressure tubes, add weight to this idea.
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Unii 1 Position 13 SSI data indicates that SSI rates with seven vane impellers are similar to those
with the original five vane impellers. We do not yet have Unit 2 data. Clearly inlet bundle
movement and pressure tube fretting problems have not yet been solved.
Additional design solutions are being considered if the new impellers do not satisfactorily reduce
wear and endplate cracking rates. "How straightening" channel inlet shield plugs are being
considered as a means of reducing heat transport turbulence and the SSI rates. "Fuel supporting"
channel outlet shield plugs any be considered if cracking problems persist. They would provide
direct support to the downstream endplate of the Position 1 bundle.
There are now two operating Units at Darlington. Unit 1 has been operating at close to full
power since about the middle of July 1992. Unit 2 has also returned to power, and since midSeptember has been operating at approximately 30 % full power (reduced power because of a
shortage of reactivity). It is hoped mat Unit 3 will receive its operating license early in
November 1992.
Despite these successes, much yet needs to be learned and done. As part of the overall effort,
fuel inspections will continue to play a significant role.
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TABLE 1 :

DARLINGTON FUEL INVESTIGATION:

FUEL INSPECTION STATISTICS
UPDATED TO: 31 AUGUST 1992

NUMBER OF BUNDLES INSPECTED
IRRADIATED
HOTCELL
IN-SITU
CIGAR VIDEO
FUEL BAY
(CRL / WRE)

IFB DISASSEMBLY
(NUMBER
OF BUNDLES)

UNIT

NUMBER OF
FUELCHANNELS
REPRESENTED

DNGSUNIT2

1 07#

46

523

23

4

DNGS UNIT 1

289

12

694

21f

12

t =
# =

INCLUDING 8 BUNDLES FROM WHICH 15 ELEMENTS WERE SHIPPED TO HOT-CELLS.
INCLUDING CHANNELS FROM WHICH POSITION 13 BUNDLES WERE RECYCLED
TO OTHER CHANNELS.

DARLINGTON UNIT 3 UNIRRADIATED FUEL INSPECTIONS
121 FUEL BUNDLES INSPECTED ON-SITE FROM 20 FUEL CHANNELS.

Table 2:

Summaries of Darlington Reactor Operating Histories
(Updated to 29 September 1992)

Unit 1
Five Vane Pump:

Seven Vane Pump:

0

to

67

Full Power Days (FPD) at full HTS
flow

67

to

135

FPD at HTS flows reduced by ~ 3 %

135

to

209

FPD at full HTS flows

Unit 1 has been operating at close to full power since mid. July 1992.

Unit 2
Five Vane Pump:

0

to

159

FPD at full HTS flows

Seven Vane Pump:

159

to

162

FPD at full HTS flows

Seven vane primary heat transport pump impellers have been installed in Unit 2. The
reactor has been operating at low power (i.e. < 30 % FP) since mid-September 1992.
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Table 3
Classification Scheme for Wear of Upstream Outboard Bearing Pad of Position 13
Bundle Asainst the Fuel Channel / Endfittine Soacer Sleeve (SSI)

Type 1:

No evidence of SSI.
Maximum assignable depth = 0.00 mm. Even a shiny area due to the
wearing away of the surface oxide layer would be noticed and would
result in a Type 2 classification.

Type 2:

Visible interaction with spacer sleeve. Clearly visible demarcation line.
Step in wear pattern not visible in IFB inspections (i.e. no observable
depth).
Maximum assignable depth = 0.04 mm. This is the resolution limit for
identifying a step by IFB inspections.

Type 3:

Visible interaction with spacer sleeve. Shallow but noticeable depth
estimated to be < 0.2 mm.
Maximum assignable depth = 0.20 mm.

Type 4:

Heavy interaction with spacer sleeve. Wear depth measured (from
photograph) to be > 0.2 mm but < 0.7 mm (i.e. ~ half of average pad
height).
Maximum assignable depth = 0.70 mm.

Type 5:

Very heavy interaction with spacer sleeve. Wear depth measured (from
photograph) to be > 0.7 mm and up to full pad height. No evidence of
interaction between the fuel sheath / endcap and the spacer sleeve.
Maximum assignable depth = 1.40 mm.

Type 6:

Extreme interaction with spacer sleeve. The interacting part of the bearing
pad has worn away sufficiently to establish contact between the fuel
sheath / endcap and the spacer sleeve. The fuel cladding has not been
breached.
Maximum assignable depth = 1.8 mm.
= 1.4 mm (bearing pad) + 0.4 mm (sheath)

Type 7:

Extreme interaction with spacer sleeve. Fuel sheath / endcap to spacer
sleeve interaction is severe; the fuel cladding has been breached and fuel
has been exposed to heat transport coolant. We have not yet observed
such extreme SSI.
Assignable depth = 1.8 mm.
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Table 4:
Spacer Pad Wear Classification Scheme
Type 1: No visible wear.
Estimated wear depth = 0.000 mm.
Estimated wear volume = 0.000 mm 3 Zircaloy.
Type 2: Small wear area at either or both ends. Estimated depth of wear up to
0.05 mm.
Estimated average wear depth = 0.018 mm.
Estimated wear volume = 0.049 mm 3 Zircaloy.
Type 3: Larger wear area at either or both ends. Estimated depth of wear up
to 0.10 mm.
Estimated average wear depth = 0.035 mm.
Estimated wear volume = 0.18 mm 3 Zircaloy.

I
i

Type 4:

Areas of wear at both ends connected in a figure 8 pattern. Estimated
depth of wear up to 0.10 mm at ends, 0.05 mm in connecting area.
Estimated average wear depth = 0.053 mm.
Estimated wear volume = 0.42 mm 3 Zircaloy.

Type 5:

Similar to Type 4 but wear covers a larger area. Connecting area
wider and deeper than Type 4. Estimated depth of wear overall up to
0.10 mm.
Estimated average wear depth = 0.070 mm.
Estimated wear volume = 0.74 mm 3 Zircaloy.

Type 6:

Axis of wear area at a less acute angle to axis of pad. Wear more even
in effected area. Estimated depth of wear up to 0.20 mm (i.e.. 8/1000
inch).
Maximum wear depth = 0.200 nun.
Estimated wear volume = 1.92 mm 3 Zircaloy.

Type 7:

Similar to Type 6 but more severe. Estimated depth of wear greater
than 1/4 of initial pad thickness (minimum pad height is 0.70 mm
[i.e.. 28/1000 inch]).
Maximum wear depth = 0.350 mm.
Estimated wear volume = 3.49 mm 3 Zircaloy.

Type 8: Wear similar to Type 6 and 7 but more severe. Depth of wear is
sufficient to allow mating spacer pad to contact sheath of adjacent
fuel element as indicated by dotted line. Up to 50% of sheath
thickness has worn. Maximum wear depth = 0.560 mm.
Estimated wear volume = 8.09 mm 3 Zircaloy.
Type 9: Wear similar to Type 8 but more severe. Most of sheath thickness has
worn but not yet through sheath. Fuel is not exposed.
Maximum wear depth = 0.769 mm.
Estimated wear volume = 12.7 mm 3 Zircaloy.

f

Type 10: Wear is similar to Type 8 and 9 but depth of sheath wear is greater
than sheath thickness. Fuel is exposed.
Estimated wear depth = 1.000 mm.
Estimated wear volume = 15.1 mm 3 Zircaloy.
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Table 5
Endplate Wear Classification Scheme
Type 1:

Negligible or light endplate wear. A completely unwom endplate that has
been inspected would be classified as Type 1.

Type 2:

Faint impression wear. An impression of the adjacent endplate can be
seen, but the image is wispy and vague.

Type 3:

"Light impression wear"; visible interaction but imperceptible depth.
Distinct wear patterns are visible but there is no perception of depth on
any part of the pattern (i.e. no steps).

Type 4:

"Medium impression wear"; shallow but with discernible depth. As in
Type 3 but some part of the wear pattern shows depth (usually in the form
of a step).

Type 5:

"Heavy impression wear". Wear with noticeable depth on many parts of
the endplate; a distinct impression of the facing endplate is visible with
distinct steps in many places.

TABLE
DISCH. DATE
MAY-DEC '91
JAN '92
FEB '92
APR-MAY "92
JUN 1-19
JUN 19-25
JUN 25-30
JULY '92
AUG "92
SEP.1-21 '92
PURE 7 VANE

7 : SUMMARY OF UNIT 1 SSI DATA TO 21 SEPT 1992

TOTAL 13's
31
32
35
36
38
30
27
42
74
55

TYPE 4 (#'S) TYPE 3 (#'S) TYPE 2 (#'S) TYPE 1 (#'S)
1
27
0
3
2
5
6
19
5
14
16
0
1
5
30
0
5
11
22
0
1
0
7
22
1
2
8
16
1
5
12
24
12
37
0
25
27
0
13
15

5
28
0
8
15
(I.E. FUEL BUNDLES LOADED INTO POSITION 13 ON OR AFTER 24 MAY 1992

TABLE 6: SUMMARY OF ALL FUEL BUNDLES WITH ENDPLATE CRACKS OR HEAVY SPACER OR ENDPLATE WEAR
The numbers indicate the total number of upstream and downstream cracks (i.e. completed, partial and incipient).
The "X" and "Y" indicate the two different fuel manufacturers. "S" indicates Types 8, 9 or 10 spacer pad wear.
Indicates location of Type 4 endplate wear.
(indicates location of Type 5 endplate wear.
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FIGURE 1: SCOPE OF FUEL INSPECTIONS AND EXAMINATIONS AT DARLINGTON NGS UNIT 2 AND UNIT 1. In this figure:
C = channels in which fuel bundle endplates were inspected in-situ using CIGAR tooling.
B = channels from which tuel bundles were inspected underwater in the irradiated fuel bay.
E = channels from which fuel bundles or element were shipped to CRL or WRE for hot-cell examinations.

2-16

1
2
3
4
5
6
7
8

ZIRCALOY BEARING PADS
ZIRCALOY FUEL SHEATH
ZIRCALOY ENDCAPS
ZIRCALOY ENDPLATE
URANIUM OXIDE PELLETS
CANLUBGRAPHTTEINreRLAYER
INTER ELEMENT SPACERS
PRESSURE TUBE
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FIGURE 3: ORIENTATION OF THE POSITION 13 FUEL BUNDLE IN THE
DARLINGTON ENDFITTING SHOWING THE SPACER SLEEVE,
THE SSI LENGTH OF ENGAGEMENT (LOE) AND THE ROLLED
JOINT CAVITY
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FIGURE 4: A typical "anvil" type fracture, found on the downstream (i.e. latch)
endplate of the Position 1 fuel bundle discharged from Unit 2
Channel J13. The fracture was found in hot-cells to be due to fatigue
caused by low amplitude, high cycle oscillation of the endplate.

FIGURE 5: A view of the upstream endplate of the fuel bundle discharged from
Position 1 of Unit 2 Channel JI3, showing two of the seven "radial"
fractures found at the inner and center elements. Portions of the
Type 4 "impression" endplate wear pattern can also be seen.

3-1:

FIGURE 6: A view of the downstream end of the fuel bundle discharged from
Position 1 of Unit 2 Channel N12. The endplate has fractured at the
intersections of the three main radial webs and the intermediate
circumferential web. causing the center core of the bundle to be
dislocated by coolant flows into the endfitting.

FIGURE 7: A view of the upstream end of the fuel bundle discharged from
Position 1 of Unit 2 Channel N12. The endplate has fractured at each
of the six inner ring elements and the one center element, allowing the
bundle to disassemble.
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M TYPE1
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E TYPE 4

MAY91 -JUN92

JU1. - Sc^ 21 " 92

PURE 7 VANE

FUEL DISCHARGE PERIODS

FIGURE 10: DARLINGTON UNIT 1 POSITION 13 SSI TRENDS (PERCENT)
"PURE 7 VANE" bundle are tho.se loaded into Position 13 on or after 24 Mas- 1992.

FIGURE 11: Two views of Type 6 SSI observed on Element 3 of the Position 13
bundle from Unit 2 Channel K12. Fuel sheath wear on the adjacent
element is visible in the lower picture.

FIGURE 12: An illustration of Type 6 spacer pad wear found on Element 3>3> of the
Position 10 fuel bundle discharged from Unit 2 Channel J12.

FIGURE 13: A example of Type 5 endplate "impression" wear found on the
upstream endplate of the Position 2 fuel bundle discharged from
Unit 2 Channel K12. The depth of the wear pattern was found in hotcells to be approximately 0.2 mm. Endplate fractures can also be seen
in this photograph.
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AH OVERVIEW OF FUEL EXAMINATIONS AT CHALK RIVER AHD
WHITESHELL LABORATORIES IN SUPPORT OF THE
DARLINGTON FUEL EXAMINATION
T.J. CARTER, K.M. VASYWICH,* M.R. FLOYD,**
R.R. HOSBONS+ and M.G. MAGUIRE++
Fuel Materials Branch, AECL Research
Chalk River Laboratories, Chalk River, Ontario, Canada
*Whiteshell Laboratories, Pinawa, Manitoba, Canada
**Ontario Hydro staff, attached to Chalk River Laboratories
•Materials and Mechanics Branch
++
System Chemistry and Materials Branch
ABSTRACT
As a result of the Darlington Nuclear Generating Station (DNGS) Unit 2, channel
N12 fuelling event, a number of fuel bundles discharged from DNGS Units 1 and 2
were shipped to AECL Research's hot-cells for detailed examination. Visual
examination and measurements were performed on the bundles, along with chemical
analysis of end-plate material, and fractographic and metallographic examination
of fracture surfaces. The date of fracture occurrence was inferred from oxide
thicknesses on fracture surfaces and undamaged end-plate surfaces. High-cycle
fatigue was shown to be the end-plate fracture mechanism in downstream (number
1) bundles. Other observations and conclusions are described in this paper.

INTRODUCTION
Various milestones in the startup and initial operation of DNGS Units 1 and 2,
preceding the shutdown for investigation of the N12 event and end-plate cracking
phenomena, are listed in Table 1. Following the discovery of fuel bundle
fragments from channel N12, and the video-examination results showing cracked
end-plates in other channels, damaged fuel bundles were shipped to AECL
Research's hot-cells for detailed examination, to determine the cracking
mechanism. This paper gives an overview of the examinations performed in AECL
Research's hot cells, and the principal findings of the examination.
THE SHIPMENTS
Chalk River Laboratories (CRL) received 15 shipments of fuel to be examined as
part of the Darlington N12 investigation, and Whiteshell Laboratories (WL)
received seven shipments (see Table 2 ) . The first shipment, which arrived at
CRL on 1991 March 11, consisted of a large fragment of end-plate with a piece of
element attached, from D2-N12-1. This was a piece that had been recovered from
the fuel carrier, after freeing the fuelling machine from channel N12. WL
received its first shipment of Darlington bundles on 1991 November 13. Some
shipments were of Bruce reactor bundles, for comparison of their operating wear
with those of the Darlington reactors. By about 1992 October, the hot-cell
examinations had yielded sufficient information, and examination of Darlington
fuel for the N-12 investigation ceased.
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EARLY SPECULATION
Various theories were proposed in the early days of the investigation, based on
the breakage in N12 and video examination of the outlet ends of channels Q12 and
K12. One theory was that the bundles had been roughly handled during the manual
loading of the fuel channels prior to first startup. Another theory was that a
failure of coolant chemistry control had allowed the bundle end-plates to become
hydrided and brittle. These theories were subsequently shown to be incorrect.
Subsequent video examinations in the fuel channels and fuel bundle examinations
in the irradiated fuel bay at the station showed that two different kinds of
damage were occurring: at the downstream ends of channels with actively
vibrating fuel columns, the number 1 bundles were experiencing end-plate
cracking and severe inter-element wear; at the upstream end, the number 13
(inlet) bundles showed severe wear of the outboard upstream bearing pads, caused
by interaction with the spacer sleeve. Reference 1 describes the extensive
examination work carried out at the DNGS spent-fuel bays.
HOT-CELL EXAMINATION
All incoming fuel was visually examined, measured and photographed. Bundle endplates were examined and photographed before disassembly. After bundle
disassembly, detailed examination and mapping of wear was performed for both
spacers and bearing pads. Specimens were then cut for chemical analysis, and
for metallurgical and Scanning Electron Microscope (SEM) examination of
fractures and worn spacers.
End-Plate Cracking
It was clear from the examination of the N12 bundle fragment that the end-plate
had endured severe mechanical deformation in a ductile manner, yet the main
fracture surface had a brittle appearance. Examination of this "anvil-shaped"
fracture under the SEM revealed artifacts characteristic of fatigue. Similar
findings in the anvil fracture from bundle D2-Q12-1 gave unequivocal evidence of
fatigue, and numerous subsequent examinations confirmed high-cycle fatigue as
the primary defect mechanism in the downstream end-plates of affected position-1
bundles. Figure 1 shows a schematic of a fuel channel with inlet and outlet
ends and bundle number. Figures 2 to 6 illustrate the position of the primary
downstream end-plate fractures, and the microscopic appearance of the fracture
surface. Fatigue fractures also occurred at the end-plate web intersections on
the upstream ends of the outlet bundles (see Figure 1 for flow direction,
outlet, etc.), but other upstream fractures were not at web intersections.
Analysis of the end-plate Zircaloy of cracked bundles showed no chemical
abnormality, and the hydrogen and deuterium levels were normal.
Fretting Damage to Inter-Element Spacers and Cladding
As well as the downstream end-plate damage to bundle 1 in affected channels, the
inter-element spacers showed marked evidence of fretting wear. In the worst
affected channels of Unit 2, inter-element spacer wear was severe in almost
every bundle of the channel. Figures 7 and 8 show examples of severe spacer
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wear. Figure 7 shows a spacer pad worn through about half of its thickness,
while Figure 8 shows an element where the inter-element vibration was severe
enough to wear completely through the spacer pad and allow contact and fretting
of the cladding.
Spacer-Sleeve Interaction (SSI)
The outboard bearing pads of number 13 bundles are in contact with the
stainless-steel spacer sleeve, and are subject to turbulence from the incoming
coolant. The problem is most severe in channels where both axial pulsation and
turbulent motion of the bundle gives rise to severe SSI and wear. Figure 9
shows a worn outboard bearing pad, with severe wear from SSI.
SSI also gives rise to wear on the pressure tube by the mid-length bearing pads
on affected bundles. Figure 10 shows a mid-length pad from a bundle that also
shows SSI. The problem of SSI and associated pressure-tube wear is receiving
continued attention. Shield-plugs with flow straighteners are believed to offer
some reduction in inlet turbulence.
End-Plate Wear
End-plate wear from fretting against neighbouring bundle end-plates was seen in
both upstream and downstream bundles of vibrating channels. Figure II shows a
schematic of an end-plate with worn areas. An actual specimen of a worn enCplate is shown in Figure 12. In some cases, the manufacturer's logo and stamped
identity number was fretted from one end-plate onto a neighbouring end-plate.
The clarity of such impressions suggests rapid axial impacting with negligible
rubbing; i.e., low amplitude/high cycle.
Direction of Relative Motion from gear Texture
Examination of worn areas of spacers, etc., revealed the scratch texture, which
defined the relative motion of the wearing surfaces. Figures 13 and 14 show a
worn spacer from a downstream bundle where the scratch texture on pads between
interacting rings of elements indicated an axial motion. Wear texture on
spacers from upstream (No. 13) bundles was more complex with both axial and
transverse components. In this case the mode of motion was not clear, but it
could be a combination of axial, transverse and rocking motions.
Dating of Fractures from Oxide Thickness
If the rate of zirconium oxide growth for a specific fuel-channel position is
known, then the measured oxide thickness on a fracture surface can be used to
estimate the time that the fracture was in the reactor before shutdown occurred.
Thus, the fracture date may be estimated.
The technique used to measure oxide thickness at WL and CRL was Fourier
Transform Infra-Red (FTIR) spectrometry. Using this method, an infra-red beam
is reflected from the surface to be measured, and the interference between
surface and substrate reflections is used to calculate oxide thickness.
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Figure 15 shows a family of curves of oxide thickness versus time for the
appropriate reactor positions of fractured bundles. The measured oxide
thickness on the fracture specimen surfaces is also shown, along with the
calculated error bar for the time estimate. Thus the actual date of fracture
occurrence may be determined.
CONCLUSIONS AND CLOSURE
AECL Research's hot-cell examinations established the following:
Chemistry control of primary coolant was not a factor in the Darlington
bundle cracking.
Mishandling during manual loading of the reactor was not a factor.
Primary cracking of bundle end-plates was from high-cycle fatigue.
Downstream bundles were flexing axially; the motion of the upstream bundles
was more complex.
FTIR techniques enabled
plates to be estimated.

the date of fracture occurrence

in cracked end-
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TABLE 1:

OPERATIONAL DATA FOR DARLINGTON UNITS 1 AND 2

Event

Unit 1

Fuel Loaded

1990 August

Criticality

1990 October

Full Power

1991 January

Unit 1, Maintenance
Shutdown

1991 March

1990 November 30

Unit 2, Channel N12
Fuelling Incident
Unit 1, Restart

1991 December
1991 January

Unit 2, Brief Startup
followed by Shutdown for
Investigation
Unit 1, Shutdown for High
I 2 from Debris Fretting.
Stays Down for End-Plate
Cracking Investigation

1992 January
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TABLE 2: DARLINGTON FUEL SHIPMENTS TO CRL AND VL
AS PART OF THE N12 INVESTIGATION

CRL
Date

91 03 11
91 03 11
91 03 19
91 03 19
91 04 12
91 04 27
91 04 27
91 05 07
91 05 07
91 05 22
91 05 22
91 07 04
91 07 04
91 07 10
91 07 10
91 07 22
91 07 22
91 07 31
91 07 31
91 09 05
91 09 05
91 09 18
91 09 18
91 10 02
91 10 02
91 10 09
91 10 09
92 09

+

#

Location

VL
Identity

D2-J12-13+
L23633C
D2-N12-1
L24529C
(fragment)
B7-D8-13
L45351C
B8-L16-13
L23195C
D2-Q12-1
L23406C
D2-Q12-2
L22322C
D2-Q12-13
L23251C
D2-K12-1
L23198C
D2-K12-2
L23316C
D1-K12-1
J96871Z
D1-K12-2
J96846Z
D1-K12-13
J96671Z
D2-K12-13
L23429C
D1-K13-1
J96785Z
D1-N12-1
J98822Z
D2-K12-1*
K12174Z
D2-K12-13*
K12141Z
D2-K12-8
L23322C
D2-H12-1
J48817W
D2-K13-1
J49208W
D1-N12-1
K21294Z
D2-J12-1
L25789C
D1-K13-13
K12202Z
D2-F16-5
J49156W
L232S3C
D2-K13-5
D1-F8-1
L24830C
Various (15 elements)
D1-G5-1
L24771C

Date

Location

Identit

91 06 12
91 06 12

B6-D8-13
B6-D8-13

DB1492VT
J45848C

D2-J13-1
D2-KI3-9/13
D2-R13-1
D2-K13-13
D1-M13-1
D1-M13-13
D2-K12-5
D2-K12-12
D1-M13-11
D2-N12-1
D1-K4-9/13
D1-P19-9/13

L23664C
L23428C
L23364C
L23444C
J98919Z
J98897Z
L23139C
L23313C
J99005Z
L24529C
J96129Z
J93064Z

91 11
91 11
92 01
92 01
92 02
92 02
92 03
92 03
92 04
92 04
92 06
92 06

13
13
29
29
19
19
18
18
08
08
24
24

D2,B6
= Darlington Unit 2, Bruce Unit 6, etc.
-J12 = Channel J12
-13 = Bundle position 13
9/13 = Shifted from position 9 to position 13
zero power tests
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FIGURE 1:

A SCHEMATIC OF THE CHANNEL CONFIGURATION IN THE DARLINGTON UNITS,
SHOWING BUNDLE POSITIONS, ETC.

FIGURE 2: THE THREE PRIMARY LOCATIONS OF DOWNSTREAM END-PLATE FRACTURE IN NO.
1 BUNDLES.
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FIGURE 3 :

DOWNSTREAM END-PLATE WITH A PARTIAL FRACTURE (ARROWED),

FIGURE 4 :

COMPLETE ANVIL FRACTURE OF A DOWNSTREAM END-PLATE.

3-31

FIGURE 5:

SEM MACROSCOPIC VIEW OF AN END-PLATE FATIGUE FAILURE. THE
CHARACTERISTIC BLACK "EYE" IS ON THE LEFT WITH ADVANCING BANDS OF
ARREST MARKS IN THE PROPAGATION DIRECTION (RIGHT).

FIGURE 6:

HIGHER-MAGNIFICATION SEM PHOTOGRAPH SHOWING CHARACTERISTIC FATIGUE
STRIATIONS.

FIGrJRE 7:

INTER-ELEMENT SPACER WEAR WITH A PAD WORN THROUGH ABOUT 50% OF ITS
THICKNESS.

FIGURE 8:

INTER-ELEMENT SPACER WEAR, VHERE THE PAD HAS BEEN COMPLETELY WORN
AWAY, ALLOWING CONTACT AND FRETTING OF OPPOSING ELEMENT CLADDING.
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FIGURE 9:

AN OUTBOARD BEARING PAD FROM A NUMBER 13 (INLET) BUNDLE WORN DOWN TO
THE CLADDING FROM SPACER-SLEEVE INTERACTION.

FIGURE 10: A MID-LENGTH PAD FROM THE SAME ELEMENT DEPICTED IN FIGURE 9.
ALTHOUGH MIDLENGTH PRESSURE-TUBE WEAR OCCURRED, THE PAD IS NOT
SEVERELY WORN.

FIGURE il: SCHEMATIC OF WORN END-PLATE REGIONS SEEN AT THE UPSTREAM END OF THE
BUNDLE FROM D2 K12-1. The XXs REPRESENT BUNDLE NUMBER AND F
INDICATES FRACTURE POSITION.

FIGURE 12: A SAMPLE OF WORN END-PLATE FROM THE DOWNSTREAM END OF A POSITION
BUNDLE.
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FIGURE 13: SEM PICTURE OF A WORN AREA ON A SPACER PAD FROM A DOWNSTREAM BUNDLE.
THE BUNDLE AXIS IS SHOWN.

FIGURE 14: SEM PICTURE AT HIGHER MAGNIFICATION OF THE AREA SHOWN IN FIGURE 13.
THE BUNDLE AXIS IS SHOWN.
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DFSD, days

196

112

168

0.20
6/2/90

6/30/90

7/28/90

8/25/90

9/22/90

10/20/90

11/17/90

12/15/90

FIGURE 15: FAMILY OF OXIDE GROWTH CURVES WITH MEASURED OXIDE THICKNESSES FROM
FTIR. OUTLET (DOWNSTREAM) FRACTURES WERE DATED FIRST, SINCE THIS
AVOIDED ESTIMATION OF A FLUX-ENHANCEMENT FACTOR; DFSD IS DAYS FROM
SHUT-DOWN.
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ASSESSING THE MECHANICAL PERFORMANCE
OF A FUEL BUNDLE: BEAM CODE DESCRIPTION*
M. TAYAL, B.J. WONG, J.H.K. LAU**, A.M. NICHOLSON***
AECL CANDU, Mississauga, Ontario, Canada
ABSTRACT
The computer code BEAM helps assess the mechanical integrity of a fuel
bundle.
This paper describes the features and the validation of the
code.
The focus of the code is to provide a fast and simple tool for
calculating the following parameters of a fuel element and of the
adjacent endplate: Axial and lateral stiffnesses of the fuel element;
spring constants of the endplate; stresses in the endplate and in the
endcap/endplate weld; frequency of lateral vibrations (radial and
tangential); collapse pressure,-and buckling load. On-power effects such
as pellet expansion, hourglassing, densification, creep, and fission
product swelling, are especially important in these calculations.
The calculations of the code show reasonable agreement with axial and
flexural rigidities measured in out-reactor tests using many combinations
of sheath and pellet dimensions and using various degrees of
pellet/sheath interferences. In addition, the calculations also compare
well with measurements of lateral frequencies in out-reactor and inreactor tests.
The BEAM code is fast:
To simulate a typical irradiation history
representing a residence period of about 1 year (136 time-steps), the
code requires only 12 CP seconds on our CYBER-990 computer.
The
turnaround time is about 20 seconds.
The BEAM code was used in an investigation of endplate cracking in the
Darlington reactor. The calculations suggested that the axial stiffness
of the fuel elements is influenced significantly by element power, by
pellet densification, and by sheath creep. Another application of BEAM
involved the assessment of endplate integrity due to differential axial
expansion of fuel elements in a Low Void Reactivity Bundle.

Presented at the Third International Conference on CANDU Fuel,
CNS, Pembroke, Canada, 1992 October 4 - 8
Ontario Hydro, Toronto, Ontario, Canada
General Electric Canada (Retired), Peterborough, Ontario
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INTRODUCTION
Recent experience [1] with Darlington endplates reconfirms that an
important aspect of fuel bundle design is to assess the mechanical
integrity of the endplate for in-service loads. The BEAM code assists
in that direction. The objective is to provide a fast and simple tool
for first-cut calculations of some key parameters related to bundle
integrity. The initial results are then followed-up by more detailed
assessments of selected parameters.
Towards this end, the BEAM code calculates the following parameters of
a fuel bundle:
Axial and lateral stiffnesses of the fuel elements;
spring constants of the endplate; nominal elastic stresses in the
endplate and in the endcap/endplate weld due to lateral vibrations;
frequency of lateral vibrations (radial and tangential); collapse
pressure; and buckling load.
The code considers the influences of sheaths, pellets, and endplates.
The effects of the other fuel elements in the bundle, and of the
neighbouring fuel bundle, are also considered.
The approach in BEAM is semi-empirical while the constituent sub-models
are physically based. Analytical solutions are used where practical.
The code is still evolving. The purpose of this paper is to describe
the current status of the code. We first summarize the features of the
code, the models that represent them, and their validation.
This is
followed by two illustrative examples of past uses of the code for
Darlington and for High-Burnup/Low Void Reactivity Fuels. Due to space
limitations, the discussions are focused on those aspects of BEAM that
are most related to these two applications.
Other details will be
provided at a later date.
Figure 1 defines the terms used in this paper.
BACKGROUND
Previous investigations [1] have identified that the structural
integrity of the endplate can be threatened by excessive cyclic and
static stresses. One would also expect this from first principles.
The important sources of endplate stresses are:
hydraulic drag;
differential axial expansions of fuel elements; pressure pulses; and
flow-induced lateral vibrations of fuel elements. These are discussed
in turn.
One source of static stresses in the endplate is the axial drag load
generated by coolant flow. When the fuel string is supported on latches
or on side stops, the drag causes bending of the endplate, resulting in
stresses in the endplate. The magnitude of the stress is affected by,
among others:
the drag load; the load shedding (distribution) among
successive bundles; the type of support for the fuel string (e.g. latch
vs. side-stop vs. shield plug); the dimensions of the endplate; the
geometry of the endplate (stress concentration effects); the stiffness
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of the fuel elements
temperature; etc.

(level

of

support/restraint);

the

endplate

Another source of static endplate stress is the differential axial
elongation of the fuel elements in the various rings of the endplate.
These can also bend the endplate.
One source of cyclic stress is the axial vibration of the fuel elements
due to pressure pulses in the coolant. If the frequency of the pressure
pulses matches the natural frequency of the fuel string, the string will
resonate [1]. This creates alternating bending stresses in the endplate.
Fatigue failures can result if the amplitude of vibrations is excessive.
The important factors include those noted above for drag. In addition,
the frequency and the mode of the axial vibrations of the string are also
important. These in turn are influenced by on-power effects such as:
sheath collapse; pellet expansion and hourglassing; diametral and axial
pellet/sheath interaction; densification; fission product swelling;
creep; stress relaxation; cracking; bowing; etc.
Another source of cyclic stress is the lateral vibration of the fuel
elements.
This is generally induced by coolant flow.
The important
processes are similar to those noted above for axial vibrations.
A complete analytical assessment of the above factors requires a
combination of several computer codes.
BEAM provides some of the
components, as noted earlier. The remaining components are provided by
other codes, such as KLESTRES [2], H3DMAP [3], and MARC [4].
The next section discusses the specific features covered by the BEAM
code
FEATURES OF BEAM
Endplate and Weld
The endplate calculations are based on the model described in Reference
5. The circular ring of the endplate is represented by a circular beam
on elastic foundations. The elastic foundations are provided by the fuel
elements which act as torsional and translational springs. Using this
idealization, Reference 5 provides analytical equations to describe the
stiffness of the endplate and the nominal elastic stresses in the
endplate ring and in the endcap/endplate weld.
BEAM uses these
equations.
Flexural Rigidity of the Fuel Element
The flexural rigidity of the fuel element is calculated by considering
a composite beam made of the sheath and the pellets.
The individual pellets are treated as being partially cracked due to
thermal stresses.
The cracked portion is able to support only the
compressive loads [6] .
This shifts the neutral axis away from the
geometric center.
The degree of pellet cracking is assumed to be a
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function of average pellet temperature. The local temperature in the
pellet also influences the local Young's modulus.
The model for the flexural rigidity of the stack of pellets allows for
the effect of interfaces between neighbouring pellets. The effect of
axial gap/contact is also considered.
The impact of the pellet stack on element rigidity is considered to
depend on the diametral and axial interferences between the stack and the
sheath. The diametral interfacial pressure is an input to BEAM, and is
provided by the ELESTRES code.
Ditto for axial interference. Sheath
collapse is also considered in this calculation.
Natural Frequency of Lateral Vibrations
These calculations also consider the fuel element as a composite beam,
and include the preceding influences of stack rigidity and of interfacial
pressure.
The restraining effect of the endplates is considered by representing
the endplates as equivalent torsional springs. The spring constant is
determined by the method described earlier and includes the stiffening
effect of the neighbouring elements.
Rotational inertia effects, and the effects of axial loads, are also
included. These calculations are based on Reference 7.
Sheath Collapse
If the differential pressure (coolant minus gas) becomes sufficiently
large, the fuel sheath can collapse on the pellets. These calculations
consider the sheath strength as a function of sheath temperature, and are
based on Reference 8.
Axial Stiffness of the Fuel Element
These calculations consider the following influences:
axial gap
between the stack and the endcaps; diametral interfacial pressure between
the pellets and the sheath; stick/slip between the pellets and the
sheath; friction; axial loads; and element bow.
Links with Other Codes
The major link is to the ELESTRES code. The most important input from
ELESTRES is the interfacial pressure.
Other inputs also provided by
ELESTRES include: element geometry; the on-power sizes of the radial and
axial gaps; and the temperature distribution within the fuel element.
Via this link, the results of BEAM reflect all the processes included in
ELESTRES, like: pellet expansion; hourglassing; densification; fission
product swelling; cracking; creep; stress relaxation; etc.
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BEAM is also connected to Harvard Graphics [9], so that the results can
be plotted semi-automatically.
Data transfer between ELESTRES, BEAM, and Harvard Graphics is done
electronically via computer data files.
The files are created and
preserved by the upstream code and passed to the downstream one. This
semi-automatic process makes the data-transfer fast and error-free.
THEORY
Interpellet Interfaces
The influence of pellet/sheath interaction on element flexural rigidity
was studied experimentally and theoretically in the mid-sixties.
Information is readily available for 14 combinations of fuel element
diameters, sheath thicknesses, and diametral and axial interferences
between the pellets and the sheath.
The key data and results are
summarized in Table 1. The diametral interference (case 3) was achieved
by press-fitting oversized pellets into sheaths. The resulting diametral
interference increased the sheath diameter by about 0.3%, which
corresponds to an interfacial pressure of about 16 MPa.
The axial
compression (cases 10 and 13) was likely applied by removing the endcaps
and loading the stack by pistons.
The fuel element was then bent
laterally.
"Rigid UO2" (cases 11 and 14) refers to slugs about 5-8 cm
long. All the tests were done in out-reactor rigs.
Figure 2 shows a sample plot of deflection vs load obtained by Twarog
[10]. Figure 3 plots the flexural rigidities.
Twarog's tests showed [10] that the flexural rigidity of a complete
fuel element is similar to that of an empty sheath.
The rigid pellets were found to increase the flexural rigidity by a
factor of 5-8. This is in close agreement with theoretical calculations
of a composite beam consisting of the sheath and a solid full-length rod
of UO2.
Twarog's tests also showed [10] that oversized UO2 pellets in diametral
interference with the sheath increase the bending stiffness of the fuel
element by a factor of about 2.3.
A similar effect was noted for
conditions of axial interference - please see Table 1. This factor (2.3)
is significantly lower than the effect of rigid VO2 noted above. This is
attributed to the effect of interpellet interfaces, which allow
neighbouring pellets to rotate relative to each other. This means that
a stack of pellets does not offer as much resistance to bending as would
a solid full-length rod of UO2.
Another evidence for relative rotation of neighbouring pellets comes
from measured post-irradiation profiles of fuel elements. Distinct kinks
are sometimes seen in the axial profile of element bow. These would be
unlikely if the stack of pellets bent as one solid rod.
The relative rotation of neighbouring pellets can be prevented by a
sufficiently large axial compressive force on the pellet stack. Simple
calculations show that an axial force of - 4.7 kN would be needed on an
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individual fuel element to prevent relative rotation of adjacent pellets
in a fuel element with a midspan lateral deflection of 1 mm. This is a
large force, and it is not clear if this can be reasonably expected in
an operating fuel element.
BEAM simulates the separation of interfaces by a model that allows
compressive stresses to be transmitted between neighbouring pellets,
while the tensile forces are not transmitted. This is very similar to
the model for cracked pellets documented earlier [6].
The fraction of stack stiffness so affected depends on the number of
interpellet interfaces. The interface effect is low if the pellets are
long, i.e. less number of interfaces, and vice-versa.
Based on the flexural rigidities measured in the above tests, we deduce
that the impact of the interfaces on flexural rigidity is equivalent to
85% cracking in the pellets.
Pellet Cracking
During irradiation, some parts of the pellet crack due to thermal
expansion.
Also, some of the cracks can heal during the irradiation
[11] . Further, the cracks could have a complex orientation with respect
to the three main directions (radial, axial, circumferential). Thus, a
complex and dynamic distribution of cracks can occur in the pellet during
the irradiation.
The cracks can influence the rigidity of the pellet in three ways.
Firstly, the radial components of the cracks increase the diameter of the
pellet, which either reduces the radial gap or increases the interfacial
pressure. This effect is covered by the ELESTRES calculations.
Secondly, the axial component of the cracks can provide extra axial
compliance [12], either via closing of the gap in the crack during
compressive loading or via slip of adjacent fragments along an inclined
crack surface. This reduces the axial stiffness of the pellets.
Thirdly, the axial component of the crack cannot support a net tensile
axial stress.
This means that the pellet can bend more easily,
decreasing its flexural rigidity.
BEAM represents the net effect of
equation of the following form:

interfaces and cracking by an

Jp = fc Jc + (1 - fc) Ju
This equation defines the net rigidity of the pellet, Jp, as a
summation of the rigidities Jc and Ju of the cracked and of the uncracked
parts of the pellet respectively. Here fc represents the fraction of the
pellet volume that is cracked.
The rigidity of the uncracked pellet, Ju, is calculated by using the
classical equations from solid mechanics [13]. The equations for the
rigidity of cracked pellets, Jc, are given in Reference 6.
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In these calculations, BEAM accounts for the parabolic temperature
profile across the radius of the pellet. This results in non-uniform
Young's Modulus within the pellet. To account for it, BEAM subdivides
the pellet cross-section into 100 annuli of equal thicknesses. BEAM then
integrates for the flexural rigidity using the local Young's modulus in
each annulus as a function of the local temperature.
The equation for the Young's modulus is taken from MATPRO-11 [14], and
is shown in Figure 4. Note that sufficient and consistent data exist for
temperatures upto 14 00OC.
It is also interesting to note that UO2 at
1400OC is stiffer than many common metals at room temperature, viz.:
bronze, brass, Zircaloy, and aluminum. Thus, it is reasonable to assume
that the central parts of the pellet are capable of carrying loads.
Axial Stiffness/Compliaace of the Fuel Element
Compliance refers to the axial shortening of the fuel element under an
external compressive axial load. Stiffness is the inverse of compliance
and quantifies the axial load required for unit shortening of length.
The definitions are as follows:
Compliance = C = dl/dF
Stiffness = K = dF/dl
Here, dF represents an incremental axial compressive
represents the resulting incremental compression.

load,

and

dl

For modelling the compliance of a fuel element, the following five
components of deflection can be postulated from first principles: axial
compression
of
the sheath; axial compression
of
the pellets;
bending/bowing of the fuel element; axial compression of the endcap; and
axial compression of the endcap/endplate weld.
Sensitivity studies show that the last two effects noted above are
insignificant compared to the first three. This is largely because the
lengths of the endcap and of the endplate weld are very small compared
to the sheath. For this reason, these two components are not discussed
any further.
The remaining three components are described in the
following paragraphs.
Sheath Compression
The axial compression of the sheath refers to the shortening of the
length of an individual fuel sheath under a compressive load.
The
parameters that govern sheath compression are the Young's modulus of the
sheath, the cross-section area of the sheath, and length of the sheath.
During irradiation, the following processes can affect the axial
stiffness of the sheath:
Temperature. The temperature of the sheath is higher on-power than zero
power cold. Higher temperature lowers the Young's modulus and tends to
reduce the element stiffness.
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Collapse.
Under in-reactor conditions of elevated temperature and
pressure, the sheath can collapse (diametrically) onto the pellets,
either instantaneously or slowly via creep. Sheath collapse will result
in pellet/sheath contact, which will lead to a stiffer fuel element. The
rate and extent (e.g., area and pressure) of collapse will depend on a
variety of factors such as: microstructure of the sheath; dimensions of
the sheath; diametral clearance; temperature; differential pressure; rate
of creep of the sheath; etc.

Elastic Compression.
The coolant pressure compresses the sheath and
reduces the diametral and axial clearances with the pellet.
Thermal Expansion.
clearances.

Thermal

expansion

of

the

sheath

increases

the

Creep. Creep of the sheath leads to reduced clearances if the sheath is
not in contact with the pellets. If the sheath is already touching the
pellets, sheath creep leads to relaxation of interfacial pressure.
Pellet Compression
The pellets can also contribute to the stiffness of the fuel element
if there is a tight diametral or axial contact between the pellets and
the sheath and/or the endcaps.
In unirradiated fuel elements, the
pellets and the sheath are separated by axial and diametral clearances,
hence, the pellet does not participate in the axial stiffness.
During irradiation, a variety of conditions in the reactor can lead to
pellet/endcap and/or pellet/sheath contact. With (axial) pellet/endcap
contact, some of the compressive axial load can be transmitted to the
pellets via the endcaps. With (diametral) pellet/sheath contact, some
axial load can be transmitted to the pellets via friction. Both these
situations will result in fuel element stiffening.
The degree of element stiffening caused by the pellet depends on the
following factors:
Diametral interfacial pressure between the pellet and the sheath,
.

Axial interference between the endcaps and the pellets, and
Local stiffnesses of the various radial regions of the pellets.

The above, in turn, are influenced by a number of processes, design
features, material properties, and operational parameters.
These
include:
Diametral Expansion.
sheath.

Due to thermal expansion, the pellet contacts the
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Hourglassing. The diametral expansion of the pellet is not uniform along
the length of the pellet. Rather, the ends of the pellet expand more
than the middle parts of the pellet, due to end effects. rhis is called
hourglassing. It increases the average interfacial pressure between the
sheath and the pellet.
Densification. In-reactor sintering of U02 reduces the diameter of the
pellet, which lowers the interfacial pressure.
Fission ProduC. Swelling. This increases the diameter of the pellet,
increasing the interfacial pressure.
Axial Expansion. Under some conditions, thermal expansion of the pellets
can cause axial contact between the endcaps and the pellet stack.
Pellet Cracking. As noted earlier, thermal stresses in the reactor can
cause cracking in the brittle parts of the pellet. Some of the cracks can
subsequently "heal" due to creep. A cracked pellet is softer than an
uncracked one.
Temperature Profile.
Again as discussed earlier, the pellet is much
hotter in the centre than at the surface. The Young's Modulus is lower
in the hotter regions.
Hip.
Where there is pellet-to-sheath contact and an axial gap, the
degree to which the pellet stiffens the fuel element depends on the
extent of axial slip between the sheath and the pellet. The slip in turn
depends on: the area of contact; the coefficient of friction; the axial
load; and the interfacial pressure (hoop).
Dishes/Chamfers.
Dishes/Chamfers and their non-uniform axial thermal
expansion create an uneven surface at the end of the pellet. Hence two
neighbouring pellets do not contact over their full diameter.
The
fraction of the pellet diameter that is not in contact does not transfer
axial load.
Therefore the portion of the pellet near the uncontacted
area does not contribute to the axial stiffness of the fuel element. The
extent of this effect depends on the on-power profile of the pellet face,
which in turn depends on: the initial sizes of the dish and chamfer;
element power; thermal expansion; densification; creep; and fission
product swelling. Although this is a significant effect, at present it
is not included in the BEAM code and needs to be considered separately.
The brief discussion above is included here for completeness.
The net effect of the pellet stack on the stiffness of the fuel element
is given by a sum of the individual influances noted above.
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Element Bending/Bowing
Fuel elements exhibit a certain degree of lateral bending due to:
. As-manufactured bovs, and
.

Circumferential temperature gradients in the reactor.

An axial force increases the bend which in turn decreases the axial
length. This is another source for element compliance. The governing
parameters are the flexural rigidity, the length of the element, and the
magnitude of bow.
VALIDATION
To check the validity of our understanding and modelling, calculated
stiffnesses were conpared to the available stiffness measurements for the
following situations;
Unirradiated fuel elements with and without
interference-fitted pellets; Irradiated fuel elements; Fuel element plus
pieces of endplates; and Complete fuel bundles.
For the latter two
conditions, the calculations of BEAM for element stiffness were
supplemented with separate calculations for the effects of endplates.
In addition, calculated frequencies of lateral vibrations of fuel
elements were also compared to available measurements for off-power
conditions and for on-power conditions.
Pnirradiated and Irradiated Fuel Elements without Pellet Interference
Axial stiffnesses of irradiated and unirradiated fuel elements were
measured off-power during 1992. Some tests were done in the F_uel Element
Axial .Stiffness Testing Rig (FEASTER) at Chalk River Laboratories. Other
tests were done in an Instron machine at AECL CANDU. Figure 5 compares
the measurements vs calculations of BEAM.
A reasonable agreement is
indicated.
Unirradiated Fuel Elements with Pellet Interference
As noted earlier (section on Interpellet Interfaces), flexural
rigidities of 14 combinations of element diameters, sheath thicknesses,
and pellet interferences were measured in irdd-sixties.
The measured
rigidities ranged from 54 to 1214 Nm2. Of these, two specimens contained
features that are not included in the BEAM code, viz. trefoil (specimen
#6) and U3Si pellets (specimen #7). The measured rigidities of the 12
remaining specimens are compared to the calculations of BEAM in Figure
6. A strong agreement is evident.
Fuel Elements with Pieces of Endplates
Two compression tests are available for single fuel elements from a 37element bundle with pieces of endplates still attached to the test
elements.
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The first test used the outer ring, and the endplate pieces were not
clamped.
Figure 7 (a) shows the results.
In a fuel bundle, symmetry
would dictate zero slope at the centre of the endplate segment between
the adjacent fuel elements. In this test, however, no attempt was made
to maintain this condition. This results in a lower effective stiffness
in the test. Our calculations always assume that the symmetry condition
noted above exists.
This difference needs to be borne in mind when
comparing the measurements with the calculations shown in Figure 7(a).
The second test used the intermediate ring, and the ends of the
endplate were clamped to achieve the symmetry noted above.
The
measurements are given in Figure 7(b), along with the corresponding
calculations. Note that the outer ring has a smaller width than the
intermediate ring, giving a lower stiffness in the latter.
Complete Fuel Bundle
Reference 1 describes some tests on bundle compression. Figure 8 shows
a comparison of measured vs calculated stiffnesses.
In general, the
calculations show a reasonable agreement with the measurements. Further
details are available from Reference 1.
Out-Reactor Lateral Frequency
Out-reactor measurements on Darlington fuel bundles showed that the
natural frequency of lateral element vibration is about 3 0 Hz at room
temperature. The BEAM code also predicts 30 Hz.
On-Power Lateral Frequency
Element natural frequencies for lateral vibrations were measured onpower in experiment U-118 [15]. An instrumented G-l fuel bundle was
used. The measured frequencies ranged from - 40 Hz at zero power, to 60 Hz at high power. The equivalent increase in the flexural rigidity
is a factor of about 2.3. This is very similar to the increase reported
by Twarog [10] in his bending tests on fuel elements with interference
fit.
To simulate the on-power effects, we first used the ELESTRES code to
calculate the on-power behaviour of the
element.
The results were
provided as input to the BEAM code to calculate the on-power frequency
of the fuel element for two start-up cycles as a function of power and
time. Figure 9 shows that the calculations are in reasonable agreement
with the measurements.
ILLUSTRATIVE EXAMPLES
The BEAM code has recently been used in two investigations. The first
involved an investigation of the failures of Darlington endplates [1].
The second involved design assessments of a fuel bundle being designed
for low void reactivity and for very high burnups [16] .
Brief
descriptions of the above applications are given here.
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Cracking of Darlington Kndplates
Activities in fuel and fuel string modelling were undertaken as a part
of the overall program to determine the cause of fuel damage in
Darlington Units 1 and 2 [1] . The aim was to establish the fuel response
in a fuel channel under conditions of hydraulic drag load and pressure
pulses. The effects of power (e.g. pellet expansion) and of time (e.g.
creep, densification, etc.) were included. The BEAM code provided one
component of the calculations (element stiffness); the remaining
components were provided by other codes such as ELESTRES (pellet
response) and H3DMAP (fuel string response).
Hand calculations as
appropriate were also used (e.g. endplate stiffness and creep).
The work was done by the Fuel and Fuel String Modelling Team which was
assembled by the Darlington N12 Investigation Team. Apart from some of
the co-authors of this paper, significant contributions were also made
by a number of individuals including: E. Nadeau, W. Teper, F. Iglesias,
and P. Ried of Ontario Hydro; M. Pettigrew and B. Smith of AECL-CRL; and
I.E. Oldaker and R. Mak of AECL-CANDU. A detailed description of the
assessments has been published previously [1]. A brief summary is given
here.
The assessment shewed [1] that irradiation has a large effect on the
stiffnesses of the individual fuel elements. Upon initial startup, the
element stiffness is predicted to increase rapidly since thermal
expansion causes the pellet to interact with the sheath.
Element
stiffness is reduced upon UO, densification, which occurred for the Unit
2 power history at about 1500 hours from startup. About 200 hours later,
the stiffness is predicted to increase to the previous value. This is
largely due to creep of the sheath under coolant pressure, with some
additional contribution from fission product swelling of the pellet.
Element stiffness is predicted to decrease if there is a significant
power drop, such as in a 35% reactor power reduction, or during fuelling
when high power bundles are shifted into the position of lower bundle
power. These trends are shown in Figure 10. The natural frequency of
the fuel string increases with the stiffness.
Endplate waviness/compliance, representing a softer spring than the
fxival element, moderates the increase in the fuel string stiffness from
fuel element stiffening. However, endplate compliance will be removed
by Zircaloy creep during irradiation. The creep rate is expected to be
higher for downstream bundles due to the higher hydraulic load.
The assessment also showed [1] that the fuel string has a large number
of axial modes of vibration. The fifth axial mode of the fuel string has
a natural frequency close to 150 Hz. This mode is possibly the way in
which the fuel strings responded to the 15 0 Hz pressure pulses in Unit
2, leading to the observed fuel damage.
It is possible that the fuel string natural frequency (Mode 5) would
change during Unit 2 power operation, to coincide with the frequency of
the dominant pressure pulses (150 Hz) measured in the reactors. This
would lead to resonance of the fuel string. However, because of the nonlinearity of the fuel bundles, it does not appear that the difference
between resonance and off-resonance response is large. Thus, chi.. fuel
string response is likely dominated by the acoustic pressure wave in the
fuel channel.
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Low Void Reactivity Bundle
One evolution of fuel design is aimed at a CANDU fuel bundle with low
void reactivity in combination with very high burnups [16]. One aspect
of this design involves using dysprosium in the central fuel elements.
This increases the gradient of element powers through the diameter of the
bundle. This leads to greater bending of the endplate. To assess the
impact of bending on endplate integrity, the BEAM code was used in
conjunction with codes ELESTRES and MARC. Elastic-plastic calculations
were done.
The endplate was represented by about 1500 thick-shell finite elements
from the MARC library. Two approaches were considered to account for the
restraints provided by the fuel elements to the endplates:
(i) using
finite elements to also represent the fuel elements, or (ii) using
equivalent springs, with spring constants provided by the BEAM coda.
In terms of accuracy, both approaches gave similar results as s h c m in
Figure 11. The figure shows endplate ring deflections using the two
approaches. The slight difference in absolute displacements is due to
small differences in the boundary conditions used for the outer ring.
However, the gradients of displacements are similar.
Since endplate
stresses and strains are determined by the displacement gradients, the
predicted stresses/strains are expected to be similar using either method
of accounting for the effect of fuel elements.
In terms of cost, using finite elements to model the fuel
pencil/endplate restraints increases the computing cost by a factor of
about 10 (i.e.- ~ 17 CPU hours vs. 1.7 CPU hours) over using the
equivalent springs approach. This translates into a computing cost of
about $7,500 per run if MARC alone is used, vs. about $750 per run if
MARC is used in conjunction with BEAM. Turnaround time is estimated to
be overnight for the springs approach versus several days for the allfinite- elements approach. These comparisons demonstrate the advantages
of using BEAM as part of endplate analyses.
COMPUTING COST AND TURNAROUND
To simulate a typical irradiation history representing a residence
period of about 1 year (136 time-steps), the BEAM code requires about 12
CP seconds on our CYBER-990 computer. This translates into a computing
cost of about $2.
CONCLUSIONS
The computer code BEAM helps assess the mechanical integrity of a fuel
bundle. The focus of the code is to provide a fast and simple tool for
calculating the following parameters of a fuel element and of the
adjacent endplate: Axial and lateral stiffnesses of the fuel element;
spring constants of: the fuel element and of the endplate; stresses in the
endplate and in the endcap/endplate weld; frequency of lateral vibrations
(radial and tangential); ~heath collapse; and buckling load.
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In calculating the above parameters, the following features and effects
are considered: sheath; pellets; endplates; other fuel elements in the
bundle; instantaneous collapse of the sheath; diametral and axial
gap/interference between the pellets and the sheath; inter-pellet
interfaces; slip/grip between the sheath and the pellets; irradiationinduced cracking of UO2 pellets; bowing, hydraulic drag; and temperaturedependent material properties. A semi-empirical approach is used while
employing mechanistically-based submodels.
One important aspect of the assessments is to account for on-power
effects like: pellet expansion; hourglassing; .reep; densification; and
cracking.
To facilitate that, semi-automated links are provided to
connect BEAM with some related codes such as ELESTRES and Harvard
Graphics.
The calculations of the code show reasonable agreement with flexural
rigidities measured in out-reactor tests using many combinations of
sheath and pellet dimensions. In addition, the calculations also compare
well with measurements of lateral frequencies in out-reactor and inreactor tests.
The BEAM code is fast:
To simulate a typical irradiation history
representing a residence period of about 1 year (136 time-steps), the
code requires only 12 CP seconds on our CYBER-990 computer.
The BEAM code was used in an investigation of endplate cracking in the
Darlington reactor. The calculations suggested that the axial stiffness
of the fuel elements is influenced significantly by element power, by
pellet densification, and by sheath creep. Another application of BEAM
involved the assessment of endplate integrity due to differential axial
expansion of fuel elements in a Low Void Reactivity Bundle.
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TABLE 1:

Case
No.

Element Type

FLKXDRAL RIGIDITY OF FUEL ELEMENT
Sheath
Outer
Diameter

Sheath
Thickness

(mm)

(mm)

Flexural Rigidity
(Nm2)
Comments
Previous
Data

BEAM

1

Empty Sheath, Pickering Size

15.24

0.46

54

56

2

Standard Pickering Fuel Element

15.24

0.46

54

56

3

Interference-fit Pickering
Element

15.24

0.41

124

166

4

19-Element Split-Spacer Bundle

15.24

0.41

57

51

5

28-Element Split-Spacer Bundle

15.24

0.41

63

51

6

Trefoil in PHW Bundle

15.24

0.41

Trefoil

185

Note 1

7

U3Si Fuelled Element, G-l Size

19.74

0.97

U3Si pellets

428

Note 2

8

Standard G-l Fuel Element

19.74

0.58

154

157

9

Empty Sheath, G-l

19.74

0.53

154

144

10

Sheath plus UO2 in Axial
Compression, G-l

19.74

0.53

416

431

11

Sheath plus Rigid UO2, G-l

19.74

0.53

1214

1367

12

Empty Sheath, WR-1

15.24

0.64

74

76

13

Sheath plus UO2 in Axial
Compression, WR-1

15.24

0.64

195

176

14

Sheath plus Rigid UO2, WR-1

15.24

0.64

402

459

Diametral
Interference

Axial Interference

Axial Interference

Note 1:

Not Calculated:

Effect of Trefoil is not simulated in BEAM

Note 2:

Not Calculated:

Material properties of U3Si are not included in BEAM.
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Pc
H
The models
elsewhere3.

= fuel-clad contact pressure
= Meyer's hardness of cladding
used

for some of the parameters used in equation 1 are described

Equiaxed grain growth was calculated using two different models 4 ' 5 :
Model 1:
where
and

D 2 - Do 2 = kt exp(-Q/RTf)

(2)

k = 2.92 X 10 4 um 2 /s
Q = 267 kJ/mol

with the limitation that
D < 2.23 X 10 3 exp [-(63.35 kJ/raol)/RTf]
Model 2:
where
and

D 2 • 5 - Do 2 • 5 = kt exp (-Q/RTf)

(3)

k = 1.3 X 10 6 pm 2 - 5 /s
Q = 320 kJ/mol

In both the models, R is the universal gas constant (in kJ/moJ), Tf is the
fuel temperature (in °K) and Do and D (in pm) are respectively the grain sizes
before and after a time step lasting t seconds.

Input Data
The input data used for the calculations is listed in Table 1.
The
calculations were performed for fuel densities of 96% TD, 96.5% TD and 97% TD.

COMPUTER MODELLING RESULTS
The fuel centre temperature as a function of irradiation time is shown in
Fig.3.
The maximum centre temperature attained by the fuel is seen to be
1508°K.
The radial temperature profile in the fuel crosssection when the
centre temperature was maximum ir shown in Fig.4. The fuel-clad heat transfer
coefficient is plotted against irradiation time in Fig.5.
The gradual
deterioration in the fuel-clad heat transfer coefficient with time is due to
the gradual decline in the thermal conductivity of the fill gas due to fission
gas release.
A total fission gas release fraction of 0.9' , was predicted.
The grain size at the fuel centre is plotted against irradiation time in
Fig.6.
The fractional radius of the region where grain growth is more than 1
um is plotted against time of irradiation in Fig.7. Table 2 gives the salient
findings from computer modelling.
The fuel centre temperature varied from 922 to 1508°K, reaching a maximum
of 1508°K in the last time step of irradiation.
The centre temperatures were
lower by maximum 15°K for the 97%TD calculation, and they were higher by
maximum 25°K for the 96%TD calculation.
Regarding grain growth, model 1
predicted an increase in the grain size of upto 2.61 pm in the central region
of radius 1.5mm while model 2 predicted a grain size increase of only 0.49 pm
at the centre.
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assuming a ratio of 1.09 : 0.86 : 0.78 for the power in the outer, middle and
inner fuel elements.
Figure 1 shows the power history thus calculated.
The
linear heat rating of the fuel element was in the range 204-418 W/cm.

COMPUTER MODELLING

Code PROFESS
The irradiation of the fuel element was simulated using code PROFESS
{Performance of Rod-type Oxide Fuel Elements in Steady State) 2 .
PROFESS was
originally designed to treat free-standing zircaloy-2 clad UO2 fuel elements
used in BKRs.
It was modified so that collapsible cladding can be treated as
an option. PROFESS had models for the following phenomena:
-fuel-clad heat transfer
-neutron flux depression near fuel centre
-solid and gaseous fission product swelling
-in-pile fuel densification
-fuel relocation
-fission gas release
-in-pile creep of zircaloy-2
-equiaxed grain growth of UO2
-columnar grain growth of UO2

Method of Calculation
The calculation assumed a uniform axial power profile. At the beginning of
irradiation, the clad inner diameter was set equal to the fuel diameter to
take care of collapsed cladding.
The power history was divided into small
time steps of constant power.
For each time step, the temperature
distribution in the fuel element was calculated in the beginning. Then, using
this, fuel swelling, fuel densification, cladding creep, equiaxed grain
growth, columnar grain growth, fission gas release and the gas pressure inside
the fuel element were calculated.
Then the fuel and clad dimensions were
updated and the next time step was considered.
The flow chart used for the temperature calculation is shown in Fig.2. The
fuel crosssection was divided into fifty concentric rings of equal width for
the calculation of temperature distibution in the fuel.
The calculation
considered thermal neutron flux depression towards the pellet centre.
The
thermal conductivity of the fuel was calculated as a function of fuel
temperature and initial density.
The fuel-clad heat transfer coefficient h
for the closed gap condition was calculated using
h = Kgas/(8 + gf + gc) + C. [2KfKc/(Kf+Kc)]. [Pc/(H v6)]
where Kgas
8
gf>gc
C
Kf,Kc

=
=
=
=
=

thermal conductivity of fill
sum of the surface roughness
jump distances of the gas in
a constant
thermal conductivity of fuel

gas
of fuel and that of clad
fuel and clad
and clad

(1)
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AN ANALYSIS OF THE FUEL TEMPERATURE HISTORY AND MICROSTRUCTURE
OF AN IRRADIATED PHWR FUEL ELEMENT BY COMPUTER MODELLING AND
POST-IRRADIATION EXAMINATION

C.S.VISWANADHAM, K.UNNIKRISHNAN AND D.N.SAH

Radiometallurgy Division
Bhabha Atomic Research Centre
Trombay, Bombay 400 085, India

ABSTRACT
A combination of computer modelling and post-irradiation examination was
applied to get a realistic estimate of the maximum fuel centre temperature
attained during irradiation in the outer fuel element of an irradiated PHWR
fuel bundle DP-067 discharged from Madras Atomic Power Station-I (MAPS-I)
after a burnup of 3698 MWD/MTU.
The element was irradiated at linear heat
ratings ranging from
204 W/cm to 418 W/cm.
It was found that the maximum
fuel centre temperature was 1508°K and no detectable grain growth or fission
product migration occurred in the fuel.

INTRODUCTION
India's nuclear power programme relies on pressurized heavy water reactors
(PHWRs) using natural UO2 fuel elements clad in zircaloy-2.
The Indian PHWRs
have 306 coolant channels containing 12 bundles of 19 fuel elements each.
Post-irradiation examination provides valuable information on the in-reactor
performance of nuclear fuel elements.
Fuel temperature during irradiation is
a useful performance indicator due to the direct dependence of phenomena like
fuel swelling, densification, fuel restructuring and fission gas release on
it.
Post-irradiation metallography helps in estimating the maximum fuel
centre temperature.
However, the complete temperature history can be
generated only through an analysis of the fuel element behaviour by a detailed
computer model.
In the present work, post-irradiation examination was
supplemented by computer modelling to get a realistic estimate of the maximum
fuel centre temperature attained during irradiation in the outer fuel element
of an irradiated PHWR fuel bundle DP-067 discharged from Madras Atomic Power
Station-I (MAPS-I).

IRRADIATION HISTORY
Fuel bundle DP-067 was irradiated in position 9 of channel K-6 in MAPS-I.
The bundle had operated for 123 full power days and experienced a peak power
of 349.4 kW.
The irradiation power history of the bundle was generated by an
in-core fuel management code TRIVENI, a level 3 code in IAEA nomenclature,
which means that it is sufficiently accurate to follow the actual operation of
a power reactor1.
The calculated fuel burnup of the bundle was 3698 MWD/MTU.
The power history of the outer element of the bundle was calculated by
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inventory of Cs in the defected fuel, or possibly a more volatile form of Cs resulting from the
presence of steam inside the element during irradiation.

7.0

CONCLUSIONS

The fission-product release behaviours of Cs, Kr, Eu and Ru/Rh were measured for high-burnup
CANDU fuel specimens that were heated in inert conditions and then exposed to steam at 1350 or
1500°C. No releases of Eu or Ru/Rh were measured in these conditions. No information was
obtained on short-lived fission-product isotopes, because of the long decay period prior to the time of
testing. However, the measured releases of long-lived Cs and Kr isotopes represent an upper-bound
for fission-product releases under these conditions, since short-lived fission products would decay
during diffusion/transport within the fuel.
In general, the releases of Cs and Kr from intact or previously-defected fuel elements can be
described by four stages: initially, a low rate of release during inert heating, followed by a "bursttype" release starting at 1200-1400cC, a period of low release rates during the initial period of steam
oxidation, and finally a rapid release after most of the Zircaloy has been oxidized.
Specimens from the outer ring in 37-element bundles produced significantly higher releases than
specimens from the intermediate ring. During the period of inert heating to 1500°C, the measured
releases from outer fuel were 24% Kr and 12% Cs, compared to 8% Kr and 6% Cs from
intermediate fuel. The lowest temperatures for measurable Kr and Cs release from the outer fuel (800
and 1000°C, respectively) were much lower than for intermediate fuel (1300 and 1250°C). A'so, the
inert burst releases of Cs and Kr occurred at higher temperatures in the outer fuel. These differences
between outer and intermediate elements can be attributed to the effects of 'bear power (i.e.,
operating temperature) on the distribution of fission products within the fuel (i.e., within grains, on
grain boundaries or release to the free volume of the element).
A comparison between releases from previously-defected and intact outer-element spe, imens showed
that Kr releases were similar, but significantly higher releases of Cs were measured from the defected
fuel during inert heating.
In all tests, oxidation of the fuel by steam produced a rapid release of Cs and Kr, preceded by a delay
period following the introduction of steam. The onset of these oxidative releases is probably related
to the time required to oxidize the Zircaloy. The current data does not yet provide conclusive
evidence to support modelling of the onset of oxidative releases, because of the variability in the
observed delay times. Future tests will be devised to answer this aspect of release behaviour, since
the onset of oxidative releases is an important parameter in defining the fission-product source term to
the PHTS.
The oxidative releases of Cs were delayed relative to Kr by several hundred seconds. This effect may
be due to a chemical effect on Cs transport inside the mini-elements.
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The duration of the delay period was about 2000-3000 s, except in test BM3 (500 s). The longer
delay period corresponds to about 80-85% Zircaloy oxidation, according to the measured kinetics.
Attempts to model these mini-element oxidation kinetics using the parabolic oxidation rate constants
of Urbanic and Heidrick (5) were unsuccessful unless it was assumed that steam had access to the
inside of the mini-element and the Zircaloy components were consumed from both sides.
Metallographic examination (pending) of these oxidized specimens will give further information on
whether the oxidation was from both sides.
The current data does not yet provide conclusive evidence to support modelling of the onset of
oxidative releases, because of the variability in the observed delay times. Future tests will be devised
to answer this aspect of release behaviour, since the onset of oxidative releases is an important
parameter in defining the fission-product source term to the PHTS.
6.2

Releases from the Intermediate Ring

Tests BM2 (1350°C) and BM5 (1500°C), both from the intermediate ring in bundle J98315C, showed
consistently low releases of Kr and Cs during inert heating. The Cs releases were very similar for
both tests, although the peak release rate in steam was higher at 1500°C. The threshold temperature
for Cs release was about 1250°C. Only about 6-7% of the Cs was released prior to the oxidative
release at both 1350 and 1500°C.
The Kr release rate in steam was higher at 1500°C than at 1350°C, and a measurable burst occurred
during the inert heating. This burst was about 8% of the Kr inventory, which may be close to the
grain boundary inventory for this fuel. The Kr burst up to 1350°C was small, and accounted for
about 2% of the Kr. The threshold temperature for Kr release from the intermediate element was
between 1300 and 1400°C.
6.3

Releases from the Intact Outer Ring

Compared to the releases from intermediate ring specimens, test BM3 (1500°C) showed higher
releases during heating and a shorter delay in oxidative release after steam was introduced. The burst
release of Kr was more than 20% of the Kr inventory, which may be related to the grain boundary
inventory of higher-powered fuel. Kr releases began at about 800°C, and the threshold temperature
for the burst release was about 1300°C.
Cs releases began at about 900°C, leading to about 8% release by 1400°C. A small burst of Cs
occurred at about 1450 °C and the total release prior to oxidation was about 12%.
The reason for a shorter delay prior to oxidative releases in test BM3 is not clear, since the oxidation
kinetics were similar to the other tests at 1500°C. This does not appear to be a characteristic of
specimens from the outer ring, since test BM4 (outer, defected) showed a long delay time. It is
speculated that one of the Zircaloy end-caps was not tightly fitted and thus provided more immediate
access of steam to the UO2.
6.4

Releases from the Defected Outer Ring

The previously defected fuel (test BM4, outer element) showed similar behaviour to the intact outer
fuel (test BM3), except for much higher Cs releases during inert heating (up to 25% release) and a
longer delay in oxidative releases. The threshold temperatures for Cs and Kr release appeared to be
the same as for the intact fuel. The higher Cs release during inert heating may be due to a higher gap
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Figure 6: Oxidation kinetics and hydrogen production rate during test BM2 (1350°C). The weight
gain for complete steam oxination of the mini-element is shown. The start of oxidative Kr release
corresponds to about 82% Zircaloy oxidation.
rapid Kr releases began.
6.0

DISCUSSION OF RESULTS

In general, tests BM2 to BM5 indicate that the releases of Cs and Kr from intact or previously
defected fuel elements can be described by four stages: initially, a low rate of release during inert
heating, followed by a "burst-type" release starting at 1200-1400°C, a period of low release rates
during the initial period of steam oxidation, and finally a rapid release after most of the Zircaloy has
been oxidized. Differences between outer and intermediate elements can be attributed to the effects of
linear power (i.e., temperature distributions) on in-reactor fission-product release from UO2 grains to
grain boundaries and finally to the free volume of the fuel element.
In all tests, the oxidative releases of Cs were delayed relative to Kr by several hundred seconds. This
effect may be due to a chemical effect on Cs transport inside the mini-elements.
6.1

Effect of Zircaloy Oxidation

The final rapid releases of Kr and Cs in steam are probably due to oxidation of the UO2, leading to
enhanced fission-product diffusion rates. The delay period between the introduction of steam and the
onset of oxidative releases is most likely caused by competing oxidation of Zircaloy. This can be
supported by other tests in the HCE2 experiment (1), in which bare fragments of UOj produced an
immediate increase in the release rate:; upon the introduction of steam.

percentage release rates'* and cumulative percentage releases for each test. The plot of cumulative
Kr release includes the gap inventory as a quantity released before the test. The gap inventory of Cs
was assumed to remain in the specimens during preparation of the mini-element samples. There were
no releases of Eu-154 or Rh-106 (representative of Ru-106) during any of these tests.
In test BM2 (1350°C, intermediate element, Figure 2), a leak occurred in the exhaust line from the
furnace and Kr data was not useful after about 12 000 s. Only a few percent of Cs and Kr were
released during the inert heating period to 1350°C, with no measurable releases below about BOOT.
When steam was introduced at about 8500 s, a small additional release of Kr and Cs occurred, but the
release rates regained low under isothermal conditions for more than 2000 s. A large increase in the
Kr release rate occurred after 2000 s in steam, followed by Cs about 1000 s later.
In test BM3 (1500°C, outer element, Figure 3), Kr and Cs releases were detected during inert
heating, beginning at about 800 and 1000°C, respectively. These low-temperature releases
diminished at higher temperatures, producing a plateau in the cumulative release plots, until further
releases of Kr and Cs commenced at about 1300 and 1450cC, respectively. Both of these releases
appeared to be "bursts" that ended when the temperature stabilized at 1500 c C, and prior to the
introduction of steam. A large increase in the release rates of both Cs and Kr occurred about 500 to
1000 s after the introduction of steam. Both Cs and Kr showed a double peak in the release rate
during steam oxidation. There was almost no time difference in the onset of rapid releases of Cs and
Kr; however, the maximum rates of Cs release were delayed relative to Kr by about 500 s.
In test BM4 (1500°C, defected outer element, Figure 4), the Kr release during inert heating was very
similar to the intact outer element (BM3). However, a fast release of Cs began at 900°C and
continued during the inert heating period until about 1250°C. The Kr and Cs rates increased at 1300
and 1450°C, respectively (in agreement with BM3). During isothermal conditions at 1500°C,
following the introduction of steam, the release rates of Cs and Kr decreased to a lower value and
remained low for at least 2000 s. A large increase in the Kr release rate occurred in steam, followed
by Cs about 1000 s later. During irradiation in the defected condition, fission products would have
been released from the fuel element into the coolant. The amounts released are unknown, but it was
assumed in Figure 4 that 30% of the Kr inventory was released prior to testing. Also, it was
assumed that no Cs escaped from the fuel element during irradiation or preparation of the minielement.
In test BM5 (1500°C, intermediate element, Figure 5), the Cs release started during inert heating at a
temperature of about 1250°C, followed by a "burst" of Kr beginning at about 1350-1400°C. This
burst of Kr was finished at the end of the temperature ramp. The release rates of both Cs and Ki
remained low for more than 2000 s after stsam oxidation was started, until a rapid release of Kr
occurred, followed by Cs about 500-1000 s later.
The oxidation kinetics for each test were determined from the on-line oxygen sensor outputs. Figure
6 shows the weight gain kinetics and H2 production rates for test BM2 (1350°C). The results indicate
that the mini-element (sheath plus UO2) was completely oxidized during the test (note reasonable
agreement with the calculated value of weight gain for steam oxidation to ZrO2 and UO : 185). Figure
6 also shows the timing of the start of rapid Kr release during steam oxidation (about 2100 s after
steam was introduced). The plot indicates that the mini-element was about 82% oxidized when the

"* For readability, the release rate plots were smoothed using a 5-point Savitsky-Golay polynomial
deconvolution. All interpretation is based on the raw data.

4-68
1800

Bruce—A
Bundle J98315C
Intermediate Element

0
5000

10000

15000

20000

25000

30000

TIME (SECONDS)
1800

5000

10000

15000

20000

25000

30000

TIME (SECONDS)
Kr-85
514 keV

Cs-134
796 keV

Temperature

Figure 5: Release rates and cumulative percentage release of Kr and Cs in test HCE2-BM5 (1500GC,
steam, intermediate element from bundle J98315C). Post-irradiation gas-puncture measurements
indicated a 4.2% noble gas release during the irradiation.
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Figure 4: Release rates anu cumulative percentage release of Kr and Cs in test HCE2-BM4 (1500°C,
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Two germanium 7-ray spectrometers were used to measure fission-product activities during the tests.
The first spectrometer was sighted directly at the fuel sample through a collimator in the ceiling of the
hot-cell and was able to measure on-line changes in activity of Cs-137, Cs-134, Eu-154 and Rh-106.
The low-yield 7-ray of Kr-85 was measured by another spectrometer that viewed the out-cell
monitoring station (see Figure 1). The 7-ray spectra were collected for times ranging from 200 to
600 seconds throughout the tests.
4.0

DATA ANALYSIS

4.1

Fission-Product Release Kinetics

A peak-search program was used to analyze the spectra collected by both of the 7-ray spectrometers.
This analysis permitted a re-calibration of the spectrum energy to correct for possible drift during the
test. The release percentages of Cs, Eu and Rh were calculated from the count nites measured at the
direct-viewing spectrometer relative to the standard count rate measured from the sample before the
test. All count rates were corrected for background activities in the hot-cell and the furnace tube, as
determined by independent measurements. When necessary, the count rates were also normalized to a
peak of an isotope that was not released (i.e., Eu-154). This latter correction was minor and
accounted for possible orientation differences between the specimen during the test and during the
standard count rate measurement.
The count rates from the out-cell spectrometer were used to calculate the Kr-85 activity measured
during each spectra. This calculation took into account the measured efficiency of the spectrometer
for 514 keV 7-rays, the 7-ray yield for Kr-85 and the time each unit volume of gas was visible to the
spectrometer. This time was calculated from the non-condensible flow rates, including the effects of
H2 production during oxidation of the Zircaloy by steam. The timing of these Kr-85 activities was
then corrected for the transit time from the fuel to the out-cell spectrometer. No deconvolution was
applied to account for mixing of gases during transit.
The fractional releases of Kr-85 were calculated by dividing the measured cumulative activities by the
inventory in each specimen. This latter quantity was calculated using the FISSPROD-3 code (3) and a
detailed irradiation/decay history.
4.2

Oxidation Kinetics

The rate of oxygen consumption by the fuel specimens was determined from the measured oxygen
partial pressure (POj) at the upstream and downstream oxygen sensors in the furnace. The PO2 at
each sensor was calculated from the measured sensor temperature and voltage. By assuming
equilibrium between H2O, H2 and O2, the PO2 values were used to calculate the rates of oxygen
consumption and hydrogen production inside the furnace, as a function of the molar flow rates, total
pressure and temperature of the specimen. Details of this technique are given elsewhere (4). The H2
production rates were used in the calculation of non-condensible flow rates at the Kr-85 monitoring
station.
5.0

RESULTS

The release behaviours of Kr-85 and Cs-134 are summarized for tests BM2-BM5 in Figures 2-5.
These plots show the measured specimen temperature and duration of steam exposure, with
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Figure 1: Schematic of the experimental apparatus for the HCE-2 tests.

3.0

EXPERIMENTAL APPARATUS AND TESTING PROCEDURES

The apparatus used in the HCE2 experiment is illustrated in Figure 1. A tube furnace with
molybdenum disilicide heating elements was used to heat the UO2 specimens in a horizontal alumina
tube. An alumina boat and push-rod was used to insert and remove samples from the furnace. The
specimen temperature was monitored with an R-type thermocouple located inside the push-rod. Two
yttria-stabilized zirconia oxygen sensors at upstream and downstream locations in the furnace tube
monitored the oxygen partial pressure and temperature of the flowing gases. These measurements
were used to calculate the oxidation rate of the fuel specimens.
After being released from the UO2, the fission products were swept through a series of scrubbers,
traps and filters before venting into the hot-cell. All of the gases flowed sequentially from the
furnace tube into a steam condenser, iodine scrubber (bubbled through a solution of NaOH and
NaaSPs), moisture trap, out-cell noble gas monitoring station, activated charcoal filter and water
bubbler. Steam was produced by pumping distilled and de-ionized water with a calibrated positive
displacement pump to a heated steam generator at a rate of 60 g/h. The steam was mixed with argon
(flow rate of 100 STP mL/min) to act as a non-condensible carrier gas for transporting fission
products beyond the steam condenser.
The mini-element samples were placed in the alumina boat and pushed into the centre of the tube
furnace in a flowing mixture of argon/2%H2 (200 STP mL/min). The initial furnace temperature
(650°C) was then increased at a controlled rate after the sample reached the furnace centre-line.
Steam was introduced after the sample reached the testing temperature. All the test condition^ were
recorded every 15 seconds by a data acquisition system. After the tests, the specimens were removed
from the furnace under an atmosphere of argon/2%E2.
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paper; a more general description of the CANDU versus LWR comparison tests is documented in
reference (1).
2.0

FUEL SPECIMENS

The fuel specimens were obtained from two 37-eIernent CANDU fuel bundles irradiated in Unit-3 of
the Bruce-A power station. Fuelling restrictions in channel N08 resulted in this fuel achieving a
burnup of between two and three times the normal discharge burnup of about 200 MW «h/kgU.
Because of the high burnup, these fuel bundles were subjected to extensive post-irradiation
examination (PIE) in hot-cells at the Chalk River Laboratories, including chemical burnup
determinations, analysis of released fission gases, sheath-strain profiling and ceramography. Some
results of this examination were reported in reference (2).
Table I summarizes the characteristics of the specimens used in the four tests, named BM2, BM3,
BM4 and BM5 (test BM1 was aborted when the furnace tube failed). The fuel experienced high
powers (55-60 kW/m) at low burnup, and a declining power history throughout the irradiation, as
shown in Table I by the peak and end-of-life linear powers. The specimens for tests BM2 and BM5
were from the intermediate ring (element # 19) in bundle J98315C. Because of thermal-flux
shielding, these specimens experienced lower power and burnup than the specimens from an outer
ring (BM3 and BM4). The specimen for test BM4 was from an outer element that was confirmed by
PIE to have defected during operation in the power reactor. All the other specimens were from intact
fuel elements.
Specimens were obtained by sectioning fuel elements into 2 cm axial lengths near the mid-plane of the
fuel. Unirradiated Zircaloy-4 end-caps (2.03 g each) were press-fitted onto both ends of these fuel
segments to make 'mini-elements'. Prior to testing, all of the mini-element specimens were weighed
and 7-counted to establish initial conditions. The HCE2 tests were conducted after 41 months of
decay following discharge of the fuel from the reactor.

Table I: Summary of Fuel Specimen Characteristics
end Test Conditions

Test
Name

BundleElement
Identity

BM2
BM3
BM4
BM5

J98315C-19a
J03311W-7b
J98315C-l b
J98315C-19a

Element
Condition
Intact/Defect
Intact
Intact
Defected
Intact

Bumup

(MW-h/
kgU)
474
544
583
474

End-of-Life
Power
(kW/m)

Peak
Power
(kW/m)

27

46

33

58

32
27

57
46

Specimen
UO2
Weight Weight0
(g)
(8)
31.262
28.942
31.021
30.205

24.79
22.67
24.57
23.82

Intermediate element.
Outer element.
Difference between specimen weight and Zircaloy weight (2 end-caps + sheath weight
calculated from nominal dimensions).

Test
Temp.
(°Q
1350
1500
1500
1500
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FISSION-PRODUCT RELEASES DURING POST-IRRADIATION ANNEALING OF
HIGH-BURNUP CANDU FUEL

D.S. COX, Z. LIU, R.S. DICKSON and P.H. ELDER

AECL Research, Chalk River Laboratories, Chalk River, Ontario, Canada, KOJ 1J0

ABSTRACT
The kinetics of fission-product release from high-burnup (474-583 MW -h/kg U) CANDU* powerreactor fuel were measured in hot-cell post-irradiation annealing experiments under simulated severe
accident conditions. Zircaloy-sheathed specimens were heated in inert conditions and then exposed to
flowing steam at 1350 or 1500°C. A comparison of releases from specimens taken from outer and
intermediate rings in 37-eIement bundles showed a strong influence of linear power on Cs and Kr
release kinetics. Releases from the higher-powered outer fuel were significantly higher than from the
intermediate ring, most notably during the inert heating period. When the fuel was exposed to steam,
an oxidative release of Kr and Cs occurred after a delay period, during which most of the sheath was
oxidized. The oxidative releases of Cs were delayed relative to Kr by 500 to 1000 s. Also, a
specimen from a previously defected outer element showed higher Cs releases during heating than did
intact fuel, although Kr releases were similar from defected and intact fuel.

1.0

INTRODUCTION

During some postulated accident conditions, the temperature in a fuel element can rise to values much
above the normal operating condition, resulting in sheadi failure and the release of fission products to
the primary heat transport system (PHTS). Extended high-temperature exposure of the failed element
may cause degradation of the fuel by oxidation, Zircaloy-UO^ interaction or even melting, leading to
further releases of fission products.
In order to ensure compliance with regulatory dose limits on fission-product releases from power
stations, it is necessary to calculate the source-term of activity from the PHTS into containment for
postulated accident scenarios. The hot-cell tests described in this paper were conducted to provide
data on the kinetics of fission-product release from CANDU power reactor fuel at 1350-1500°C in a
steam environment. This data can be used for developing rate equations and fission-product release
models with direct application to source-term calculations. Also, the degree of conservatism in
existing models can be assessed using this data.
The results from four hot-cell post-irradiation annealing tests are described. These tests were
conducted as part of the Hot-Cell Experiment #2 (HCE2), which is one in a series of experiments in
the Canadian out-reactor program on severe accident fission-product source term research. A total of
20 individual tests were completed in HCE2, using fuel from both CANDU and LWR (Light Water
Reactor) power reactors. Only four tests using high-burnup CANDU fuel will be presented in this

* CANDU: Canada Deuterium Uranium is a registered trademark.
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TABLE 1:
SUMMARY OF FISSION PRODUCT RELEASE FROM THE BTF-107 FUEL
RELEASE AS A PERCENTAGE
OF TOTAL FUEL INVENTORY

ISOTOPE
Hoble gases:

Kr-85m
Kr-88
Xe-135

40%
37%
40%

Xe-133,
Xe-133n

23-24%

1-131

47%

1-132

23%

1-133
1-135
Cs-137

45%
44%
54%

Semi Volatiles:

Ko-99
Te-132

7%
18%

Low Volatiles:

La-140

1.0%

Volatiles:

COMMEKTS

- found only in tank vapour space
- case as Kr-85m
- found in tank liquid (majority) and
vapour space, may have been
released as 1-135
- found only in tank vapour space,
low y energies preclude detection
in liquid
- found in tank liquid and deposited
on surfaces in vapour space of tank
- released as Te-132, found in tank
liquid and on surfaces like 1-131
- save as 1-131
- sane as 1-131
- found in tank liquid
- found in tank liquid
- found in tank liquid and deposited
on surfaces in vapour space of
tank, releases in reasonable
agreement with its precursor 1-132
- released fross the fuel as Ba-140,
found in tank liquid

TABLE 2:
MAJOR DIFFERENCES BETWEEN PRE- AND POST-TEST CATHENA SIMULATIONS

Item

Pre-Test CATHEHA

Post-Test CATHEMA

Berenson's
correlation

Bromley's
correlation

2) Fuel power rating

60 kW/B

42 kW/m

3) Critical heat flux
correlation

Biasi's CHF
correlation

Groeneveld'5 CHF
correlation

4) Channel flow regime

Not fixed to
remain in "mixed"

Forced to remain
in "mixed" regime

1) Film-boiling
correlation

5) Fuel-to-sheath HTC
S) Flow through
carriage supports

Fixed: 10 5
Yes

^

Variable: Given from ELOCA
No
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sheath interface pressure and thermal stresses reveals the importance of
producing an ELOCA.Mk5 version that has the capability to model post-failure
operation of the fuel. Once this capability is implemented, it will improve
the ability of ELOCA to predict fission-product release behaviour following
element failure, where the act of depressurization following failure can
itself also influence release.
Further recommendations for code improvements can also be made based upon
the experiences gained in simulating the BTF-107 experiment. As indicated in
the above discussion on predicted fission-product releases, it is obvious that
the variation in conditions between the top and bottom of the fuel in BTF-107
currently precludes making a meaningful comparison between calculated and
measured releases. To resolve this, it is recommended that an axially
segmented version of the ELOCA.Mk5 code be produced that performs a separate
FREEDOM release calculation for each axial fuel segment considered in the
underlying ELOCA.Mk4S calculation.
Once it is possible to perform an axially segmented fission-product release
calculation, the next logical step would be to install the ELOCA.Mk5 code as a
fuel model option in CATHENA. Plans for a development of this type have been
made as part of an integrated code system called CANSIM3 (7). If this final
improvement was made, this coupled code system could then be used to simulate
the axial variation in fuel damage observed in BTF-107 from thermalhydraulics
considerations alone.
Any coupled code system developed for predicting the transient fissionproduct release behaviour of CANDU fuel channels under LOCA conditions will
eventually have to be validated using release data obtained from simulative
in-reactor experiments. In this regard, while the near-total flow blockage in
BTF-107 produced conditions more severe than those expected under CANDU LOCAconditions (where flow blockages are not anticipated), the BTF-107 experiment
did contain many of the factors necessary to qualify as a fission-product
release validation experiment. While some further code development is
necessary to take advantage of the release information obtained from BTF-107,
these developments would likely become useful for analyzing transients
containing flow stagnation points susceptible to severe fuel damage.
This paper has shown that in-reactor "all-effects" experiments such as
BTF-107 are more than just a source of data for code validation. The act of
simulating these experiments can also provide important insights for future
code improvements. If we use these experiments for the data they provide and
to sharpen our analysis tools, we will be maximizing our return on these
complex, but valuable, experiments.
6.0
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in Figure 11. For this higher inventory case, FREEDOM predicts a much larger
release of stable fission gases and Cs-137 (about 28Z) during the period of
increased internal pressurization of the element in the early stages of the
transient. The remaining isotopes considered are released more slowly during
the transient. Since this element was previously irradiated, the inventory is
predominantly located in grain boundary bubbles, which are larger than for the
fresh fuel, and much more susceptible to release by changes in fuel stress.
As discussed in detail elsewhere (4), the changes in internal element gas
pressure and fuel thermal stress lead to grain face separation, and the
enhanced releases seen for this previously irradiated element.
In comparing the results of the fission-product release calculations
presented in Figures 10 and 12 with the measured release values summarized in
Table 1, consideration must be given to the fact that the ELOCA predictions
are only applicable for the conditions seen by the fuel at the mid-plane
elevation. The measured sheath temperature responses and post-test PIE near
the bottom of the fuel (2) show that there was an enormous axial variation in
conditions over the length of the fuel. The extent of this variation is such
that, while the top sheath thermocouples recorded only a brief excursion to
2000°C, PIE at the bottom of the fuel assembly has revealed evidence of a
liquid phase forming in the fuel and significant relocation of fuel. Given
this large variation in axial fuel conditions, and ^he complex (and nonlinear)
nature of the release calculation, it is difficult to determine the accuracy
of the present calculations without performing a series of ELOCA.Mk5 analyses
for elevations other than the mid-plane. It is encouraging, however, that the
ELOCA.Mk5 release predictions for an elevation that suffered less than the
most severe damage are indeed less than the measured release values for the
experiment.

5.0

CONCLUSIONS AND RECOMMENDATIONS

This paper has described the BTF-107 experiment and presented selected
CATHENA and ELOCA.Mk5 simulations of the thermalhydraulics and fission-product
release behaviours observed in this seveie-fuel-damage experiment. The paper
also reviews the approach taken in resolving the discrepancy between the
original CATHENA pre-test thermalhydraulics predictions and the experimentally
observed behaviour.
The results of the post-test CATHENA simulations illustrate that CATHENA is
capable of modelling the main features of the experimentally observed thermalhydraulics behaviour. However, the discrepancy between the original pre-test
simulations and the observed behaviour clearly illustrates the need to create
CATHENA idealizations with care, especially when simulating situations
involving dryout and/or rewet. Under these situations, it is recommended that
a series of simulations be performed to determine the effects of advancing or
delaying the onset of dryout (or rewet).
The ELOCA.Mk5 simulations presented here illustrate the ability of this
newly developed code to perform coupled thermo-mechanical and fission-product
release simulations of an extremely rapid and severe transient. These release
calculations also show that different release mechanisms are dominant for lowand high-burnuo fuel- The sensitivity of the release prediction to changes in
fuel stresses resulting from changes in the internal gas pressure, fuel-to-
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4.0

POST-TEST EL0CA.Mk5 SIMULATIONS

The EL0CA.Mk5 code was used to simulate the thermo-mechanical and fissionproduct release behaviour of individual fuel elements in BTF-107 based upon
the sheath temperature and depressurization responses measured during the
experiment. The EL0CA.Mk5 code is an integration of the FREEDOM fissionproduct release model (5) and the ELQCA.Mk4S/MOD2 fuel behaviour code (6),
developed specifically for estimating fission-product release from CANDU fuel
under transient conditions (4).
Figure 9 presents the fuel centreline and surface temperature behaviours
calculated by ELOCA.MkS for a fresh fuel element (A12S) during the blowdown
transient, given the measured mid-plane sheath thermocouple response, coolant
depressurization and element power behaviours. The simulation assumes that
the element did not fail either before or during the transient. This
assumption of no failure, although incorrect—since both fresh elements had
defected prior to the transient—has relatively little effect on the predicted
fuel temperatures during the transient, because the ingress of steam would not
significantly alter the fuel-to-sheath heat transfer coefficient for this lowburnup element. As can be seen from the graph, there is little difference
between the sheath and fuel surface temperatures, especially during heatup,
when fuel-to-sheath contact occurs, causing very high fuel-to-sheath heat
transfer. The effects of the heatup are also evident in the predicted element
strain behaviour, which reveals that the strain is mostly elastic and driven
by thermal expansion of the fuel.
Figure 10 presents the ELOCA.Mk5 predictions of fission-product releases to
the fuel-to-sheath gap for element A12S as it passes through the transient
described in Figure 9. For this fresh element, having a low inventory of
fission products and a low internal gas pressure, the largest rate of release
is seen to occur following the rapid heating phase of the transient. The
correlation of release with elevated temperatures, the low overall release
fractions, and the half-life dependence exhibited (i.e., smaller releases
predicted for isotopes having shorter half-lives) indicates that diffusional
processes are an important factor in the release from fresh fuel.
Figure 11 presents the fuel centreline and surface temperature behaviours
calculated by EL0CA.Mk5 for the previously irradiated fuel element, based upon
the measured sheath temperature at the element mid-plane. As before, this
simulation assumes that the element did not fail either before or during the
transient. In this case, the assumption of no failure is likely true until
about 25 to 35 s, after which time the element would fail and depressurize to
the surrounding coolant pressure. Interestingly, the decreasing sheath
temperature behaviour between 30 and 35 s suggests t^at the element remained
intact up to this point, and then strained enough to open the fuel-to-sheath
gap and insulate the sheath from rising fuel temperatures during the rapid
heatup phase of the transient. The difference between the sheath and fuel
surface temperatures is much higher for this previously iiiradiated element
than for the fresh elements, due to the low thermal conductivity of gaseous
fission-products in the fuel-to-sheath gap, and the fact that the fuel-tosheath gap thickness is increased by sheath strain during the transient.
Figure 12 presents the fission-product releases predicted by EL0CA.Mk5 for
the previously irradiated element as it passes through the transient described
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In performing steady-state simulations of the loop prior to blowdown, it
had been determined that the flow split between the re-entry tube/shroud gap
and the fuel channel was about 30/70Z, respectively. Changing this initial
steady-state flow split to 60/40? or 50/50% produced little effect on sheath
temperatures during dryout. More significant effects on predicted sheath
temperatures were observed when a radiation model was introduced to calculate
radiative losses from the fuel to the inner wall of the shroud, and when
studies were undertaken to determine the effects of the timing of the flow
blockage below the fuel.
After investigating the various factors affecting the timing and severity
of sheath dryout, a "best-estimate" CATHENA model was compiled. Figure 6
presents a comparison between the measured sheath temperatures and the sheath
temperatures calculated by this "best-estimate" CATHENA simulation at the
middle elevation of the fuel during the dryout period of the test. This
comparison shows that, although the CATHENA simulation has not captured the
extremely rapid rise in sheath temperatures observed at dryout in the
experiment, the timing of the predicted dryout is within 5 s of the observed
behaviour and the overall rise in temperatures is predicted reasonably well.
Figure 7 presents a summary of the sheath temperature responses predicted
by the "best-estimate" CATHENA simulation at the top, middle and bottom of the
fuel assembly up to and including the dryout phase of the test. In this
simulation, a valve model has been introduced just above the fuel catch plate
of the debris retainer, to reduce the flow area to 2Z of the initial area at
34 s in the transient. This valve is closed over a period of 1 s at 34 s in
the analysis, to simulate the flow blockage that occurred in the debris
retainer at about this time in the experiment. As is apparent in Figure 7
(and Figure 6), this restriction causes an immediate and significant increase
in the sheath heating rate at all elevations similar to that observed in the
experiment (see comparison in Figure 6). This behaviour supports the
conclusion that the flow blockage was the main factor contributing to the
higher-than-expected temperatures observed in the experiment.

3.3

CATHENA Simulation of the Final Rewet Process

As described in Section 2.1, the BTF-107 experiment was terminated by the
initiation of a cold-water rewet at 38 s in the test. A separate CATHENA
simulation was performed to examine the behaviour of the fuel and test section
during this final rewet process. This simulation used a restart file
generated at the end of the blowdown simulation with fuel temperatures
adjusted to match the experimentally observed values.
Figure 8 presents comparisons between the measured sheath temperatures and
the CATHENA-calculated values for two different assumptions of flow blockage.
The first simulation assumes that the flow area remains 98% blocked throughout
the rewet process, while the second assumes that the flow blockage reduced
from 98% to 90% over the first second of the rewet injection. The comparisons
in Figure 8 show that the CATHENA simulation with 90% flow blockage agrees
fairly well with the experiment.
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The choice of the posc-dryout (or film boiling) heat transfer correlation
was found to be the dominant factor controlling whether the fuel would rewet
or remain in dryout following blowdown. If post-dryout heat transfer from the
fuel is calculated low, then the fuel will remain iri dryout and continue to
heat up. Alternatively, if the post-dryout heat transfer is fairly high, heat
loss from the sheath will cause its temperature to drop to the point where
rewet is possible.
The unfortunate choice of using Berenson's film-boiling correlation (which
is based upon pool-boiling tests exhibiting poor post-dryout heat transfer) in
the pre-test simulation is, in retrospect, seen to lead to an underprediction
of the post-dryout heat transfer to the extent that rewet could not be
predicted. When this correlation is replaced with Bromley's film-boiling
correlation (which is based upon flow-boiling experiments) the post-dryout
heat transfer is predicted to be higher, such that sheath rewet is predicted
immediately following blowdown.
Although the choice of film-boiling correlation was found to be the most
dominant factor affecting the outcome of the simulation, the other parameters
listed in Table 2 also affected the prediction. The parameters having a
relatively large effect on the dryout timing and duration and peak sheath
temperatures include: the fuel power (which was lower in the test than
planned), the effect of bypass flow behind the carriage ribs, and the choice
of flow regime in the channel. Factors which influence the prediction to a
lesser extent include: the choice of CHF correlation, the fuel-to-sheath heat
transfer coefficient value, and the outlet pressure.

3.2

CATHENA Simulation of Drvout Progression and Flow Blockage

Once the basic post-test CATHENA idealization agreed with the experiment to
the point where it correctly predicted the initial rewet, further studies were
performed to determine the factors influencing the timing and severity of the
dryout phase of the experiment. It was discovered through further simulations
that the observed dryout timing could only be achieved if the inventory of
liquid coolant in the fuel channel was less than indicated in the basic
simulation. Since the predicted total coolant discharge from the facility
matched the measured discharge quite closely, this indicated that the coolant
distribution between the central fuel channel and the re-entry tube/shroud gap
was not correctly predicted later in the blowdown. To correct this, a
separator model was introduced at the branching point between the entrance to
the fuel channel and the re-entry tube/shroud gap. This separator model was
set to enforce a full separation of liquid and water at void fractions greater
than 50X, thus diverting liquid to the re-entry tube gap and vapour into the
central fuel channel, where this separation is believed to have occurred due
to the sudden change in flow direction at the entrance to the fuel channel.
Other factors affecting dryout timing were also investigated. It was
determined that the onset of dryout was most strongly affected by the
inventory of water available above the fuel and by the action of phase
separation at the fuel channel entrance. This important finding provided a
possible explanation as to why dryout was often observed early in X-2 blowdown
experiments: the inventory of water above the fuel in the X-2 loop is less
than in the BTF.
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3.0

POST-TEST CATHENA SIMULATIONS

The following subsections present selected comparisons between CATHENA
analyses and the observed behaviour during: a) the initial blowdown phase of
the experiment, b) the dryout and subsequent fuel heatup, and c) the final
revet phase of the experiment. In these analyses, the CATHENA code was used
to simulate the thermalhydraulics behaviour of the test section between the
isolated test section inlet and the downstream blowdown throttle-valve using
measured coolant pressures.

3.1

CATHENA Simulation of Conditions Immediately Following Blowdown

When the results of the BTF-107 experiment were first examined after the
test, attention focussed on evaluating why the fuel rewet for a significant
period of time immediately following blowdown. Since this aspect of the
experiment was not correctly predicted by the original pre-test CATHENA
simulations, a modified CATHENA idealization was created to simulate the
thermalhydraulics behaviour of the BTF during the initial stages of the
blowdown. The main reasons for modifying the CATHENA idealization used in the
pre-test simulation were: a) since the measured outlet pressures were now
available, it was no longer necessary to simulate the blowdown line and
blowdown tank, and b) this modified idealization was created as a variant of
an existing idealization for BTF-104*, thus permitting the consolidation of
BTF thermalhydraulics experience in a common CATHENA model.
Once the post-test CATHENA idealization was created, a series of
simulations was performed to determine the sensitivity of the predicted
thermalhydraulics behaviour on various input parameters. This parametric
study provided sufficient experience to create a basic idealization for a
best-estimate simulation of the thermalhydraulics behaviour immediately
following blowdown. Figure 4 presents a comparison between the measured
sheath temperature behaviour near the top of the fuel elements and the
behaviour calculated by this basic post-test CATHENA simulation. This
comparison shows that the CATHENA simulation correctly describes the general
behaviour of the stagnation-induced dryout, and the timing of the observed
rewet behaviour immediately following the opening of the blovdown valve. The
simulation also shows that the fuel remains well-cooled for a significant
period after rewetting.
Figure 5 presents a comparison between the measured sheath temperature
behaviour near the top of the fuel elements and the behaviour calculated by
the post-test CATHENA idealization using the set of input parameters used in
performing the pre-test CATHENA simulation. Table 2 summarizes the major
differences in input parameters between the pre- and post-test simulations.
Some of the differences listed in Table 2, such as the CHF correlation, are
the result of a different default set of correlations used in different
versions of CATHENA. As shown in Figure 5, the effect of using these pre-test
inputs is to predict that the element will remain in dryout during the
stagnation and throughout the blowdown.

BTF-104, scheduled for early 1993, is the first BTF SFD experiment designed
specifically to study fission-product release and transport.
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Once the blcvdown was initiated (at 17:17:35), flow over the fuel rapidly
increased as the test section depressurized. This increased flow caused the
fuel to rewet and the elements then remained well-cooled for the first 10 to
15 seconds of the blowdown under two-phase cooling conditions. As indicated
previously, this behaviour was in sharp contrast to the pre-test code
calculations, which showed the sheaths going into dryout almost immediately
following depressurization.
As the test section inventory declined and the flow slowed, intermittent
dryout was observed, beginning at the bottom of the fuel elements and moving
upwards along the length of the elements over a period of about 15 s. This
can be seen in Figure 3, with TFS12 indicating first dryout at the bottom of
the elements at about 20 s, TFS07 at the middle at 28 s, and TFS06 at the top
of the elements at about 35 s. The post-dryout behaviour at the bottom of the
elements shows a sharp increase in temperature (noted by TFS12 at 28 s) as the
middle of the elements pass into dryout (noted by TFS07), indicating that the
coolant temperature has been significantly increased in passing over the fuel.
With the rapid increase in sheath temperatures at the bottom and middle of
the elements, two events occurred in quick succession. The first was a sudden
increase in the measured pressure drop across the test section (at 17:18:06),
indicating that a flow blockage had occurred in the test section. This was
followed about a second later (17:18:07) by an automatic reactor shutdown and
the initiation of a cold-water rewet triggered by high sheath temperatures.
The stalled flow condition caused by the blockage produced a rapid increase in
sheath temperatures at all elevations, where these increases also continued
after reactor shutdown, indicating a significant contribution to sheath
heating from Zircaloy oxidation.
The rewet water reached the fuel assembly about k to 5 s after the reactor
shutdown. The initial cooling of the fuel may have been by steam pushed ahead
of the rewet front. All sheath temperatures decreased sharply as the rewet
arrived, but the effect was brief as the rewet vapourized and formed a steam
bubble above the fuel. Because the normal flow path through the carriage was
now blocked, this expanding steam bubble momentarily backed up the inlet flow
path, resulting in temperature spikes on upstream coolant thermocouples and
disrupting the accumulator discharge. This rewet and revapourization cycle
repeated several times with decreasing severity, with rewet eventually cooling
the fuel over a period of about 25 seconds.
Post-test simulations, gamma scans and preliminary post-irradiation
examination (PIE) of the assembly show that the flow blockage likely occurred
in the debris retainer located below the vertically oriented fuel elements
(2). The formation of this blockage during the high-temperature phase of the
transient is believed to have contributed to the higher-than-expected
temperatures observed in the test.
Although the BTF-107 experiment evolved differently than expected, it did
generate a wealth of information on the thermo-mechanical and fission-product
release behaviour of CANDU fuel operating under stalled-flow conditions. It
has been possible, by working backwards from the post-test decay behaviour of
released fission products and U-tube samples, to determine release fractions
and some information on the kinetics of the release. Table 1 summarizes the
results of the deconvolution analyses performed to determine the percentage
releases of various isotopes in the BTF-107 transient.
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CATHENA and EL0CA.Hk5, and provides recommendations for the use and further
development of these codes to improve the capability of modelling hightemperature transients.
2.0

THE BTF-107 EXPERIMENT

A schematic cross-section through the fuel-assembly portion of the BTF-107
stringer is shown in Figure 2. The three CANDU-sized fuel elements used in
this test were arranged in a trefoil configuration. All three elements were
fuelled with 5% enriched U02 pellets and sheathed with Zircaloy-4 cladding.
Two of the elements (A12R and A12S) contained fresh fuel, while the third
element (A12E) had been previously irradiated to a burnup of 134 MW.h/kg-U.
The carriage supporting these elements was constructed of Zircaloy-4 and had
three half-diameter sheath sections (ribs) designed to reduce the flow area to
simulate the subchannel spacings in the interior of a CANDU bundle. This
carriage was located inside a NILCRA (100% TD ZrO2) flow tube, which in turn
formed the inner wall of a surrounding thick-walled Zircaloy-4 clad thermal
shroud insulated with ZIRCAR (21% TD ZrO 2 ). This thermal shroud was designed
to protect the test-section liner tube and pressure tube from the high fuel
temperatures that can develop during a severe-fuel-damage (SFD) test (1).
Another important component of the stringer was a debris retainer, located
about 300 mm below the fuel carriage to catch large fragments that might fall
from the fuel assembly during a test. This debris retainer was constructed
entirely of NILCRA and consisted of a sieve plate containing a large number of
3.2 mm diameter holes located at the bottom of a NILCRA-lined cavity.
The stringer and fuel assembly were extensively instrumented for this test
(2). Temperatures of the element sheaths, the carriage, carriage ribs,
shroud, coolant and pressure tube were measured during the test, as well as
the coolant pressure and the internal pressures of the two fresh elements.

2.1

Conduct of the Test and Observations

Prior to the blowdown, the fuel elements were operating at linear powers of
about 41 kW/m (A12R and A12S) and 43 ktf/m (A12E) in pressurized water at
9.6 MPa and 250°C. At the time of the transient, elements A12R and A12S
contained small defects (likely from failed internal instrumentation), while
the previously irradiated element (A12E) was intact.
Figure 3 presents a graph showing the measured behaviour of selected sheath
thermocouples during the transient. 2ero time in this graph corresponds with
the time that the blowdown sequence was initiated (i.e., 1990/11/10 17:17:30).
At approximately 17:17:33, the BTF test section was fully isolated, and the
coolant stagnated. Since the elements were operating at nominally full power,
this stagnation caused an immediate dryout of the fuel elements, with sheath
temperatures quickly rising to about 600"C just before the blowdown. This is
evident in the response of thermocouples TFS06 and TFS07 over the first 5 s in
Figure 3; TFS12 is not representative over this period, likely due to water
ingress at the measurement junction.
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containing the instrumented fuel stringer. During the pre-transient steadystate phase of an experiment, the fuel is cooled by either pressurized water
or saturated steam flowing through this re-entrant test section. When a
blowdown transient is performed, the test section is first isolated from the
U-l loop cooling circuit by quickly closing the two loop isolation valves.
Shortly following this isolation, which causes a brief stagnation of coolant
flow, the blowdown valve is opened to depressurize the test section and allow
the coolant to escape through the blowdown line into a sealed tank in the
reactor basement. After depressurization, a low flow of either superheated
steam or helium can be established over the fuel, to sweep fission products
down the blowdown line past fission-product monitoring and sampling stations.
Cold water from the rewet accumulator can be injected into the test section at
any time during the test sequence, or if required to terminate a hightemperature transient. The test section depressurization rate during blowdown
(and the resulting coolant flow over the fuel) is controlled by a throttle
valve on the blowdown line. For the BTF-107 experiment, this valve was
adjusted to produce a depressurization transient similar to that expected for
a large-break, loss-of-coolant accident (LOCA) in a CANDU reactor.
The pre-test calculations of the BTF-107 transient, used in planning the
experiment, predicted that the fuel elements would experience dryout early in
the blowdown, while the coolant inventory in the test section was still fairly
high. This expectation of an early transition to dryout was based on
examining the sheath-to-coolant heat transfer coefficient behaviours extracted
from similar blowdown tests performed previously in the X-2 loop of the NRX
reactor, and from pre-test scoping studies of the BTF-107 experiment using the
CATHENA computer code (3).
Given that dryout was expected to occur early in the blowdown under
relatively high flow conditions, it was also expected that the post-dryout
sheath-to-coolant heat transfer coefficient would remain fairly high (i.e.,
about 0.5 kW-nr^K- 1 ) later in the transient. This level of post-dryout
cooling was calculated to produce a sheath heating rate of about 75 to 100°C/s
as the sheath temperatures approached the target value of 1350°C. These pretest planning calculations indicated that the target sheath temperature would
likely be achieved within about 15 seconds of initiating blowdown, whereupon
the reactor would be shutdown and a cold water rewet initiated as sheath
temperatures dropped below 900°C.
As a backup to manual control of the experiment and as a safety feature,
three sheath thermocouples, three thermocouples on the inside of the
surrounding thermal shroud, and three thermocouples located on the pressure
tube were connected to the reactor safety circuits. These circuits were
programmed to shutdown the reactor and initiate rewet if two out of three of
either the sheath or shroud thermocouples exceeded pre-set temperature limits
of 1450°C for sheath temperatures and 1250°C for the shroud. If two out of
the three pressure-tube temperatures exceeded 417°C, the reactor would be
shutdown but rewet would not be initiated.
The following section of this paper briefly describes the BTF-107 fuel
stringer and the observed behaviour during the blowdown transient. This
section is followed by descriptions of post-test simulations of the experiment
performed using the CATHENA and EL0CA.Mk5 computer codes. The final section
summarizes the conclusions that can be drawn in simulating the experiment with
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POST-TEST SIMULATIONS OF BTF-107:
AN IN-REACTOR LOSS-OF-COOLANT TEST
WITH FLOW BLOCKAGE AND REWET
J.W. DeVAAL, N.K. POPOV*, R.D. MacDONALD, L.U. DICKSON,
R.J. DUTTON, D.S. COX and M.G. JONCKHEERE

AECL Research
Chalk River Laboratories, Chalk River, Ontario, KOJ 1J0, Canada
*Whiteshell Laboratories, Pinava, Manitoba, ROE 1L0, Canada

ABSTRACT
The Blovdown Test Facility (BTF) located in the NRU reactor at Chalk River
Laboratories is the principal experimental tool for the Canadian in-reactor
safety research program (1). This dedicated facility was designed for
performing integrated "all effects" tests on CANDU**-type fuel to generate
data for verifying and assessing Canadian safety analysis codes and models.
This paper briefly describes the first BTF experiment, designated BTF-107 (2),
and presents the results of post-test thermalhydraulics and fuel behaviour
simulations of this experiment. The thermalhydraulics simulations, performed
using the CATHENA computer code (3), focus on analyzing the response of the
BTF test section following blovdown, during dryout, and during the final revet
phase of the experiment. The fuel behaviour simulations, performed using the
EL0CA.Mk5 code (4), give estimates of the thermo-mechanical and fissionproduct release behaviour of the fuel during the course of the transient. The
results of these simulations illustrate the capabilities of the CATHENA and
ELOCA codes to model the processes involved in this severe, high-temperature
transient, and indicate possible areas for future improvement of these codes.

1.0

INTRODUCTION

The BTF-107 experiment was performed in the Blovdown Test Facility in 1990
November. This experiment was designed to provide information on fuel and
sheath behaviour and fission-product release from CANDU-type fuel elements
operating at high sheath temperatures. The experiment was also intended to
investigate the effects of a cold water revet on fuel behaviour and fissionproduct release (2).
The thermalhydraulics conditions that develop during a blovdovn in the BTF
are essentially defined by the design and operating conditions of the facility
for a particular experiment (1). Figure 1 presents a schematic draving of
this facility for performing severe-fuel-damage experiments, where the inreactor test section is visible in the cutaway drawing of the NRU reactor.
Coolant flow through this in-reactor portion of the BTF first passes up
through the annulus between the outer stainless steel pressure tube and inner
Zircaloy re-entry tube, and then downwards through the re-entry tube

CANDU: CANada Deuterium Uranium. Registered trademark.
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depend on
the temperature and oxygen concentration
of
the
Zircaloy clad. With the pressure and temperature histories of
fuel clad
known, the strain, stress and oxygen
content
are
calculated by integrating the creep equation and correlation of
oxidation
kinetics. The burst stress constants, the creep
equation
parameters the actuation energy
(Q),
structure
parameter ( A ) , stress experiment (n) are being evaluated
using
these single rod experiments which arB presently in progress.
6.0

CONCLUSION:

The clad
ballooning
and burst tests for PHWR
thin
Zircaloy cladding
are
being conducted. This data will
be
utilised
in developing a fuel sheath burst
failure criteria,
which will
be used for estimating
sheath strain and
fuel
failure during accident conditions.

7.0

REFERENCES;

[1] M. Das, et.al. "Fuel Behaviour Under Accident Conditions Clad Ballooning and Fission Gas Release", Symposium on
Power Plant Safety and Reliability, BA3C, Bombay, India,
1979.
[23 R.D. Waddell, et.al. "High Temperature Burst Strength
Ductivity of Zircaloy Tubing", ORNL-TN-3289, 1971.

and

[3] P.N. Prasad, et.al. "Specification for Clad Ballooning and
Burst Tests for 500 MWe PHWR", NPC Internal Report, 1988.
[4] P.B. Desai, "Clad Ballooning Tests for 500 MWe
Elements", BARC Internal Report, 1991.

PHWR

Fuel

[5] P.R. Vaidya, "NDT Techniques for Strain Characterisation on
Zircaloy Clad During Ballooning Under Simulated
LOCA
Conditions", Symposium on Zirconium Alloys for Reactor
Components (ZARC-91), BARC, Bombay, 1991.
[6] F.J. Erbacher, et.al. "Burst Criterion of Zircaloy Fuel
Claddings in A Loss-Of-Coolant Accident" 5th Conference on
Zirconium in Nuclear Industry, ASTM STP 754, 1982.

3-38

a constant internal pressure with a specific heat rate will the
tube bursts. Heating
conditions have been standardised
to
obtain desired heating rate. The pressurisation was done in the
range of
5 kg/cm 2 to 20 kg/cm 2 and heating rate was set at
36/ser to J00°C/sec.
When
heating
is continued till
burst
the
relation
between maximum temperature the tube attained during burst and
rate of heating could not be established.
4.0

STRAIN RATE MEASUREMENT;

Determination
of strain rate will
require
continuous
measurement
of tube diameter while ballooning is in
progress
with concomitant reading of elapsed time. This should be done
by some measurement method which is non—intrusive
or nondestructive and
has the requisite accuracy. Various
methods
were considered
for possible application in our set-up. An
extensive
literature survey was carried
out
to
evaluate
techniques used
by other workers in the field, as
different
institutes have adopted different techniques to suit
their
specific requirements while working on Zircaloy clads of
PHWR,
PWR, SGHWR etc. For some NDT techniques
like real
time
radiography
and acoustic
emission
test, experiments
were
carried out to verify their relevant capability [53To collect the date on strain behaviour under different
parameters
various
techniques are
explored.
Metrological
techniques
like
measurement at
intermittent
stages
of
ballooning and use of extensometer are not suitable for reasons
cited. Photography and X-ray imaging were considered
feasible
for the application. Experiments conducted
with real
time
radiography have shown moderate dimensional accuracy.
Experiments were also conducted using acoustic emission
technique with available equipment. Data collected
was found
promising.
Further work
is proposed
to
select
optimum
parameters and calibration using advanced AE system.
However, for measurement at different planes and higher
accuracy, Laser technique has been rated to be better. Fig. 3
shows the strain rate measurement using Laser system. In view
of
this, an appropriate Laser system for this application
is
being
procured. While burst data has been collected
with
existing
ballooning
set-up, the Laser system will
help
generating
valuable strain rate information for the use as
benchmark for design model on ballooning.
5.0

FUEL FAILURE CRITERIA:

A fuel clad burst failure criteria is being
developed
using this data which will be used to estimate clad strain
and
fuel failure during accident conditions.
The burst criteria developed is on the lines suggested
by F.J. Erbacher et.al for PWR fuel cladding C63. It is assumed
by this model that time of burst is reached
when
the
local
stress equals the burst stress. The burst stress is assumed
to
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3.0

TEST PROGRAM:

Study of the ballooning behaviour of the Zircaloy
sheath under fast temperature transient and a creep-rupture at
elevated temperature covering phase transformation ( -B) and
beyond are planned [33.
Initially experiments are planned with single plain
tubes without any appendages. Subsequently multiple tubes will
be tested simultaneously. Tubes with appendages of various
types used in fuel assemblies also will be tested. For
multitube tests, the refilling and flooding o"i coolant on hot
bundle also will be planned.
Presently, tests have been planned in vacuum, air and
inert atmosphere. The environment around the test piece can be
made representative of the LOCA by using steam/water. This
would take credit of the loss of sheath thickness due to
corrosion while other phenomenon of mechanical damage are
active. Presently the clad heating is done by direct electrical
heating. Subsequently indirect heating of the cladding will be
planned for more realistic simulation of
circumferential
temperature gradient.
3.1

Test Setup;

The test setup consists of a stainless steel chamber
with vacuum connection and provision for inert atmosphere. The
test set is shown in Fig.2. High pressure inert gas circuit
with solenoid operated control valve and high pressure safety
system are provided upto a pressure of 100 kg/era2, ft storage
tank of adequate capacity to compensate for any fluctuation of
pressure and to ensure constant pressure has been provided in
the circuit. High pressure flare connection for pressurising
the
clad tube without any leak has been designed
and
fabricated. One end of tube electrode is free for thermal
expansion during heating.
Two thermocouples are provided to measure temperature
of clad. Initially thermocouples were located by tying the
thermocouple tip to clad with a wire. Since this method led to
some variation in temperature measurement, a technique to weld
thermocouple tip to clad was developed. To avoid brittle joint
between Cr—Al tip to Zircaloy clad, a thin tantalum foil is
sandwiched. A pressure transducer is used for measurement of
pressure, inside the cladding. Both the parameters are recorded
on a strip chart recorder to facilitate precise measurement of
heating
rate and time to burst.
Total
circumferential
elongation of the rupture tube is measured. It is proposed to
measure diametral changes of the tube continuously with time
until rupture using a strain rate measuring equipment for
future tests.
3.2

Test Results: -

Tests have been conducted on 13 mm diameter tubes of 22
and 37-element fuel bundle [43 as well as 15 mm diameter tubes
of 19-element fuel bundle. In each test, the clad is heated at
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break
size, depressurisation, coolant loss rate, heat
during blowdown and ECCS response.

removed

The fuel rod geometry mainly affects the location
the ballooning which is discussed in the next section.

jf

The
heating
rate will affect
the
metallurgical
characteristics of the cladding. Typically the cladding will
consist of three zones as follows during
the temperature
transients:
i)
ii)
iii)

an outer layer of ZrO = ;
an intermediate layer ofa^ -Zirconium and
an inner surface layer in the 13-phase.

Both ZrO = and o£ -Zirconium are characterised by their
brittle nature at low temperature. However, the Zirconium below
the c?C -layer i.e. [3-Zirconium where the oxygen
concentration
is low, remains ductile during LOCA transients. Depending on
the heating
rate, the thickness of this ductile (3-zone will
vary and will affect the magnitude of ballooning and blockage.
2.2

Location of Ballooning;

Assuming
that all the Zircaloy cladding
tubes are
perfect, i.e. ar& of uniform wall
thickness and uniform
mechanical
properties, the location of ballooning in a single
tube undergoing a thermal transient should be random. In a two
tube
array
the probability of onset of ballooning
and
subsequent rupture of both the tubes is maximum at the point of
closest approach. In case of triangular array this probability
for any one tube is shown in Fig.l., which indicates the
likelihood
of onset of ballooning and rupture as function of
position on the circumference. With increasing number of tubes,
the situation will become more and more complex. It is clear
from above that the temperature distribution around
the
circumference of a tube in the fuel bundle will be non—uniform
and ballooning will begin and rupture will occur at the hottest
point.
2.3

Need for

Experiments;

In our analysis for channel blockage, we assumed that
ballooning occurs uniformly and equally about the fuel rod
centre and
at the same axial location in the bundle.
In
the
discussion on location of ballooning, we assumed that the tubes
are perfect. In actual practice, however, these assumptions are
only partly true. In addition various factors such as material
properties of
Zircaloy tubes, non-un±1ormity of ballooning,
randomness of axial position, rod-to-rod interference, fuel
assembly geometry and irradiation history would affect the
ballooning and blockage characteristics.
In order to build up a realistic ballooning and
blockage model which is required for the transient heat
transfer calculations, it is necessary to perform a series of
multitube transient burst tests.
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Although the probability of any LOCA is very small and
that
of
the most severe LOCA extremely
small,
their
consequences could be quite severe. Therefore, safeguards such
as Emergency Core Cooling System (ECCS) sre engineered
into
PHWRs to mitigate the consequences of such an event. ECCS is
designed to terminate the temperature transients and to provide
post accident cooling for the reactor core and to minimise
damage to the total reactor system. However, even with ECCS
operating
near design capacity, portion of a reactor core may
reach temperature sufficient enough to allow
deformation
(ballooning) and rupture of the fuel elements. Ballooning and
rupture will occur when the cladding hoop stress caused by the
internal
pressure of fission gases exceeds the yield and
ultimate strength of the cladding tubes respectively
at the
peak cladding temperature. For purposes of comparison, it may
be noted that the stress on the BWR or PWR cladding woulo be
about 8 to 10 times the internal fission gas pressure whereas
for the PHWR cladding it is above 20 times the fission gas
pressure [1]. Pressure in BWR fuel elements (unpressurised) are
usually below 14 kg/cm 2 even toward end of life (EOL). Pressure
in PWR fuel elements (pressurised) at EOL would be of the order
of 175 kg/cm 2 while in PHWRs it is of the order of 100 kg/cm 2 .
The cladding
rupture temperature would be dependent on this
internal
pressure, for example, rupture temperature of about
930", 760°C, 670°C are associated with internal pressure of 14,
35 and 70 kg/cm 2 respectively [2]. During normal operation, the
temperature of cladding is much lower (300"C) as well as the
differential
pressure across the cladding is balanced
by the
system pressure. In the event of a LOCA, both these temperature
and pressure limits would be removed leading to clad ballooning
and rupture.
2.1

Factors Contributing to Ballooning and Blockage:

The extent of
blockage will depend on
i)
ii)
iii)
iv)

ballooning

and

the

internal
fission gas pressure and
pressure;
maximum clad temperature achieved;
fuel assembly geometry and
heating rate.

coolant

channel

external

coolant

The fuel rod internal pressure is calculated from the
quantity of fission gas released from the fuel matrix, the
partial
pressure of the volatile materials and the initial
filling gas. This pressure will vary from rod to rod in an
individual
bundle as well as from bundle to bundle in the
reactor core. The distribution of pressures will change with
time, operating conditions and fuel management.
The maximum
temperature reacr ?d by the cladding
is
important
because this determines whether th? fuel rods will
balloon out and rupture for a given internal
pressure. The
maximum
temperature reached and the temperature distribution
following a LOCA blowdown will also depend on the factors
affecting the internal pressure and on the LOCA conditions i.e.
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A B S T R A C T

During a postulated Loss of Coolant Accident
(LOCA),
the
clad temperature rises, which coupled with
coolant
depressurisation may cause high local clad deformation due to
the internal fission gas pressure. This phenomena is known as
ballooning. As a result of this ballooning effect, (a) fuel
clad may fail by bursting (b) appreciable reduction in the
coolant flow sub-channel area may occur and fuel may not remain
in a coolable geometry, thus obstructing the emergency coolant
flow during refilling stage. To study the ballooning behaviour
of the Zircaloy clad, tests are in progress. The paper
describes the mechanism of ballooning the detailed experimental
set
up, tests carried out and data collected.
Various
techniques for strain rate measurement reviewed.
1.0

INTRODUCTION:

During a postulated Loss of Coolant Accident (LOCA),
the clad temperature increases which coupled with coolant
depressurisation may give rise to high local clad deformation
because of the internal fission gas pressure. This phenomena is
known as ballooning. As a result of ballooning effect; (a) fuel
clad may fail by bursting and (b) appreciable reduction in the
coolant flow subchannel areas may occur and fuel may not remain
in a coolable geometry, thus obstructing emergency coolant flow
during refilling stage.
The
paper
describes mechanism of
fuel
element
ballooning, experimental set up details, tests carried out and
data collected. Modelling of fuel failure criteria
also
described.
2.0

MECHANISM OF BALLOONING:

The most serious accidents considered credible in
Pressurised Heavy Water Reactors (PHWRs) sr& those associated
with the breach of any one of the many pipes in the Primary
Heat Transport (PHT) System, the most severe being the double
ended rupture of the reactor inlet header. These postulated
LOCAs would result in loss of pressure and expulsion of the
reactor coolant. During a LOCA, redistribution of the heat
stored in the fuel would raise the temperature of the fuel
cladding quite rapidly. At a somewhat later time, the decay
heat from the fission products would be dominant heat source
and depending on the temperature reached, the exothermic
reaction between Zircaloy cladding and steam would also provide
heat input.
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Appendix 1
The Objectives of the Blowdown
Test Facility Experiment, BTF-104
Atomic Energy of Canada Limited has integrated the knowledge gained through
the conduct of experiments with the development of physically-based models which
describe the important phenomena related to reactor safety (2). The in-reactor
experimental program at the Chalk River Laboratories (CRL) started with low
temperature, Loss-of-Coolant Accident (LOCA) conditions and has progressed
towards the investigation of fuel and fission product behaviour from defective
fuel during elevated temperature transients (1200°C to 2500 °C). Under this
program, the release, transport and deposition of fission products - in vapour,
aqueous and solid phases - will be studied from measurements obtained during the
transient.
To permit this very high-temperature experimental program, the Blowdown Test
Facility (BTF) was constructed at Chalk River. A comprehensive commissioning
program for the BTF (3), which was successfully completed in 1989 November,included out-reactor testing of components and sub-systems, calibration testing
of the reactor test section, and the performance of the facility under coolant
depressurization transients (blowdowns) with an instrumented, nuclear fuel
assembly in the test section.
The BTF-104 test was one of a series of planned experiments in Canada to study
severe damage phenomena of nuclear fuel. The goal of the BTF-104 test was to
perform an all-effects, in-reactor experiment on an instrumented fuel-element
assembly in the NRU BTF and to study the thermal and mechanical behaviour of the
fuel and fission product behaviour under conditions expected in a fuel channel
of a CANDU reactor during a large break LOCA without effective emergency core
cooling. The specific objectives of the experiment were to:
(i)

To determine the timing and amount of fission product release from a CANDU
fuel element during a high-temperature transient following a coolant
blowdown for conditions where columnar UO^-grain growth is minimal and
diffusion from the U0 2 matrix is the dominant release mechanism, i.e.
volume-average fuel temperatures between 1550°C and 1600°C. Characterization of the iodine and cesium release during the experiment is of special
interest.

(ii)

To measure the transport and deposition of released fission products
throughout the BTF and to use these measurements to derive the source term
release for fission products from the fuel.

(iii) To characterize fuel element behaviour under high-temperature conditions,
including sheath strain, sheath oxidation, and the extent of the Zircaloysteam reaction, and to determine the effects of these phenomena on fission
product release.
(iv)

To demonstrate the capability of the BTF to perform severe fuel damage
tests at fuel volume-average temperatures up to 1600°C.
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Table 1 (continued)
7.
7.1
7.2

7.3

7.4

8.

HAZARDS
General
Normal Operation
7.2.1 Zircaloy-Steam Reaction: Oxidation and Hydrogen Production
7.2.2 Fuel Oxidation and Fragmentation
7.2.3 Zircaloy-Stainless Steel Friction Weld
7.2.4 Fission Product Release and Occupational Doses
7.2.5 UO2/Zircaloy Chemical Reaction
Abnormal Operation
7.3.1 Coolant Flow Blockage
7.3.2 Steam Explosion
7.3.3
Insulated Shroud Failure
7.3.4 Failure of a Fuel Assembly Grab Sample
7.3.5 Rewet System Failure
7.3.6 Hydrogen Production
Accidents
7.4.1 General
7.4.2 Loss-of-Class IV Electrical Power
SUMMARY AND CONCLUSIONS
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Table 1
TABLE OF CONTENTS IN THE FINAL SAFETY
ANALYSIS REPORT (FSAR) OF THE BTF-104 EXPERIMENT

1.

INTRODUCTION

2.

TEST OBJECTIVES

3.

TEST DESIGN

3.1
3.2
3.3

4.

General
Blowdown Test Facility
3.2.1 Changes to the BTF
BTF-104 Fuel Assembly
3.3.1 Mechanical Design
3.3.2
Instrumentation
TEST OPERATION

4.1
4.2
4.3
4.4
4.5
4.6

Pre-Test Procedures
Data Acquisition, Test Monitoring and Control
Pre-Transient Operations
Blowdown Procedures
Post-Transient Operations
Waste Management

5.

PRE-TEST ESTIMATION OF FUEL AND SYSTEM BEHAVIOUR

5.1
5.2
5.3
6.
6.1
6.2
6.3

6.4
6.5
6.6
6.7

Fuel Thermal and Mechanical Behaviour
5.1.1 Parametric Study
5.1.2 Best-Estimate Analysis
Fission Product Release
BTF Thermalhydraulic Behaviour
SAFETY
General
Standards and Codes
Trip? and Alarms
6.3.1 Soak Irradiation Period
6.3.2 High-Temperature, LOCA Period
6.3.3 Trip System Diversity
ECC Considerations
Reactivity Considerations
PLC Software Quality Assurance and Operation
Radioactive Contamination Considerations
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Also published by
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River,Ontario, Report number AECL-9268, 1986.
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the FROM Model for Zircaloy Oxidation During High-Temperatuxa Transients",
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FSAR product were proposed.
In conclusion, Canada has developed an extensive research program in nuclear
fuel performance under normal and abnormal reactor operating conditions. A major
component of this program is the conduct of in-reactor experiments for the
purpose of obtaining data to improve the understanding of important phenomena and
to validate and verify computer models related to nuclear fuel performance. To
support this experimental program, a comprehensive safety and hazards review
process has been developed in parallel.
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associated with fuel and fission product behaviour are often
represented in the codes by relatively simple algorithms. Confidence
in code calculations could only be generated through favourable
comparisons with measured data which are obtained from well characterized experiments.
The safety analyst attempts to assess the
uncertainty in the safety and hazards analyses from the validation
and verification results. Validation and verification would also
develop confidence in the safety and hazards analyses with the
safety review body.
3.

A strong, central modelling program on CANDU fuel performance and
fission product behaviour is required to support the experimental
program.
Additional resources are needed to standardize current
models, for validation and verification, for further development,
and for documentation.

Standardization is required to ensure a compact suit of indigenous fueT
performance computer models, which are compatible to the CANDU fuel design, are
available to the Canadian nuclear industry and other CANDU reactor utilities.
There are over twenty computer models currently available within the Canadian
industry to estimate fuel performance and fission product behaviour under normal
reactor operating or postulated accident conditions. In addition, other foreign
models, which are based on fuel performance for pressurized light water reactors,
are being considered and adopted by the Canadian industry. Although each code
may be considered the best tool for a particular engineering application, several
perform similar functions. Examples include: ELESIM and ELESTRES; £LOCA.Mk4s and
ELOCA.A; ASSERT and CATHENA; PACE and VICTORIA; FROM and ELOCA. Being a relatively small industry, can Canada and its CANDU partners afford and effectively
support this amount of duplication and fragmentation?
Development and validation of computer codes must receive higher priority in
order to meet the requirements and schedules of the experimenters and the safety
analysts for the severe-fuel-damage, in-reactor experiments planned over the next
24 to 36 months in the Blowdown Test Facility at the Chalk River Laboratories.
SUMMARY AND CONCLUSIONS
In Canada, and as practised by Atomic Energy of Canada Limited Research
Company, there are essentially five stages in the review process of a safety
analysis for a nuclear fuel experiment (1):
1.

Notification of the project to the safety review body who will
identify the scope of the required review for the project.

2.

Submission of the Concept Safety Assessment Report (CSAR) and its
approval by the safety review body.

3.

Submission of the Preliminary Safety Analysis Report (PSAR) and
approval by the safety review body to begin construction of the
facility to be used in the project.

4.

Approval of the Final Safety Analysis Report (FSAR) by the safety
review body to permit commissioning of the facility.

5.

Submission of an updated FSAR, which would include a summary of
results from the commissioning program, and approval by the safety
review body to permit a series of experiments to be conducted with
the facility within specified operating envelope.

This paper concentrated on the components of the FSAR, including the tools
available and the methodology used to perform the analysis. References were made
to the BTF-104 in-reactor nuclear fuel experiment, which is from the Canadian
Blowdown Test Facility (BTF) Program (2).
Recommendations for improving the

added heat may increase material temperatures if heat losses from the
facility are insufficient. Under extreme conditions, a self-sustaining
Zircaloy-steam reaction may occur resulting in very high temperatures of
the fuel element and possible serious damage to the fuel and enhanced
fission product releases to the facility.
The safety analyst is to
address the consequences and likelihood of a loss of control in the
temperature of the test fuel due to this phenomenon.
4.

Fuel Oxidation and Fragmentation

After the fuel element has failed, the U0 2 will oxidize in the presence of
steam that penetrates the breach in the fuel sheath.
For prolonged
periods, oxidation could result in property changes in the UO 2 that may
affect the structural stability of the fuel pellets. Natural UOj pellets
have been observed to fragment into small pieces and into powder when
oxidized to U 3 0 g in laboratory experiments at the Chalk River Laboratories.
Powdering phenomenon is the result of grain separation as the stoichiometry of the UO2 changes with oxidation. Grain boundary separation and
grain fallout from the U0-, matrix could have a significant effect on
fission product release. The degree of fuel oxidation and fragmentation,
and resulting consequences and likelihood of enhanced fission product
releases and fuel break-up are to be discussed in the FSAR.
5.

Fission Product Release and Occupational Doses

Based on previous experience and on best-estimates of the quantities and
species of radio-isotopes (fission products) within the test fuel during
the experiment, the safety analyst is required to estimate and report the
expected occupational doses.
6.

UO2/Zircaloy Chemical Reaction

During a high-temperature transient, the U0 2 fuel pellets may expand and
contact the Zircaloy sheath. Under certain conditions of temperature and
interfacial pressure between the UO 2 and the Zircaloy, a chemical reaction
may occur between these components. The possible consequences of this
reaction is the dissolution of the UO 2 into the Zircaloy, damage to the
fuel element, and relocation of the fissile material within the facility.
Hazards associated with possible abnormal operating conditions during an
experiment should be addressed next in the FSAR. The risk and consequences of
enhanced loss-of-cooling of the fuel, of steam or hydrogen explosions within the
facility, of the release of radio-isotopes to the environment due to a loss-ofsystem containment, and of serious damage or failure of components of the
facility are examples of conditions addressed in the BTF-104 FSAR.
RECOMMENDATIONS FOR IMPROVEMENTS
Based on the author's experience in preparing the final safety analysis
reports for three major nuclear fuel experiments, some weaknesses and limitations
have been identified regarding the current practices for the preparation of such
a report in Canada. Following are some recommendations:
1.

Modifications to the experimental facility or to the planned
exper ;.Ts>ntal design should be essentially
completed
before
preparations of the FSAR commences. The safety analyst uses this
information as a fundamental building block in the safety and
hazards analyses. Design changes should be minimized once the FSAR
preparations have started.

2.

It; is essential that the fuel performance computer codes, which are
used for the safety and hazards analyses, be validated and verified
against other experimental data and analyses.
The many process
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to safe levels, and with the use of an approved MITP.
iv)

The assembly of the BTF-104 fuel string was completed
shielded facilities and with the use of an approved MITP.

within

v)

The operations plan included carefully thought-out procedures and
check-lists.
Whenever possible, procedures were practised and
perfected before final application.

vi)

Shielded facilities and approved procedures were used to handle and
transfer irradiated and contaminated materials.

vii)

Radiation and Industrial Safety personnel were involved in all
aspects of the operations of the experiment where there was a
potential risk of contamination or radiation exposure.

viii) Post-irradiation examination activities were performed in shielded
facilities and with previously approved procedures.
Hazards
Hazards related to any condition that may result in an unsafe situation during
normal operation of the facility, abnormal operation, or accidents should be
addressed in the FSAR.
The risk and consequence of each hazard should be
discussed and quantified if possible.
As examples of hazards associated with normal operation during a nuclear fuel
experiment, the following were addressed in the BTIr-104 FSAR:
1.

Oxygen Embrittlement of Zircaloy:

The Zircaloy fuel sheath will oxidize in the presence of steam or water.
The rate of oxidation depends on the duration at a specific temperature,
and other parameters.
Heavily oxidized fuel sheaths may crack and
embrittle. Possible consequences of embrittlement would be the release of
fission product radio-isotopes from the l el element, the ingress of steam
into the fuel element resulting in the oxidation of the UO 2 fuel pellets
and possibly an increase in fuel temperatures, and gross fuel element
failure under sufficient loads. The BTF-104 safety analysis addressed the
likelihood of each scenario.
2.

Hydrogen Production:

Hydrogen could be introduced to the facility from three main
during a nuclear fuel experiment:
i)

The Zircaloy-water (stean-) chemical reactions,

ii)

Radiolysis of water.

iij.)

External sources.

sources

The safety analyst must determine the relative concentrations of hydrogen
and oxygen within the facility, and review planned dilution procedures, to
ensure that H 2 flammability and explosive concentration limits are not
exceeded without additionaj. safety precautions in place.
3.

Controllability of the Zircaloy-Steam Reaction

The Zircaloy oxidation process is exothermic: heat is generated for every
gram of Zircaloy converted to ZrO,. If the temperature of the Zircaloy
fuel sheath is high, the rate of oxidation will also be high thereby
increasing the amount of heat generated by this chemical reaction. This
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CATHENA (14)
CATHENA calculations may be used by the safety analyst to estimate the
thermalhydraulic (i.e. temperature, pressure, and flow) response of the
experimental facility during the nuclear fuel experiment.

The following safety-related topics are to be addressed in the FSAR:
1.

Standards and Codes:

Discuss the relevant, indigenous quality assurance standards and codes
that were applied during the design, construction and commissioning of the
experimental facility and apparatus. Outstanding licensing requirements
could be summarized.
2.

Reactor Trips and Alarms:

Provide a list of parameters that would initiate either an alarm, or
terminate nuclear operation ("reactor trip"), or inject a sustained
quantity of cold water into the facility so as to quickly cool the fuel.
Specify the setpoints for each parameter. Summarize the automatic actions
of the system and the required operator actions. Discuss the diversity of
the reactor trip system to be used during the experiment.
3.

Emergency Core Cooling (ECC) Considerations:

Summarize the planned operating conditions of the reactor ECC system to be
used during the experiment. Highlight any possible limitation that may
affect safety.
4.

Reactivity Insertion:

Present the predicted reactivity increase within the reactor core
resulting from the experiment operating procedure. Compare this increase
with that permitted for the facility, which would normally have been
presented in the CSAR.
5.

Process Control:

Discuss the quality assurance and operations plan as it pertains to the
process control hardware that will be used on the facility.
6.

Radioactive Contamination:

Radioactive contamination must be minimized throughout the experiment. To
facilitate this objective, procedures affecting quality assurance, routine
inspection and testing should be prepared and applied. As an example, the
following were performed as part of the BTF Quality Assurance Program in
support of the BTF-104 experiment:
i)

The BTF Construction and Commissioning Program followed an approved
quality assurance plan and was supported by a dedicated project
team.

ii)

Preparations for the BTF-104 experiment followed the same quality
assurance plan including the use of approved route sheets and
Manufacturing, Inspection, and Test Plans (MITP).

iii)

The previously irradiated fuel element on the BTF-104 fuel string
was first instrumented with thermocouples within
"shielded"
facilities, which significantly reduces radiation doses to personnel
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the test fuel and the facility for all stages of the experiment, including:
1.

The thermal and mechanical behaviour of the fuel.

2.

Fission product behaviour including expected species and quantities
generated within the fuel, expected releases from the UO 2 and from
breached fuel element(s), if element failure is expected, and an
estimate of the types and amounts of radio-isotopes transported
within the facility. The safety analyst has the option to present
radiation dose estimates in this section or in the "Hazards: Normal
Operation" section of the FSAR.

3.

The thermalhydraulic and mechanical behaviour of the experimental
facility.

There are a number of computer codes available to the safety analyst to
prepare the FSAR for nuclear experiments on CANDU fuel. Following is a brief
discussion on some of these codes:
ELESIM and ELESTRES

(4,5):

Both codes simulate performance and fission product release of a single CANDU
fuel element under normal reactor operating conditions. The main difference
between the two computer codes is their numerical solution techniques. ELESIM
is based on a one-dimensional (radial), finite-difference representation of the
fuel whereas ELESTRES uses a two-dimensional (radial-axial), finite-element
approach. The Chalk River Laboratories have established a database that consists
of some 100 in-reactor fuel experiments for the purpose of validating these
codes.
ELOCh

(6,7):

ELOCA simulates the physical responses (i.e. thermal, mechanical, Zircaloyoxidation, and failure phenomena) and fission product releases from the UO^ for
a single CANDU fuel element under high-temperature, transient, oxidizing environments.
It was developed to study fuel performance under postulated reactor
accident conditions.
The pre-transient boundary conditions for the code are
normally supplied by the results from a ELESIM or ELESTRES simulation. Fission
product release predictions are based on the FREEDOM model (8). ELOCA solves the
heat conduction equation using a finite-difference numerical scheme and either
a one-dimensional (radial) or a two-dimensional (radial-axial) representation of
the fuel element. It is valid for U0, fuel and sheath temperatures up to their
respective melting conditions. ELOCA has been validated against a large database
of single-effects laboratory tests and all-effects nuclear fuel experiments (911).
FROM (12)
The Full Range Oxidation Model (FROM) is a single-process model that simulates
the oxidation of the Zircaloy fuel sheath under high-tetnperature conditions- Its
numerical scheme is based on solving the diffusion equation for a semi-infinite
geometry and a one-dimensional (radial) representation of the sheath. The code
has been validated against a database of well characterized laboratory tests
(12).

TRUMP (13)
TRUMP is a generalized, finite-difference code that simulates the transient
or steady-state thermal responses of any user-defined geometry. It models heat
transfer phenomena related to conduction, radiation, and convection (forced and
natural).
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A general description of the intended operation of the experimental facility and
apparatus would improve the understanding of the interactions between components.
The experimental design, -vhich summarizes the test matrix of planned operating
conditions, is usually discussed in the "Test Operation" Section.
Test Operation
A detailed, yet concise, summary of the planned operating procedure for the
experiment should be given in the FSAR, including descriptions of the following:
1.

Prerequisite activities to the experiment with emphasis on those
activities that could influence safety.

2.

The data acquisition, archiving and retrieval plan.

3.

The test monitoring and control plan which also includes criteria
for early termination of the experiment.

4.

Planned operating conditions and procedures associated with each
stage of the experiment. The former should be based on results from
previous experiments conducted on the facility and on best-estimate
predictions for the current experiment being addressed by the FSAR.
As an example, the main stages of the BTF-104 experiment were;

-

Facility installation and start-up operations
Blowdown transient procedures
Post-transient operations
Facility decontamination and decommissioning operations.
Waste management.

Pre-Test Estimation of Fuel and System Behaviour
Computer codes are normally used to provide predictions of fuel behaviour and
system performance during the experiment. These predictions may be supplemented
with data from other relevant experiments.
Parametric analysis is an effective method to assess the expected robustness
of the experiment, to determine operating conditions for each stage of the
experiment, and to highlight conditions which may affect safety. This analysis
methodology is performed by producing a number of simulations with design-centred
computer codes. Each simulation is the result of varying the operating condition
for one parameter while maintaining the other parameters of interest at their
planned operating conditions. As an example, the parametric analysis conducted
for the BTF-104 experiment resulted in the following parameters being varied:
1.

Steam flow over the fuel.

2.

Fuel linear power.

3.

Temperature of the coolant at the upstr^ eu'u ("inlet") end of the fuel
string.

4.

Fuel sheath-to-coolant heat transfer coefficient.

5.

Fuel sheath emissivity.

Response parameters under investigation for BTF-104 included temperatures of the
U0 2 pellets and the Zircaloy fuel sheath, the heat generated by the Zircaloysteam exothermic reaction, and pressure tube temperatures.
The FSAR must present best-estimate predictions on the expected behaviours of

5.

Submission of an updated FSAR, which would include a summary of
results from the commissioning program, and approval by the safety
review body to permit a series of experiments to be conducted with
the facility within a specified operating envelope.

This paper concentrates on the components of the FSAR for nuclear fuel
experiments. The scope of the FSAR is discussed in Section 2. References will
be made to one of the in-reactor experiments, called BTF-104, from the Canadian
Blowdown Test Facility (BTF) Program (2). A brief description of its objectives,
are summarized in Appendix 1. Some of the available tools used, and the methodology employed, to prepare the BTF-104 FSAR are discussed. This is followed by
a summary of perceived limitations with the existing methodology. The paper will
conclude with a list of recommendations. Note that this paper does not address
the licensing requirements associated with the experimental facility.
SCOPE OF A FSAR
The FSAR for an nuclear fuel experiment touches on all aspects of the fuel
research program. It is more than a bounding assessment ot major parameters. It
also presents the mechanical and electrical designs of hardware used in the
experiment, best-estimate predictions, and a description of the planned operating
procedure of the experiment. An illustrative example is provided in Table I: the
main sections of the FSAR for the BTF-104 test are listed. The intent of each
main section of a FSAR is briefly discussed below.
Introduction
This section provides background information including the goals and
objectives of the experimental program, the status of this program including
major conclusions of prerequisite experiments, and a concise summary of any
potential limitations and recommendations associated with the experiment
addressed in the FSAR.
Test Objectives
The specific goals and objectives of individual tests within the experimental
program should be clearly stated. Objectives should be expressed in quantitative
terms whenever possible.
For example, "The maximum UOg fuel temperature is
targeted to be between 1200°C and 1300°C" or " This experiment will investigate
and report on the fractional retention of Cs' 37 in Zircaloy pressure tube at
temperatures up to 1000°c".
Most nuclear fuel experiments investigate a limited number of parameters and
typically have one or two goals and up to five main objectives. Safety analysts
should be cautious of experiments with too many objectives. Additional emphasis
related to human factors, including training, availability and scheduling, may
be warranted in the FSAR for such experiments.
Test Design
The primary intent of this section is to present a concise summary of the
physical design, the functional requirements and the limitations of the facility
and apparatus to be used in the experiment. Details are presented on the mechanical and electrical designs, instrumentation, control functions and data
acquisition facilities associated with the experiment. This section may also
include a concise summary of design criteria, which would have been more fully
explained in the CSAR or the PSAR. Safety-related features, such as instrumentation connected to automatic reactor trip circuits, to fuel-cooling systems,
and to the reactor emergency core cooling system should be discussed in the FSAR.
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SAFETY ANALYSIS FOR NUCLEAR FUF.L EXPERIMENTS
J.A. WALSWORTH
Atlantic Nuclear Services Limited
500 Beaverbrook Court,
P.O. Box 12 68, Station "A",
Fredericton, N.B.
Canada, E3B 5C8.
ABSTRACT
Experiments are essential to further our understanding of complex phenomena
associated with fuel performance under normal and abnormal reactor operating
conditions. Many of the experimental facilities used for fuel research in Canada
and abroad make use of research reactors or other high-capital investments. In
addition, special precautions are often required to protect the operators, the
experimenter, and the general public from potentially dangerous conditions. To
reduce any risk, a detailed safety analysis is prepared, reviewed, and approved
by the nuclear regulatory agency. This paper discusses a scope and methodology
that may be used in the preparation of the final safety and hazards analyses for
nuclear fuel experiments. As an example, the scope of the final safety analysis
report for the BTF-104 severe fuel damage nuclear fuel experiment was presented.
INTRODUCTION
Research supports normal reactor operations of nuclear power plants and
improves our understanding of the possible consequences during postulated upset
and accident scenarios. Experimental programs provide essential data on the
thermal, mechanical, and irradiation behaviour of nuclear fuel, on the release
of radio-isotopes ("fission products") from the UO 2 fuel, and on possible
transport mechanisms within the reactor containment systems in the event of an
postulated accident. Computer models are developed from these d?ta to provide
best-estimate calculations of fuel performance and fission product behaviour.
Comparisons between calculated
and measured
responses demonstrate our
understanding of the physical processes and natural phenomena, and provides a
degree of confidence that no significant phenomenon has been ignored.
One user of fuel research is the safety analyst. She has the responsibility
to apply current research data, analysis, and computer models, all of which have
been reviewed and verified by knowledgable specialists, towards safety and
hazards analyses for planned fuel-related experiments and projects.
In Canada, and as practised by Atomic Energy of Canada Limited Research
Company, there are essentially five stages in the review process of a safety
analysis for a nuclear fuel experiment (1):
1.

Notification of the project to the safety review body who will
specify the required scope of review.

2.

Submission of a Concept Safety Assessment Report
approval by the safety review body.

3.

Submission oi a Preliminary Safety Analysis Report (PSAR) and
approval by the safety review body to begin construction of the
facility to be used in the project.

4=

Approval of the Final Safety Analysis Report (FSAR) by the safety
review body to permit commissioning of the facility.
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Figure 2: SEM Micrographs of Dissolution Test Specimens: (a) Zry/2000°C
Specimen Melt Zone Shoving U-Rich (U) and Zr-Rich (Z) Major Phases
and Exsolved Minor Phases; (b) Residual Crucible Microstiucture,
Showing U Metal Droplets (U); (c) Zry/2200°C Specimen Melt Zone
Showing U-Rich (U) and Zr-Rich (Z) Phases and Exsolved Minor Phases;
and (d) Zry/25Z0/2200°C Melt (M)/Crucible (C) Interface.
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Figure 3: U-Zr-0 Phase Diagram at
2200°C.
See t e x t
for
labelling.

Figure 4: Zr(0)-U02 Quasi-Binary Phase
Diagram.
See t e x t for
labelling.

4-19

7.

P. HOFMANN AND C. POLITIS, "The Kinetics of the Uranium Dioxide-Zircaloy
Reactions at High Temperatures", J. Nucl. Mater. 87., 375-97, 1979.

8.

A. SKOKAN, "High Temperature Phase Relations in the U-Zr-0 System", In
Proceedings of the Fifth International Meeting on Thermal Nuclear Reactor
Safety, Kernforschungszentrum Karlsruhe Report, KfK-3880/2, 1035-41,
1984.

9.

P. HOFMANN, H. UETSUKA, A.N. WILHELM AND E.A. GARCIA, "Dissolution of
Solid U02 by Molten Zircaloy and Its Modelling", In Proceedings IAEA/NEA
Symposium on Severe Accidents in Nuclear Power Plants, Sorrento, 1988,
IAEA-SM-296/1, 3-17 (1988).

80

i i i r | i i i i | i i i i [ i i—n

, 1 1 1

i 1i i i i 1 i i i i

1
C s =70, k = 3.0x1 or m.s
A

.2 60 -

Cs=62k

if

(0

'

•

= 6.1x105m.s-1

40 N
+

Cs=37, k =7.2 x10 5

If

m.s"1

20-

: /
10

15

I . i i . I i i i i 1 i , i i

20

25

30

35

t1/2 (

Figure 1: U0 2 Solubilities in Zry at 2000cC (Diamonds), in Zry at 2200°C
(Triangles) and in Zry/25%0 at 2200°C (Squares), Showing Best-Fit
Curves from Equation (2).

4-18

CONCLUSIONS
Using a UO2/Zry mass ratio of -10.9, the folloving UO2 saturation
solubilities (U/(U + Zr) vt.% ratio) have been measured: (i) ~37 in initially
0-free Zry at 2000°C, (ii) -70 in initially O-free Zry at 2200°C, and (iii)
-62 in 0-rich Zry (Zry/25at20) at 2200°C. These values correspond to the
dissolution of 6.1, 24.3 and 15.0 volume Z of Bruce fuel respectively.
Based on these results and those of previous experiments [2], we conclude
that the saturation solubility of U02 in molten Zry increases with rising
temperature and also with decrease in the oxygen content of the melt. The
latter is determined by the degree of initial steam oxidation of the cladding
and, to a lesser extent, by the fuel/cladding mass ratio. Since the above
experiments were performed in an inert atmosphere, the solubilities obtained
using initially 0-free Zry represent maximum values corresponding to a
"worst-case" scenario.
At each temperature, melt saturation in U and 0 occurs when the reaction
path across the U-Zr-0 phase diagram intersects the boundary of the two-phase
[(U,Zr)02.x + L] field. The dependence of fuel solubility on temperature is
attributed to progressive contraction of this field with rising temperature.
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ceramic phase of composition C or D would cause the residual melt composition
to initially move along the projections CX or DY respectively, changing
direction at lover temperatures in accord with phase-boundary locations.
The sequential crystallization of phases during melt cooling is best
understood in terms of the quasi-binary Zr(0)-U02 phase diagram [8], shown in
Figure 4. Again, it must be remembered that the diagram does not include the
minor Zry alloy components, which may alter phase-boundary locations. Also,
the ZrO0 4 3 component in Figure 4 only represents O-saturated Zr below
~1500°C; as noted above, oxygen solubility increases at higher temperatures
to -35 at.Z at the Zr(O) melting point of 2065°C [4].
Phase crystallization during cooling of the Zry/2000°C melts has been
previously discussed [2]. Essentially the same arguments can be used to
explain the observed room-temperature microstructures for the 2200°C melts.
For example, considering the Zry/25%0/2200°C test series, the U02 saturation
composition is represented in Figure 4 by point Y. During cooling to the
eutectic temperature, E, the (U,Zr)02.x phase precipitates until, at E,
complete solidification occurs with formation of further (U,Zr)02.x and aZr(O) in proportions given by the lever rule. The diagram also predicts
exsolution during further cooling of (i) (U,Zr)O2_x in the a-Zr(O) phase
(cooling path F -+ G) and of (ii) a-Zr(O) in the (U,Zr)02.x phase (cooling
path H -» I ) . While these phases may have been present, they were too small
for EDX analysis. The observed precipitation of U metal droplets in the aZr(O) phase is presumably a lower temperature phenomenon.

Comparison with Results of Previous Investigators
Apart from our earlier work [2], the results of U02/molten-Zry dissolution
experiments using essentially similar methodology have also been reported by
Kim and Olander [1] and by Hofmann and co-workers [3,9]. Kim and Olander
used X-ray and electron-beam analytical methods on samples from tests in the
temperature range 1950-2400°C and also observed rapid melt saturation in U0 2 .
Their U/(U + Zr) wt.£ saturation values of -38 at 2000°C and -74 at 22006C
using initially O-free Zry are in good agreement with our data at these
temperatures. They also found that using O-saturated Zircaloy rather than 0free Zry in tests at 2100°C reduced the U/(U + Zr) vt.Z saturation value from
-58 to -23. While this reduction is more dramatic than that seen in our
2200°C results of -70 for Zry and -62 for Zry/25%0, it confirms the trend of
lower fuel solubility with higher melt 0 content.
The results of Hofmann et al. [9] show no evidence of U0 2 melt saturation
during tests in the temperature range 1950-2250°C. One possible reason for
this disagreement may lie in their indirect analysis method, which involved
correlation of the microstructures of their dissolution test samples with
those of standards produced by arc-melting mixtures of U02 and Zry under
argon. This method fails to account for O-diffusion from undissolved U02
crucible material into the melt, which, as noted above, can significantly
influence U*02 solubilities and melt microstructures.
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The saturation compositions for the Zry/2200°C and Zry/25Z0/2200oC test
series are shovn on the tvo-phase boundary as points X and Y respectively.
The reaction paths followed in each test series may be evaluated by first
considering the idealized case where no preferential 0 diffusion from fuel to
cladding occurred during heating and isothermal fuel dissolution. In this
case, the reaction path during dissolution would follow the dashed line PQ
joining Zr and U0 2 in Figure 3.
Thus, U0 2 would dissolve until PQ
intersected with the two-phase boundary at Z, when dissolution would cease.
From Figure 3, point Z has a U/(U + Zr) wt.% ratio of -53.
In reality, however, the course of a reaction path (i.e., the relative
rates of 0 and U assimilation by the melt) is determined by a combination of
the following reactions; (i) 0 diffusion from fuel to cladding, both below
and above the cladding melting point; (ii) U0 2 _ x dissolution in molten
cladding; and possibly (iii) solution of the U metal, formed by hightemperature reduction of U0 2 , by the moZ'an cladding. The relative rates of
these reactions at any one temperature will vary as dissolution proceeds,
i.e., as the melt composition changes. Thus, the overall reaction path is
likely to be curved.
Because 0 diffusion into the Zry charge will commence at temperatures
below the Zry melting point, and since it is a relatively rapid process, the
melt composition will likely move in a direction on the 0-rich side of the
line PQ in Figure 3 during heating to the cladding melting point. Once this
point has been reached, the reaction path should swing back towards PQ as
U0 2 . x is assimilated.
Finally, if any U metal has been formed in the
undissolved crucible matrix, the possibility exists that it may leach along
grain boundaries into the melt from the zone adjacent to the melt/crucible
interface, thus producing further melt enrichment in U. This possibility is
supported by the observation of a zone of U-metal depletion within the
residual crucible close to the crucible/melt interface in all test specimens.
However, the occurrence of a thin band of U-metal precipitates at each
interface remains unexplained.
Schematic reaction paths for the Zry/2200°C and Zry/_520/2200°C test
series are shown in Figure 3 as the curves PX and RY respectively. The
locations of points X and Y on the U-rich side of point Z on the two-phase
boundary are hard to explain. The relative enrichment in U of X and Y cannot
be solely due to leaching of U metal into the melt, since U formation in the
crucible matrix requires reduction of U02 by diffusion of 0 into the melt
(see above), which would move the locations of X and Y towards B on the twophase boundary. In other words, the reaction path during dissolution should
never cross the line PQ if it is assumed that the diffusion rate of 0 is
always greater than that of U. However, given the uncertain location of the
two-phase boundary at 2200"C, the possible influence of the minor Zry alloy
components and the complex interdependency of the various reaction
mechanisms, the anomolous positions of X and Y relative to Z are not in
serious disagreement with the above explanation for the dissolution process.
Figure 3 also shows the [U, Zr]02.x ceramic-phase compositions formed in
the samples from the Zry/2200°C and Zry/25%0/2200°C tests as points C and D
respectively. Hence, the tie lines across the two-phase field (not shown for
clarity) would be given by CX and DY. During cooling, crystallization of a
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SEH/EDX Analyses of Zry/25%O/22O0°C Samples
The micros truetures observed in the melt regions of the samples from
Zry/25%0/2200°C tests of ^2-min duration (i.e., samples close to, or at, U02
saturation) were very similar to each other and also similar to those of the
corresponding Zry/2200°C test samples. Mean SEM/EDX analyses for the major
phases in the 5-, 10- and 15~min samples from the Zry/25%0/2200°C series
were, within analytical error, identical and corresponded to (i) 0-saturated
Zr with traces of U and Sn, and (ii) a [ U 0 > 6 9 ± 0 - 0 3 •Zr 0 . 3 1 ± 0 > 0 3 ]0 1 _ 5 9 ± 0 _ 5 4
ceramic phase. The minor U-rich precipitates within the 0-saturated Zr phase
were almost pure U metal.
The welt/crucible interfaces in these specimens were fairly sharp at the
sidewalls (see Figure 2(d)), but broadened to form a ~200-/tm-thick transition
zone at the base of the melt region. This zone consisted predominantly of a
[U,Zr]02_x-type ceramic phase and occupied a negligible fraction of the melt
volume.
Uranium metal precipitates were again found throughout the
undissolved crucible material and in a thin band at the melt/crucible
interface, but were largely absent from the ~100-#m-wide crucible zone
adjacent to the melt.

DISCUSSION
The origin of the U metal droplets in the undissolved crucible material
has previously been discussed in detail [2], with reference to the U-0 phase
diagram [5]. Briefly, U formation is attributed to rapid 0 diffusion from
U0 2 to Zry above ~1100°C, which will reduce the crucible either to
substoichiometric U0 2 . x , or, with further O-diffusion, to [U liq + U0 2 _ x ].
During cooling below the [U liq + U0 2 _ x ] phase boundary at -1100°C, the U0 2 . x
disproportionates into U + U0 2 . Thus, the final crucible composition will be
U0 2 with U metal precipitated at the U0 2 grain boundaries (Figure 2(b)).
The dissolution of U0 2 in molten Zry at 2000°C and subsequent melt
crystallization during cooling have also been discussed previously [2].
Saturation of the melt with respect to U02 was attributed to intersection of
the reaction path across the U-Zr-0 phase diagram with the two-phase
[(U,Zr)02.x + L] field boundary at a point of U/(U + Zr) wt.£ ratio -37. The
reaction path across the phase diagram was assumed to be curved as a result
of varying and unequal rates of 0 and U assimilation by molten Zry during
dissolution.
Similar arguments can be used to explain the 2200°C dissolution results in
both Zry and Zry/25%0. Unfortunately, detailed U-Zr-0 phase relations above
2000°C have not been determined, although the two-phase [(U,Zr)02.x + LJ
field width is thought [2,6] to shrink at higher temperatures. Figure 3
shows the schematic phase diagram at 2200°C, with data from the binary Zr-0
and U-0 systems being used to locate points A and B on the [(U,Zr)02.x + L]
phase boundary and with the assumption of similar phase-boundary curvature as
at 2000"C [7]. This diagram does not represent the true experimental
conditions since the minor Zry alloy components Sn, Fe and Cr are not
included. Nevertheless, it is useful in allowing the effects of varying 0
and U concentrations in the melt, e.g., by 0 diffusion from U02 to the melt
or by solution of U0 2 . x and/or molten U metal, to be considered.
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(i.e., where U0 2 saturation of the melt had occurred) have been given
previously [2J. All the microstructures were basically two-phase, consisting
of uniformly distributed U-rich and Zr-rich regions (the light- and darkcoloured major phases respectively in Figure 2(a)). Fine-scale exsolution of
U-rich precipitates within the Zr-rich regions and of Zr-rich precipitates
within the U-rich regions were also seen.
The analyses for each of the two phases in these specimens were very
similar, with mean compositions equivalent to (i) O-saturated Zr containing
traces of U and Sn, and (ii) a [Uo 8 8 ± 0 0 5 -Zr0 1 2 ± 0 05 } 0 1 8 0 ± 0 1 3 ceramic
phase. The few U-rich precipitates within the O-saturated Zr phase that were
of sufficient size (~1 tun) for EDX analysis were found to be almost pure U
metal.
However, the Zr-rich precipitates within the U-rich ceramic phase
were invariably too small for EDX analysis, despite the slow cooling rate
from 1450°C for each sample.
The melt/crucible interface in these specimens was usually marked by a
transition zone of average thickness -100 p,m. This zone consisted of ceramic
phase(s) with a mean composition of [Uo 39 -Zr 0 6 1 ]0 x _ 5 ± 0 2 and occupied a
negligible fraction of the melt volume.
All specimens showed similar microstructures for the undissolved crucible
material. Figure 2(b) shows a typical region from a -15-min test sample -1
mm from the melt/crucible interface. The bright spots in the image are U
metal precipitates, occurring at U0 2 grain boundaries and fairly evenly
distributed throughout the undi£isolved crucible.
However, the U metal
precipitates were always absent from the -30-/im-wide crucible zone adjacent
to the melt, except for a thin band at the melt/crucible interface.

SEM/EDX Analyses of Zry/2200°C Samples
As reported earlier [2], the melt regions of the samples from Zry/22O0°C
tests of ^2-min duration (i.e., samples close to, or at, U02 saturation) also
showed dendritic crystallization. Each of the samples showed basically twophase microstructures (see Figure 2(c)) that were almost identical. The
microstructures were also similar to those of the Zry/2000°C U02-saturated
samples, except that the U-rich ceramic phase was noticeably more abundant in
the Zry/2200°C samples, as would be expected from the higher U contents of
the 2200°C melts.
Each phase type gave similar EDX analyses except for somewhat variable
values (by difference) for oxygen. Overall mean analyses for the phases,
which were also very similar to those from the Zry/2000°C samples,
corresponded to (i) O-saturated Zr with traces of U and Sn, and (ii) a
ceramic [Uo.86±o.03<Zro.i4±o.03l°i.56±o.44 phase.
AG in the Zry/2000°C
samples, fine-scale U metal precipitates in the O-saturated Zr phase and Zrrich precipitates in the U-rich ceramic phase were also identified.
The melt/crucible interfaces in the Zry/2200°C specimens were much sharper
than in the Zry/2000"C specimens.
Uranium metal precipitates were again
found throughout the undissolved crucible material and in a thin band at the
melt/crucible interface, but were absent from the -30-Mm-wide crucible zone
adjacent to the melt.
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were arc-melted under UHP argon for complete homogenization. The arc-melted
buttons, which were very brittle, were lightly crushed. The resulting coarse
powder was used as a starting material in each test, using quantities
corresponding to a UO2/Zry mass ratio of -10.9.
Details of the UHP argon furnace atmosphere, the tungsten resistance
furnace and pyrometer measurement system and the heating schedules used have
been previously reported [2]. Typical ramp rates to the isotherm temperature
were ~7cC/s, with the heating rate falling as the set point was approached.
After holding for the desired time (0-15 min) at the isotherm temperature,
the sample was cooled rapidly (~4cC/s) to 1450°C and then slowly to room
temperature.
After each test, the specimen was longitudinally sectioned to expose the
solidified melt region.
A sample from each melt region was removed by
further diamond-saw sectioning, dissolved in a 17%HNO3, 3ZEF acid mix and,
after suitable dilution, analyzed using inductively coupled plasma (ICP)
emission spectrometry. The other half of each specimen was used for scanning
electron microscope/energy dispersive X-ray (SEM/EDX) analyses, employing
backseattered electron images to give maximum phase contrast. Full details
have been reported earlier [2].

RESULTS
ICP Spectrometry Analyses
In the following sections, U02 concentrations for each melt are reported
and discussed in terms of the U/(U + Zr) vt.% ratio, i.e., on an 0-free
basis, because of uncertainty in melt 0 concentrations (obtained from ICP
analyses by difference). The mean ICP results for duplicate melt samples
from each of the 2000 and 2200°C test specimens are plotted against t0-5 in
Figure 1 (the choice of abscissa in Figure 1 is purely for convenience and is
not intended to imply diffusion-controlled dissolution.) Also shown are the
best-fit curves from Equation (2) to the data at these temperatures. Melt
saturation is seen to occur rapidly at both temperatures, with Cs values of
-37% at 2000°C and -701 at 22O0°C for Zry, and ~62Z at 2200"C for Zry/25%0.
Since U02 dissolution in molten Zry is so rapid, the quantity dissolved
during heating above the Zry melting point to each isotherm temperature is
not negligible. Hence, the start of each test has been taken as the time at
which the Zry charge melted; this time was clearly seen as a discontinuity in
each pyrometer time/temperature trace. Errors in estimating t by this method
are insignificant at longer times, but may be important in modelling the
early stages of dissolution. Thus, the rate constant (k) values shown in
Figure 1 should only be regarded as approximate since the shape of the fitted
curve from Equation (2) is disproportionately influenced by k at short times.
Also, as noted above, the SA/V value will change from its initial value as
dissolution proceeds.

SEM/EDX Analyses of Zry/2000°C Samples
Detailed descriptions of the dendritic melt microstructures and of the
phase compositions in the samples from Zry/2000°C tests of >1 uin duration
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cladding, dissolving in the Zry and reducing the fuel to U0 2 .x The
solubility of 0 in Zr increases from -29 at.X at room temperature to -35 at.%
at the melting point of O-saturated Zr [4]. Thus, the cladding can gain up
to -35 at.% 0 before melting, and the extent of fuel reduction (i.e., the
value of x in U0 2 _ x ) is determined by the U02/Zry mass ratio. Subsequent
fuel dissolution in molten cladding supplies U and further 0 to the melt in
amounts governed by the U0 2 . x stoichiometry. Thus, the initial UO2/Zry mass
ratio indirectly influences the final melt 0 content and, hence, the fuel
solubility.
The dissolution of fuel in molten cladding may be represented by the
equation:
(1)

U02 + Zr — •
(solid) (liquid)

(U,Zr)02.x
(liquid)

If first-order reaction kinetics are assumed, the U02 concentration in
solution (Ct) at time t can be shown (see Reference 3) to relate to the U0 2
concentration at saturation (C£) by the equation:
(2)

Ct = Cs(l - e - k f t ) .

Here, k' = k.(SA/V), where k is the rate constant and SA/V is the fuel
surface area/molten Zry volume ratio. Thus, the SA/V ratio controls the rate
of approach to saturation (i.e., the dissolution rate), although the final
saturation concentration is independent of the SA/V ratio.
In practice,
however, it is difficult to obtain meaningful values of k from crucible-type
dissolution tests because (i) the SA/V ratio is continually changing during
dissolution, and (ii) the amount of U02 dissolved during the ramp between the
Zry melting point and the isotherm temperature may not be negligible.
This paper describes and discusses the results of U0 2 dissolution
experiments at 2000 and 2200°C in nominally 0-free Zry and at 2200°C in Zry
with an initial 25 atoai% 0 content [Zry/25Z0]. The Zry/25%0 was used to
represent the O-saturated Zry component of steam-oxidized cladding. While it
is obviously important to design CANDU-relevant experiments using realistic
mass and/or SA/V ratios, geometric constraints prevent the simulation of both
these ratios in clad CANDU fuel using only one crucible/Zry-charge
configuration. In the work described here, a U02/Zry mass ratio of -10.9 has
been used to simulate the mass ratio in clad Bruce A fuel. Other mass and
SA/V ratios have been considered in a previous report [2].

EXPERIMENTAL
U02 crucibles were prepared from Bruce-type U02 pellets (-16.6 mm long,
-12.1-mm diameter) by removing an axial core of ~6.7-mm diameter and -13 mm
long.
Cylindrical Zry samples were machined from bar stock to fit the
crucibles, with a U02/Zry mass ratio of -10.9. The 0-content of the Zry bar
stock was quoted by the suppliers as -0.1 vt.%.
Zry/25£0 samples were prepared from high-purity ZrO2, Zr, Sn, Fe and Cr
powjers by intimate mixing and pressing to form pellets, which were then
sintered at 1300°C under ultra-high-purity (UHP) argon. The sintered pellets
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DISSOLUTION OF CANDU FUEL BY MOLTEN ZIRCALOY-4 CLADDING

P.J. HAYVAED AND I.M. GEORGE

Containment Analysis Branch
AECL Research, Whiteshell Laboratories
Pinawa, Manitoba ROE 1L0

ABSTRAC1
This paper reports the measured solubilities of U0 2 fuel at 2000 and
22OO°C in nominally 0-free Zircaloy and at 2200°C in Zircaloy containing an
initial 25 atom% 0 content. The Zircaloy/25Z0 was used to represent the 0saturated Zircaloy component of steam-oxidized cladding.
In all cases, a
U02/Zircaloy mass ratio of -10.9 has been used to simulate the quantities
present in clad Bruce A fuel.
The solubility values and reaction paths
during fuel dissolution and subsequent melt crystallization are discussed
with reference to phase equilibria in the U-Zr 0 system.

INTRODUCTION
Under certain hypothetical CANDU (CANada Deuterium Uranium, registered
trademark of AECL) accident scenarios, failure or blockage of the cooling
circuits can cause rapid core heating to temperatures above the cladding
melting point.
The molten Zircaloy-4 (Zry) cladding may then dissolve a
significant fraction of the U0 2 fuel, thereby releasing a part of the fission
product (FP) inventory.
As a first approximation, the fraction of che FP
inventory released may be considered proportional to the volume fraction of
fuel dissolved, so that the release source term can be derived from measured
fuel solubilities under simulated accident conditions.
This paper reports
and discusses the measured solubilities of U0 2 fuel in molten Zry over the
temperature range 2OOO-22OO°C and as a function of the initial oxygen content
of the cladding, using reactant quantities that simulate the fuel/cladding
mass ratio in a Bruce A fuel bundle.
It has been shown earlier [1,2] that fuel solubility in molten Zry depends
both on temperature and on the melt oxygen concentration. The oxygen content
of the molten cladding, resulting from 0 diffusion from the fuel and/or by
steam oxidation, must be above a minimum value to allow wetting of the fuel
[3]. Once fuel dissolution has commenced, the melt becomes further enriched
in U arid 0 until melt saturation occurs. At any one temperature, the fuel
solubility has been shown to increase as the 0 content of the melt is reduced
[2], so that the maximum solubility is obtained when negligible steam
oxidation has occurred during the temperature transient.
This situation,
therefore, represents a "worst-case" scenario in terms of fuel solution and
fission product release, and is the one represented by the experiments
described below.
Providing that good cladding/fuel contact occurs during the temperature
transient bexow the cladding melting point, 0 will diffuse from fuel to
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FIGURE 3:

End View of Largest Cluster from Test 2 (Irradiated Pickering,
15.6 m/s)

FIGURE 4:

(a) End-Plate View of a Weld "Pull-Out" and Through-Thickness
Failures from Test 2 (Irradiated Pickering, 15.6 m/s)
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FIGURE 2:

Bundle Disassembly Behaviour on Primary Impact With Floor (a to
c) and on Secondary Impact with Wall (d to f ) : Test 7,
Unirradiated Bruce Bundle at 20°C, Ejection Velocity 13 m/s
(a,b,c), and Test 1, Unirradiated Pickering Bundle at 20°C,
Ejection Velocity 15.6 m/s, (d,e,f)

FIGURE 1:

Photograph of Pneumatic Propulsion Device in Place in the Cell:
1 = PPD, 2 = Fuel Loading Mechanism, 3 = Polycarbonate Fuel
Bundle Catcher Box, 4 = Velocity Measuring Device, 5 = Remote
Arm, 6 = PPD Support Frame, 7 = Band Heaters, S = In-Cell
Support Frame Mounting Bracket, 9 = Cell Wall, 10 = Granite Slab

TABLE 1
TEST MATRIX
Test

Irradiated
(Yes/No)

Bundle
Type

No.

Test
Temp.
I °C)

1
2
3
4
5
6
7
8
9
10

Target
Velocity
(m/s)

Pickering
Pickering
Pickering
Pickering
Pickering
Pickering

No
Yes
No
No
Yes
No

20
300
20
20
300
20

16
16
10
13
10
13

Bruce
Bruce
Bruce
Bruce

No
No
Yes
Yes

20

13
16
16
13

z^

300
300

TABLE 2
SUMMARY DATA OF FUEL BUNDLE IMPACT TESTS CONDUCTED AT WL
Test No.
and
Conditions

Pressure
(psi)*

Theoretical
Exit Velocity
(m/s)

No. of Pins x No . of Clusters

01. Unirradiated
Pickering g 20°C

101

15.6

1x3

»2. Irradiated
Pickering g 30D°C

101

15.6

1x15

i=3. Unirradiated
Pickering g 20°C

46

10.0

1x2

M . Unirradiated
Pickering g 20°C

68

12.5

#5. Irradiated
Pickering g 300°C

46

t=6. Unirradiated
Pickering g 20°C

3x1

4x3

3x1

8x1

2x1

7x1

17x1

1x6

2x4

4x1

10.0

1x4

2x3

18x1

72

13.0

1x5

2x2

3x2

4x1

9x1

*7. Unirradiated
Bruce @ 20 "C

72

13.0

1x2

2x2

3x2

4x1

21x1

#8. Unirradiated
Bruce g 20°C

101

15.6

1x5

2x2

2x1

4x1

5x2

#9. Irradiated
Bruce g 300°C

101

15.6

1x17

2x2

3x1

13x1

One
element
fractured*

13.7

1x23

2x1

3x1

9x1

One
element
fractured

#10. Irradiated
Bruce g 300°c

2x2

6x1

One
element
fractured

10x1

Portion
of sheath
peeled off

llxl

*1 psi = 6.895 kPa, **two fractures, each near the bearing pad on the same element
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at 300°C are similar enough to allow us to use test results on unirradiated
bundles to assess the maximum fuel temperature that can be expected from
the breakup of irradiated bundles.
Although some differences in the
detailed disassembly characteristics were noted as discussed below, they do
not affect the above conclusion.
Table 2 shows that, at the higher test velocities, irradiated bundles at
300°C break up into more single pins and into a larger number of separate
units than do unirradiated bundles tested at room temperature.
This
observation applies to both Bruce- and Pickering-type bundles tested at
velocities near 16 m/s, and to Bruce-type bundles tested at a velocity of
-13 m/s. It is worth noting that the larger the number of separate units,
the lover the average temperature of the fu^l upon disassembly (because of
increased heat loss). At a velocity of 10 m/s, the extent of disassembly
of irradiated Pickering bundles at 300°C is similar to that of unirradiated
bundles at room temperature.
The properties of the weld-heat-affected zones may have some influence on
the extent of bundle disassembly at high ejection velocities. Many, if not
all, of the pins break away from the bundle either by the end cap pulling
out of the end plate, or by failure through the thickness of the end plate
adjacent to the end-cap-to-end-plate weld.
The fuel sheath failures exhibit similarities to the weld failures.
Three irradiated elements, and no unirradiated elements, fractured. All
failures, one pin in each of three tests, occurred in the high-velocity
tests (13-16 m/s). All four fractures (ont pin cracked in two places)
initiated at the end of a bearing pad, and had progressed part way through
the braze-heat-affected zone. These failures are another indication that
the structure of a heat-affected zone may have an influence on the failure
location under sonse testing or accident conditions.
SUMMARY
This testing program showed that in terms of the largest cluster formed,
the results of impact tests with irradiated bundles at 300°C are similar to
those with unirradiated bundles at room temperature.
Thus, results from
previous Stern Laboratory impact tests on unirradiated fuel bundles can be
applied to the assessment of the behaviour of irradiated fuel bundles.
REFERENCES
(1)

MATHEW, P.M., EVANS, D.G., WADSWORTH, S., KOHN, E., NOTLEY, M.,
and HADALLER, G.I., unpublished report available from Containment
Analysis Branch, Whiteshell Laboratories, Pinawa, MB.

(2)

SAWATZKY, A., "The Effect of Neutron Irradiation on the Mechanical
Properties of Hydrided Zirconium Alloys," Atomic Energy of Canada
Limited Report, AECL-1986, 1964 June.
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Typical examples showing the dynamics of bundle disassembly are illustrated in Figure 2. The breakup essentially takes place in two stages: upon
primary impact with the floor, and upon secondary impact with the wall.
The outcome of the initial contact with the floor is common to all the test
conditions. The initial impact causes the bottom portion of the bundle to
be pushed backwards and probably to shear off. The back end of the bundle
then swings downward to bounce off the floor. The bundles ejected at the
higher velocities (>13 m/s) hit the wall at a vertical angle of approximately 45° or greater.
The back end of the bundles in tests with lower
velocities (<10 m/s) tended to be parallel to the floor but does not
collide head-on with the wall. The bottom portion of the bundle lags behind the top portion and collides with the wall somewhat later, if at all.
It appears that the slower the bundle velocity, the less likely that the
bottom part of the bundle will reach the wall and sustain further damage.
It vas estimated from the video recordings that the top portion of the
Pickering bundles that sheared off upon impact with the floor consisted of
16 to 18 pins, regardless of test conditions or whether the bundle was
irradiated or not. The top portion of the unirradiated Bruce bundles that
sheared off consisted of between 23 and 30 pins immediately after the
initial impact.
For the irradiated Bruce bundles the above information
could not be determined from the video recordings.
Overall, it was
estimated that about 50% of the single pins were produced upon impact with
the floor in those tests where a significant collision with the wall took
place.
In the low-velocity Tests 3 and 5 (10 m / s ) , involving Pickering
bundles, virtually no breakup occurred as a result of the collision of the
top portion of the bundle with the wall; thus all of the damage to the
bundles took place upon the initial impact with the floor.
Post-test
examination of the scattering of the fuel pins showed that the pins from
the Pickering bundles were more widely scattered at higher bundle
velocities.
There was not much difference in scattering behaviour at
15.6 m/s between the two bundle designs.
A photograph of the largest cluster from Test 2 (irradiated Pickering
bundle at 15.6 m/s) is shown in Figure 3 as an example. It also shows the
failures associated with the end-cap-to-end-plate weld where the end cap
has pulled out of the end plate.
Figure 4 is a typical example of a
failure through the end-plate thickness as well as the end plate side of
pull-out failures.
Most, if not all, of the through-thickness end-plate
fractures occurred close to the end-cap-to-end-plate welds.
Fracture surface examination of end-plate failures did not show any
significant difference between irradiated and unirradiated bundles.
All
the end-plate fractures were dimpled, indicating a ductile failure.

DISCUSSION
The size of the largest cluster of pins remaining after the impact or
impacts is important for the estimation of maximum temperature of the fuel
in a bundle following its disassembly during a postulated end-fitting
failure accident scenario.
The results of this testing program show that the disassembly characteristics of unirradiated bundles at room temperature and irradiated bundles
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theoretical exit velocities calculated from the nitrogen gas pressure.
Except for Test 6, in which the PPD and the support frame shook
considerably during bundle ejection, affecting the measurements, good
agreement was obtained between the theoretical and measured velocities.
Therefore, only the theoretical exit velocities are quoted in this paper.
In addition to video-taping the test, photographs were taken after each
test to record the consequences of the impact of the bundles with the floor
and the wall. Standard photographs were taken with a still camera through
the cell window, and a periscope was used for close-up photographs. In
additici, the in-cell video camera was used to scan the damaged bundle.
Photographs of frozen video images were taken to illustrate the sequence of
bundle breakup. Of interest were the number of pins in the largest cluster
of pins, the distribution of cluster sizes, the scatter of the clusters,
and the damage to individual elements.
When pins were found to have
fractured, the manipulators were sometimes used to completely break the pin
and examine the state of the fuel pellets. A slow-motion version of the
video of each test was also produced to study the breakup of the bundles in
greater detail.
Selected fracture surfaces were examined with a scanning electron microscope (SEM). Fracture comparisons were made for the same bundle type and
for th-i same calculated bundle exit velocities.
Also, analyses for
hydrogen content were carried out on irradiated and unirradiated samples
from selected end plates to assess the influence of hydrogen pickup during
irradiation on the fracture behaviour.

RESULTS
The hydrogen contents of the end plate material of an irradiated
Pickering bundle (8-10 Mg/g H 2 ) , and of unirradiated Pickering and Bruce
bundles (<4 ng/g H 2 ) were negligible. Therefore the influence of hydrogenpickup on the fracture behaviour of the end plates is expected to be small.
The full set of test results is shown in Table 2 along with the theoretical exit velocities.
The largest cluster size and the associated pin
distribution are of interest for heat transfer calculations. The largest
cluster size is similar for the irradiated bundles at 300°C and the
unirradiated bundles at 20°C for the same exit velocity. For irradiated
Pickering bundles, the largest cluster size, produced at the highest
ejection velocity (15.6 m/s) and a test temperature of 300°C, contained 8
pins; for the unirradiated bundles, clusters at testing velocities from 1216 m/s and a test temperature of 20°C ranged from 6 to 10 pins.
At a
testing velocity of 10 m/s, the largest Pickering cluster from the irradiated bundle consisted of 18 pins, and the largest cluster from the
unirradiated bundle had 17 pins. The largest cluster from the irradiated
Bruce bundle found after testing at 15.6 m/s and 300°C contained 13 pins;
at similar testing velocities and a test temperature of 20°C, the largest
cluster from unirradiated bundle tests ranged from 11 to 21 pins. Note
also that the irradiated bundles tested at 300°C were found to break up
into more single pins than did unirradiated bundles at 20°C, when the
testing was carried out at higher ejection velocities.
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fuel bundles to 300°C. A thermocouple was introduced through the front end
of the PPD and placed about 15 cm into the bundle to measure its temperature. Just prior to bundle ejection, this thermocouple was removed. The
release of the nitrogen gas pressure pushed the piston against the bundle
and released the latch mechanism.
The latch mechanism was designed to
release the bundle upon a small increase in force. Upon bundle ejection,
the piston was restrained by a steel wire cable to stay inside the barrel.
A catcher box (3 in Figure 1) of polycarbonate and steel sheet was
constructed to protect the cell windows and existing cell equipment, and to
limit the spread of any active fragments. The enclosure was 1.5 x 1.5 x
1.5 m, and was designed in segments to be assembled inside the cell. A
carbon steel impact target plate (800 x 800 mm and 18 mm thick.) was built
onto the wall opposite the PPD to absorb the energy from the secondary
impact of the fuel bundle.
The impact force was cushioned by placing
pieces of lumber between the cell wall and the impact plate. The remaining
area of the target wall and the back side of the catcher box were made of
10-gauge carbon steel. The top was 6-mm acrylic sheet. The floor of the
cell within the catcher box was covered with 10-gauge carbon steel. The
carbon steel sheets were supported by lumber. The front side of the bundle
catcher box was made of 6-mm polycarbonate sheet to allow filming of the
tests through the cell windows.
In order to simulate the high-density concrete flooring of the reactor
vault, two 100-mm-thick granite slabs with a non-gloss finish were placed
on the cell floor to provide an impact surface for the fuel bundle
(Figure 1). The slabs were covered with water at the impact location to
simulate conditions during an end-fitting failure. Upon impact, the bundle
deflected off the slab and onto the steel impact plate opposite the PPD.
Two video cameras were positioned outside the cell to record the bundle
impact and disassembly through the cell windows.
Another camera was
mounted inside the cell to record the event. A high-speed camera was used
to photograph selected tests through the cell window.

Procedures
The bundle exit velocity was measured by (a) light-beam interruption and
(b) high-speed photography methods. In the light-beam interruption method,
two light sources were positioned 0.252 m apart on a support attached to
the barrel of the PPD (see Figure 1). A meter accurately recorded the
instants when the front of the bundle crossed the two light beams from
these sources. These were also recorded by an oscilloscope connected in
parallel with the meter. The bundle exit velocity was calculated from the
two recorded times and the distance between the two beams. In the highspeed photography method a high-speed camera (with a film speed of
•400 frames/s) was used to record the ejection of the bundle during selected
tests. The ejection speed was calculated by determining the time for the
full length of a bundle (0.495 m) to pass a reference line. In addition, a
fan with a rotary speed of 3350 r/min was set up inside the cell within
view of the camera. The time required for the full length of the bundle to
pass a reference line was determined from the fan blade positions. The
bundle velocity calculated from these measurements was compared with the
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conditions and were conducted to support analyses of accidents in which
fuel bundles impact on surfaces and break up.
BACKGROUND
Scoping tests in the earlier work at Stern Laboratories showed that
unirradiated bundles at room temperature disassembled primarily by the
tearing of the Zircaloy-4 end plate. Thus, it was postulated that the
impact properties of the end plate controlled bundle breakup.
Results
generated by Sawatzky [2] demonstrated that the absorbed energy for breakup of irradiated Zircaloy-2 at 300°C was about the same as that of
unirradiated material at room temperature. Since Zircaloy-4 and Zircaloy-2
are similar alloys, it was postulated that relatively inexpensive roomtemperature tests on unirradiated fuel bundles could be used to assess the
behaviour of irradiated fuel bundles at 300°C.
The objective of the experimental program at Vhiteshell Laboratories was
to test the validity of the assumption that the impact disassembly
behaviour of unirradiated bundles at room temperature is similar to that of
irradiated bundles at 300°C. In these tests, a fuel bundle vas ejected
from a pneumatic propulsion device (PPD) onto a granite slab that simuxates
the reactor vault floor. The disassembly behaviour was studied by videotaping the process and by post-test examinations. The velocities selected
for these tests were within the range in vhich bundle disassembly was
observed in previous Stern Laboratories tests using unirradiated bundles.
The tests at Whitesheli Laboratories were conducted to focus on the
velocity at which significant disassembly of the bundle occurred.

EXPERIMENTAL

Material and Equipment
Two irradiated and two unirradiated Bruce bundles, and two irradiated and
four unirradiated Pickering bundles were tested. Tests with the unirradiated bundles were conducted at room temperature and with the irradiated
bundles at 300"C. The test matrix is shown in Table 1. The Pickering
bundles had been irradiated for about 18 months and the Bruce bundles for
about 9 months. Tests with the Pickering bundles were conducted after
about 29 months of cooling, and with the Bruce bundles after about 24
months of cooling. All bundles were tested at an impact angle of 45° to
the granite slab.
The positioning of the PPD inside Cell 1 of the Shielded Facility at
Vhiteshell is shown in Figure 1. An automotive piston, pressurized by
nitrogen gas to achieve the required bundle velocity and released through a
rupture disc assembly, allowed the bundle to be ejected from the PPD. To
conduct a test, the fuel bundle was loaded into the barrel of the PPD using
a screw jack loading device, and the bundle was held in place by a latch
mechanism. The loading device (shown in Figure 1) was then lifted up and a
velocity measuring device was attached to the barrel of the PPD. Six band
heaters were wrapped around the barrel of the PPD to preheat the irradiated
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ABSTRACT
This paper describes a series of tests in which irradiated and unirradiated Pickering- and Bruce-type fuel bundles were ejected from a pneumatic
propulsion device onto a simulated power reactor vault floor to study their
disassembly behaviour. These tests were aimed at validating the assumption
that impact tests at room temperature using unirradiated bundles could be
used to assess the impact disassembly behaviour of irradiated bundles at
300°C.
Information on bundle disassembly was required as part of the
licensing assessment of an end-fitting failure scenario leading to ejection
of fuel bundles from the pressure tube into the reactor vault.
These tests demonstrated that, in terms of the largest pin cluster
remaining after disassembly, tests using irradiated bundles at 300°C and
tests using unirradiated bundles at room temperature produce similar
results.

INTRODUCTION
In the event of an end-fitting failure of a pressure tube in a CANDU
reactor, fuel bundles could be ejected from the pressure tube and impact
onto the reactor vault floor or wall, or both. If the fuel bundle breaks
up into large pin clusters after impact, decay heating may lead to high
fuel temperatures within the cluster, resulting in structural deterioration
of the pins, which would lead to the release of fission products. In contrast, a high degree of breakup of the bundle and the scattering of intact
fuel pins would minimize the influence of decay heating on any further
structural deterioration of the fuel pin. Thus the preferred scenario for
safety after impact would be widely scattered, intact, single pins.
This paper reports the results of tests carried out in the Shielded
^a-ility at Uhiteshell Laboratories, AECL Research, to compare the
'•e' wiour of irradiated and unirradiated Pickering- and Bruce-type bundles
ut a a high-speed collision with a simulated reactor vault floor [1].
These tests are an extension of previous impact tests conducted at Stern
Laboratories, Hamilton, Ontario, on unirradiated bundles under a '"iriety of
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Figure 3-1: CALCULATED NUMBER OF DEFECTS IN DNGS U1, AUG.-OCT. 1991
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Figure 3-2: CALCULATED TRAMP URANIUM MASS IN DNGS U1, AUG.-OCT. 1991
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Table 3-1: RESULTS OF SOLUTION TECHNIQUE TESTING - LEWIS MODEL
Solution Technique

Initial Estimate of e Giving Acceptable Fit
Minimum (s )

Maximum (s )

1

4-10"7

5 • 10 6

2

1-10 8

1 • lO 4

3

1-10"8

4-10' 6

Figure 2-1: RELEASE RATE RATIOS FOR DEFECT TYPES 1-3
1000

100

Typol

Type 2

Type 3
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The mass of tramp uranium in the north loop was relatively constant at about 2 g.
There is some indication that it may have increased to - 3 g in mid-October, although
this is based on only two grab samples. The south loop, by comparison, was cleaner,
with ~0.25 g of tramp uranium in the two available data points.
4. CONCLUSION
Comparison of the results obtained by both Lewis' and Floyd's model from the
coolant activity data of March 1991 indicates that they both give consistent results
and lends confidence in the results obtained by the Lewis model on the August to
October data. Comparison of the number of defects found immediately after the
August startup with the number found before the March shutdown indicate that
either new defects had formed, or a previously extant low power defect had been
moved into a higher power location.
Analysis of grab sample data which met the acceptability criteria for use in the
August - October period shows that the number of detectable in lore defects did not
exceed 3 in the north PHTS loop, and that in later operation it was ~1. The south loop
had ~1 defect in mid-September. The mass of tramp uranium deposited on in-core
surfaces was in the range 1 - 3 g, with some indication that it may have been - 3 g in
mid-October. The bulk of this tramp uranium was found in the north loop. The
above conditions are within Ontario Hydro's experience with new reactors.
Fuel inspections showed that only one confirmed defect was discharged after the
August startup 6 . This lends stipport to the small number of defects indicated by the
analysis outlined in this paper.

Table 2-1: FISSION PRODUCT RELEASE RATE FOR DEFECT TYPES 1 - 3
Isotope

Release Rate (x 1010 a/s) from Defective Fuel Type
Typel

Type 2

Type3

Xe

14.7 - 55.4

394.0 - 1282.0

395.1 - 5313.0

Kr

0.310 - 0.825

3.20 - 13.9

27.0 - 32.0

13 I T

0.489 - 19.9

21.9 - 166.0

446.0 - 643.0

133T

0.091 - 0.115

9.59 - 28.5

380.0 - 400.0

133
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For defective elements of low power (below about 25 kW/m), defects are
undetectable for two reasons: firstly, the activity resulting from a defect in such a low
power element would tend to be swamped by the background radiation present in the
coolant water. Secondly, there is no experimental data for release from defects in
such low power elements. Therefore, it can not be stated with certainty that either
of these analysis techniques, which are based on the same database of experimental
results, would still be applicable.
3.4 Analysis of Darlington Unit 1
Unit 1 had operated up until mid-March 1991 and was then shut down from this
time until August. Analysis of coolant activity data available from the GFP system
using the Lewis modei indicated that ~1 high power (45 kW/m) defective element was
present in the core in March 1991, with 6 grams of tramp uranium. The Floyd model
yielded < 1 Type 3 defect with 6 grams of tramp uranium.
In the period between March and August, one bundle with a confirmed defect was
discharged (R15 #11). This reduced the predicted number of defects in core to 0. The
fuelling which was carried out in this period for inspection purposes would have had
some effect on the mass of tramp uranium, but the size of this effect is unknown.
As stated above, GFP data was not available during the August-October operating
period. Therefore, grab samples were used to assess iodine coolant activities in the
PHTS. To be used for defect assessment, a grab sample had to meet the following
criteria:
At least four iodine activities above the detectability threshold, including 134I
• The activities must be near equilibrium.
The last requirement was the most restrictive. There were several periods either
of low power operation or of operation after a short shutdown, which lead to gaps in
the available coolant activity data. Since grab samples were taken each shift, at least
one every day or two would meet the first requirement, once the unit was at full
power.
After startup in August, calculations indicated that there were 2-3 high power (45
kW/m) defects in the north PHTS loop (see Figures 3-1 and 3-2). This indicates that
either new defects occurred (power ramping?) or a defective rod was moved from a
low power position to a high power position in the intervening period. In midSeptember, the number of defects in this loop dropped to - 1 . This is likely due to
fuelling. Only two grab samples from the south PHTS loop met the inclusion
requirements, and they indicate ~1 defect present in this loop in mid-September.
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In the above, P is the performance index of the fit, defined as:
(RIB)t

(9)

where:
i = 1... number of isotopes being analysed
Y{ = the measured RIB ratios for the ith isotope
{RIB)i = the RIB ratio as defined in either equation (1) or (7) for the ith isotope
In the third technique, equation (7) was manipulated so that, instead of three
equations with three unknowns, there was only one equation in e. This equation was
used as the constraint equation.
These three solution techniques are all designed to minimize the performance
index (equation (9)). Therefore, any difference in results when they are applied to a
set of data will be due to the numerical stability of the solution technique.
In order to select the most robust solution technique, a set of RIB data was
generated with typical values of e, X and C (e = 1.3 • 10"6 s'\ X = 2.3, C = 3.4 • 10'3).
These data were then subjected to random errors of various maximum magnitudes
(up to 40%). The solvers were then run on the modified data with initial guesses for
e which were different from the correct value (where required, the initial estimate
for C was determined by the RIB for 134I, and the initial estimate for X was that
value which minimized the error with a given initial estimate of e). The initial
guesses for e were in the range between 1 • 10"8 s"1 and 1 • 10"4 s"1. If, for an initial
estimate of e in this range, the solution technique gave a solution with e in
{9\L0"7,2-10"6}s"\ X in {1,3} and C in {2.440"3,4-10'3}, it was deemed to have been
successful. The range of initial estimates of e for which each technique yielded a
good solution is shown in Table 3-1.
Based on the results of these tests, solution technique 2 was selected as the most
appropriate for use in analysing the defect and tramp uranium status of the
Darlington Unit 1 reactor.
3.3 Limitations of Defect Detection Techniques
There are certain inherent limitations on the detectability of defects in an
operating CANDU. These limitations are independent of the technique used to
analyse the coolant activities.
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is known for the isotopes analysed. B must be estimated based on an assumed
defective element power. R can be calculated from the coolant activity by:

R -[[iililf ^
L *

J

(6)

T
T

e-*

where:
(3 = the purification rate constant (ion exchange and/or de-gassing) [s1]
A = the coolant activity concentration [Bq/kg]
Mc = the mass of coolant in the PHTS coolant loop [kg]
T = the transit time from the defect site to the sampling point [s]
This equation assumes that the coolant activity is in equilibrium between the
source of fission product release from the defect and losses through purification and
decay. To correct for the effects of a power change, the measured/? may be corrected
to the steady-state value by dividing equation (6) by (l-e'XT), where i is the elapsed
time since reactor startup. Since this is a rather crude correction, data from the first
few days after startup should not be used in either of these models.
3.2 Lewis Model Implementation
As stated in section 2.1, implementation of the Lewis model consists of fitting
equation (1) to the RIB ratios determined from reactor data. The fitting process
consists of varying the three fitting parameters e, X and C.
In performing this solution, a simple Newton's method approach to fitting is
inappropriate, as the minimum being solved for is typically very shallow. Various
techniques were attempted, using a solver based on the Levenberg-Marquardt
method6. The different solution techniques used consisted of giving different
formulations of the required constraint equations to the solver. These different sets
of constraint equations were tested for numerical stability as outlined below and the
most stable was selected to perform the analysis.
The constraint equations for technique number one are:
dP(eA,C)
de

= 0

'

dP(e.A,O _ Q
8A
" '

D
R _= 3o. A
where —
B
e+l \

d Pie AC) _ Q
dC

(7)

•H + C

The constraint equation for technique number two (which was implemented within
a simplified grid search) is:
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found in high power elements (> 40 kW/m). Type 3 defects are similar to Type 2, but
they are distributed over the entire sheath.
In order to determine the predominant type of defect in the core, Floyd uses the
ratio between the release rates of 133Xe and 133I {Rxe.133IR1.133)or between 133Xe and 131I
(Rxe-i33/Ri-i3i) ( s e e figure 2-1). The first of these ie the preferred ratio, as it is
independent of the burnup of the defective element. The values of the isotopic release
rates can be corrected for the release due to tramp uranium (which must be obtained
by fitting the observed R/Y to equation (3)), by using
Rdef = Rtot-c-Y

(5)

where:
Rdef = the release rate for the isotope due to defects alone [atoms/s]
Rtot = the overall isotopic release rate (see equation (6)) [atoms/s]
In order to estimate the number of defective elements in the core, the observed
value of R^ is divided by the known release rate for individual defects of the
predominant type (see Table 2-1). RXe.133 should be used to estimate the number of
defects, since the yield of 133Xe is independent of burnup and its release is relatively
insensitive to the location and geometry of the defect3.
Due to the fact that the major source of coolant activity data for DNGS Unit 1 in
the period between August and October 1991 was grab samples, the Floyd model was
not the dominant technique used to determine the defect status of the core. This is
because noble gases are lost during the coolant depressurization required during
sample collection. However, there is some data on noble gas coolant activity from the
Gaseous Fission Product (GFP) monitoring system in the operating period prior to
August 1991. This data can be used in both models to check Lewis' model, which is
the only one which can be used on the data for the August to October period.
3. MODEL IMPLEMENTATION & RESULTS
In this section, implementation of Lewis' model will be discussed. The results of
testing of these routines are presented. Since the Floyd model is relatively
straightforward, its implementation is not discussed here. Finally, analysis results
for Darlington Unit 1 in the period between August and October 1991 are shown.
3.1 Determination of R
In order to determine the state of the core vis a vis defects and tramp uranium
concentration, equation (1) or (3) must be fit to an RIB or R/Y ratio. Y, of course.
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The parameter C is related to the amount of tramp uranium present in core. In
this treatment, it is assumed that the ratio of Ftramp to Ffuel is equal to mjm^, where

mv = °'Ffuel.

(2)

N
where:
mv = amount of tramp uranium in core [kg]
No = Avogadro's number [atoms/mol]
<{> = thermal neutron flux [n/cm2-s]
V = macroscopic thermal neutron cross-section3 [mol-em2/(n-kg)]
Using the equations outlined above and a robust solution algorithm, the three
parameters of interest, e, X and C, can be determined. However, there is one factor
which should be taken into account in interpreting the results. Referring to equation
(1), note that there is a term whose dependence on £ follows the form (e -X)/(£ + A).
For small values of £, this term reduces to (e*X)/?i. Therefore, for values of £ less
than the decay constant of the longest-lived isotope being analysed, it becomes
difficult to differentiate between number of defects (X) and size of the defects (e).
2.2 The Floyd Model
The other model used in this analysis is based on considerations similar to Lewis'.
It is, however, more phenomenological. Floyd's model is based on the release rats to
fission yield ratio (R/Y: note that Y = B/Ffuei). Floyd's basic equation is:4
— = a-lb + c
Y

(3)

where:
a, b = fitting parameters
c = R/Y for tramp uranium (= C-F^) [fissions-s1].
The parameter c is used to determine the mass of tramp uranium by applying:

mv - —£—

(4)

In this model, defective elements are placed within a classification scheme
consisting of three broadly defined types. Type 1 consists of small (~1 mm2), stable
(i.e. not growing), localized defects in low power (< 40 kW/m) elements. Type 2
defects are larger (~1 cm2) and growing, but are also localized on the sheath, and are
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discrepancies in their results. These differences also mean that the circumstances
under which they may be used vary. In this section, the two models will be
described, and their regimes of applicability will be discussed.
2.1 The Lewis Model
This model is based on the release to birth ratio {RIB) for various isotopes. This
ratio is determined from the activity concentrations measured in the reactor,
corrected for the transit time to the collection point and the effects of the purification
system. Also used is an estimate of the power of the defective element. This set of
RIB ratios is then fit to equation (1) by varying the number of defects, X, the average
escape rate coefficient of the defect, e, and the contribution from tramp uranium, C.
The equation governing the RIB ratio for a defect1 is determined by accounting
for the release from the pellet into the gap (assumed to be diffusion-dominated),
transport along the gap to the defect site, and release from the defect into the coolant
water (assumed to be a first order rate process2).
Another source of fission products in the coolant is tramp uranium (UO2 fragments
deposited on in core surfaces). Since these fragments are approximately the same
size as the fission spike, recoil is the dominant release mechanism1. Therefore, RIB
for release from tramp uranium is independent of the half-life of the species involved.
Based upon the above considerations, the equation to describe the RIB ratio of an
isotope in the Primary Heat Transport System ( PHTS) coolant is3:
R_ = 3-s-X.
B
e +X \

£1 -H

where:
e = escape rate coefficient (related to defect size) [s1]
X - number of defects
D' = empirical diffusion coefficient3 in the UO2 [s1]
X = radioactive decay constant of the isotope in question [s1]
H = precursor correction factor for the isotope in question3
C =

¥i-Ftrmip/Fflltl

Ftmmp - fission rate in the tramp uranium [fissions-s1]
Ffuei = fission rate in the defective fuel element [fissions-s1].
This equation assumes that all of the defects are identical in size and location and
that the birth rate (i.e. the element power) of the defective elements are all the same.
Since this would not be true in general, the result of fitting to equation (1) will
provide a sort of "averaging" over e and X.
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ASSESSMENT OF FUEL DEFECTS IN DARLINGTON NGS
P.J. REDD, F.C. IGLESIAS, M.J. DYMARSKT, S.T. LIM\ B.J. LEWIS**
Nuclear Safety Analysis Department, Ontario Hydro
700 University Avenue, Toronto, Ontario, M5G 1X6
Triis paper outlines the work done to monitor the defect status of
Darlington Unit 1 during the operating period between August and
October, 1991. The models used are outlined, and their implementation
described. The analysis results indicate that the number of defected
fuel elements never exceeded 3 in the north PHTS loop, and the mass
of tramp uranium was ~2 grams during the period in question. These
results are within Ontario Hydro's experience with new reactors.

1. INTRODUCTION
In March 1991, DNGS Unit 1 was shut down due to an iodine coolant activity
excursion. After extensive fuel inspections, it was restarted in August 1991 and ran
until October. During this period, a requirement was placed on Ontario Hydro by the
Atomic Energy Control Board to monitor the defect status of the core as well as the
amount of tramp uranium in the core in order to provide assurance that no excessive
fuel damage occurred. While defect monitoring could not detect endplate cracking,
it could indicate severe fuel damage (i.e. fuel breakup due to excessive vibration).
In order to fulfill this requirement, two defect monitoring techniques were used.
These models are outlined in section 2 of this paper. In section 3, the implementation
and testing of these models is discussed, and the results of the monitoring are
presented. The conclusions are given in section 4.
2. THE MODELS
The results which are reported in this paper were generated using two different
models for the analysis of through-sheath fuel defects. Both models are based on
equivalent experimental databases, but differences in implementation cause slight
Darlington N.G.S. (Operations), Box 4000, Bowmanville, Ontario, L1C 3W2
* Department of Chemistry and Chemical Engineering, Royal Military College of Canada, Kingston,
Ontario, K7K 5L0
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EXPERIMENT UTI8 : BEAM PREDICTIONS vs. EXPERIMENT
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POST-IRRADIATION EXAMINATION
The irradiated fuel bundle was examined in the hot cell facility of
Radio-metallurgy Division. One of the outer elements of the bundle was taken
out and a small piece was cut from its mid-length region. Thus piece was
impregnated in a resin and mounted for the examination of its transverse
section.
The sample was then ground, polished and etched remotely for
revealing
the
fuel microstructure, and examined under the remotized
metallograph MM5RT attached to the hot cell facility.
Metallographic
examination of the cross section of the fuel showed a uniform distribution of
equiaxed grains. The grain size of the fuel was measured using a calibrated
micrometer eye piece attached to the microscope along a diameter of the fuel
crosssection.
The grain size of the fuel throughout the section was found to
be 8 ± 2 urn.
The
sample
was subjected to beta-gamma autoradiography using high
resolution Kodak photographic plates. Beta-gamma autoradiography was carried
out inside the hot cells using the photographic plates covered with two 4 um
mylar films. The sample was then kept over the plates and both were pressed
together for about 2 hours. The plates were then developed using Kodak D-19
fine grain developer.
The visual examination of the autoradiographs did no'
reveal any fission product migration in the section.
DISCUSSION
The most direct method of generating the fuel temperature history data is
by in-pile experiments using instrumented fuel elements. For power reactor
fuel elements, the post-irradiation microstruc+yre examination is generally
used to estimate the temperatures experienced
by
the
fuel.
The
microstructural features useful for this purpose are equiaxed grain growth,
columnar grain growth and intergranular porosity. The radial location where a
particular feature starts appearing in the fuel crosssection as one moves from
the fuel periphery towards the centre is assigned a definite temperature. The
temperature for the onset of equiaxed grain growth is normally taken as 1673°K
(or 1573°K for low burnup fuel).
In the present case metallography did not
show equiaxed grain growth, and no fission product redistribution was observed
in beta-gamma autoradiography.
This indicates that the fuel temperature was
not enough to give an observable or measurable grai>". growth, i.e., 1573°K.
The redistribution of volatile fission products like caesium is known to occur
at temperatures above 1373°K.
Since the concentration of these fission
products in the fuel was low due to low fuel burnup, the beta-gamma
autoradiography had not been able to detect any redistribution.
From these
observations it is only possible to say that the fuel temperature was less
than 1573°K.
The results of computer modelling as shown in Figs.3 to 7 and Table 2
showed trends supporting such an observation.
The maximum fuel centre
temperature predicted for a nominal fuel density of 96.5% TD was 1508°K.
Considering a fuel density anywhere between 96% TD and 97% TD, the maximum
fuel centre temperature was predicted in the range 1493-1533°K. The predicted
equiaxed grain growth of upto a maximum of 2.61um almost fell in the margin of
uncertainty in the initial fuel grain size. Such a magnitude of grain growth
would not be discernible during post-irradiation examination.
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Thus the combination of post-irradiation examination and computer modelling
was seen to provide more information regarding the fuel temperature history
and raicrostructurai evolution than any one of these techniques could have
provided on its own.
CONCLUSIONS
Post-irradiation metallography and beta-gamma autoradiography carried out
on the outer fuel element of a PHWR fuel bundle irradiated to a burnup of 3698
MWD/MTU at linear heat ratings ranging from 204 W/cm to 418 W/cm revealed no
detectable grain growth or fission product redistribution in the fuel.
Detailed analysis using a computer model PROFESS predicted that the maximum
fuel centre temperature was 1508°K considering 96.5% TD dense fuel and that
the equiaxed grain growth which occurred was not discernible from the range of
variation in the initial grain size.
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TABLE 1
INPUT DATA USED FOR COMPUTER MODELLING

Stack:
Length of stack: 481.20 mm
Pellet diameter: 14.40 mm
No. of pellets: 28
Dish diaueter: 13.50 mm
Dish depth: 0.45 mm
Fuel surface roughness: 0.8 um
Fuel density: 96.5% TD
Fuel grain size: 8.0 um
Cladding:
filter diameter: 15.27 mm
Inner diameter: 14.51 mm
Surface roughness: 0.8 p

Fuel Element:
Fill gas: Helium
Fill gas pressure:1.0 kg/cm2
Axial clearance: 1.2 mm
Operational Parameters:
Coolant temperature: 548°K
Coolant pressure:102.04 kg/cm2
Fast neutron (>lMeV) flux:
5.0 X 10 13 n/cmz/s
Other:
C: 0.5

TABLE 2
SALIENT PREDICTIONS FROM COMPUTER MODELLING

Fuel Density

Parameter

Maximum Fuel Centre Temperature (°K)
Centre Temperature Range (°K)
Predicted Grain Size at Centre (urn)
Model 1:
Model 2:
Radius of Region where
Grain Growth > lum (mm)
Model 1:
Model 2:
Fission Gas Release (%)

96% TD

96.5% TD

97% TD

1533
928-1533

1508
922-1508

1493
917-1493

11.55
8.71

10.61
8.49

10.15
8.38

1.8
0.0
1.00

1.5
0.0
0.94

1.4
0.0
0.90
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PRAMP - A MODEL FOR CALCULATING THE EFFECT OF VARIABLE POWER
HISTORIES ON THE OCCURENCE OF FUEL POWER RAMP DEFECTS

M.J.F.NOTLEY

Nuclear Safety Analysis Department, Ontario Hydro

ABSTRACT
The paper describes a simple model to calculate sheath stresses and hence the occurence of
defects during a fuel element power history. The process algorithms were adjusted until a
reasonable 'fit' was obtained to a database of the onset of fuel failure, that included experimental
and power reactor information.
The effect of previous power history or fuel fabrication parameters (particularly fuel density and
fuel-to-sheath diametral clearance) were included. The model was used to investigate the
sensitivity of predictions to variation in the process models, and to predict the effect of power
manoevering.

1. INTRODUCTION
Power increases have long been known to cause sheath defects, and empirical correlations such
as FUELOGRAMS [1] and CAFE [2] have been fitted to data to provide estimates of the
probability of z. defect following a power ramp. However the correlations have of necessity been
fitted to pre- and post-ramp power and have therefore implicitly assumed that the pre-ramp period
was at constant low power. The effect of a variable power history on the probability of defecting
at a subsequent power ramp, although a more usual scenario, has only been assessed in a few
isolated instances. Although the fuel performance codes ELESIM and ELESTRES calculate
sheath stresses and thus can be used to predict failure, previous attempts to match code prediction
with failure have given inconclusive results when applied to the whole range of data, even though
success has been claimed for the particular circumstances under investigation.
This study outlines a semi-empirical model that was developed to predict defects following
variable power histories. A simple fuel element model was put together using many of the
algorithms from ELESIM / ELESTRES that describe physical processes, and parameters or
process algorithms were then 'tuned' to obtain a fit with the observed incidence of failure from
actual power ramping data. The model is simple enough that it could possibly be incorporated
into a reactor survtellance code such as SORO, to guide Operations as to which fuelling
manoeuvers might endanger fuel integrity. Furthermore, the derivation and 'tuning' of the
process algorithms (most of which are similar to those in ELESIM / ELESTRES) gives some
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insight into the factors that are probably important in influencing power ramping defects. The
approach followed was to pick (empirically) a critical stress at which it was supposed that the
sheath would fail, and then use the model to estimate the power at which fuel expansion and
hence sheath stress would equal the critical stress. The model was formulated to indicate whether
or not a defect would be expected (a 'Yes/No' type criterion) rather than to predict defect
probability.
Initially the model was intended to account for power changes. The power ramps that caused
fuel failures in the Pickering NGS-A incident of 1988 [3] appeared to be significantly lower than
those expected from the earlier data generated at CRNL. [4]. Suggested reasons for this
discrepancy included:
- a higher density fuel in Pickering (10.75 Mg/m3) than had been tested earlier at CRNL (density
10.65 to 10.7 Mg/m3),
- lower diametral clearance in the power reactor fuel than in experimental fuel,
- the Pickering power histories were different from the NRU histories in that in Pickering the
powers generally increased, then decreased, and were then followed by a ramp to a power higher
than any previous level, whereas in NRU the powers were constant or declined slightly, were
raised again to the initial level, and were then ramped.
- a higher pellet length / diameter ratio in Pickering fuel than in the CRNL tests might have
caused higher diametral strains at the pellet interface positions.
The discrepancy in the power ramping data
Pown
between CRNL and Pickering [3,4] is
IW/itt
summarised in Figure 1. The maximum
10
ramped power to cause failure was about 60
A \ — - - ^
kW/m at 80 MW.h/kg U burnup for both the
SI
.
B
Pickering fuel and the CRNL tests in the
NRU reactor, (point 'A'). At 200 MW.h/kg
U burnup the power for failure was
\
C
SI
approximately 56 kW/m for the NRU fuel
roe
10
(point 'B') and 54 kW/m for the Pickering
B r n p jMWt|l| U)
fuel (point 'C'). A similar situation exists for
F 911 It 1. M K imgm Powtr lot Fiiliri
the ramp (change in power) from low power
to high power for the NRU fuel; at 80
MW.h/kg U the ramp to cause failure was approximately 24 kW/m and at 200 MW.h/kgU about
20 kW/m. For the Pickering fuel, from Table 2a of reference 3 the minimum ramp to cause
failure at 80 MW.h/kgU is between 21 and 24 kW/rn, whereas at 200 MW.h/kg U it is between
15 and 22 kW/m.
There are two possible reasons for the apparent difference in behaviour; the failure probability
is a function of the amount of released fission products (which increases with burnup and power),
or it is a function of sheath stress during the ramp. In practise, the Pickering fuel released
similar amounts of fission product gas to that of the corresponding NRU fuel, so it was thought
more likely that defects occur because of sheath stress (or incremental strain). This assumption
is followed in this analysis.
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If we assume that incremental U0 2 pellet expansion in a rapid ramp is only proportional to
change in power (i.e. not to density or burnup), and if the stress at failure is the same at all fuel
burnups, then we must conclude that the sheath stresses before the ramps must be different for
the different cases considered in Figure 1. At 80 MW.h/kg U the NRU fuel failed after a 24
kW/m ramp and the Pickering after a 21 kW/m ramp; the sheaths of the Pickering fuel must have
been at a higher initial stress than the NRU fuel before the ramp. Similarly the Pickering fuel at
200 MW.h/kg U defected after a ramp as low as 15 kW/m, so the sheath stress before the ramp
must have been higher than the stress for NRU or Pickering fuel at 80 MW.h/kg U. The stress
for the NRU fuel at 200 MW.h/kg U.
Since the pellet expands at approximately 0.019% per kW/m [5] the relative sheath stresses
and strains can be calculated as follows:
i) The NRU fuel experienced a power ramp of about 24 kW/m at 80 MW.h/kg U (point
A), so the sheath was strained 24*0.019 = 0.46% by the ramp relative to the pre-ramp
strain. For convenience in this discussion we will assume this pre-ramp strain (stress) to
be zero. This implies that the gap was closed at low power and the contact pressure
between fuel and sheath was equal to the external coolant pressure, which is not
unreasonable. The convention is used that stress and strain are equivalent and that
positive strains are tensile.
ii) The Pickering fuel at 80 MW.h/kg U (point A) failed after a ramp of 21 kW/m, or 3
kW/m less than that which failed the NRU fuel. The stress before the ramp must
therefore have been approximately 0.46% - 21*0.019% = 0.06% higher for the Pickering
fuel than for the NRU fuel, i.e. a stress equivalent to +0.06% elastic strain.
iii) The NRU fuel at 200 MW.h/kg U which failed at point B must have had a sheath
stress prior to the ramp of 0.46 - 20*0.019 = 0.08% elastic strain.
iv) A Pickering fuel bundle which defected at 200 MW.h/kg U (point C) at 53 kW/m
after a 15 kW/m ramp, would have had a sheath stress prior to the ramp of approximately
0.46% -15*0.019% = 0.17% elastic strain.
In summary, the observation that the maximum ramp-powers required to cause failure were
different, is rationalised as meaning that pre-ramp stresses were different. These differences arise
because of prior operating history and the amount of sheath creep, which depends on mechanical
properties. It therefore appears that failure occurs when the sheath is stressed well past the y: J d
point.

2. MODEL DESCRIPTION
A simple model was written for a LOTUS-type spreadsheet, which was forced to fit the
deduced sheath stresses at points A, B and C (Figure 1). Constants in the model were 'tuned'
to get as good a 'fit' as possible to typical power ramps as discussed in section 3.1.
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The fuel specification variables considered in the model were pellet-to-sheath clearance, pellet
density, densification (a function of density), fuel expansion per unit power increase, fuel
swelling rate and sheath relaxation rate (the rate at which stress is converted to strain). Other
parameters (e.g. pellet L/D ratio, pellet dishing) were not included because of additional
complexity; this study indicated that the primary variables selected were sufficient.
The code assumes that there is no yield
during the ramp, i.e. that all strain is elastic,
line AB in the Figure rather than line AC.
The elastic strain at point B relaxes (is
converted to plastic strain) after the ramp.
very rapidly when the yield point is exceeded
because the stress is unrealistically high. The
alternative of allowing the sheath to yield if
the yield point were exceeded (values between
0.2 and 0.4% were evaluated) could be made
to 'fit' the power ramp data, but this
proceedure gave a very poor prediction of the
effect of successive ramps or of ramp rates. In the model it is assumed that yield is ignored, i.e.
the stress-strain curve follows line ABB' in the figure rather than ACC.
The sheath is stressed in tension by pellet thermal expansion augmented by fission product
swelling. Pellet densification causes contraction, primarily in the early stages of the irradiation.
Sheath stresses relax with time. The sheath is considered to fail at a critical stress. The model
considers the above phenomena, using approximate algorithms to describe each physical process
(described in detail in reference 6). With one exception, all the process models used were closely
similar to those in the literature. However, as discussed in section 3, it proved very difficult to
get a satisfactory 'fit' using the ELESIM sheath mechanical properties as provided by Causey
[7]. These calculate three components of strain rate for given stress, strain, and neutron flux
conditions, namely tensile, primary creep and steady state (irradiation) creep.
Under the conditions of interest, namely strains between 0.001 and 0.5%, stresses up to yield, and
reactor operating conditions* much of the pre-ramp sheath strain is due to primary creep.
Unfortunately, the (unknown) level of pre-strain (cold work) significantly affects calculation of
the initial sheath creep rate. When data due to Kohn [8] measured on as-received sheathing
became available, the Causey / ELESIM algorithm was refitted to Kohns' data and used in this
study.
The Causey [7] and Kohn [8] data are compared below:
Primary creep rate = A" e" o"
where:
Causey
A
2E-7
n
3.13
k
1.5

Kohn
7.5E-23
5.6
1.05

The ability to get a satisfactory 'fit' was greatly improved using the algorithm based on Kohns
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data, indicating that the primary creep of the unirradiated fuel sheath may be an unexpectedly
important parameter in some power histories (see also section 3).

3. COMPARISONS TO DATA
3.1 Fitting Predictions to Power Ramp Data
Predictions of the power at which a pre-selected maximum sheath stress (and hence failure)
was achieved are shown in Table 1 for several different element power histories. Constants in
the process algorithms were altered and predictions of the power to cause failure were tabulated,
so that the set of variables (primarily stress relaxation constant and swelling rate) that best fitted
the observed defect incidence could be selected. The Table shows the effects of altering the
constants:
- Sheath stress relaxation rate varied by multiplying the Causey/Kohn equations by
constants of 0.3, 0.5, 1 and 2,
- Swelling rate per unit burnup (MATPRO value [9] multiplied by 2.2, 1.8, 1.4 and 1),
- Fuel pellet-to-sheath diametral clearance of 0.5 and 0.6% (for the NRU data only).
- Pellet expansion of 0.019%/kW, 0.019 *1.1 = 0.021 % /kW and 0.019 * 0.9 = 0.017%
/ kW [5].
- The effect of using the original Causey algorithm [7] for primary creep (Bruce test case
only).
The set of variables (pellet expansion, swelling and sheath relaxation rate) that give a set of
predicted powers to failure that most closely agree with the observed ramps are presented in bold
characters in Table 1. One set of assumptions, an expansion rate of 0.019% per kW, a critical
stress of 0.475%, a swelling rate approximately 1.4 times MATPRO, and a sheath stress
relaxation rate given by the Kohn / Causey algorithms (see section 2), gives the closest fit1.
Because the present model includes approximate representations of physical processes, these
'tuning constants' are only applicable to the present model, and it should not be inferred that the
algorithms in other codes (e.g.ELESIM or ELESTRES) should be modified by the same amounts.
The 'goodness of fit' was judged by two criteria, (i) the difference between the observed and
predicted final powers at failure was summed and the minimum selected, and (ii) the predicted
powers to fail the two Bruce bundle cases in Table 1 had to be equal or more than their final
ramp powers, because the bundles are thought to have failed by a process other than power ramp

1

Only those cases where a significant fraction of the fuel elements in the bundle defected
during the ramp were considered in deriving the 'fit'; a bounding criterion to ensure avoidance
of defects could be achieved by reducing the critical stress assumed for failure.
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stress cracking [8]. Furthermore the case of successive power ramps over a short period of time
(as during refuelling) was evaluated by comparison to a US criterion [11], see section 3.3.

3.2 Discussion of 'Fit' to the Data Base
The following deductions can be made from Table 1:
i) The model can be correlated to the data base that includes the Pickering NGS incident (3),
CRNL power ramping data from fuel of somewhat lower density [4], and high burnup BNGS fuel
bundles [10].
ii) The sheath mechanical properties (relaxation rate) appears to have a significant effect on the
predictions of sheath failure;
- If sheath stress relaxation rates are high, the sheath tends to 'follow' the pellet surface,
so the pre-ramp stress becomes less dependent on diametral clearance, swelling or
densification. The magnitude of the ramp required to cause failure becomes more similar
for al! fuel densities or burnups.
- If the sheath stress relaxation rate is low, either of two things can happen: If fuel
expansion and swelling is low before the ramp, the ramp required to cause failure will be
higher (the effective diametral clearance is maintained longer). Alternatively if pre-ramp
fuel expansion and swelling are high, pre-ramp sheath stress remains high, so the ramp
to cause failure is reduced.
- The higher-burnup Pickering fuel should tend to fail preferentially in the BHAZ because
of the lower relaxation rate, while other bundles show less sensitivity to sheath creep rate.
iii) The higher the fuel swelling rate, the lower the power ramp required to fail the fuel. The fuel
swelling rate required to 'fit' the data is approximately the same as that in ELESIM, namely 1.4
times higher than the MATPRO value of 0.0029% per MW.h/kg U. However this underpredicted
the overall sheath strain. It should be noted that since total swelling includes the contribution
from gas bubble swelling it is not independent of fuel power, and may increase markedly after
the power ramp; therefore no attempt was made to exactly match the final predicted strains to
the measured strains.
iv) An increase in the as-fabricated pellet-to-sheath diametral clearance is predicted to increase
the power ramp required to cause failure. The increase in the pellet-to-sheath gap reduces sheath
stress before the ramp, and the ramp to failure has to be higher. The higher the swelling rate,
the less the effect of initial clearance, and the lower the power at which failure is predicted. If
the fuel power is sufficiently high at any time before the ramp to strain the sheath, the effect of
diametral clearance or fuel densification rate is reduced.
v) Lowering the fuel density has a similar effect to increasing the diametral clearance, the power
ramp required for failure is increased by lower density, unless the fuel power at any time before
the ramp was sufficiently high to strain the sheath.
vi) Initially, it was found to be extremely difficult to make failure predictions consistent with the
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observed behaviour of BNGS bundle J64728C which defected after a ramp to 45 kW/m at 175
MW.h/kg L' [10]. For almost all sets of variables, failure was predicted at significantly less than
45 kW/m. The reason for this discrepancy appears to be that the mechanical properties algorithm
using the Causey / ELESIM [7] constants was permitting too rapid an initial creep down,
resulting in high sheath stress immediately before the ramp. After modification of the sheath
mechanical properties algorithm to reflect the Kohn data the situation was significantly improved.
This implies that some of the difficulty in correlating power ramp defects to predictions based
on the fuel codes may have been caused by inaccuracies in the primary creep routine of the
mechanical property algorithms.
The least satisfactory aspect of the predictions in Table 1 is that when the high burnup
Pickering and Bruce fuel was predicted to fail, the predicted strains were significantly less than
those observed. If a higher swelling rate before the ramp were used so as to improve the
correlation with measured strain, the 'fit' to the Pickering and Bruce power ramping data
becomes worse. A possible explanation of this is that the swelling at lower powers and/or
burnups is due to solid fission products and is close to the MATPRO value [9], whereas the
measured final sheath strains are partly caused by high power/high burnup swelling, due to
formation of gas bubbles after the power ramp. It therefore follows that in some cases where
the power ramp was marginally insufficient to cause failure, post-ramp swelling may cause
subsequent defects.

3.3 Comparison to Multiple or Rate-of-Ramp Data
U.S. vendors have used a power ramp criterion based on a series of in-reactor tests (11). Using
their criterion, the critical ramp rate for Bruce-size f ael would be 0.07 kW/foot/h (5.6 kW/m/day)
outer element pov er. A case was run for a ramp of high density fuel at 200 MW.h/kg U, where
the power was adjusted so that the stress was kept at 0.45%, i.e. somewhat below the criterion
used in the model that defects would occur at a stress equal to an elastic strain of 0.475%. It was
calculated that immediately after the ramp the power could be increased by 6 kW/m/day, falling
to 4 kW/m/day as the sheath work hardened, which is in close agreement with the experimentally
determined U.S. criterion.
It should be noted that the criterion of an elastic stress of 0.475 % to cause failure is higher
than the yield. Two approaches were tried:
i) failure based on incremental sheath strain during the ramp, and
ii) failure based on reaching a critical sheath stress.
Both approaches could be made to 'fit' the database with one exception. If the sheath were
allowed to yield during the ramp, there was a very poor comparison with the US criterion. This
is because a much smaller ramp would be required to bring the stress back up to failure if yield
were assumed than if yield were not assumed, and failure would be predicted after a power ramp
very much lower than the 6 kW/m/day inferred from the US criterion. This argument implies that
the yield strain of Zircaloy under power ramping conditions (about 0.48 %) is much higher than
that derived from uniaxial tensile tests (0.2 to 0.3 %). Perhaps the anisotropic nature of Zircaloy
and the biaxial stressing at a ramp is responsible.
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3,4 Comparison to other Data
The most appropriate power ramp data have been used in the fitting of the model, so there is
little independent information that can be used in validation. There are some additional Pickering
cases, but they tend to bracket the data used, in that a severe low-burnup ramp (bundle H70452C)
apparently caused no defects, whereas bundle H31138C defected after a smaller ramp.
An extended period of operation at 50 % power occurred in Gentiiiy -il [12]. The model
predicts that although stress relaxation during the low-power period causes increased stress levels
when the fuel is brought back to full power, the maximum stresses are insufficient to cause
failure (consistent with the observation that no failures were detected). The model also predicts
that the fuel would have failed if it had operated all its life at 50 % power and then been ramped
back to full power (60 kW/m). Thus the model prediction that the chance of failure after a ramp
to full power is reduced by previous operation at high power appears consistent with
observations.

4. CONCLUSIONS
A simple fuel element model has been written and 'tuned' to power ramping data. It enables
estimates to be made of the effect of variable power histories or of fuel density or diametral
clearance on the probability of failure. The model is 'tuned' to the data on which it is based and
should therefore be regarded with great caution if extrapolated outside the range of the data base,
i.e. burnups 80 to 300 MW.h/kg U and UO2 density 10.65 to 10.75 Mg/m3. It should be
recognised that it is empirically 'tuned' and therefore the deductions made from use of the model
may have to be changed if other data indicates a need for a 're-fit'.
The power ramp required to cause sheath failure is strongly dependent on the stress level in
the sheath before the ramp. The model indicates that this is very history-dependent; for example
higher diametral clearance or lower density had little effect if the element power were high at
the beginning of the irradiation but had more effect if initial powers were low. The ability to
find a 'fit' to the power ramping data was very much affected by the rate of sheath stress
relaxation due to primary creep and to a lesser extent on fuel densification, diametral clearance
and swelling rates. It is suggested that some of the difficulties with predicting failure with more
fundamental fuel element codes may be due to the process algorithms, especially sheath primary
creep rate.
It was deduced that the mechanical properties of both the BHAZ and the as-received tubing
should be used when calculating defect probabilities. The model indicates that high density, high
burnup fuel may defect in the BHAZ region after a slightly lower ramp than would have been
required to make it fail in the as-received sheath.
An early high-power operating period is found to significantly decrease the likelyhood of
failure during a subsequent power ramp.
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Table 1. Sensitivity of Predicted Failure Power to Constants
Pickering [3]

NRU [4!
3

Density (Mg/m )
10.65
Diar.otrai Clearance (%)
C.5
0.6
Burnup (KW.h/kg U)
100
100
Power to Defect
(kW/m)
60
60

10.74

-Bruce [10J —
10.74

10.74

0.5

C.5

C.5

C.5

0.5

200

121

2C9

300

175

56

60

54

41
45
Sheath mechanical properties
Modified
ELESIM
Kohn [8]
Causey

-Predicted Failure Power (kW/m)Sheath Strain
Multiplier
2
1
0.5
0.3

Pellet
Swelling = 2.2
59
59
59
61
66
61
69
64

expansion C.0189/kW, Critical Stress = 0.475
MATPRO
6C
57
58
42
58
53
55
38
57
51
36
53
57
50
54
36

2
1
0.5
0.3

Swelling = 1.
59
59
60
62
63
68
65
71

59
56
55
56

2
1
0.5
0.3

Swelling = 1.4 * MATPRO
60
60
59
60
64
57
?5"
70
57
68
73
59

2
1
0.5
0.3

Swelling = 1 » MATPRO
60
60
60
61
66
58
67
72
60
70
75
63

2
1
0.5
0.3

Pellet Expansion 0.31B9*!.!, Critical Stress = 0.53
Swelling = 1.8 » MATPRO
57
60
59
61
43
60
57
41
59
55
58
53
39
62
56
57
53
63
55
3t

36
41
47
49

2
1
0.5
0.3

Swelling = 1.4 * MATPRO
60
59
60
57
63
57
65
58

37
44
50
52

2
1
0.5
0.3

Pellet Expansior
Swelling = 1.8 * MATPRO
59
58
60
55
67
56
70
58

2
1
0.5
0.3

Swelling = 1.4 * MATPRO
59
58
62
56
69
59
72
62

MATPRO

35
40
45
48

34
32
31
31

61
59
59
59

57
54
52
51

43
40
39
40

36
43
49
51

35
34
34
33

61
SO

57
54

44
42

37
46

61

ST

47
44

57
55

36
36
36
36

62
61
62
63

58
55
55
56

44
43
46
49

39
50
56
58

37
38
38
39

61
60
59
59

53

57
55
54
54

44
42
42
43

3'0.9, Critical Stress = 0.41
60
59
60
61

56
52
51
51

42
38
38
40

35
44
51
54

61
60
62
63

56
53
53
55

43
40
42
45

37
48
55
58
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A SEMI-MECHANISTIC APPROACH TO CALCULATE
THE PROBABILITY OF FUEL DEFECTS*
by
M. TAYAL, E. MHJ£N, R. SEJNOHA, G. VALLI**

AECL CANDU, Mississauga, Ontario, Canada

ABSTRACT
In this paper we describe the current status of a semi-mechanistic approach to calculate the
probability of fuel defects. It expresses the defect probability in terms of fundamental parameters
such as: local stresses, local strains, and fission product concentration. The calculations of defect
probability continue to reflect the influences of die conventional parameters like: ramped power,
power-ramp, burnup and CANLUB. In addition, the new approach now provides a mechanism to
account for the impacts of additional factors involving detailed fuel design and reactor operation,
for example: pellet density, pellet shape and size, sheath diameter and thickness, pellet/sheath
clearance, coolant temperature and pressure, etc. The approach has been validated against a
previous empirical correlation. An illustrative example shows how the defect thresholds are
influenced by changes in the internal design of the element and in the coolant pressure.

INTRODUCTION
The performance record of CANDU*** fuel is excellent [1]. The cumulative defect rate to
date is low: in over 800,000 bundles irradiated about 1000 bundles have defected in the power
reactors. Most of the defects occurred during identifiable departures from the norm, and helped
improve our understanding of the nature and level of defect probabilities. Surveys of the defects
have shown that Stress Corrosion Cracking (SCC) is ai important mechanism for fuel failures [1].

*

Presented at the Third International Conference on CANDU Fuel, CNS,
1992 October 4-8, Pembroke, Canada.
** ENEA, Ccmitato Nazionale per la Ricerca e per lo Sviluppo, Rome, Italy
*** CANDU: Canada Deuterium Uranium
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At present, empirical correlations [2.3] are used to define the limits of powers and of
power-ramps within which CANDU fuel can be operated without risk of failure under normal
operating conditions. However, the fuel engineers also need to be able to assess the impact of
operating the fuel under conditions beyond the existing data-base. This can help guide the
acceptance/loading of fuel (e.g., effects of manufacturing variations/flaws), or can guide reactor
operation (e.g., effects of power cycles, extended burnups, non-routine startups, non-routine
fuelling, etc.), or can aid in the evolution of advanced fuel designs [1] (e.g., High Burnup Fuel,
Highly Advanced Core, Low Void Reactivity Bundle, DUPIC**, etc.). This paper describes a
semi-mechanistic approach that is a step in that direction.
In this paper we first provide some technical background relevant to SCC, followed by a
discussion of the mechanistic equations and their validation. An illustrative example shows how
the defect thresholds are influenced by changes in the internal design of the fuel element and in the
coolant pressure.
Figure 1 defines some of the terms used in this paper. The nomenclature is given towards
the end.

BACKGROUND
SCC of fuel element cladding occurs when the irradiation-embrittled sheath experiences
high tensile stresses in the presence of a corrosive internal environment provided by the fission
products. It may also be influenced by hydrides, which can provide sites for crack initiation and
which can also blunt the growth of cracks [4,5].
The high tensile stresses occur mostly due to pellet expansion because of power-ramps.
They can also be caused by excessive pressure of fission gas.
To date, the SCC defects in commercial CANDU fuel have been associated w^th
circumferential ridges and with the reentrant corner near the sheath/endcap weld. These are
locations of stress concentrations - please see Figure 2.
The existing correlations [2,3] are empirical and generally express the defect probability as
a function of: ramped power, power-ramp, and burnup. Sometimes, the effect of dwell time and
of graphite thickness is also considered.
In these, the combination of ramped power, burnup, and graphite thickness represents the
concentration of corrosive fission products at the inner surface of the sheath. The power-ramp
represents the stresses and strains in the sheath at the ridge. The resistance of the sheath to SCC is
represented by burnup.
Previous experiments have demonstrated that other features can also influence the
stresses/strains in the sheath. For example, IRDMR*** experiments have demonstrated that lower
density of UO2 leads to reduced strain at the ridge [6]. Similarly, Carter has shown that pellets of
smaller length also reduce the ridge strain [7]. These aspects are not reflected in the empirical
correlations.

** DUPIC: Direct Use of PWR Fuel in CANDU Reactor
*** IRDMR: In Reactor Diameter Measurement Rig
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Likewise, in the area of corrosive internal environment, gamma-radiography has
demonstrated that some fission products tend to concentrate at the interfaces between neighbouring
pellets [8]. For example, Lysell and Schrire report [8] that the concentrations of 1-131, 1-133,
Cs-134, and Cs-137 are a factor of 4-14 higher at the pellet interfaces compared to the midpellet
positions. This means that the number of pellets in the stack can also affect the local concentration
ofcorrodants.
The semi-mechanistic approach described in this paper is being developed to address factors
such as these.
MECHANISTIC PARAMETERS
There is convincing evidence [9] that the likelihood of SCC is influenced by the following
factors: the local stresses and strains, the local concentration of corrodants at the crack tip, the
duration of stress/strains, and the influences of microstructure, of hydrides, and of irradiation on the
resistance of Zircaloy to SCC.
We call these the mechanistic parameters pertinent to SCC.
At this time we calculate the above parameters as follows:
Stresses/Strains
We use-the computer codes ELESTRES [10], SHEATH, and FEAST [11] to calculate the
axisymmetric stresses and strains at the inside surface of the sheath at the circumferential ridge.
The axisymmetric stresses and strains are multidimensional, and each consists of the
following four components: radial, hoop, axial and shear. The peak stresses/strains are influenced
by: the applied load, material properties of the sheath; stress/strain concentrations; degree of
multiaxiality; and boundary conditions (ridge vs endcap).
To cover the above factors, we combine the eight components of stresses/strains by
calculating the total energy imparted to the sheath by tine expanding pellet The following equation
is used:

w

= i CTndQl+ I <722d§2+ I O33d33 + I

Here, ' W represents the work done by the pellet on the sheath per unit volume. It is called
'work density' and has units of MPa. The subscripts 1,2, 3 represent the radial, circumferential,
and axial directions respectively. The four terms on the right hand side represent the contributions
of radial, hoop, axial and shear components respectively. The integration is taken over the total
increment of strain due to the power ramp. The above calculations are done at the inner surface of
the sheath at the circumferential ridges - this location is at high risk of failure.
Corrodant Concentration
We start with the ELESTRES code to obtain the mass of fission products (x) released by the
pellets to the space between the pellets and the sheath. Only some fraction of the fission products
are active species that participate in SCC. To be consistent with the experimental evidence on 1-131
noted earlier, we allow the corrosive fraction of the fission products to concentrate in narrow rings
at interpellet interfaces. Pellet cracking can further enhance the local concentration of fission
products. We assume that the net effect of graphite is equivalent to a reduction in the amount of
fission products that reach the surface of the sheath.
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To account for these effects we use the following equations (Please see the nomenclature):
a = ykik 2

=(
*
am)
\2x rq(N + 1)
J
Here a is the local concentration of corrosive fission products, y is a Fission Product
Parameter, which is proportional to the local concentration of fission products at the sheath surface.
Resistance to SCC
Burnup is taken as the variable that governs the resistance of the sheath to SCC. This needs
to be refined in future studies.
APPROACH
Our efforts to date have focussed on SCC at circumferential ridges. Figure 3 illustrates the
concept behind our approach, using the effect of power-ramp as an example. Larger power-ramps
give larger displacements of the pellet and of the sheath, giving larger hoop strains at the ridge. Yield
eventually levels the hoop stress at the ridge. Near the endcap weld, however, the components of
stresses continue to increase past the uniaxial yield strength due to the high degree of rnuinaxiality.
The trends in the work density are a composite of the trends of stresses and of strains.
As noted earlier, the above curves are specific to a particular fuel design. In Figure 3(d),
'base design' refers to the fuel design on which the existing empirical correlations for defect
probability are based.
Let us suppose that we need to estimate the defect probability of an alternate fuel design say, containing high density pellets - subjected to a power-ramp of APi at a given bumup and ramped
power. As noted earlier, the high density pellets will give higher strains and stresses in the sheath.
Therefore the curve for work density will be different in the alternate design - see for example
Figure 3(d). Hence an equivalence needs to be established between the two fuel designs.
Let the power-ramp APi give a work density of Wj in the alternate design. To experience
the same work density the base design needs to be subjected to a larger power-ramp, say AP2 - see
Figure 3(d). Thus, the probability of fuel defects in the alternate design due to a power ramp of APj
can be estimated by using AP2 in the standard correlation for defect probability. Similar arguments
can be constructed for the effect of ramped power.
To implement the above concept, we start with an existing empirical correlation - CAFE [3].
It expresses the probability of fuel defects in terms of operational parameters like power,
power-ramp and bumup - for the standard design and operating envelope of fuel. Next we calculate
the values of the mechanistic parameters for SCC associated with the above defect probabilities.
In the final step, a relationship is found that expresses the probability of fuel failure in terms of the
above mechanistic parameters.
DEFECT THRESHOLDS
In terms of the mechanistic parameters, the defect threshold for work density is:
= 2.6256 -0.007082©
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Here "W" is the density of work (MPa) done by the pellet on the sheath during the
power-ramp, at the inner surface of the sheath at the location of the circumferential ridge. The
superscript "ih" refers to defect thresholds, "co" represents the element burnup (MW.h/kgU) at the
time of the ramp. A similar threshold is obtained for the fission product parameter. Fuel defects
are unlikely if either the fission product parameter or the work density is below its respective
threshold.
DEFECT PROBABILITIES
If the defect thresholds are exceeded, then fuel defects can occur. Then, the defect
probability, p, is given by:
p = (l+e-A)"1
where,
A = -6.109 + (139.4AB) + 0.012 to + (4.276 y/co) + 0.527 W
The above equations express the defect thresholds and the defect probabilities in terms of
mechanistic parameters, and can be applied to a variety of fuel designs and operating conditions.
They are valid for element burnups between 75 - 220 MW.h/kgU. Fuel failures via SCC have not
been observed at burnups below 75 MW.h/kgU in CANDU fuel containing thick graphite of good
quality. The above equations are considered less precise at burnups above 220 MWh/kgU owing
to a paucity of irradiation data.
ILLUSTRATIVE EXAMPLE
For 37-element CANDU fuel, the mechanistic equations give the same results as CAFE,
which is to be expected. This is discussed later via some graphs that illustrate the predictions.
The above equations were formulated in 1989 as part of a review of the integrity of fuel for
the CIRENE reactor in Italy [12]. We used the above equations to help judge if the CIRENE fuel
is strong enough to survive its intended operating conditions. A summary of that application is given
in the following paragraphs.
The CIRENE fuel, though similar in many respects to 37-element CANDU fuel, differs from
the latter in several details of fuel design and of operating conditions. The following are the major
differences pertinent to SCC:
FEATURE
a. Enrichment

CIRENE

CANDU
none

b. Pellet diameter

some parts of core
larger

c. Pellet dish
d. Diametral clearance
e. Number of pellets

deeper
higher
lower

f. Sheath
g. Sheath yield strength
h. Graphite

thicker
higher
thicker

lower
thinner

i. Coolant pressure
j . Coolant temperature

lower

higher

lower

higher

smaller
shallower
lower
higher
thinner
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These differences have consequences in fission product concentration and in sheath
stresses/strains. For example, for a given element rating and burnup, the bigger pellets in CIRENE
generate more fission products. Even accounting for the larger surface area of the CIRENE sheath,
CIRENE contains more fission products per unit surface of the sheath. The smaller number of pellets
in CIRENE mean that its fission products concentrate over a smaller length of the sheath,
aggravating the previous effect On the other hand the graphite layer is tiiicker in CIRENE, so the
sheath is better protected. Regarding stresses/strains, the lower coolant pressure in CIRENE results
in lower rate of creep collapse of the sheath during the low-power soak. This leaves a larger
diametral clearance between the pellet and the sheath in CIRENE. Therefore, when the CIRENE
pellet expands due to a power-ramp, it imparts less energy to the CIRENE sheath. Similarly, several
other differences can also be identified.
Power-ramp testing of an earlier version of CIRENE fuel indicated that its defect
performance is not consistent with that expected from the standard CANDU correlations. Hence
the fuel design was improved, and the benefit in defect performance was quantified by using the
preceding approach.
The many competing processes noted above can potentially have a complex impact on fuel
integrity. The individual and the combined consequences of the above parameters were quantified
by using the ELESTRES/SHEATH/FEAST codes in conjunction with the semi-mechanistic
equations discussed earlier. Table 1 shows the combinations that were studied parametrically.
Figure 4 illustrates the results.
Figure 4 shows that for a given power history, the larger diameter of CIRENE fuel results
in a much higher level of fission products in the pellet/sheath gap. This tends to lower the defect
thresholds for ramped power (Pmax). On the other hand, the thicker layer of graphite in CIRENE
fuel provides it with a higher level of protection from the fission products. The two effects balance
each other almost exactly, see Figure 5.
For a given power history, the much lower pressure of the CIRENE coolant results in a small
gap between the pellet and fhe sheath at the beginning of the ramp. This means that when the pellet
does expand due to the ramp, the sheath experiences smaller strains and stresses - see Figure 4. This
increases the defect threshold for power-ramps by -30%; see Figure 5.
Once the defect thresholds are exceeded, the defect probabilities frequently increase more
steeply in CIRENE than in 37-element CANDU fuel, owing largely to the larger diameter of
CIRENE fuel. The net defect probability in CIRENE can be either higher or lower than in
corresponding 37-element CANDU fuel, depending on the specifics of the power-ramp. Figure 6
is an example.
VALIDATION
The validation of the computer codes ELESTRES and FEAST have been discussed
previously [10,11]. Both codes show strong agreement with data and with other independent
calculations.
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We also note that for 37-element CANDU fuel, the defect thresholds and the defect
probabilities predicted by our semi-mechanistic equations are identical to those given by CAFE please see Figures 5 and 6. This is not surprising since the derivation of the mechanistic equations
used CAFE in part. Nevertheless, the results are reassuring as a 'quality assurance' check. This
approach ensures, and the QA checks confirm, that the predictions of the mechanistic equations are
consistent with the experimental data on which the empirical correlation CAFE is based. It is noted
here that CAFE is the standard correlation used by Ontario Hydro to calculate defect thresholds and
defect probabilities of 37-element fuel during normal operation, and is consistent with data from
NRU and Bruce reactors [3].
DISCUSSION
The s '.mi-mechanistic equations discussed here do not replace the empirical correlations
now in use. Rather, they provide a means of extending the range of applicability of the correlations,
to conditions that are either not covered by the data base or are poorly represented.
The semi-mechanistic equations continue to reflect the influences of operational parameters
that are currently used for defect thresholds/probabilities, viz: power-ramp, ramped power, and
burnup. In addition, they provide a vehicle to account for the impacts of detailed fuel design
parameters such as pellet density, pellet shape and size, sheath diameter and thickness, pellet/sheath
clearances, etc. Additional operational parameters can also be covered, for example coolant
temperature and pressure, etc. As noted earlier, previous experiments have already demonstrated
that some combinations of the above features can have considerable impacts on factors such as
stresses, strains and fission gas releases.
The example discussed earlier demonstrates how the methodology was applied to CIRENE
fuel with its many similarities but also several differences from the standard CANDU fuel. We
expect that the methodology can also be applied to obtain first-order estimates of defect thresholds
and probabilities in other situations where sufficient empirical data may not exist to provide reliable
guidance. With further evolution, some specific applications of the preceding concepts could
include the following:
Guide the Acceptance/Loading of New Fuel
Sometimes the as-fabricated fuel contains combinations of tolerances that are not
sufficiently covered by the previous well-characterized database on ramp testing. One example is
fuel of high mass, including high UO2 density and low clearances. Or, the fuel may contain
manufacturing flaws whose impact is unknown from previous tests. The approach outlined here can
help provide an interim guidance about the expected performance of such fuel.
Guide Reactor Operation
Similarly, the approach can help guide reactor operation in new areas of operation, e.g.,
effects of power cycles, extended burnups, non-routine startups, non-routine fuelling, etc.
Aid Evolution of Fuel Design
Some specific activities currently underway include [1]: High Burnup Fuel, Highly
Advanced Core, Low Void Reactivity Bundle and DUPIC. Again, the approach outlined here can
be applied in these evolutions.
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CONCLUSION
A framework has now been established for a semi-mechanistic approach to calculate the
defect probability of CANDU fuel.
The approach consists of using the
ELESTRES/SHEATH/FEAST computer codes to calculate the mechanistic parameters pertinent to
stress corrosion cracking, and then correlating the results to the available experimental data. For
37-element CANDU fuel, the serai-mechanistic equations give the same results as the CAFE
correlation. This is not surprising since the CAFE correlation was used in part to obtain the
mechanistic equations. However, unlike the current empirical correlations, the semi-mechanistic
equations can also be applied to other fuel designs and operating conditions. For example, an
application of the mechanistic equations to the CIRENE fuel shows that the thresholds for ramped
power (Pmax) in CIRENE are similar to those in the 37-element CANDU fuel. This is because the
influence of the larger CIRENE diameter is balanced almost exactly by the influence of the thicker
graphite in CIRENE. However, the defect thresholds for the power-ramps (AP) are -30% higher
in CIRENE than in 37-element CANDU fuel. This is mainly the result of the much lower coolant
pressure in CIRENE. Once the defect thresholds are exceeded, the defect probability generally
increases at a steeper rate in CIRENE than in 37-element CANDU fuel.
Further evolution of the technique can extend the range of its applicability.
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NOMENCLATURE
a

Amount of fission products reacted/absorbed/adsorbed by graphite, per unit mass
of graphite

A

Constant in the equation for defect probability

e

Exponential

ki

Ratio of the mass of active species to the total fission products

k2

Concentration factor for fission products due to pellet cracks

rn

Mass of graphite

N

Number of pellets in the stack

p

Defect Probability (fraction)

Pmax

Power after the ramp

AP

increase in power

q

Width of the ring into which the fission produ' .ts concentrate

r

Inner radius of the sheath

W

Local density of work

Greek Symbols

a

Concentration of active species at the sheath surface

y

Fission Product Parameter

e

Sheath strain

0

Stress in the sheath

%

Mass of fission products released by the pellet

CO

Burnup

Superscript
th

Threshold
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TABLE 1
PARAMETRIC STUDY: INPUT DATA
PERMUTATION

PELLET
MATERIAL

#3
#4
#5

SHEATH

COOLANT&
PLENUM

37-ELEMENT

#1
#2

PELLET
DIMENSIONS

CIRENE

U

37-ELEMENT

CIRENE
CIRENE
CIRENE

37-ELEMENT
37-EL

Reentrant Corner
RAMPEO POWER
\

CIRCUMFERENTIAL
RIDGE

,

PELLET

SHEATH

\

ENDCAP

POWER
RAMP

o
Q.

PRE-RAMP POWER
FOR CLARITY THE
WAVINESS HAS BEEN
EXAGGERATED

SHEATH/ENDCAP
JUNCTION

K- 2.5h

(b) FUEL ELEMENT

BURNUP

(a) POWER HISTORY
REGION ANALYZED

SHEATH
CHAMFER
/TAPER

ENDPLANE

DIAMETER

(d) REGION ANALY2ED

(C) PELLET

FIGURE 1 DEFINITIONS OF TERMS

Pr i n c 1 pal Stresses
-60 MPa
40
Sheath

140
240

Location of
Maximum
Stress

340
450

Location of
Circumferential
Ridge

550
'-.$•:

£»•!;

650
750
860
960
1060
1160
0.6 mm Cold Axial Clearance
0.2 MPa Internal Pressure
0.04 mm Axial Displasement
0.06 nun Radial Displacement

Elastic-Plastic Calculation

Figure 2 : Principal stresses near the endcap
and near the circumferential ridge

h

z
5

Ul

ui
0

ELESTRES

<

J

a

(a) Displacement
^

_

—

CMAMGE IIM POWER

tLESTRES

(b) Hoop Strain
CHANGE IN F-OWEFl <kW/m)

SHEATH
FEAST

(c) Hoop Stress
CHANGE iry POWER (kW/m)

t
« 0•1
z
u

0

IT
0

SHEATH

0
A L T E R N A T E OESIGISJ

--^•^-"
^<"'
>.

^ ^
BASE
DESIGN

| FEAST j
(d) Work Density

CHANGE 1*^1 POWER <KW/m)

FIGURE 3: IMPACT OF A POWER RAMP

5-35

2500

Fission Product Parameter (micro g/mm"2)

Temperalure (Oeg C)
200

2000150

1500 h
100
1000 -

so-

500 r

2

3

4

2

Permutation Number

Central Temperature

4

Fission Product Parameter

Work Density (MPa)

Incremental Strain (%)

2

3

Permutation Number

3

4

2

Permutation Number

3

4

Permutation Number

Incremental Hoop Strain in Sheath

Work Density
900128

Figure 4 : Parametric Study : Results

5-36

Defect Thresholds
CIRENE & 37-Element
Power (kW/m)
70
60

Pmax:CIRF.NE&37-El

50,
40 h

Del P : CIRENE

30
20

DelP:37-El

10
0
0

50

100

150

Burnup (MW.h/kgU)
CIRENE Pmax

CIRENE Del P

37-E1 Pmax

37-E1 Del P

900220

Figure 5 : Defect Thresholds

200

250

Defect Probability

Defect Probability

CIRENE vs 37-Element

CIRENE vs 37-Element

Defect ProbabUity (%)

Defect Probability (%)

Po-2SkWAn
Bumup-lOOMWJi/kgU

Po«36kWAn
Bumup « 1 2 5 MW-WkgU

100

100
CIRENE

80

80

60

60

40

40
37-Element

37-Element

20

20
CIRENB

-H-+10

20

30

40

50

60

70

20

Power Increase (kW/m)
•

a)

37-Element

Po«25kWAn

+

C1KENE

40

60

80

Ramped Power (kW/m)
•

37-Element

+

CIRENE

Po»36kWAn
Bumup. 125 MWJi/kgU

F'nure 6 : Comparison of Defect Probabilities
in 37-Element and in CIRENE Fuels

100

5-38

- CAFE A PROBABILISTIC MODEL FOR PREDICTING CANDU FUEL
SCC POWER RAMP FAILURES
by
R.L.da Silva
Ontario Hydro
Nuclear Operations Centra) Division
595 Bay Street
Toronto, Canada
ABSTRACT
During the last decade fabrication changes to Ontario Hydro's nuclear
fuel bundles, including higher density UO2 and increased U mass, have
resulted in improvements in discharge burnup and reduced overall reactor fueling costs. However, fuel bundle failures in 1988 at the Pickering Nuclear Generating Station implicated these production changes in a reduced tolerance to
Stress Corrosion Cracking failure arising from Pellet-Cladding-Interaction.
Previous empirical failure correlations, derived from earlier CANDU fuel
experience, at relatively lower burnups, were found to be overly optimistic
when it came to predicting the severity and number of observed fuel defects.
A statistical analysis of this recent Pickering data has led to an improved algorithm for estimating the probability of failure due to SCC. The methodology
makes use of a binary Logistic model based on the Maximum Likelihood
Method which recognizes individual element failure probabilities and their
dependency on burnup, ramped power and ratio of power change. The formalism is general in that it may be applied to other CANDU and LWR fuel
types and can be supplemented with more physically based variables to provide a mechanistic approach to fuel failure modelling of SCC.
1. INTRODUCTION
During the early 1970's the occurrence of fuel failures in the Pickering and Douglas
Point Nuclear Generating Stations, arising from Stress Corrosion Cracking (SCC) during sustained power ramps, led to the development of Canlub. Experimental irradiation tests in the
Chalk River Laboratories NRU research reactor demonstrated, that a thick coating of graphite
Canlub provided a substantial improvement in the tolerance of CANDU fuel's collapsible
cladding to survive severe power ramps. '•* By the late 1970's, early defect fuel correlations
derived from non-Canlub failure data (eg., FUELOGRAMS 3 ) were rendered irrelevant with
the wholesale introduction of Canlub to production fuel. By the mid 1980's, empirical correlations which recognized the ameliorating benefits of Canlub-coated Zircaloy cladding were
developed using the NRU test results. These correlations were believed to provide a good
indication as to the onset of failure for Canlub CANDU fuel. 4 In 1988 however, a startup
recovery following a reactor trip at the Pickering Nuclear Generating Station Unit-1 caused a
significant number of Canlub fuel failures which have subsequently been indentifed as SCCtype defects. 5 The fuel power and burnup distribution was atypical owing to the fuel management scheme in use at the time. The power ramps experienced by fuel in the center region of
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the reactor occurred at burnups in excess of the normal envelope of operations for Ontario
Hydro reactors. As shown in Figure 1, the number and extent of failures were grossly underpredicted with existing NRU-based defect correlations.
These SCC failures in CANDU fuel (the first such occurrence) provided the requisite
statistics to develop and refine a probabilistic fuel failure code for current production fuel.
This paper describes the methodology used to derive the statistical SCC failure code -CAFEwhich is now used by Ontario Hydro to assess fuel performance under higher burnup/power
ramping conditions. The treatment is general in that its formalism can be applied to other fuel
types, and the influencing variables can be supplemented or replaced by more physically
based parameters to provide a mechanistic approach to modelling PCI fuel failure.
2. FUEL OPERATING DATA
On 1988 November 22, a trip occurred in Pickering NGS reactor unit 1. During the trip
recovery, flux flattening adjuster rods were withdrawn from the core and reactor power was
raised to 87% of full power for a period of approximately 40 minutes. Normally, power levels remain below 65% full power with this adjuster configuration. Within a short period of
time, measured radioiodine levels in the heat transport coolant indicated a number of in-core
defects. Subsequent defueling and underwater inspections of 135 fuel bundles identified a total
of 35 failed bundles with 288 defective elements.
Follow-up analysis using physics simulations indicated that approximately 200 bundles in
the central region of the core adjacent to the last pair of adjuster rods withdrawn received
relatively large power increases and high ratios of final power to initial power. And because
of the fuel management recycling scheme, a number of these bundles had burnups in excess
of 200 MWh/kg(U). f These higher burnup bundles were found to account for = 70% of all
the failed elements identified. 5 During 1989-90, discharged Pickering fuel, both intact and
defective elements, were shipped to the Chalk River Laboratories for destructive examinations
and determination of the failure cause. Hot cell examinations identified small SCC throughwall cracks in all of the failed elements examined. 5 The metallographic details of these
failures were typical of those observed on early 1970 bundles as well as those induced in
out-reactor Zircaloy slotted ring tests in corrosive iodine environments. 3i6-7 Subsequent
analysis also noted that a 2.5% increase in uranium mass per bundle, achieved by removal of
sintering porosity and reductions in internal pellet-to-clad clearance(s), likely contributed to
greater stresses and strains for similar operating conditions when compared to earlier fuel
designs. 5
A summary of pertinent fuel operating statistics is presented in Figures 2 and 3. The
Pickering CANDU fuel bundles which failed are comprised of 3 rings of 16 , 8 and 4 elements for a total of 28 elements (see Figure 4). Because of radial flux depression, the outer
ring of 16 elements operate at higher power levels and bumups than the other two rings and
are therefore most at risk. Hence the analysis presented is restricted to these elements only.
3. THE MECHANISM BEHIND PCI/SCC FAILURES
It is generally accepted that the driving force behind SCC failure is the magnitude of
resultant stresses arising from the differential pellet-to-clad expansion, coupled with the quantity of available corrosive fission product and the existing ductility of the Zircaloy cladding.
While the former is a function of the change in power, the latter two variables are strongly
identified with the fuel irradiation history or burnup. Fuel failure models attempting to
describe the process mechanistically, must calculate pellet and cladding stresses, strains, strain
rates, creep, fission product chemical interactions, etc... and their inter-dependencies. None of
these attempts 1iave met with unqualified success in part owing to statistical variation between
"like" fuel rods, but moreover, because of the modelling difficulties encountered when trying
t Typical discharge bumups for Pickering fuel is "200 MWh/kgU.
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to account for all the competing effects. 8%9 Hence, the more tractable approach is a statistical
fit to the data which tries to lump these influencing variables into easily computed parameters.
In this work, the fuel variables burnup (co), final power (0 and ratio of overall power change
(y) which are readily computed with physics codes were the easiest to base the model on.
This is consistent with other failure models that have appeared in the literature. 3-9
4. THE MATHEMATICAL MODEL
We seek a functional A = A (co , £ , \j/) which relates the estimated probability of clad
failure, p, and the variables £, co and \\f which are assumed to have an influence on this
failure outcome. This functional dependence is constrained by the requirement that the range
of allowable probabilities be bounded. We choose to write this dependency as:
p =/?(©, C,\|0=p&4) = -^—r = ( l+e~ATl
(1)
\+eA
The model in eqn (1) is termed a "Logistic Model" and by it's form it is obvious that it
is well behaved ie., it satisfies our constraint on p such that 0 < p < 1 in the limits A —> ±°° .
The logistic model has been especially devised to deal with binary data, 10 that is data in
which the observations are one of two outcomes; here, failed or not failed. Since physical
considerations do not dictate a particular form of dependency for A - A (co , £ ,\\f) other than
as 0), C, and \j/ increase, p increases, we write the dependency of A on the response variables
Zj j = 1,2,..., k in the general form:
A =A(zl..z2,---,z/c)

(2)

and since we are free to choose any form for A to test, we select a linear combination of the
variables Z: such that:
(3)
If we knew a priori the form of the equation for A to be fitted, each independent event
could be assigned a probability /?, that varies with each choice of a set of values for the unknown Oj coefficients. The product of the probabilities Yl Pi for t n e sample population - for a
given set of values for the coefficients, is called the likelihood of that set. Our goal is to find
a particular set of coefficients that maximizes this product; it is termed the maximum likelihood set and the mathematical approach the maximum likelihood method. ''
4.1. The Maximum Likelihood Function
The maximum likelihood approach requires us to find a functional form for A which
maximizes the observed event; ie., the probability that all the elements which were observed
to fail - failed and those which did not fail - survived. The mathematical expression of this
outcome can be written as:

M=fiPi n o-Pi)
,'=1

i= n +l

where
n = the number of observed failed elements
N = is the total number of elements in the sample population, and
M = maximum likelihood function.

(4)
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Substituting in for/?,- from eqn (1) and expanding the product series gives:

M = —-

(5)

n

and, replacing the AL with the general definition given by eqn (3) we obtain:
<io + Z a ; z A

n

ne »
i=\

M =

(6)

i
a

o + Z a>:

N

This expression is recast in a somewhat simpler form by defining
/<?r i = 1 , 2 , - - • , N

(7)

°' ~ [0 i = 1+n , 2+n , . . . , N

(8)

zOl- = 1

and

With this definition eqn (6) becomes:
A'

5,J> A v

M = ——

(9)

:

n (i + ^;=o

J=I

)

It is more convenientf to maximize the \oge (M) which we denote as I. Under this
transformation equation (9) becomes:

Z a;2

N

L =

(10)

7=0

This function is maximized by taking partial derivatives with respect to the
<20 , a i ,..., ak and setting the resultant equations = 0. The system of k+l simultaneous nonlinear equations to be solved are:
i

ZW

= s^

i

Z <*,-*

t Note, this is mathematically equivalent to maximizing M.

=0

for I =0, 1, 2,...,

(11)
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The solution to eqn (11) can be evolved using the Newton-Raphson Method. This
involves solving the matrix expression:
G(a) = a -J~\a)F{a )
(12)
where J(a) = Jacobian matrix of F(a) and G(a) is the solution vector for the unknown
at 's. This numerical method will converge for a good first guess at the a ; values, provided
\J(a)\ * 0. 1 2 The elements of the (k+l)(k+l) Jacobian matrix are determined from:
dFi
J lm ~ ~-\
act—

2>/ Z A

N
"~ ~ 2-i ^li ^mi 11 + C

_2
)

• ,

\m = 0,1,2,..., k
1/
'

— fl 1 7

fr

~ "»*>—>-••» *

A Fortran program was written to perform the necessary calculations.
4.2. Bundle Failure Probability
In order to apply the method described above on a bundle (or assembly) basis, we must
first provide a method of estimating the failure probability of a bundle. This we denote with a
capital P. Mathematically this represents the likelihood of failure given t values of pt, where
t is equal to the number of elements at risk per bundle. The equation expressing this can be
shown to be:
P = 1 - f l (1 -Pi)
(14)
where P = the probability of a bundle in our sample population failing. In the case of Pickering and other CANDU fuel designs, elements on the same radial ring all operate at the same
conditions,f hence p-t - constant for a given bundle. With this equality, equation (14) can be
rewritten as:
P = l-(l-pY

(15)

The value of t has a large influence on the estimated failure probability of the bundle P
for a given value of p. This simply means that the more elements at risk , the more likely
that at least one will fail and hence P —» 1. In the case of Pickering fuel, since t = 16, we
observe that even a relatively small value of p ~ 0.09, results in a P ~ .80.
At a more practical level, a failed bundle is defined in operational terms as an assembly
with at least one 1 failed element. Thus we found that if one looks at the number of
"expected" element failures on a given bundle, which we denote as:
<P>=2j>i=tp

(16)

then, when a value of <p> is less than unity ie., the likelihood of at least a single element on
a bundle failing is small, then the expected bundle failure probability P is arbitrarily assigned
a value of 0 and not considered to be at risk. This, we argue, can be viewed as a measure of
the uncertainty in the estimates of small probabilities. For Pickering fuel, the uncertainty
cutoff is equal to =6.3%. In the analysis discussed below, values of P were calculated using
both the exact definition, eqn (15), and with the approximation below:

P<rl
p > r>
t The genera] case obviously depends on the geometry of the fuel assembly.

(17)

5-43

5. APPLICATION OF THE METHOD
So far the mathematical framework has been completely general, it is now shown how
the formalism above can be applied to the Pickering defect event. The values of element
linear power (£), element burnup (to), and overpowerf (\j/) were determined from physics
simulations of the event for the 135 fuel bundles that were visually examined. From Figures 2
and 3 the following information is available:
N =2160 the total sample population of inspected outer elements,
n = 288 the number of identified failures
The statistics available (ie., those inspected) represent only a sample of the entire core
fuel element population, * hence we can only calculate (for any fit) an estimate of the true
values of the a,- 's. Our solution therefore provides values of dj {j = 0,l,...,&}. After some
trial and error, the following choice for the response variables yielded a reasonable maximum
when substituted into eqn (10):
zl=\ogem

z2 = loge(0

z3 = y~}

(18)

The corresponding fitting parameters a 0 , ax , d2 and d3 that were found are:
do = -338.9

dj = 16.9

d2 = 63.6

d2 = -4.4

(19)

Substituting these results back into eqn (1) provides the required result - an expression relating the probability of failing a fuel element, given physics values for co , C, and \j/:
p = (1 + e + 3 3 8 ' 9 ~ 16 ' 9 l o g ' ( a ) ) "

63 6l o & ( 0 +4 4r

'

'

V

!

(20)

5.1. Measuring The Goodness of Fit
In order to assess whether our fitted model provides realistic estimates of the probability
that a fuel element defects given a datum of co , C, and \\f we compute the estimated defect
probability, p-t , using equation (20). The values of /?; computed are then ordered in ascending rank (smallest to largest). Roughly speaking, the majority of the elements which failed
should appear towards the end of the list, if the values of p-t are reasonable. Further insight
into the goodness of fit can also be had by collecting like elements, t per bundle (the physical
geometry), and then divide the bundles into r groups, with the same number of bundles per
group. Then for each r group we compute the estimated number of failures at both the element level and bundle level and compare these results with the observed number in both. If
the model is adequate there should be corresponding good agreement between the estimated
and observed numbers of failures in each of the r groups. A value of r = 10 is frequently used
and the resultant table of values referred to as a deciles of risk table.
Using the definitions above for/5, eqn (20), and P, eqn's (15) and (17), the estimated
failure probabilities for the sample population were generated and ranked and the deciles of
risk table computed. The results appear in Tables 1 and 2.
6. DISCUSSION OF RESULTS
The resulting fits are displayed in Table 1. It is seen that the model fits the data veiy
well indeed. Almost all the failures observed (samples 103 - 135) are predicted to have failed.
Those bundles which failed at moderately low burnups are not predicted, however it should be
noted that in most of these cases the number of actual element failures per bundle were
t Overpower is defined as the peak local ratio of final ramped power to initial power
T
The Pickering core contains a total of 4680 fuel bundles (74880 outer elements) of which,
only those in the central region of the core experienced positive overpowers.
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relatively small, usually 1 or 2 out of the 16 possible outer elements. Table 2 shows how
well the deciles of risk agree with observation. The total number of estimated failed elements
is 288.1 versus 288 observed. There is correspondingly good agreement between the numbers
in each group. The predicted number of failed bundles is less accurate ranging between a high
of 41.1 (equation 15) to 32.6 (equation 17) compared to the 35 observed. The use of the
fanner definition for P is obviously more conservative given the expressed fact that all failure
probabilities are equally weighted. Application of the model to fuel bundle designs that contain many like elements, may find this criterion too restrictive, and in this case, are probably
better off adopting the definition given in equation 17 which relaxes the treatment of small
estimates of/?,-.
6.1. Probability Surfaces
One of the benefits of describing the likelihood of failure arising from a stepped power
change using the logistic model of equation (20) is that it allows for the construction of probability surfaces in 3 dimensional space. This is shown in Figure 5 where the value of y
chosen was set equal to 1.45 (ie., the minimum value for which defects were observed) to
illustrate the technique. We see from the surface contours that there is a "safe" area of power
ramping operation defined by S = S (co , £ , 0) where no failures are expected for values of
\j/ < 1.45. Note, however that the probability surface response is very steep, owing to the
exponential dependence, as we increase the values of either L,, the final power or co the
burnup. In the limits co 3> 0 and/or C, s> 0, the estimated likelihood of failure arising from
SCC approaches unity. Obviously, many other constructs are possible using the 3 independent
variables but we show only one to illustrate the graphical representation of our solution.
6.2. Application to Other CANDU Reactors
Ontario Hydro reactors are fueled with either 28 Element (Pickering) or 37 Element
(Bruce and Darlington NGS) fuel bundle assemblies. f If the CAFE model as described by
equation (20) is to be a useful predictive tool, then it must also be applicable to both 28 and
37 Element production fuel in other reactors. As a test of the statistical significance of the
model, 2 sets of independent data were input to the model. The first test included a full reactor year (1988) worth of refueling data from Bruce NGS Unit 1 and Unit 5. This involved a
total of 12,401 individual bundle or 223,218 outer element power ramps. CAFE returned a
total defect prediction for this set of 67 elements distributed over 23.7 bundles - a defect rate
of 0.19%. This is a conservative estimate, being somewhat larger than the combined defect
rate for these 2 units of .041%.
For the second full test, fuel bundles with higher than normal burnups (co > 150
MWh/kgU) at the time of the ramped power change, weie extracted from the historical database from all Bruce reactors. Higher burnups were used because it was this factor which has
been cited as a major influence on whether fuel in Pickering failed or remained intact (see
Figure 3). 5 A total of 56 bundles (1008 elementJ) were used. CAFE predicted no bundle
failures from this set. Published data from Bruce NGS CANDU high burnup experience indicates that 2 of the bundles in this set are known to be defective but the cause has been
identified as other than classical SCC types. 13
Fina"y, CAFE has been used extensively over the past 2 years within Ontario Hydro to
help fueling engineers better define "safe" operating regimes for Pickering and Bruce fuel
operating near or outside the normal historical burnup and power envelopes. 14

t AECL - CANDU reactors are fueled with 37 Element bundles (radial rings of 18, 12, 6
and 1) similar to the Bruce and Darlington designs.

5-45

7. CLOSURE
A reactor trip recovery at the Pickering Nuclear Generating Station in 1988 produced the
first and only inc:dance of a rash of Canlub fuel power ramp failures in an Ontario Hydro
reactor. A total or approximately 200 bundles experienced temporary power increases, of
which, 135 fuel bundles were examined. Of these, 288 fuel elements on 35 bundles were subsequently identified as having failed. Follow up examinations at the Chalk River Laboratories
found the failures were a result of Zircaloy Stress Corrosion Cracking. Higher production
density UO~ and increased U mass per bundle are believed to have increased sheath stress
during the elevated power dwell period promoting SCC for higher bumup fuel.
A mathematical model designed to deal with binary outcomes (fail/not fail) was used to
fit the defect database of examined fuel. The method makes use of the Maximum Likelihood
technique which considers each element in the sample population individually. The derived
empirical probabilistic correlation referred to as CAFE, expresses the likelihood of an element
failing from SCC given values of fuel bumup, co , final power, C, and \|/, the ratio of final to
initial power. CAFE returns good estimates of the likelihood of a bundle failing, including the
total expected number of elements, due to SCC - for the database used in the fitting process.
The model was also applied to a different CANDU fuel design with independent data sets and
returns reasonable estimates of the total number of defects compared to observation.
The mathematical construct on which CAFE is based, is presented in a completely general way, thus allowing for application to other nuclear fuel designs (given relevant defect
data). Furthermore, the variables which influence the likelihood of failure in CAFE (oo, £ , y )
can be supplemented with more physically based variables (ie., temperature, cladding stress
and strain, etc..) in order to evolve a mechanistic model for SCC failure.
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Table 1
CAFE Fitted Results
Observed vs Predicted Number of Failures
Sampl*
No.

ELEMENTS
0 ibaarv * d P r a d i c t a d
«qn(16l

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
SO
51
52
53
54

0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
2
0
1
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0

55

a

56
57
58
59
60
61
62
63
64
65
66
67
68

0
0
0
0
0
0
0
0
0
0
0
0
0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.1
0.2
0.2
0.1
0.1
0.2
0.2
0.2

3OWLZS

Saapla
No.

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
1.0%
1.0%
1.0%
1.0%
1.0%
1.0%
1.0%
1.0%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0«
0.0%
0.0%

0.0%
0.0%
0.0%
0.04
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

o.ot
0.0%
0.0%
0.0%
0.0%
0 . 0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

0.0%
0.0%
0.0%
0.0%
0.0%
100.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
100.0%
0.0%
100.0%
0.0%
0.0%
0.0%
0.0%
0.0^
0.0%
0.0%
0.0%
0.0%
0.0%
II. 0*
100.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

ELEMENTS

c>b*arv ad Pradictad

Pradictad
Obsarvad
•q=(20)
aqn<17 )

aqn(16)

69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84

as

86
87
88
89
90
91
92
93
94
9S
96
97
98
99
100
101
102
103
104
105
106
107
103
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127

12a
129
130
131
132
133
134
135

0
0
0
0
3
0
0
0
0
5
0
0
0
0
0
0
0
1
0
3
2

a

0
0
0
0
0
0
0
0
0
0
0

s0
0
1
0
0
0
2
4
1
0
6
2
1
13
6
8
11
13
2
16
6
16
IS
9
13
16
14
14
16
16
16
15
16

0.2
0.1
0.2
0.1
0.1
0.1
0.2
0.2
0.2
0.1
0.1
0.2
0.1
0.3
0.3
0.2
0.3
0.3
0.4
0.3
0.3
0.3
0.4
0.6
0.6
0.8
0.7
0.8
0.8
0.8
0.9
0.9
1.0
1.5
1.6
1.5
1.7
2.0
2.0
1.9
2.8
2.8
3.3
3.4
3.5
4.0
5.6
6.5
6.5
6.8
7.8
9.1
9.5
9.9

12.1
12.2
12.3
12.6
13.4
13.6
13.7
14.1
14.4
15.3
15.5
15.7
15.8

BUNDLES
Obaarv
Pradl e t ad
aqn(20) • q n ( 1 7 )
1.0%
1.0%
1.0%
1.0%
1.0%
1.0%
1.0%
1.0%
1.0%
1.0%
1.0%
1.0%
1.0%
2.0%
2.0%
2.0%
2.0%
2.0%
2.0%
2.0%
2.0%
2.0%
2.0%
3.0%
4.0%
5.0%
5.0%
5.0%
5.0%
5.0%
6.0%
6.0%
6.0%
9.0%
10.0%
10.0%
10.0%
12.0%
12.0%
12.0%
17.0%
17.0%
20.0%
21.0%
22.0%
25.0%
35.0%
40.0%
41.0%
42.0%
49.0%
57.0%
59.0%
62.0%
76.0%
76.0%
77.0%
79.0%
84.0%
85.0%
8S.0%
88.0%
90.0%
95.0%
97.0%
98.0%
98.0%

0.0%
0.0%
O. 0%
0 . 0%
0 . 0%
0.0%
0.0%
0.0%
0 . 0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0 . J%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
80.0%
S2.0»
80.0%
83.0%
89.0%
89.0%
87.0%
95.0%
95.0%
97.0%
98.0%
9«.0%
99.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
100.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
100.0%
0.0%
100.0%
100.0%
0.0%
0.0»
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
100.0%
0. 0%
0.0%
100.0%
0.0%
0.0%
0.0%
100.0%
100.0%
100.0%
0.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%

iao.o%
100.0%
100.0%
100.0%
100.0%
IDO.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
1C1.O*
10 .0%
130.0%
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Table 2
CAFE Fitted Results — Deciles of Risk Table
Observed vs Predicted Number of Failures

Group

No.

FAILED

ELEMENTS

i

FAILED BUNDLLS

No.

u

in Group

Observed

X

3
4
5
6
7
8
9
10

288

0
0
3
I
0
5
6
5
36
232

Totals

2160

288

1
1

208
208
208
208
208
208
208

208
208

Predicted
eqn(20)

in Group

0.0
0.2
00
0.3
0.7
1.7
3.4
11.8
45.1
224.9

13
13
13
13
13
13
13
13
13
18

288.1

135

1
|

Observed

Predicted
eqn(15)
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Figure 1
Pickering NGS Unit 1 (Nov. 88) Ramp Data
Comparison to NRU Canlub Fuel Failure Threshold
(Confub) Burnup vs Ramped Linear Power
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Figure 2
Bundle Power Increase vs Burnup
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Figure 4
Pickering 28-Element Fuel Bundle
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Figure 5
CAFE Probability Surface Plot for y = 1.45.

Region of "High Risk"
from Failure of SCC

"Risk Free' Region
of Power Rarnping

•s
.a
o

o

a.

1

5-53

RECENT VALIDATIONS OF THE ELESTRES CODE

K. HALLGRIMSON, M. TAYAL, B. WONG. R. ABOUD

AECL CANDU, Mississauga, Canada

ABSTRACT
Comparisons of experimental measurements to predictions of the computer
code ELESTRES for specific fuel characteristics have been performed at Atomic
Energy of Canada Limited. ELESTRES is a fuel performance code which
predicts the behaviour of a CANDU fuel element under normal operating
conditions. A database, which contains 133 irradiation histories with bundle
powers and burnups as high as 124 kW/m and 470 MWh/kgU respectively, has
been established to validate the ELESTRES code. This database provides the
ability to compare experimentally measured fuel characteristics to ELESTRES
predicted results. ELESTRES demonstrates a strong agreement for all the fuel
characteristics examined: fission gas release percentage and volume, ridge
strain, mid-plane strain, fission gas pressure, and centre-line temperature.
Additional validations from past comparisons are also included for
completeness; these validations show the same trends. These validations
demonstrate that the ELESTRES code is a quick and reliable tool for predicting
CANDU fuel behaviour under normal operating conditions.

1.

INTRODUCTION

1.1 Need
A nuclear fuel element consists of a cylindrical tube, called the sheath, containing sintered
uranium dioxide pellets. The sheath provides a barrier against the release of radioactive gases to
the surrounding coolant, thus, the integrity of this sheath is a very important factor in the design of
these fuel elements. As pellets heat up in the reactor, their expansion can potentially push the
sheath radially outwards. The resulting stresses can combine with chemical and metallurgical
effects and contribute to potential failures during normal operating conditions.
The computer code ELESTRES* models [1] the thermal and mechanical behaviour of an
individual fuel element dunng the element's inadiation life undernormal operating conditions. As
the code evolves through improvements in the numerical methods and additional features are
added, a testing method is necessary' to help determine the effect these changes have on the code.

ELESTRES: ELEment Simulation and sTRESses
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Using a computer code COMPARE, a database which contains 133 irradiations has been
established to validate the ELESTRES code. The database provides the ability to compare
experimentally measured fuel characteristics to ELESTRES predicted results.
1.2 Definitions of Terms
Figure 1 shows the geometry of a CANDU fuel bundle, and Figure 2 shows a fuel element.
Each figure illustrates the relevant terms. The bundle contains 20-40 fuel elements with each
element having one sheath made of Zircaloy-4. Each sheath contains 20-40 pellets of uranium
dioxide which generate heat in the reactor. R. Page [2] describes the fuel in more detail.
2.

COMPUTER CODES

2.1 ELESTRES
The ELESTRES code [3] models the behavior of CANDU fuel elements under normal
operating conditions. The focus of the code is on calculations of temperatures, pellet displacement
and hourglassing, and fission gas release. The code models a single element by accounting for the
radial and axial variations in stresses and displacements. The constituent models are physically
(rather than empirically) based and include such phenomena as pellet-to-sheath heat transfer,
temperature and porosity dependence of pellet thermal conductivity, burnup dependent neutron flux
depression, burnup and microstructure dependent fission product gas release, and stress, dose and
temperature dependent constitutive equations for the sheath. The interactions and feedbacks among
these parameters are considered in a dynamic manner throughout the irradiation history.
The finite element model for the pellet deformation includes thermal, elastic, plastic, and creep
strains. This model also includes fission gas swelling, densification, pellet cracking, and rapid
drop of UO2 yield strength with temperature. The plasticity and creep calculations are based on the
incremental theory of plastic flow, and employ the Von Mises yield surface in conjunction with the
Prandtl-Reuss flow rule. The numeric implementations of plasticity and creep use the variable
stiffness method along with a modified Runge-Kutta integration scheme for rapid convergence and
accuracy.
The latest version of ELESTRES, M13A Cycle 4, was used for the validations.
2.2 COMPARE
The COMPARE code contains several plotting routines which allows for quick and easycomparison of experimentally measured values to the ELESTRES code predicted values. The
COMPARE code generates plots containing several cases with predicted values plotted against
measured values for the following fuel characteristics:
1. fission gas release (percentage and volume),
2. sheath ridge strain, and
3. sheath pellet mid-plane strain.
For these plots, the code calculates the following statistical values using their respective formulas.
n

mean deviation = — 2 I *i - x |
n

i=i
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standard deviation = ,,
n- 1
correlation coefficient = •

average difference = — 2

-x

These statistical techniques provide a numerical description of the agreement between the predicted
and measured values.
The code also generates several specialty plots which contain detailed predicted versus
measured comparisons. Each speciality plot pertains to only one irradiation test case.
3.

DATABASE

3.1 Gas Release, Ridge Strain, and Mid-plane Strain
The first part of the database focuses on comparing the experimentally measured values
against the ELESTRES predicted values for fission gas release (% and ml), sheath strain at the
pellet ridge and mid-plane strain. The experimental data from the irradiations applied to a
combination of these four fuel characteristics, 98 cases, 89 cases, 12 cases, and 14 cases
respectively. Table 1 contains the key statistics of the data in the database.
The following data was instrumental in establishing the experimental data and the ELESTRES
iiiput files [3 and 4]:
1.) fission gas release data compiled by A. Ranger, L. Alvarez and J. Walsworth, and
2.) strain measurement data compiled by H. Wong and M-Z. Pindera.
The cases dealt with the end-of-life conditions, on-power strain measurements, and on-power
measurements. Each validation plot contains dashed lines which represent the experimental error
in the measurements.
3.2 Specialty Validations
This part of the database contains cases which compare the experimentally measured fuel
characteristics to the ELESTRES predicted values over each case's entire irradiation history. The
following data helped establish the three specialty plots used for comparison [4]:
1.) ridge strain against linear power from Case 1: Experiment X-264 [5],
2.) gas pressure against element burnup from Case 2: Experiment X-9-107 Element ARZ [6], and
3.) centre-line temperature against element burnup from Experiment FIO-136 [7].
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One plot was generated for each case which compares the experimental data to the predicted
results.
The ELESTRES predicted values from source number three required slight adjustments to
account for the unusually high enrichment used in this test. The experimental case involved an
element fuel enrichment of 10% which exceeds 6%; the maximum enrichment ELESTRES can
model. The predicted centre-line temperature for an enrichment of 10% was extrapolated from the
centre-line temperature for the same case using enrichments from 0.71% to 6%. Figure 3
demonstrates how this extrapolation was performed.
4.

VALIDATION RESULTS

4.1 Temperature
The centre-line temperature against burnup comparison, Figure 4, shows good agreement
between the measured and predicted values at high burnups (± 3%), whereas, ELESTRES under
predicts this temperature slightly (± 13%) at lower burnups. These discrepancies result from
several factors. First, the power history which was used in ELESTRES is an average over the
three-element bundle. During the post-irradiation examination, two of the elements had failed and
the ELESTRES code does not model defected sheaths. Also, a central hole was not modelled.
4.2 Gas Pressure
The specialty plot, gas pressure against burnup, indicates a strong agreement between the
measured and predicted values. This agreement is seen in Figure 5.
4.3 Gas Release
The gas release validation plots show a strong agreement between the measured and predicted
values from ELESTRES. For percentage gas release (%), the mean deviation and average
difference between the measured and predicted values is 4.5% and 1.7% respectively, 68% of the
calculations are within 8% of the measurements. For volumetric gas release (ml), the mean
deviation and average difference between the measured and predicted values is 8.1 ml and 5.1 ml
respectively, and 68% of the calculations are within 18 ml of the measurements. Figures 6 to 9
demonstrate this agreement.
4.4 Ridge Strain
The speciality plot from the X-264 Experiment, Figure 10, demonstrates reasonable agreement
between the predicted and measured results. The predicted results clearly demonstrate the major
trends of the measured values.
Another comparison was previously preformed [8] where the predictions of ELESTRES were
compared against in-reactor measurements of ridge strains [9] from IRDMR element ACH. Figure
11 shows that the predictions are in good agreement with the measurements. Figure 12 also shows
the ELESTRES predicted results demonstrating good agreement with the IRDMR measurements
for another IRDMR irradiation, ACA. Figure 13 also shows the ELESTRES predicted esults [8]
compared to the measured data for a third IRDMR element, ABS.
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A previous comparison was preformed [10] which involved experiments covering various
combinations of pellet lengths, diameters, central holes, chamfers and dishes. The experiments
and the predictions show similar trends for ridge strain, as seen in Figures 14 to 16. The predicted
strains are generally within the scatter of experimental data.
From the 1992 comparison for ridge strain (9r), the mean deviation and average difference
between the predicted and measured values is 0.6% and 0.2% respectively, and 68% of the
calculations are within 1.1% of the measurements. Figures 17 demonstrates this agreement.
4.5 Mid-plane Strain
Again, the previous comparison [10] which involved experiments covering various
combinations of pellet lengths, diameters, central holes, chamfers and dishes also demonstrates
good agreement between the experimental results and the predictions for mid-plane strain, as seen
in Figures 16, 18 and 19. The predicted strains are generally within the scatter of experimental
data.
From the 1992 comparison for mid-plane strain (%), the mean deviation and average
difference between the predicted and measured values is 0.5% and 0.1%, respectively, and 68% of
the calculations are within 0.9% of the measurements. Figures 20 demonstrates this agreement.
4.6 All End-of-Life Strains
All the comparisons (1989 and 1992) between the predicted and measured data for strains at
the end-of-life, ridge and mid-plane, were combined. These results consisted 48 points and
demonstrate a reasonable agreement between the measurements and predictions, and are shown in
Figure 21.
4.7 Element Length
A 1988 comparison of ELESTRES predictions against measurements of element lengths in
experiment DME-187 involved the irradiation of 18 fuel elements containing short flat-ended
pellets (length to diameter ratio of 0.5). The measured length changes due to the power ramp were
between 0.17 and 0.27%. The calculated length changes were between 0.08 to 0.33%. Figure 22
illustrates this comparison.
5.

EXPANSION

This database can easily be expanded by adding new cases to the database files. The data
from these cases can pertain to any one of the comparisons. As well, only 5 out of a possible 20
specialty plots have been utilized, these five plots are:
1. linear power against burnup,
2. power against time,
3. gas pressure against burnup,
4. ridge strain against burnup, and
5. centre-line temperature against bumup.
Adding more specialty validation plots is quite simple.
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The database can be easily updated as corrections or better information is provided on the
existing cases. This database is by no means a permanent point of reference, but the database, like
the ELESTRES code, should evolve to provide a continually improving validation standard.
6.

CONCLUSIONS

Overall, the ELESTRES code demonstrates good agreement between its predicted values and
the experimentally measured data. The following list summarizes the conclusions for each fuel
characteristic based on the 1992 comparisons using the M13A.4 version of ELESTRES.
Temperature:

- consistent with measurements
- to ± 13% in the lower burnup range
- to ± 3% in the higher burnup range

Internal Pressure (MPa):

- strong agreement with measured data
- to ± 0.1 MPa in power ramps
- to ± 0.01 MPa in constant power ranges

Fission Gas Release (%):

- mean deviation of 4.5%
- standard deviation of 4.0%'
- average difference of 1.7%

Fission Gas Release (ml):

- mean deviation of 8.1 ml
- standard deviation of 9.2 ml
- average difference of 5.1 ml

Ridge Strain (%):

- mean deviation of 0.6%'
- standard deviation of 0.6%
- average difference of 0.2%

Mid-plane Strain (%):

- mean deviation of 0.5%
- standard deviation of 0.5%
- average difference of 0.1 %

Element Length (%):

- strong agreement with measured data

Based on these results and the previous comparisons, the code appears ronsistent with the
experimental data.
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TABLE 1: KEY STATISTICS FROM DATABASE
Number of
Irradiations

Parameter

Minimum
Value

Maximum
Value

Power (kW/m)

133

0.1

124.0

Final Burnup (MWh/kgU)

133

0.07

467.7

Gas Release (%)

98

0.01

36.30

Gas Release (ml)

89

0.01

103.60

Ridge Stiain (%)

12

0.33

5.02

Mid-plane Strain {%)

14

0.11

3.77

Internal Pressure (MPa)

1

0.145

1.014

Temperature (°C)

1

Total Number of Irradiations
in Database

299.7
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IMPROVEMENT OF ELESTRES CANDU FUEL PERFORMANCE
ANALYSIS CODE FOR CANFLEX FUEL DEVELVOPMEN T
H.C. Suk, W. Hwang, B.G. Kim, K.S. Sim,
Y.H. Heo, T.S. Byun and G. S.Park
HWR Fuel Development Department
Korea Atomic Energy Research Institute
Daejeon, Korea (R.O.K.)
ABSTRACT
KAERI has developed a comprehensive fission gas release model. KAERI has
also expanded the ELESTRES data base of neutron flux depression in fuel.
Based on the KAERI developed model and the extended data base, KAERI has
improved the ELESTRES computer code. The improved version of ELESTES
code was designated as ELESTRES-K, and is used for CANDU fuel element
design and performance analysis. The ELESTRES-K code was verified
through comparison with fission gas release experimental data taken from
AECL and KAERI irradiation tests. As a result this verification, it is found
that the ELESTRES-K code well predicts the absolute magnitude and trend of
fission gas release in comparison with ELESTRES code.
1. INTRODUCTION
KAERI (Korea Atomic Energy Research Institute) has conducted on
KAERI/AECL(Atomic Energy of Canada Limted) Joint "CANFLEX (CANdu
FLEXible)" Fuel Development Program since Feburay 1991. The CANFLEX
fuel is a CANDU advanced fuel bundle and is consisted of 43 elements with 2
pin sizes. The CANFLEX fuel bundle with , for example, 1.2 % slightly
enriched uranium dioxide fuel can be irradiated up to the core average discharge
burnup of about 21000 MWd/MtU which is three times higher than that of the
current CANDU 37-element bundle with natural uranium dioxide fuel.
AECL transferred the ELESSTES code to KAERI in 1988 as a part of
KAERI/AECL Fuel Technology Transfer Agreement.
The ELESTRES
Computer Code[l] is designed for CANDU fuel element design and performance
anaysis.
KAERI has developed a comprehensive fission gas release model[2, 3] and
has expanded the ELESTRES data base of neutron flux depression in fuel.
Based on the KAERI developed model and the extended data base, KAERI has
improved the ELESTRES computer code as one of the CANFLEX Development
Program. The improved version of ELESTES code was designated asELESTRESK.
2. INTERGRANULAR FISSION GAS RELEASE MODEL
The ELESTRES code includes Notley and Hastings' microstructure
dependent fission gas release model[4]. Their model incorporates the relevant
physical processes such as fission gas diffusion, bubble and grain boundary
movement, intergranular bubble formation and interlinkage.
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In KAERI, as a modelling of intergranular fission gas bubble behaviour, a
comprehensive fission product gas release from UO2 fuel has been modelled and
programmed into the ELESIM code by considering the behaviour of multiple
bubble sizes on the fuel grain boundary in terms of
relevant physical
parameters, while the ELESTRES considers only a single bubble size at the
grain boundary. The ELESTRES-K model takes an approach similar to that of
Gruber[5], but it extends to account for bubble migration and coalescence;
critical bubble size, which depends on the thermal gradient on the grain
boundary; and the lenticular shape of the bubbles[6](see Fig. 2.1-1). Those
bubbles that exceed the critical bubble size are assumed to be left on the grain
boundary and to migrate along the thermal gradient until they encounter free
vodages. The ELESTRES-K model also considers the specific condition of the
gas stored at the grain boundaries and, in addition, allows an assessment of gas
bubble swelling at the grain boundary, including the effect of restraint on
bubble size. The intragranula fission gas behaviour is modelled by adopted
Booth's classical diffusion therory[7, 8]. Under steady steady-state or slowly
varying coditions, the pressure caused by the fission gas within the gas bubbles
is in equilibrium with the surface tension of the bubbles[9, 10]. Thus, the gas
pressure in intergranular bubbles is assumed to be balanced by the surface
energy and any externally applied hydrostatic stress under steady state.
2.1 Critical Bubble Size on the Grain Boundary
Based Shewmon report[ll] on the movement of grain boundary bubble in a
temperature gradient to biasing of the jumps of each atom by means of a force on
each atom, the critical bubble radius, rgb, for grain boundary pull-off in UO2
fuel is derived as
QygbT 1/2
r b=[
(2 !)
s 2Q(dT/dx) ]
~
where
Q = atomic volume
^ b = grain boundary surface tension
T = temperature (K)
CJf = heat of transport for matrix atoms
(dT/dx) = thermal gradient in the x direction in the pore.
2.2 Bubble Size Distribution for Gas Bubble Coalescence at the Grain
Boundary
To estimate the amount of gas released from the grain boundary and the
amount of gas that remains, it is necessary to determine the bubble size
distribution on the grain boundary using the number of gas atom diffuse from
inside the grains.
Assuming that bubble mobility arises from the diffusion of atoms of the
solid around the solid-gas interface, Gruber[5] treated two cases : (i) the
bubble growth by random migration coalescence for a fixed number of gas atoms;
(ii) the bubble growth by biased migration coalescence for a fixed number of gas
atoms. In this report, it is also assumed the same one as did Gruber who
consider two groups of particles characterized by diffusion coefficients Dj and Dand equated for the number AFij of coalescence between i and j bubbles in At:
AFij=47iDijRijFiFj{1 +[Ri/(7cDij)1/2l}At
(2-2)
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where
DJ; = Dj+ D:= 0.301 D s a 0 (rj + r, )

R = 8.3134 J/mol-K
Fj, F- = numbers of each type of particle per unit volume,
a
0
5
0 = lattice constant of UO^
Dg = Surface diffusion coefficent (cm /sec) = 5.4 x 10" exp(-108000/RT)
R-- = distance between the centers of two particles when they begin 1,0 interact
strongly, which is taken to be the sum of the bubble radii r^ + r- for bubble
coalescence.
Each collision in the appearance of one i and j bubble and the formation of
one (i+j) buubble. Assuming that all bubbles were initially monatomic, for the
time interval between tj and t- , for i bubble containing n- gas atoms, the
average number, f i, of bubbles per gas atom per unit volume is obtatined from
Eq. (2-2) and then the effective number, f^, of bubbles for a median atom size at
a given bubble size group is given the following equation as detailed in
References 2 and 3 :
-4/5 f "

fi=0.23mx

-2/5

I {exp[0.7(nx

/

:

2 / 5

-0.5)] [sinhV 1.12 nx

-0.5]}dn

(2-3A)

size range

where

'l«'i "V
I
ii1^]"1
(2-3B)
4
3/2
t=reduced time as a dimensionless parameter = 91.725 ccoDsm (Ygb/kT) t

m = m ^/Et = number of gas atoms per unit volume around the grain-boundary
suface
m k = number of gas atoms per unit area on the grain boundary
E t = effective thickness of the grain boundary
' gb = grain boundary surface tension
t = time
Eq. (2-3A) can be calculated by using the Gaussian integration formula which
appropriate the definite integral by the expression :

f'f(x) dx = w f(
o

Xo)

+W! f(x!) +

+ wnf(Xp) = 5 > k W

(2-4)

where wQ, w^,..., w n are the weighting coefficients and xQ, Xp ..... x^ are the
associated points.
2.3 Bubble Saturation on the Grain Boundary and Bubble Tunneling at
Grain Edge
Based on a simple cubic structure in two dimensions, the critical fraction, of
the grain boundary area occupied by bubbles when interlinking first occurs

rSb,2 _ K 4
\r

sg

/crrt-

_n
P

~

(2r sb T

v* ->/

4

where
rsjj = radius of spherical gas bubble,
r = radius of the circular unit cells of the grain boundary.
To determine the bubble saturation condtion at the grain boundary, the
lenticular bubble is considered to be real bubble shape on the grain boundary
because an experimental observation is reported by Reynolds et. al[6]. The
radius r ^ of shperical bubble can be expressed with respect to the lenticular
curvature R^ and r ^ of intergranular bubble as shown in Fig. 2.1-1:
J

(2-6)

a
3

rlb=sin<|>exp[l|n(^)]

(2-7)

The gas atoms from the grain form lenticular grain boundary bubbles, which
can grow until they interlink. Tunnels subsequently from at grain edges as
given by the combination of Equation (2-5) with Equations (2-6) and (2-7), that
is, the saturation condition for a unit area of grain boundary is given by
(rib.A

(2-8)

size range

and gas ultimately escape to voidage, such as fuel cracks or a plenum, within
the fuel element.
2.4 Fission Gas Swelling:
If the bubbles are smaller than the critical pull-off size r ^ , they are
considered to be the grain boundary inventory. The ELESTRES-K code
calculates grain-boundary saturation of gas bubbles by dealing directly with the
calculated lenticular-shaped size distribution and determines the sum of the
volumes of the bubbles trapped on the grain boundary, and then calculates the
fractional swelling due to the bubbles on the grain boundaries. The van der
Waals gas law is used to calculate the fission gas swelling. It is noted that,
in the ELESTRES-K code, the total fission-induced swelling in the fuel is obtain
by adding the fission gas swelling with solid fission product swelling.

3. DATA BASE EXPANSION OF NEUTRON FLUX DEPRESSION IN
FUEL
KAERI has updated the ELESTRES data base of neutron flux depression in
fuel. An accurate and fast running model for calculating radial power profile,
through fuel life, in both solid and annular pellets for existing and advanced
CANDU-PHWR fuel has been developed in KAERI, where the radial power
profile is slightly lower than that of the original ELESTRES data table when
normalized to unity a the pellet surface. This model contains resultant flux
depression equations and neutron depression data table for the CANDU pellets
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with the diameter of 8.0 to 19.5 mm and enrichement of 0.71 ~ 6.0 wt.% U-235
in total uranium, over a burnup range of 0 to 35000 MWd/MTU.
The applicable neutron flux depression, *)¥, and heat generation rate, h r , in
the fuel pellet are expressed by [12,13] :
i) for a solid cyclidrical fuel,
<t>r=<()0 {\fKr)+ p exp[A.(r- a)]}

(3-1)

(3-2)

ii) for an annular fuel,
L(Kr)
<>r= (j)0 {\fyac^

where ^r
sec)

K0(Kr)+ p exp[X(r- a)]}

(3-3)

h r = h 0 { ^ ( K r J + i ^ - K0(Kr)+ p exp[*(r- a)]}
K,(Kr)

(3-4)
o

= neutron flux at radius r (number of neutrons/cm -sec)

2
<t>0 = neutron flux at the center(radius r = 0) (number of neutrons/cm -

r
= coordinate in radial direction (mm)
a
= radius of pellet (mm)
K = the neutron inverse diffusion length,
P, X = empirical parameters in the neutron flux depression term
hn = heat generation rate at the center(radius r = 0) (number of
2
neutrons/cm -sec)
J~ = zero-order modified bessel function of first kind
Ij = first-order modified bessel function of first kind
KQ = zero-order modified bessel function of second kind
Kj = first-order modified bessel function of second kind
The HAMMER physics code is a heterogeneous lattice analysis code with
depletion using heterogeneous analysis by the multipgroup method of
exponentials. In connection with the use of HAMMER physics code for the
calculation of K, p and A., Eq. (4-4) can be expressed as[12]

{^p[(£

- a) - r.exp(k(if - a)]

X
exp(A.(§-a)-exp(A.O(-a)

}

(o-5)
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The parameters K, P and A. for the relative heat generation rate equation
(3-5) were derived by fitting them to fission heat profile calcuated by the
HAMMER physics code. Here, As the present purpose, the HAMMER physics
code's input data such as isotope composition and concentration , effective
neutron temperature and material buckling were obtained from references [12,
13, 14]. In order to obtain the values of hQ, K, p and X. which are the
functions of fuel
burnup, enrichment and pellet diameter, NL2INT
subroutine[15] was used to fit the curve equation (3-5). When the input
parameters of fuel enrichment, pellet diameter and final burnup are specified,
multi-variate-interpolation routines obtain the values of K, (3 and X as a
function of burnup forthe particular case, and store the arrays into ELESTRESK code. The value of K, p and A. are then obtained at each burnup history
point by one-dimensional interpolation from the data stored in the arrays.
4. DISCUSSION AND CONCLUSIONS
Table 1 summarizes the major differerences between the ELESTRES and
ELESTRES-K codes. The ELESTRES-K code is installed with the present
fission gas release and densification models and the expanded neutron flux
depression data base. Beside these modification in the ELESTRES, the the
number of iteration for the calculation of heat transfer coefficient between pellet
and sheath was expanded up to 10 if necessary, and the sheath themal
expansion coefficient were modified based on MATPRO-Version ll(Rev.2)[16].
The each modification was verified using KAERI and AECL experimental data
of UO9 fission gas release as used in Fig. 2 and are measured as:
a) ELESTRES (Original)
Y = 0.11173 + 0.6844 X ; R2 =0.500
b) Expansion or neutron flux depression data base in ELESTRES :
Y = 0.41706 + 0.6861 X; R ^0.503
c) Expansion of number of iteration for the heat tranasfer coefficient calculation
in ELESTRES :
Y = 0.33738 + 0.74309 X ; R2 =0.533
d) Modification of the netron flux depression, iteration number and fission
gas release model in ELESTRES :
Y = 2.5533 + 0.81930 X; R2 =0.566
e) Modification of the iteration number and fission gas release model in
ELESTRES:
Y = 1.9649 + 0.82154 X ; R2 =0.583
f) ELESTRES-K : Modification of the newutron flux deression, iteration
number, fission gas release model, sheath thermal expansion coeffiecient in
ELESTRES:
Y = 2.3486 + 0.82437 X ; R2 =0.583
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As shown in Fig. 2, ELESTRE-K code predicts the fission gas releases that
are in reasonable agreement with a wide variety of the experiamental data[2, 3],
while the ELESTRES code gives predictions that are slightly more scattered
than the ELESTRE-K code's predictions. These results also show that the
behaviour of multiple-bubble-size distribution on grain boundary appears to be
a very important phenomena in fission gas release from UO2 fuel. It is noted
that the Notley and Hastings model was modified to increase to fission gas
release so that measured and predicted fission gas release were, on average,
equivalent, since their model was in ELESIM code as a fuel design code. This
was done by arbitarrily increasing the diffusion coefficent by a factor of 3.
However, incorporating the present intergranular bubble model for fission gas
release into the ELESTRES-K code, the tuning factor of 3 is not desired as no
arbitary quantities are use in the present model.
The expanded data base of neutron flux depression in fuel is employed in the
ELESTRES-K code.
These data base gives a slight improvement for the
prediction of fuel performance as shown in the prediction of fission gas release.
In addition, it is noted that KAERI has also developed a mechanistic fuel
densification model[17] which is based on Assmann and Shehle's model[18].
This densification model was not verified with a statistical data of experimental
meaurements, but it is well predicted for the limited experimental data[19].
The mechanistic model is only based on an intragranular pore shrinkage and
disapperarnce. Therefore, the mechanistic fuel densification model has been
pended for the application in ELESTRES and shall be modified for the shrinkage
and disappearance of both the intragranular and intergranular pores.
It is concluded that, since ELESTRES-K code has well predicted the absolute
magnitude and trend of fission gas release in comparison with experimental data
and ELESTRES code's preditions, (1) the behaviour of a multiple-bubble-size
distribution in the present model appears to be an important phenomenon in
fission gas release from UO2 fuel, (2) the expanded data base of neutron flux
depression in fuel with respect to those in ELESTRES code also gives to help
better prediction of CANDU fuel performance.
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Table 1. Difference Between ELESTRES and ELESTRES-K Codes
Parameter

ELESTRES-K Code

ELESTRES Code

l.F. G.R. Model
- Bubbler shape on
grain boubdary

- Lenticular with a
- Spherical
dihedral angle of 100°

Diffusion Coeffiripntfm fc\

D 7 8n0~2expr288kJ/molT D-Cx7 8x10' 2 expr 2 8 8 k J / m o l l
R(T/103)

R(T/103)

where C is an arbitary factor of 3

- Bubble behaviour
on grain boundary

- Moving by random and
biased driving force
- Multiple bubble sizes

- Saturation condition - Critical size and
at grain boundary
saturation condition
for lenticular bubble
2. Neutron flux
depression
data base
- Pellet diameter
- Fuel enrichement
- Fuel burnup
3. Number of
iteration calcuation
for the heat transfer
coefficient between
sheath & pellet
4. Sheath thermal
expansion
coefficient

8.0 ~ 19.5 mm
0.711~6wt%U-235
0 - 800 MWh/kgU
Max. 10

- Stationary
- Fixed max. density with
single bubble size
- Max. size & max. density
for a single spherical
bubble size

12.15 ~ 19.5 mm
0.711-6 wt% U-235
0 - 200 MWh/kgU
Max. 1

or

0.05 % Convergence

MATPRO-Version 11

MATPRO-Version 9
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A MODEL FOR CALCULATING THE 1-131 RELEASE FROM DEFECTIVE FUEL
FOR STEADY-STATE AND REACTOR SHUTDOWN CONDITIONS
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Royal Military College of Canada
Kings ton, Ontario
CANADA K7K 5L0

ABSTRACT
A model has been developed for defective fuel to calculate the steady-state
and shutdown release of 131I into the primary heat transport system of a CANDU*
reactor. The model has been based on previous in-reactor studies with defective
fuel rods at the Chalk River Laboratories. This analytical treatment accounts
for the number and average linear power of the defective rods, the size and
geometry of the defects, and the primary coolant mass and purification flow. The
present model has been validated against activity release data based on a number
of defect occurrences in the Pickering and Bruce reactors.

INTRODUCTION
When a reactor fuel element defects, the sheath no longer provides a barrier
between the internal element atmosphere and the primary coolant. A leak path
then exists so that coolant can enter the element and fission products (notably,
iodine, cesium, and noble gases) can escape into the primary heat transport
system (PHTS). Recent investigations have provided a better understanding of the
physical processes of activity release while the reactor is operating at constant
power.1"10 When the reactor is shut down, water enters the pellet-to-sheath gap
of the defected fuel element, and because iodine is more mobile in water than in
the steam that Is present at power, there is accelerated release of iodine from
the fuel element, leading to the so-called "iodine spike".11"15
If there were to be a pipe break that caused a shutdown, the iodine
concentration in the coolant would, be augmented by the "spike" release, and the
amount of iodine released to the containment through the break would be
increased. Such enhanced release of iodine has been considered in the safety
analysis of pressurized water reactors.14'15
In this analysis, models are
developed to calculate the steady-state release and transient release on shutdown
of 131I from dsfective fuel based on experimental data from an in—reactor
research program at the Chalk River Laboratories (CRL). These models are then
used to assess the iodine release behaviour in several CANDU power reactors as
a result of a number of defect excursions.

*

Canada Deuterium Uranium
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EXPERIMENTAL RESULTS AND ANALYSIS
An in-reactor research program with individual, purposely defected fuel
elements has been performed at CRL.4>1° A brief summary of the fuel-operating
parameters and element design for the experiments are given in Table 1. The
irradiation test matrix covered a variety of operating conditions, with fuel
linear ratings ranging from 22-67 kW/m, to a maximum burnup of 278 MWh/kgU. The
fuel elements contained various sizes and types of sheath failures. One element
was defected prior to irradiation with artificially-machined slits in the fuel
sheathing. In other experiments, however, the failures were characteristic of
those found in power plants.
These latter failures arose naturally in the
reactor as a result of small manufacturing flaws during fuel fabrication, or by
stress—corrosion—induced cracking of the fuel sheathing after a power ramp. The
naturally—failed, fuel elements were particularly susceptible to the phenomenon
of sheath hydriding.

TABLE 1.

SUMMARY OF CHALK RIVER EXPERIMENTS*

EXPERIMENT DESCRIPTION
Experiment
(element)

Test Description

Defect Description

Defect Size
(ran2)

Linear
power
(kW/m)

Defect
residence
time (days)

Init. Final

Init. Final

FFO-102-2
(A7E)

Burnup
MWh/kg U

67

37

67

19

23

68

130

110

1490

48

0

18

15

Nine randomly
located, small
hydride cracks

45

58

255

278

16

Six randomly
located small
hydride cracks

SI

22-38

140

155

19

Re-irradiation of
an element with
through-wall hydriding at high
linear powers

Cracked hydride

FFO-102-3
(A7A)

Re-irradiation of
an element with
incipient sheath
hydriding at low
linear power

Six randomly
located, small
hydride cracks

FFO-103
(A3N)

Irradiation of an
element with 23
slits

Twenty-three
slits in a helical
pattern along
sheath (each slit
36 mm x 0.3 mm)

FFO-104
(A2F)

Power ramp failure by stress
corrosion cracking

FFO-109-2
(A7A)

Power-cycling of
an element with
through-wall
hydriding

11

300

end of element

* Taken from Refs. 4 and 10.

272
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Table 1 Continued

FUEL ELEMENT DESCRIPTION
Sheath Description

Fuel Description
Sintered UO2 density (Mg/m3)
Enrichment (wt% ^ 3 5 U in uranium)
Pellet diameter (mm)
Pellet length (mm)
Pellet end dishing
Land width (mm)
Depth (ram)
Fuel Stack Length (mm) a

10.7
5.0
12.1
16.5
Both ends
0.46
0.23
477

Material
Outside diameter (mm)
Wall thickness (mm)
Clearances
Diametral (mm)
Axial (mm)

Zircaloy-4
13.1
0.43
0.10
2.20

a) Elements A3N and A2F both had a fuel stack length of 470 mm.

Steady-State Release
Fission products like iodine, xenon and krypton generated in the U0 2 fuel
matrix are partially released into the fuel-to-sheath gap. With defective fuel,
these products migrate toward the defect site, and eventually into the primary
coolant. As reported in many studies,1"10 the release from the defected fuel
element to the coolant can be described by a first-order kinetic model

(1)

B
where:
R/B =
v —
\ =
D'=

release-to-birth rate ratio
escape rate constant in the fuel-to-sheath gap (s"1)
radioactive decay constant (s"1)
empirical diffusion coefficient in the U0 2 fuel matrix (s"1) .

As shown in Ref. 9, the parameters D' and v in Eq. (1) can be evaluated with
the CRL fission-product release data using a non—linear regression analysis. The
diffusion coefficient for iodine Dj (in s"1) can be further expressed as a
function of the fuel element linear power P (in kW/m), according to the
correlation:9
1 0 9 - 8 5 7 3 l ° 9 P " 25.1314

(2)

for linear powers in the range 25 to 60 kW/m.
In addition, the escape rate
constant v depends on the defect size and geometry (i.e. the transport—path
length for fission products in the fuel-to-sheath gap), in accordance with the
expression .7
2na

~r

(3)

6-14

where,
Q = surface exchange coefficient (m/s)
n = number of defect sites located symmetrically along an element of
length 2, e.g.:
= 1 for a mid-rod defect
= 1/2 for an end-rod defect
= 2/b for a longitudin.J slit where b is the inner circumference of
the sheath.
Based on the experimental values of v, and using Eq. (3) for the given defect
geometry in Table 1, the surface exchange coefficient for iodine, Qj (in m / s ) ,
can be determined. In fact, this parameter is strongly dependent on the defect
size E (in mm 2 ) due to the chemical effects of water/steam in the fuel-to-sheath

i.e.:9

gap,

logE - 7.5173

(4)

Release Following Reactor Shutdown
Only a small fraction of the fission-product iodine in a defective rod is
released into the coolant while the reactor is operating at constant power.
During shutdown, water which has entered into the element remains in the liquid
phase and dissolves the iodine that is deposited on the internal element
surfaces. This species is then released into the primary coolant according to
the expression (see Appendix): 12 ' 13

XNc(t) « U c o + ANgoLM{l-e<L-k)t}je-CA+Ut

(5)

where,
AN c (t)
AN CO
AN go
k
L

=
=
=
=
=

iodine activity in the coolant at time t
initial iodine activity in the coolant (at t=0)
initial iodine activity in the fuel-to—sheath gap
escape rate constant in the fuel—to—sheath gap (s"1)
rate constant for coolant leakage/purification (s"1) .

A value of k in the range 2xlCT5 to 4xlO~5 s"1 has been obtained in a previous
fitting of Eq. (5) to the CRL data.12

MODEL DEVELOPMENT
The aforementioned models [see Eqs. (1) to (5)] can be applied to the CANDU
power reactor system in order to determine the steady—state and transient
activities of 131I in the primary coolant.

Steady—State Coolant Activity
In a power reactor during steady-state conditions, the following mass balance
for the fission product inventory (Nc) in the PHTS applies:
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R- \NC- LNC=O

(6)

where the rate of release into the coolant (R) is balanced by losses as a result
of radioactive decay and coolant purification. The purification rate constant
(L) is equal to the purification mass flow divided by the mass of the PHTS.
Hence, using Eqs. (1) and (6), the steady-state coolant activity is given by:

(7)

£1 B
A
where,
B
F
Y
P
£

=
=
=
=
=

birth rate (atoms/s) = FY,
fission rate (fissions/s) = Pf x 3.121xlO13
fission yield (= 2.88xl(T2 atoms/fission for
fuel element linear power (kW/m)
fuel element length (m).

131

I)

The above expression for F is based on a value of 200 MeV/fission. Thus, using
Eqs. (2), (3), (4) and (7), the steady-state coolant activity for iodine can be
determined given the fuel element linear power, and the defect size and geometry
(i.e. axial defect location).

Coolant Activity Following; Reactor Shutdown
Prior to reactor shutdown, the rate of release into the coolant can be
calculated with a first-order kinetic model where the release is proportional to
the gap inventory (Ng) :1'3"5'7"10

R-vNg

(8)

Using Eqs. (1) and (8), the gap activity is given by:
(9)

Equation (9) therefore corresponds to the iodine activity in the fuel—to-sheath
gap that is available for release during reactor shutdown. This calculation has
neglected any additional release into the fuel-to-sheath gap that may occur as
a result of fuel cracking on reactor shutdown;13 however, sweep gas experiments
at CRL have shown that this effect is less important for the longer—lived
isotopes.16 Hence, the kinetics of iodine release into the coolant following
shutdown can be calculated with Eq. (5) , where ANCO and AN go are given by Eqs. (7)
and (9), respectively. The defect geometry can also be modelled as k = n2k',
where n has been defined in Eq. (3) and k' is taken to be 4xlO"5 s"1 for a mid—rod
defect. 12
If the coolant purification constant changes at time t=t' (from L to L ' ) , the
following equation applies:
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0<t<t

(10)
h_e<L'-k)(t-t'){

t <£.

xe"

POWER REACTOR APPLICATIONS
The above models can be benchmarked against release data from several defect
cases observed in the Pickering (Unit 1) and Bruce (Units 3 and 6) reactors. For
the Pickering comparison, the detailed work of Allison17 is used; the Bruce data
is taken from the analysis of Notley18 and Floyd.19 The various power reactor
cases are detailed below and summarized in Table 2. In general, the model is in
good agreement with the data for both the steady-state and transient situation.

TABLE 2.

COMPARISON OF CANDU REACTOR DATA WITH PREDICTION

Pickering

Identification

Nov 71-Har 72

Reference

17

Fuel Element Description
Linear Power, P (kW/m)
No. Defected Elements
Defect Size, E (mm2)
Defect Geometry, n
Reactor Parameters*
Coolant Mass, M (kg)
Ion Exchange Flow, IXF
I n i t i a l (kg/s)
Final (kg/s)
Time of IXF Change, t '

52

20-25
4
2

1.7E5
4
4

(h)

-

Coolant Activity Analysis
Steady-State Activity (Ci)
Calculated
46-58
Observed
50
Transient Activity (Ci)
Calculated
1224-1530
Observed
1200-1500

14 Hay 72
17

52
411
0.8
1

1.7E5

Bruce- 3
11 Feb 84
18

40
1
3
2

2.7E5

2.7E5

2.7E5

232

18
18

* L = Initial IXF/H, L1 = Final !XF/M.
** Observed at t = 5 h (Bruce-3) and t = 3 h (Bruce-6).
*** Detection threshold level.

18,19

31
4
1
0.5

16
25
5

23,839
25,000

:19-20 Jan 87

60
100
0.4
0.5

4
4
—

200-250

Bruce-6
6 Apr 85
19

3128
2755**

10
20
0

9
9
-

0.041
<0.081***

0.31
0.35

1.7
1.1**

13
15
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Pickering
In the Pickering defect incident, the coolant activity levels of 13a I during
the period November 1971 to March 1972 were approximately 50 Ci during steadystate operation, with iodine spikes of 1200 to 1500 Ci on reactor shutdown. The
steady-state activity levels rose to 200-250 Ci for April-May 1972, with an
iodine spike of 25,000 Ci following reactor shutdown on May 14, 1972.
The
reactor remained shutdown until November during which an extensive refuelling
indicated that there were 411 defective fuel elements.17
Hence, the latter
activity levels indicate a steady-state release of -0.5-0.6 Ci/rod, and a
transient release of -60 Ci/rod. As a rough yardstick, the 60 Ci/rod value
suggests that there were about 20-25 failed rods in the core during the initial
period November 1971 to March 1972. An analysis of the noble gas activity data
also yielded similar results for this latter period.9 Prior to June 1972, the
bleed flow into the purification system was about 4 kg/s, with a mass of D 2 0 in
the primary coolant of 1.7xl05 kg.17
The predictions for the two sample periods for both the steady-state and
transient situation are excellent. For the November 1971 to March 1972 case, a
larger defect size (presumably due to secondary hydriding) had to be assumed
compared to that for May 14 in order to match the release estimates; however, the
assumed defect sizes appear to be reasonable.

Bruce-3
A shutdown on 11 February 1984 in Bruce-3 gave rise to a measured activity
increase of 131 I in the coolant from 18 to 2755 Ci. 18 The latter activity spike
was measured five hours after shutdown. It was estimated that -100 defective
elements, containing circumferential end-cap cracks, had resided in the core at
high linear powers of about 60 kW/m.
For this case many of the defects were of the end-weld cracking type, and
therefore an end rod defect was assumed in the model. The calculated activities
are in good agreement with the observed values with the provisos that the ionexchange flow and time at which flows were changed are not precisely known. 18

Bruce-6
Prior to a shutdown of the Bruce-6 reactor on 6 April 1985,19 the 131 I coolant
activity was below the detection threshold level of 0.3 ^Ci/kg (0.081 C i ) . Three
hours after shutdown the activity was 3.9 //Ci/kg (1.1 Ci). The decay rate of the
coolant activity after the transient indicated a purification flow of 20 kg/s.
Four defective fuel elements are known to have resided in the core, each
containing a small fretting defect (-1 nun2 in area). The average linear power
of these elements was about 31 kW/m.
Prior to a second transient on 19—20
January 1987, 18 '" the 131I level was at 1.3 (tCi/kg (0.35 Ci). The coolant
activity then increased to 57 /iCi/kg (15 Ci) when a high—powered element (40
kW/m) was discharged from the reactor at steady reactor power. Post-irradiation
examination identified a fretting hole (2 mm 2 ) and a circumferential end-cap
crack. The decay of the 131I coolant activity following the spike indicated a
coolant purification flow of 9 kg/s.
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For the April 6 shutdown, the calculated steady-state activity is consistent
with the fact that it is below the detection threshold limit. The shutdown peak
is over-predicted by about 50 percent. For the calculation it was assumed that
the purification flows were operated at a nominal value of 10 kg/s, and then
increased to 20 kg/s at shutdown based on the activity decay curve in Ref. 19.
The size of the fretted defects were also taken from Ref. 19; better agreement
was obtained if it was assumed that these defects were located at the end of the
rods (i.e., it is less likely that the debris would lodge precisely at thu middle
of each bundle). The January 19-20 transient is well modelled even though this
transient is not a direct result of a reactor shutdown but rather a defuelling
operation. The assumed defect size for the model (3 mm 2 with 2 defects per rod)
is consistent with observation.

CONCLUSIONS
1.

A physically-based model has been developed for defective fuel to predict
the steady-state and shutdown activity levels of 1311 in the primary
coolant given the fuel element linear power, coolant purification flow,
and defect geometry and size.
The model is based on in-reactor
experiments at CRL with fuel elements operating over a wide range of power
and containing various sizes and types of sheath failures.

2.

The model is in good agreement with experiment and has been successfully
benchmarked against activity release data obtained for several defect
occurrences in the Pickering-1, Bruce-3 and Bruce-6 reactors.
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APPENDIX
The iodine leaching process can be described by a diffusion mechanism that is
governed by the transport equation:
- AC,

where

x
t
C
D
A

=
=
=
=
=

(1)

axial direction along the fuel—to-sheath gap (m)
time (s)
concentration of solute free to diffuse in the gap (Bq/m)
diffusion coefficient of iodine in the gap (m2/s)
radioactive decay constant (s" 1 ).

For the solution of Eq. (1), it is assumed that a defect is located at the middle
of an element of length £, through which the diffusing substance is initially
zero a' the defect site but equal to a finite value C o far away from the defect.
At tl a ends of the element there is an impenetrable boundary, while at the defect
site the concentration must remain zero since iodine is being continually swept
away by the coolant. These conditions are mathematically described by:
0<K<2/2,

0,

i£ = 0,

t=0

(2)

x=0, t>0,

x=Z/2, t>0.

(4)

The sinusoidal distribution in Eq. (2) is a reasonable approximation to the
actual profile developed during the steady—state situation.3
The solution of Eq.
variables:

C(x,C) = X(x)T(C).

(1) can be obtained by the method of separation of
(5)
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S u b s t i t u t i n g Eq.(5) i n t o Eq. (1) and dividing by C gives
1 at

X Qx

The first and second terms only depend on t and x, respectively, and can be set
equal to separation constants, i.e.

(8)

leading to a solution of the form
C = (A sinax + B cosax) e>:p{-( X +a2D)t:

O

where A and B are constants of integration. Since Eq. (1) is linear, the most
general solution is obtained by summing solutions of the above type:

ra-l
The boundary condition in Eq. (3) demands that, B m = 0, and the second boundary
condition in Eq. (4) yields
, where m-1,3,5...
or

The initial condition in Eq. (2) becomes
Cosin^ ^
t
*
m-1,3...

.

l

Applying a Fourier analysis by multiplying both sides of Eq. (12) by sin(n?rx/£),
integrating from 0 to i/2, and using the relationship
1/2
x =0
= -r

if m^n,
if m=n,

only the fundamental term (m=n=l) survives such that
At - Co.

(14)
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The final solution is therefore given by
C = Cosinlpeyip{-C\

2

+ -K

D/l2)t},

- * < x < *

(15)

where x has been replaced by !xi in view of the symmetry.
The rate at which iodine leaves the defect is given by the Fick's law of
diffusion:

R(t) = 2Dii£lx.0=

f

where the factor of two accounts for release from both halves of the element.
The total number of atoms in the fuel-to-sheath gap available for release at time
t=0 is
l/z

1/2

Nao = 2 fC(x,O)dx = 2C0 J
Therefore substituting Eq. (17) into Eq. (16) yields
R(t) = kAL o e- (> * k)t ,

where k ~ — .

(18)

Equation (18) has been previously derived assuming first-order kinetics, and is
also identical to that derived by diffusion theory where the initial
concentration profile is assumed to have a more general form.12
Finally, the iodine-spiking behaviour in the primary coolant can be calculated
from the mass balance equation for the iodine inventory in the coolant (N c ):
^ 1 =R(t)-XNc-LNc,

(19)

where L is the loss rate constant for the primary heat transport system (due to
leakage and ion-exchange purification). Therefore, substituting Eq. (18) into
Eq. (19), and solving the resultant equation yields:
Nc(t) -JVcoe-<A*'-)t+^JVgo(e-a*L)t_e-(^ic>t)>

(20)

where N c 0 is the initial inventory of iodine in the coolant. As shown in Ref.
12, the above analysis can be easily generalized for an element containing
multiple—defect sites.
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The KFGR-T computer model has been developed to predict transient fission gas
release from UO2 fuel with an emphasis on the nonequilibrium behavior of fission
gas bubbles. It takes into account the relevant physical processes generally
considered by other workers, as well as migration of fission gas bubbles through
channels formed by the extension of dislocations to grain boundaries during the
transient heatup stage, grain growth/grain boundary sweeping during the
isothermal annealing stage at high temperatures, and gas release through
intergranular cracking. This computer model is applied to calculate transient
fission gas behavior for out-of-pile experiments performed with U02 fuel baseirradiated to burnups in the range of 18 to 35 MWd/kgU.

INTRODUCTION
The transient fission gas release observed in out-of-pile annealing tests on uraniumbased fuel is characterized by extensive gas bubble precipitation and a high release
fraction. In contrast1 to
this, a very low release fraction is observed from steadystate annealing tests. '2 Several mechanisms have been proposed to account for the
apparent differences between the steady-state and the transient gas release.
Gruber4 and Matthews and Wood5 attributed the large fission gas release observed
from transiently heated oxide fuels to biased migration of intragranular bubbles due
to a driving force
caused by the large temperature gradient in the fuel. Maclnnes
and coworkers6'7 suggested that thermal resolution of gas atoms from intragranular
bubbles,
rather than bubble migration, causes the large fission gas release. Matzke
et al.8 proposed that bubbles sweeping out of the matrix during the formation of
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extended planar defects with a shear structure possibly contribute to the large
fission gas release. Rest and Gehl9 and Tarn and Johnson 10 emphasized the
enhancement of bubble mobility due to either bubble overpressurization or bubble
roughening, respectively. Van Vliet11 attributed the large fission gas release to
grain-boundary sweeping occurring during grain growth. Steele et al.12 suggested
that the interaction of intragranular bubbles in nonequilibrium with grain
boundaries causes the large fission gas release.
Much effort has been expended in developing computer models based on the abovementioned or other release mechanisms, and some of these have predicted transient
fission gas releases that appear in good agreement with experimental data.7'913"15
However, the substantial difficulties encountered in calculations of transient fission
gas release with use of usual models are the need to postulate high bubble
mobilities which are not clearly confirmed by experiments, the incapacity of those
models for calculating the observed release rates in out-of-pile isothermal
annealings if the assumed bubble transport mechanism is driven by temperature
gradient, and the need to assume extremely high fission fragment resolution
coefficients under irradiation conditions in order to keep the calculated
concentration of gas in solution high. Therefore, the development of additional
computer model is still necessary not only to remove the above substantial
difficulties encountered in release calculations but also to obtain a better
understanding of the transient fission gas release because-important features still
remain obscure.
This paper describes the result of modeling effort on transient fission gas release
in relation to results of out-of-pile experiments performed with UO, fuel.
THE KFGR-T COMPUTER MODEL
The KFGR-T computer model15 has been developed to predict the transient fission
gas release from UO2 fuel with an emphasis on the nonequilibrium behavior of
bubbles.
Fission Gas Concentration
The intragranular bubbles are divided into N size classes, each one being
individualized by meanc of the average number of gas atoms per bubble and
classified in the manner of geometric progression. Here, the first size class
corresponds to single gas atoms. The balance of the generation, precipitation, and
resolution in the interior of the grain is described rate equations which account for
gas atom generation by fission and gas atom trapping by bubbles, irradiation-induced
resolution of gas atoms from bubbles, growing-in and growing-out processes of the
n'th size-class bubbles by coalescence with same or other size-class bubbles. On the
other hand, an equisized bubble model is used for the calculation of the gas
population in the grain boundary.
Bubble Radius
For a gas bubble at equilibrium, the gas pressure acting to expand the bubble is
balanced by both the hydrostatic stress acting on the bulk matrix and the surface
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tension force that tends to contract the bubble. The radius of18an equilibrium bubble
is calculated with both the mechanical force balance equation
and the hard-sphere
equation-of-state developed by Brearley and Machines.19
The equilibrium state of a gas bubble is broken either by a temperature change or
by coalescence between bubbles, resulting in the overpressurization of the bubble.
The radius of a nonequilibrium bubble is calculated as a function of degree of
nonequilibrium. Here, it is assumed that the bubble tends to grow to the
equilibrium size determined under a constant temperature condition by absorbing
vacancies. It is also assumed that bubble growth is hampered by rapid changes in
temperature. The degree of nonequilibrium is expressed in terms of the time for a
nonequilibrium bubble to relax by absorbing vacancies under a constant
temperature condition and the time for an equilibrium bubble to achieve excess
pressure when there is a change in temperature
under a constant bubble-size
condition, as defined by Rest and Gehl.9 The former time is 18
calculated by
integrating20 stationary bubble growth equations developed by Olander and Speight
and Beere for intragranular and intergranular bubbles, respectively. The latter
time is calculated with equations for bubble excess pressure, temperature change
and the hard-sphere equation-of-state.
Coalescence Probability and Diffusivity
The effect of overpressurized bubble/bubble interactions on the reaction rate
between
bubbles is considered according to the approximation developed by Wood et
al.21
The diffusivity of gas atoms is calculated with use of the White and Tucker
model.22 The diffusivities of the bubbles in the interior of the grain
and on the grain
23
boundary are
calculated
with
use
of
the
Nixon-Maclnnes
model
and
the GRA.SSSST model,9 respectively. The uranium self-diffusion coefficients in the interior of
the grain and on the grain boundary are calculated with use of the Small-Maclnnes
model7 and the DiMelfi-Deitrich model,24 respectively.
Fission Gas Migration to Grain Boundary
The following independent processes are considered to calculate fission gas
migration from the interior of the grain to the grain boundary :
1. the migration of single gas atoms generated during the current time step
2. the random migration of fission gases (i.e., single gas atoms plus gas bubbles)
that exist in the grain interior to the beginning of the current time step
3. the biased migration of fission gas bubbles that exist in the grain interior to the
beginning of the current time step
4. grain-boundary sweeping
5. the migration of fission gas bubbles through channels formed by the extension
of dislocations tograin boundaries.
During transient heating, intragranular bubbles accumulate gas atoms more
rapidly than they absorb atomic vacancies, and excess pressure develops in the
bubbles. Stress fields around the overpressurized bubbles lead to an increase in
dislocation density near the bubbles. If the excess pressure in the bubbles is high
enough to produce plastic flow around the bubble surface, the dislocation density
becomes substantially greater. Since dislocations may extend to grain boundaries,
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they can serve as channels to facilitate migration of bubbles to the grain
boundaries. Beere's observation17 that bubbles intersected by dislocations are more
mobile than bubbles in a perfect lattice is adduced as physical basis of the bubble
migration through channels formed by the extension of dislocations to grain
boundaries. The gas atoms captured by dislocations form bubble, and the bubbles
are assumed to be released through channels formed by dislocations extended to
grain boundaries, taking the form of Arrhenius-type equation.
Fission Gas Release
The fission gas accumulated in the grain boundary is considered to escape from
the fuel through the bubble-interlinked channels if the calculated radius of the
intergranular bubble is equal to the half of the center-center distance of evenly
distributed, two neighboring bubbles. Permeability for gas transport along the
grain boundary has been dealt with in statistical treatments. Based on this
physical process and without going into physical detail, an Arrhenius-type equation
is assumed and is used to calculate the fission gas atoms released to the fuel
exterior through the grain-boundary channels and porosities.
The effect of intergranular cracking on the increase of fission gas release is
explained with use of the SANDPIN model.25 An intergranular bubble is assumed
to be a defect with an incipient crack. The propagation of the crack is calculated as
a function of bubble radius, bubble express pressure and surface energy. The
amount of fission gas to be released through intergranular cracking is considered to
be proportional to the volumetric fraction of separated grain boundaries.
ANALYSIS OF OUT-OF-PILE ANNEALING TEST RESULTS BY THE
KFGR-T COMPUTER MODEL
Fission Gas Release During the Transient Heatup Stage
Figure 1 shows the accumulated fission gas releases at a ramp terminal
temperature1 of 2000 °C as a function of heating rates obtained from Small's
experiments for transiently heated UO2 fuel at 18 MWd/kgU
burnup. Figure 1 also
shows the results calculated by Matthews and Small26 to compare with Small's
experimental data : The lower curve represented by dotted line (curve 1) was
obtained with the use of gas atom diffusion coefficient measured in-pile on a single
crystal UO2, in which case some degree of trapping might be expected. The upper
curve represented by the thin solid line (curve 2) was obtained with the use of the
upper limit of the gas atom diffusion coefficient, which corresponds to the value for
the case of no trapping. For both cases, all fission gases reaching grain boundaries
were assumed to be released to the fuel exterior. Even though curve 2 corresponds
to the maximal release that can be obtained by calculations with the use of
conventional diffusive models, it can be seen from figure 1 that for ramp rates in the
range of 8 to 40 °C/sec, the observed release is substantially greater than the release
value presented by curve 2. This difference indicates that transient fission gas
release is mainly controlled by processes other than the diffusional process in the
matrix that has been generally considered for the analysis of fission gas release. In
the KFGR-T computer model, bubble migration through channels formed by the
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extension of dislocations to grain boundaries and intergranular cracking are taken
into account as possible processes during the transient heatup stage.
The accumulated fission gas release calculated with the use of the KFGR-T
computer model is shown as the thick solid line and is compared with Small's
experimental data in Figure 1. Even though the observed releases are irregularly
distributed for heating rates so that the fission gas release is higher for a heating
rate of 12.5 °C/sec than for heating rates of 1 and 50 °C/sec, the KFGR-T model gives
predictions in good agreement with observed fission gas releases as a function of
heating rates. The irregular distribution of the observed releases for different
heating rates can be interpreted in terms of intergranular cracking and duration at
high temperatures. The maximal fraction of grain boundaries with intergranular
cracking under given conditions was calculated and is presented in Figure 2. As can
be seen in Figure 2, intergranular cracking was predicted to be initiated for a
heating rate of about 1 °C/sec and to be propagated for heating rates in the range of
2 to 11 °C/sec, and brittle intergranular cracking was also predicted to occur for
heating rates greater than 11 °C/sec. These calculated results indicate that the
increase in the observed release for a heating rate of 12.5 °C/sec in comparison with
that for a heating rate of 1 °C/sec can be attributed to the propagation of
intergranular cracking. The decrease of observed release for a heating rate of 50
°C/sec in comparison with that for a heating rate of 12.5 °C/sec can be explained by
taking into account the influence of a fast heating rate on fission gas release
because brittle intergranular cracking was predicted to occur under both heating
rates, and there is no need to account for the release processes in grain boundaries.
Namely, the slower the heating rate is and the longer the time at high temperatures
is, the greater the fission gas release is.
Figure 3 show comparisons of the calculated fission gas releases as a function of
temperature
with the result of three out-of-pile sweep gas experiments performed
by Small1 on UO2 fuel base-irradiated to 18 MWd/kgU burnup for heating rates 1,
12.5 and 50 °C/sec, respectively. It can be seen from this figure that the trend and
the absolute values of fission gas release calculated with use of the KFGR-T model
are in reasonable agreement with the Small's experimental data as a function of
temperature.
Figure 4 shows the calculated rate of fission gas migration to grain boundaries by
means of each controlling
mechanism under the condition of Small's B-series sweep
gas experiments.1 At temperatures below about 1250 °C, no fission gas migration by
means of the mechanism of bubble migration through channels formed by the
extension of dislocations to grain boundaries was predicted. The rate of fission gas
migration to grain boundaries through dislocation channeling increased with the
increase in temperature. As the result, the rate of fission gas migration to grain
boundaries through dislocation channeling exceeded the rate of fission gas
migration by means of the mechanism of bulk diffusion from temperature of about
1400 °C. This indicates that fission gas migration to grain boundary under the
transient heatup conditions where the terminal temperature exceeds about 1400 °C
is primarily controlled by the mechanism of bubble migration through channels
formed by dislocations extended to the grain boundary.
Figure 5 shows a comparison of the calculated fission gas release with the
experimental data obtained by Gehl2 from out-of-pile transient heating experiments
(DEH experiments) on UO2 fuel base-irradiated to 32 MWd/kgU burnup for heating
rates in the range 6 to 76 °C/sec. It can be seen that the values calculated with the
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KFGR-T model are in good agreement with the DEH experimental data in most
cases.
Fission Gas Release During the Isothermal Annealing Stage at High
Temperatures
Fission gas release calculated with use of the KFGR-T model was also compared
with experimental data obtained at the Japan28 Atomic Energy Research Institute27
(JAERI) and Oak Ridge National Laboratory (ORNL) from out-of-pile annealing
experiments on UO2 fuel base-irradiated to burnups of 35 and 25 MWd/kgU,
respectively, as shown in Figures 6 and 7. The calculated fission gas releases and
the experimental data were in reasonable agreement when the grain growth/grainboundary sweeping phenomenon was considered for the isothermal annealing. This
result confirms Rest's conclusion29 that the behavior of fission gases during tests
where the temperature is kept constant for a relatively long time can be interpreted
in terms of a grain growth/grain-boundary sweeping mechanism by which migration
of fission gases from the grain interior to the grain boundary is enhanced.
Influence of Initial Grain Size on Fission Gas
Transient Heatup Stages

Release During the

A parametric sensitivity of the initial grain size on transient fission gas release
during the transient30heatup stage was conducted under conditions that Gruber4 and
Dollins and Jursich used in their studies with the same purpose. Figure 8 shows
the result of the parametric sensitivity study. As can be seen in Figure 8, the
KFGR-T model is relatively insensitive to the initial grain size in comparison of the
Gruber and Dollins-Jursich models. This result is qualitatively consistent with the
experimental observation by Hinman and Randklev.31 They compared the fission
gas releases observed in the FGR-39 and FGR-41 experiments where all
experimental conditions were very similar except for fuel grain size (i.e., 23 Hm for
FGR-39 and 7 Mm for FGR-41) and concluded that there was no apparent sensitivity
to grain size for transient fission gas release and swelling.
CONCLUSIONS
The KFGR-T computer model has been developed to predicted fission gas release
from UO2 under transient conditions that give rise to high fuel temperature.
Comparisons were made between fission gas releases calculated with use of the
KFGR-T model and experimental data obtained from out-of-pile transient heating
experiments with UO2 fuel base-irradiated to buraups in the range of 18 to 35
MWd/kgU. The comparative calculations indicated that the rapid migration of
fission gases from the grain interior to the grain boundary appeared to be
attributable to bubble migration through channels formed by the extension of
dislocations to grain boundary during the transient heatup stage and grain
growth/grain-boundary sweeping during the high temperature annealing stage.
The comparative calculations also indicated the release processes of fission gases in
grain boundaries are significantly influenced by intergranular cracking.
As the result of the parametric study to investigate the sensitivity of the KFGR-T
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model to the initial grain size, the KFGR-T model was found to be much less
sensitive to the initial grain size, which was consistent with experimental
observation.
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were sintered in order to examine the possibility of using the dry retreated powder from scrap
to be recycled.
2.3 Characterization of powders and pellets
Powders were analyzed in terms of 0/U ratio, specific surface area, particle size, etc.
O/U ratio was calculated by oxidizing at 45OC for 1 hour and reoxidizing at COO°C for 1
hour in air then weighing with microbalance. Single point BET method was used to determine
specific surface area. Fisher subsreve sizer and laser particle size analyzer were used to
measure particle size. Morphology of powders was observed by JSM 840A scanning electron
microscope.
Hydraulic press was used to compact powders through die wall lubrication with
zinc stearate. It was difficult to compact dry retreated powders for desired green
density. Sintering was performed using mass production sintering furnace in H2
atmosphere.
Five green pellets were prepared from each powder sample and tested in dilatometer.
The specimens were heated with heating rate 2, 5, 10, 15 and 20°C/min. up to i500°C
after holding 30 min. at 500°C. The variation in length was analyzed to get activation energy
and reaction constant.
The density, open porosity and closed porosity of pellets were measured by conventional
immersion method.
3. Results and Discussion
3.1 Powder characteristics
Properties such as 0/U ratio, specific surface area and particle size are summarized in
Table 1. Ex-AUC and ex-AU powders has same specific surface area while average particle
size of ex-AUC powder was larger than that of ex-AU powder. The ex-AUC powder is of
distinct spherical shape and individually separated, and flows freely, whereas the UO2 ex-AU
powder is more or less agglomerated and contains very fine particles, as shown in Figure 1.
The high surface area of UO2 ex-AUC powder is due to micropores within particles which
increases sintering reactivity, whereas fine particles of UO2 ex-AU powder contributes to the
surface area increase.
For dry retreated powders, the shape was irregular with cracks. However micropores
which were observed in ex-AUC and -AU powders were not observed, resulting in low
specific surface area. The morphologies of two dry retreated powders had no significant
difference. Particle size measured by Fisher subsieve sizer decreased with oxidation/reduction
cycling. During oxidation/reduction process, powder is assumed to be destructed due to
volumechanges.Thereforerepeatedoxidation/reductionresultsindecreaseofaverageparticle
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The AUC and the AU processes are classified as wet processes, and the characteristics
of UO2 powders are extensively reviewed for light water reactor fue!(2).
The UO2 powder produced from UO2 pellets through the oxidation followed by the
reduction process { Here we call it as "dry retreated powder") shows distinct properties. US
and Canada have done a lot of works about oxidation and reduction of UO2 pellets and
powders (3-5). With oxidation/reduction cycle, size of dry retreated powder decreases and
surface area increases.
In this paper, we intended to describe the characteristics of UO2 ex-AUC and -AU
powders as well as dry retreated UO2 powders produced from UO2 pellets through
oxidation/reduction process. Some efforts were devoted to calculate activation energy of
sintering using dilatometer and estimate a sintering behaviour of a given powder.
2. EXPERIMENTAL PROCEDURES
2.1

UO2 powders manufactured from AUC and AU processes

The UO2 ex-AUC powder has particles of a spherical type which provide the flowable
characteristics(6-8), important for the die filling aspect during compaction step. This type of
powder, therefore, is not required to have pre-treatment and can be directly led to final
pressing. It also seems easy to control the surface area of powder, which plays an
important role in obtaining high sintered density. It has a bimodal pore distribution^), and
an average particle diameter of 10,um(6).
ERUEIdorado Resources Limited) has improved the characteristics of the UO2
ex-AU powder for the purpose of manufacturing pellets for the Canadian type heavy
water reactors(9,10). General characteristics of UO2 ex-AU powders are ; moderate
specific surface area and fine and non-spherical particles. These characteristics show
high sintering reactivity but difficulty in pressing, i.e., the powder has to be
granulated in order to increase its flowability so that the pellet length can easily be
controlled during pressing.
The UO2 ex-AU and ex-AUC powders used in this experiments were produced by ERL and
KAERI respectively.
2.2 UO2 powder converted by oxidation/reduction of sintered pellets
Dry retreated powders were prepared by oxidation of UO2 pellets at 450°C for 2 hours
in air and then reduced at 60OC for 3 hours in H2 atmosphere with flow rate 0.25 l/min..
The oxidation/reduction cycle was repeated up to 3 times in same conditions. One powder
was prepared by oxidation at 450°C for 2 hours and reduction in fluidizing bed reactor at
600°C for 2 hours in order to compare the difference in properties due to reduction method.
In addition, mixtures of UO2 ex-AUC powder and dry retreated UO2 powder(5% and 10%)

Characterization and comparison of the sintering
benaviors of the variously-treated UO2 powders
Ki-Kwang BAE, Han-Soo KIM, Jung-Won LEE, Young-Woo LEE,
Myung-Seung YANG and Poong-Eil JUHN
HWR Fuel Division, Korea Atomic Energy Research Institute
P.O.Box 7 Daeduk-danji, Daejon, Republic of KOREA

ABSTRACT
Variously prepared UO2 powders are characterized primarily in terms of the sintering
behavior in connection with their different powder properties ; particle size, surface area and
O/U ratio.
For conventional UO2 pellet route, the UO2 powders ex-AUC and ex-AU are used for
comparison and analysed for microstructure and density, focussing on sinterability.
For the UO2 powder unconventionally prepared by oxidation and reduction of UO2 scrap,
its surface area, particle size and sinterability are different from those of the UO2 ex-AUC or
ex-AU. The sintering behavior is strongly influenced by its O/U ratio and particle shape. This
effect is compared with UO2 powders conventionally prepared via AUC and AU processes.
Besides O/U ratio, the surface area and particle size have a considerable effect on the
sintering behavior.
From the results, activation energy and constant for sintering reaction are calculated by
first order reaction, meanwhile directly recovering UO2 scraps method without wet powder
conversion is examined in connection with sintered density.
1. INTRODUCTION
KAERI has developed the CANDU fuel fabrication technology based on her R & D works
and been producing the fuels for Wolsung power reactor since 1987(1). During this period,
KAERI has accumulsted the experience with variously processed UO2 powders such as
AUC-derived UO2 powders (UO2 ex-AUC powders) and AU-derived UO2 powders (UO2 ex-AU
powders ) for the production of fuel pellets. Besides them, the properties and sinterability of
re-treated powders from UO2 pellets through oxidation and reduction processes attracted our
attention for the purpose of scrap recovery during manufacturing processes.
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Table 1 - IMPLEMENTATION OF Z299.2 COMPONENTS IN PROJECT TASKS
PROJECT: FCN QUALIFICATION

Z299.2 COMPONENTS

1. TCCHNOLOGY UPGRADING
1.1 Organization and System
1.1.1 QA Manual
1.1.2 Organization Cliart
1.1.3 Job Descriptions
1.2 General Requirements and Procedures 11.3 Fuel Design
1.3.1
Procedures
1.3.2 Technical and Product Specifications
1.3.3 Design Drawings
j
1.4 Procurement and Material Handling
1.5 HealtJi Plivsics
1.6 Inspection
1.6.1
Procedure
1.6.2 Inspection Equipment
1.6.3 Calibration and Maintenance
1.6.4 Inspection and Test Plan
1.6.5 Inspection Practices
1.7 Manufacturing
1.7.1
Documentation
1.7.2 Verification of Plant Conditions
.7.3 Verification of Available Processes
1.7.4 Procurement of New Equipment
.7.5 New Processes
.8 Qualifications
.8.1 Qualification Procedure
.8.2 Qualification Plans
.8.3 Qualification of Personnel
.S.4 Qualification of Inspection Methods
.8.5 Qualification of Manufacturing Methods
.8.6 Introduction of Process Control

3.2
3.3

Management Responsibilities
Quality Assurance Manual

3.5.1
3.5.3
3.5.16
3.5.19
3.5.20
3.5.21

j
Tender and Contract
j
Documentation
j
Quality Records
Customer-Supplied Products and Services
Statistical Techniques
Quality Audits

-[3.5.2

Design

3.5.5
3.5.11
3.5.12
3.5.15

Procurement
Identification and Traccability
Handling and Storing
Packaging and Shipping

3.5.4
3.5.6
3.5.7
3.5.8
3.5.9
3.5.10
3.5.17
3.5.18

Measuring and Testing Equipment
Inspection and Test Plan
Incoming Inspection
In-Process Inspection
Final Inspection
Inspection Status
Nonconformance
Corrective Action

3.5.13

Production

3.5.14

Special Processes

.9 Manufacturing Demonstration
CERTIFICATION
1 Audit of All Systems
2 Certification of FCN as Supplier of CANDU-6 Power Reactor Fuel
3 Monitoring FCN Performance during Six-Month Production Period
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This is perhaps the main objective of the Project: to develop an "attitude", a way of operation
at the fuel supplier to be qualified, fully compatible with the spirit and intent of the system of
quality assurance.

CONCLUSION
FCN have an operating plant for the production of CANDU fuel. Some aspects of the plant
are considered acceptable and are expected to require a formal qualification only. Some other
aspects need upgrading. A qualification program has been developed which is expected to give
FCN the capability to operate in a way satisfying all requirements of the Z-299.2 standard, i.e.
to supply fuel compatible with all requirements for reliable and safe performance of the CANDU
reactors at Cemavoda.
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Qualifications. All manufacturing processes and special inspection methods will be qualified
as required by Z299.2.
Manufacturing Demonstration. As the final proof test before FCN certification, all systems
in the plant will be operated for a period of several weeks, under conditions of full production.

Certification of FCN
This closing part of thft project will include three tasks:
Audit of all systems in FCN. A final audit will take place during the qualifications and
during the manufacturing demonstration. This will be the responsibility of AECL CANDU
personnel not involved in the tasks of FCN upgrading.
Certification. Based on successful completion of all Project tasks, and on positive outcome
of the audit, AECL will certify FCN as a supplier of CANDU-6 power reactor fuel.
Monitoring of FCN Performance during Fuel Production. During the first six months of full
production at FCN, the Canadian partners in the project will monitor FCN performance, and
assist in resolving any problems that might come up.
Table 1 shows a summary of project scope, and indicates the links between project tasks and
the elements of the Z299.2 Standard. Figure 2 shows the sequence of actions in the project.

DISCUSSION
The design of CANDU-6 power reactor fuel is deceptively simple, the manufacturing and
inspection processes that are applied in its procurement seem to be rather straightforward and
well known; and the experience with the performance of this fuel in-reactor is excellent: the
"steady defect rate" is about 0.05 % (bundles) [6-8]. Thus, it seems that the supply of fuel with
acceptable quality has been accomplished without difficulty.
The real challenge is in the statistics! To achieve the bundle defect rate of 0.05 %, a "fuel
element defect rate" of some 0.0012 %, i.e. 12 defective elements per 1,000,000, is needed. This
is equivalent, for example, to 6 defective closure weld per 1,000,000 welds, or 2 defective brazed
joints (leading to sheath perforation) per 1,000,000 joints.
The individual manufacturing and inspection tasks may appear not to be particularly
challenging, but the requirements for consistently good product quality and adequate performance
of large numbers of fuel bundles do not leave much space for deviations. An effective Quality
Assurance program has to be in place. This is why the project we are describing puts so much
emphasis on all elements of the Z299.2 Standard, however formal and insignificant some of them
may seem.
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important, are the recommendations for the introduction - or at least for detailed checks - of all
activities and procedures that are required in Z299.2.
Both parts of the program are described below.

Upgrading of Technology
The upgrading will be achieved with the help of three methods:
Upgrading of documents relevant to all aspects covered by Z299.2;
Personnel training in Romannia and in Canada;
Supply of equipment and expertise for selected manufacturing processes and inspection
methods.
This will be applied as appropriate to the following aspects of the plant operation::
Organization and System. Quality Assurance Manual will be rewritten in line with the
requirements of Z299.2. Plant organization and job descriptions will be revised. FCN managerial
staff will visit Canada and compare their experience with plant management practices here.
General Requirements and Procedures. A number of procedures, such as Tender and Contract;
Documentation; Quality Records; Nonconformance; Corrective Action, etc, will be reviewej and,
where necessary, brought to conformance with Z299.2.
Fuel Design. The qualification of FCN will be limited - at least initially - to CANDU-6 fuel,
with a mature design. Yet, an understanding of CANDU fuel design is needed, as a minimum
for applications to manufacturing and Materials Review Board agenda, such as decisions about
disposition of deviations, etc.
Procurement and Material Handling. Subcontractors' evaluation and qualification, review of
purchasing documents, and material identification and traceability are in the scope of this task.
Health Phvsics and Plant Condition. A visit to the FCN plant by Canadian experts is planned.
The objective is to recommend, where needed, improvements of health safety systems, monitoring
and equipment, of plant management, and similar topics.
Inspection and Testing. Most inspection equipment and practices have been found acceptable
during the initial visits. The documents, equipment and methods of testing, calibration, reporting,
etc, will now be reviewed in detail, and changes recommended where needed.
Manufacturing Processes. Two new manufacturing technologies, end cap welding and bundle
assembly welding, will be introduced, personnel trained in Canada, and new equipment installed,
commissioned, and prepared for qualification. The remaining technologies, i.e. pelleting, sheath
manufacturing and element completion, will be checked, improvement introduced as needed, and
prepared for qualification.
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This paper describes the program to qualify the Romanian nuclear fcel plant (FCN) as the
supplier of fuel for the CANDU-6 reactors at Cernavoda.

CANADIAN QUALITY ASSURANCE STANDARDS CAN-Z299
The scope of all four categories of the Z299 Standard series is shown in Figure 1 [5]. The
criteria for the selection of the proper category include [5]:
- Complexity of design effort;
- Maturity of design:
- Complexity of production;
- Characteristics of the product;
- Economic factors; and

The procurement of power reactor fuel corresponds to category i or 2. Because the
manufacturing program at FCN will be - at least initially - limited to CANDU-6 fuel that has a
mature design, and because major design tasks are not expected, it was agreed that category
Z299.2 is adequate.
A QA program that conforms to Z299.2, has two major limitations:
- Design is not part of the program (But, note, design verification is). This is compatible with
the expected absence of any major design effort, as described above.
- Internal audit capability is not available.

QUALIFICATION OF FCN AS CANDU REACTOR FUEL SUPPLIER
The program of the project consists of two major parts:
(a)

Upgrading of Technology, and

(b)

Certification of FCN.

The main components of the program were defined after an initial assessment of all aspects
of operation at FCN. In most respects, the manufacturing technology at FCN reached a
remarkable level. In several cases, a switch to better proven methods or equipment is
recommended; these are perhaps the most visible items on the list of actions. Less apparent, yet
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.
.

Evaluate the impact of material- or manufacturing-related (small) deviations from standard
design on fuel performance;
Analyze the causes of in-reactor defects and their possible relations to manufacturing.

- Procure fuel materials compatible with fuel design requirements and with reliable fuel
performance.
- Provide a manufacturing facility, equipment and personnel capable of producing fuel that
satisfies all specification requirements;
- Adopt a system that assures conformance to all requirements at a high quality level. Because
the responsibility for this system rests with the fuel supplier (manufacturer) and not with the
utility, in Canada, a standard from the CSA CAN-3 Z-299 series [1-5] is applicable.
New CANDU power reactors are under construction in Romania which will require significant
quantities of fuel. It is in the interest of both the local utility operating the new reactors, and the
Canadian side, to assure that high quality fuel is supplied for the reactors.
One of the advantages of the CANDU system is that the power reactor fuel can be supplied
locally. The qualification of the supplier is one of the major factors in securing acceptable
performance of the new CANDU reactors. Therefore, assistance in establishing, expandind and
qualifying the fuel procurement structure is a top priority program AECL is repeatedly involved
with overseas customers.
If a local fuel manufacturing facility already exists, the scope of the task is limited to a
verification. As a minimum, an audit is conducted to check if a system equivalent to the
pertinent level of the Z-299 standard, together with all the required capabilities, are in place.
AECL acts as the auditing organization.
At the other end of the spectrum, a completely new local industry has to be created. And,
of course, there are in-between cases, when some capability already exists, but has to be
expanded or upgraded, and the whole system qualified.
In all such cases, additional support is needed. This may include transfer of design
technology, manufacturing technology and inspection techniques; procurement of equipment;
introduction of a QA system; personnel training, qualification of manufacturing processes,
inspection and testing methods, personnel, etc.
When mass production of fuel is involved, AECL cooperates with a Canadian fuel
manufacturer in the program.
In Romania, fuel manufacturing capability at FCN was developed before 1989. In most
processes and functions, the system has reached an acceptable level. In some aspects, such as
the Quality Assurance, improvements are desirable. Based on a review if the situation at FCN,
the qualification program includes both the application of Canadian expertise in fuel design and
fuel manufacturing, and final certification. AECL and ZPI are involved on the Canadian side.
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QUALIFICATION OF FCN AS A SUPPLIER OF CANDU POWER REACTOR FUEL

Roman Sejnoha (I), Martyn Wash (2) and Constantin A. Galeriu (3)

(1)

AECL CANDU
Sheridan Park Research Community
Mississauga, ONT L5K 1M9
Canada

(2)

Zircatec Precision Industries (ZPI),
Port Hope, ONT, Canada

(3)

Fabrica de Combustibil Nuclear (FCN),
Pitegti, Romania

ABSTRACT
In Romania, a fuel manufacturing plant has been in existence for some time. The CANDU-6
reactors in Cernavoda, now under construction, will need fuel conforming to the Canadian Z299.2
Standard or equivalent. To become a certified supplier of CANDU-6 fuel, the Romanian
manufacturing plant will be re-qualified.
Using the qualification of the FCN plant as a "sample problem", the paper describes the
method used to qualify an overseas supplier of nuclear fuel for CANDU power reactors. The
application of the Canadian QA Standard Z299 is explained. The main tasks of the project
designed to qualify the fuel supplier, are described. They include personnel training, introduction
of several new or up-graded manufacturing processes, inspection methods, and equipment.
However, the importance of an unquantified requirement for the development of a "quality
assurance work style" in every section of plant operation should not be underestimated.

INTRODUCTION
Each supplier of CANDU reactor fuel must comply with a number of minimum requirements,
such as:
- Understand CANDU fuel design and design requirements:
. Understand the links between materials, manufacturing factors, fuel design and fuel
performance; specify the properties and characteristics of the fuel he manufactures;
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HEXA
METHYLENE
TETRA AMINE
HMTA

PLUTONIUM

NITRATE
SOLUTION
URANYL
NITRATE
SOLUTION

MIXING 8 COOLING
DROPLET FORMATION
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SiJ/cone oil
363UK

BATCH WASHING
BATCH AIR DRYING

573 K, 12h

GELJMiCROSPHERES
(UO3 + C or U0 3 +Pu0 2 +C)

Diameter; 600jam

, air.
CONTROLLED CALCINATION
(porous
microspheres)) ) followed by N2+8% hL
(
COLD-PELLETISATION
(green peilets)

300 MPa

±

1473 K,1h,
followed by

LOW TEMPERATURE
OXIDATIVE
SINTERING

(sintered pellets)

±

CHARACTERISATION

Density, Microstructure,
Thermal conductivity,

Resintering test
Figure. 1

SGMP-LTS process flowsheet developed at BARC
fabrication

of high density fuel pellets' for PHWR

for

Table 3 :

Pin No.

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

16.
17.
18.
19.

Details of the 19-pin PHWR 220 MWefael handle containing
high density (7/96% T.D.) UO_
pellets prepared by
2
SGHP - LTS route.

Pellet Stack
Length
(ran)
480.458
479.788
480.542
479.818
480.258
479.638
480.009
480.308
480.659
479.767
479.597
480.C19
480.019
479.778
480.179
479.940
480.407
480.697
480.189

Pellet Stack
Weight
(g)
795
796
796
796
797

794
797
797

799
797
796
794
796
796
797
794
798
798
796

Fuel Tube
Length

Fuel Tube

(mm)

I.D.
(nm)

485.775
485.749
485.775
485.775
485.775
485.749
485.775
485.749
485.775
485.775
485.749
485.775
485.749
485.749
485.775
485.775
485.775
485.775
485.749

14.351
14.351
14.351
14.351
14.351
14.351
14.351
14.351
14.351
14.351
14.351
14.351
14.351
14.351
14.351
14.351
14.351
14.351
14.351

Smear
Density
(% T.D.)
92 .28
92 .40
92 .39
92 .39
92 .51
92 .17
92 .51
92 .52
92 .74
92 .51
92 .40
92 .16
92 .40
92 .40
92 .51
92 .16
92 .63
92 .63
92,.40
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TABLE 2 :

CHARACTERISTICS OF UO 2 & (U,Pu)O2 PELLETS
PREPARED BY SGMP - LTS ROUTE

PROPERTIES

UO_

Green Density
g/cm3 (% T.D.)

5.43
(49.54)

Sintered Density

10.68

(U,Pu)O2

5.48
(49.95)
10.57

(geometrical)
g/cm3 (% T.D.)

(97.49)

(96.39)

Sintered Density
(immersion)

10.83
(98.86)

10.83
(98.72)

g/cm 3

(% T.D.)

Open Pore

Nil

Kil

1.14

1.28

<30

<30

(Vol. %)
Closed Pore
(Vol. %)
Carbon
(ppm)
Hydrogen

-

<0.50

(ppm)
Total Gas Content
3

(cm /g)

0.008

-
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TABLE 1 : CHARACTERISTICS OF REPRESENTATIVE BATCHES OF POROUS
OO 2 & (U,Pu)O2 MICROSPHERES AFTER CALCINATION

PROPERTIES

U0 2

(U,Pu)O2

Tap Density g/cm3

1.86

1.77

Specific Surface Area m /g

4.45

4.25

^2.00

^2.00

2.05

2.03

Average Crushing Strength
(N/microspherees)
Oxygen to Metal

Ratio
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SUMMARY ANI) CONCLUSIONS
6GMP-LTS is a viable 'dust-tree' route for mass production
of high density UO2 and I U . P U J O 2 fuel pellets
economically
ror water-cooied reactors.
A 19-pin fuel bundle containing
high density UO2 pellets prepared by SGMF-LTS route has been
fabricated lor irradiation - testing in a PKWR 220 fuel
channel.
Likewise, hign density (U,Pu;O2 pellets have also
Deen rabricated for irradiation-testing in CIRUS.
"Porous" calcined microspheres have
low crusning
strength
and are most suitable for direct pelletisation: hence,
carbon biacK pore
former
should
oe added to tne
solution prior to gelation and later removed by controlled
air-calcination.
Low
Temperature oxidative Sintering
t 1,200*0
in
CO2
followed
Dy a reduction treatment at 1200<->(j ^or z hours in
N2 + b% H2 led to high density UO2 and (U,Pu;G2 fuel pellets
which met all specifications of FHfo'R fuel
including the
"resintering test".
The uniform distribution of spherical pores (diameter
1-2
micronsj was responsible
for 10 - 15% higher
tnermai
conductivity
in oxide pellets prepared by "SGMP-LTS" route
compared to the pellets of equivalent density prepared
by
the powder-pellet" route.
REFERENCES :
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needed.
The green pellets had density in the range of 49-502.
T.D.
The pellets were subjected to low temperature. short
duration oxidative sintering according to the time temperature
schedule given in Figure 4. The densification was carried out at
1.200°C for one hour in CO2 atmosphere.
The reduction was
carried out in N2 +• 8% H2 at 1,200°C xor two hours. The sintered
pellets were then subjected to :
1i)
1ii)
liii)

geometrical
and
bulk
density
measurements
and
evaluation 01 'open' and closed prosity;
microstructural analysis including grain size and pore
size, shape and distribution;
thermal conductivity measurement (laser flash technique
was used for measurement of thermal difxusivity1.

Several kilograms 01 high density UO2 pellets have been
prepared by the SGMF-LTS route at BARC. Bombay.
These peiiets
were centreless ground and inspected at NFC, Hyderabad.
The
accepted peiiets were encapsulated in zircaioy-2 cladding tuoes
by resistance welding and a 19-pin fuel bundle (containing
15
kg 01 UO2 peiietsj was assembled for irradiation testing in a
PHWR_. 220 MWe fuel channel.
Simultaneously, high density
iU.Pu)O2 peiiets containing 3% FuG2 have been prepared by the
SGMF-LTS route for irradiatior. -testing of a few zircaloy clad
mixed oxide fuel pins in the pressurised water loop <FWL> oi
CIRU5 reactor.
RESULTS AND DISCUSSION
Tables 1
and
2
summarise
the
characteristics
of
representative batches oi calcined UO2 and (U,Pu)C2 microspheres
and sintered pellets respectively. The sintered pellets prepared
by the SGMF-LTS route met all specifications of PHWR fuel
including carbon, hydrogen and total gas contents. These pellets
also qualified the "resintering test at 1700^c for 24 hours to
simulate in-piie densification due to fine pores.
The change in
density after resintering was less than 1% T.D. which is
acceptable.
The porous ' microspheres obtained after calcination crushed
easily during pelletisation and lost their individual identity.
Hence,
no
microsphere
boundaries
were
observed in the
microstructures (Figure 5 ) . The scanning electron microscope
photograpn of the fractured surface oi sintered pellet iFigure 6)
revealed uniform distribution oi spherical porosity in tne
diametrical range of 1-2 micron.
The
size
and
uniform
distribution oi spherical pores were responsible for the 10-15%
higher thermal conductivity obtained in pellets prepared by
"SGMF-LTS route compared to tne ones of equivalent density
fabricated by the conventional "powder-pellet" route, as shown in
Figure 7.
Table 3 gives the details of the UO2 fuel pins assembled to
form a 19-pin fuel bundle for irradiation-testing in a PHWR 220
MWe fuel channel.
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.in case of iU,Fu)Oz, complete solid solution formation and
in turn excellent microhomogenity is ensured since uranyi
and plutonium nitrates are mixed as solutions; further,
(U,Pu)O2
solid
solution
eliminates
the
problem of
dissolution of free PuO2 particles in HNO3. often associated
with UO2-PuO2 pellets prepared from mechanically mixed UO2
and FuO2 powders;
since high density peilets are produced by sintering at
relatively low temperature 1 4 1,200°C) for a short duration
il hour), there is significant savings in electrical energy
and gas consumption: further, relatively less expensive and
easily available heating elements like kanthei or silicon
carbide could be used in sintering furnace.
high density fuel pellets containing uniformly distributed
closed sperical pores
in the ideal diameter range of 1-2
micron are obtianed; this improves the thermal conductivity
of the pellets.
EXPERIMENTAL PROCEDURE
Figure 1 shows the important steps in the SGMP-LTS process
developed in BARC for fabrication of hign density UO2 and
iU,Pu)02 fuel peliets for PHWRs.
The ammonia internal gelation
process followed
in
BARC
for
preparation
01
hydratea
gel-microsphcres of IJO3 •»- C and DO2 r PuOz + C from uranyi and
Plutonium nitrate feed solutions is shown in Figure 2 [51.
Hexa
methyiene tetra amine iHMTA; and silicon oil 130 ± l°Cj were used
as "ammonia generator' and gelation bath respectively.
Caroon
black was added as a pore former to the solution prior to
gelation and was later removed by controlled air-calcination of
the gei-microspheres at
775°C to produce "porous" microspheres.
The feed solutions were prepared by mixing the following:
Uranyi nitrate or uranyi nitrate +
Plutonium nitrate solutions

:

1 moiar

HMTA and urea

:

1.5 molar

:

heavy atom
50 g/litre

Carbon biacK

•

The diameter of the gei-microspheres (1000-1200 micron) were
controlled by the diameter of the orifice through which the
dropletj of the solution fell into the gelation bath. The geimicrospheres were dried in air at around 200°C in small batches
{'«•>*5 kg for the uranium oxide and 500 g ror the mixed uranium
Plutonium oxide).
The dried microspheres were caicinea at 775°C
first in air, followed by N2+8/& H2 in order to get 'porous' and
free-flowing oxide or mixed oxide microspheres of low crushing
strength and optimum specific surface area.tap density and oxygen
to metal ratio. The calcined microspneres were in the diameter
range of 500-600 micron as shown in Figure 3. Tne porous'
microspheres were directly peiletiseo at 300 MPa in a double
action hydraulic press which had the provision of automatic
lubrication of the die wall and punch surfaces before each
pressing cycle.
Hence, binder or admixed lubricant were not
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INTRODUCTION
Mass production of high density GOz and iU,FujO2 fuel
pellets for water cooled nuclear power reactors. all over the
world,
is
based
on
the "powder-pellet" route involving
cold-pelletisation of UO2 or mechanically mixed UO2 and PuO2
powders, followed by high temperature (1973 K) sintering in
hydrogen atmosphere.
In the "powder-pellet" route
large
quantities of radioactive and fine t <. 1 micron ) UO2 and PuO2
powders are handled.
Hence, it has the problem of "radiotoxic
dust hazard".
Further,
fine UO2 and PuO2 powders are not
free-flowing and require granulation before final compaction. In
addition, energy and gas consumptions are high during high
temperature sintering and special heating elements leg. Mo or Wj
are needed for sintering furnaces.
The alternative soi-ge.1. microsphere pelletisation iSGMFj
process demonstrated recently [1-3] for uranium, Plutonium and
thorium bearing oxide fuel pellets, on a laboratory scale xs
based on
preparation of dust-free and free-flowing hydrated
gel-microspheres of uranium,
thorium
or
plutonium
oxide
containing carbon clack pore former by "ammonia internal/external
gelation' process. These gel-micropsheres are dried,air-calcined
and reduced to obtain
porous" microspheres of low crushing
strength and optimum specific surface area and oxygen to metal
ratio which are suitable for direct pelletisation and subsequent
sintering.
Likewise, in place of the conventional "high
temperature sintering"
in
reducing
atmosphere,
the
low
temperature ( ^1200°C). short duration oxidative sintering (LTSj,
developed in FEG where it is known as the NIKUSI process [4], is
attractive from the point 01 view of minimising energy and gas
consumption during sintering.
In LTS.
the enhancement of
U-diffusion (IP oc x 2 j in UO2 + x ix^0.25) is utilised for rapid
densification ox UO2 and (U,PujO2 pellets containing upto 20% Pu
by sintering in oxidative atmosphere namely, CO2 or N2 + air. In
NIKUSI process, densification is followed by hydrogen reduction
at ^1200°C in order to obtain high density UO2 or (Q,Pu)02
sintered fuel pellets with stoichiometry close to 2.00.
The objective of the present study was to combine the SGMP
and LTS processes to obtain high density UO2 and (U,Pu)02 fuel
pellets of PHWR fuel specification.
The advantages of SGMP-LT5
process are as follows :
radiotoxic dust hazard ' is avoided since the process is
dust-free:
remote and automated fuel fabrication is facilitated since
sol-gel microspheres are coarse, spherical (200 - 800
microns >, dust-free and free-flowing;
process steps like milling, precompaction and granulation
are not needed;
admixing of lubricant or binder are not needed and hence
dewaxing step is avoided;
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SGMP-LTS PROCESS FOR FABRICATION OF
HIGH DENSITY UO2 AND (U,Pu)02 FUEL PELLETS
C. Ganguly, U. Basak, V.N. Vaidya & D.D. Sood
Bhabha Atomic Research Centre
Bombay - 400 085
and
K. Balaramamoorthy
Nuclear Fuel Complex
Hyderabad 500 762
ABSTRACT
The combined sol-gel-microsphere pelletisation (SGMP), low
temperature oxidative sintering (LTS; process is an attractive
alternative to the conventional "powder-pellet" route for mass
production of higti density UO2 and (U,Pu)02 fuel pellets for
water-cooled nuclear power reactors.
The SGMP-LTS method avoids
"radiotoxic dust hazard", minimises requirement of electrical
energy during sintering and facilitates remote & automated
fabrication.
In the present paper,
'ammonia internal gelation" process
was used for preparation of hydrated gel-microspheres of UOs + C
and UO3 + PuO2 + C from uranyl and plutonium nitrate solutions.
Carbon black was added as "pore former" to the solution prior to
gelation. Hexa methylene tetra amine (HMTA.) was used as ammonia
generator.
Gelation was carried out in silicon oil b£th at
90 ± loc.
The dried gel-microspheres containing carbon black
pore former were subjected to controlled calcination at 775cC in
air followed by N2 + 8%H2 for obtaining dust-free, free-flowing
and porous UOz and (U,Pu)O2 microspheres (diameter: 500-600
micron; with low crushing strength (2 N/microsphere) and optimum
specific surface area (4-5m'/gj and oxygen to metal ratio (2.05;.
These microspheres could be directly peiletised at
<~J 300MPa
without using any admixed binder or lubricant to pellets of green
density
49-50% T.D.
The pellets were subjected to low
temperature oxidative sintering in CO2 at 1200&C for one hour
followed by reduction treatment at 1200°C for 2 hours in N2+8/SH2
to obtain high density (^96%
T.D.j UO2 and (U.PujCte pellets
containing uniformly distributed closed, spherical pores in the
diameter range of I - 2 micron.
The pore structure contributed
to improved thermal conductivicy of the fuel pellets.
The CJO2
fuel pellets thus fabricated met ail the specifications of FHWR
fuel.
A 19-pin zircaloy clad LJO2 fuel bndle has been fabricated
for irradiation testing in a PHWR 220
MWe fuel channel.
Likewise,
tU,PujO2 fuels containing
^ 3% PuO2 have been
fabricated for irradiation testing in the pressurised water loop
(PWL) of CIRUS research reactor.
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NOMENCLATURE
The following symbols and data have been used in
expression :

PAIDOUSSIS'

D

-

diameter of the rod

( 0.01308 m )

Dh

-

hydraulic diameter of the system ( 0.0075739641 m)

El

-

flexural rigidity of the rod (El

L

-

le-.igth of the rod

m

-

mass of the rod per unit length

M

-

virtual mass of the fluid per unit length
2

(

= 26.97 N.m2 )
289° C
0.4929 m }
( 1.339

kg/m )

K *D

{

p

-

C
* [
1
4
fluid density

Re

-

REYNOLDS number

U

-

mean axial velocity

v

-

kinematic fluid viscosity

u
Y

-

0.5
dimensionless flow velocity - [ M/EI 1
* U * L
vibration amplitude at midspan

-

first-mode beam eigenvalue of the rod

a

M

=

=

] *

p

U * Dh

/

;

C = 2.57 }
I

v

1
{

2
a
1

=

2
0.5
[ f * 2 Jt * L 7 * [ m / El 1
1
f
~36.865 Hz
( in air )
lexp.
El " =
32.8664
N.m2
20° C
-4
a
=
3.370255604 ; a = 0.00775 >
1
1

e

-

equal

to

L / D

b

-

equal

to

M / f M + m )

K

-

5

( for realistic disturbance levels }.
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4.

TENTATIVE

FRETTING

PREDICTION

MODEL

Wear is the removal of material from surfaces in relative
motion by mechanical or mechanical & chemical process. There are
three types of wear :
(i)
If the relative motion is large and
wear is referred to as sliding wear;

continuous,

the

(ii)
If the relative motion is small and alternating in
nature, and if the rubbing surfaces are not brought out of
contact, the wear is referred to as sliding fretting wear, or
fretting ;
(iii) If all the mechanical damage to the surface of solid
bodies ( both fixed and moving specimen ) resulting from
repetitive impacting, the wear is referred to as impact fretting
wear or impact.
In PHWR reactors flow-induced vibration of the fuel bundles
or the whole fuel string, will cause reciprocating motion between
the bearing pads and the pressure tube, and between spacers. The
motion may be impacting (impact only), reciprocating sliding in
the longitudinal or transverse directions (fretting only), or any
of these motions (fretting with relative impacting or impact with
relative slip). It has been shown that ARCHARD's equation for
adhesive wear can be applied to any conditions, [13].
From the nuclear reactor safety's point of view the wear depth
"h" is needed. Starting from the geometry of the fretted
specimens
and using the theoretical fretting wear
volume
<ARCHARD*s equation (3)>, the fretting scars' depth "h" can be
computed by following conservative assumptions :
(i)
If the fretted specimens are bearing pads and pressure
tube, the
whole
wear occurs only on
the
pressure tube
innersurface .
(ii) If the fretted specimens are adjacent element
the whole wear occurs only on one spacer's surface.

spacer,

A theoretical estimate of the volume "V" of the material
removed during the fretting process is given by using equations
(3) and (4) :

where

V

=

2 ^ 1 D * K s * F N * f * Y * t / L

f

-

fuel rod natural frequency ;

Y

-

fuel rod vibration amplitude at midspan,(3);

t

-

expose time to fretting.

In any cases the fretting scars" depth

(5)

"h" is given by [14]:

n
h

-

constant

*

V

; with

0

<

n

The last two equations are the relationship
FUEL
VIBRATION
and
FRETTING WEAR .

<

1
between

(6)
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Measurement o_f fretting wear
The
are :

recent techniques used in evaluation of the fretting wear
- scanning electron microscopy examination ( SEM ). and

- Talysurf traces.
Quantitative measurement of fretting wear of the Romanian
Nuclear
Fuel bundles during endurance tests in INR - High
Pressure Loop, have been made using a Talysurf technique [6],[7J.
3.

ANALYTICAL OR EXPERIMENTAL FUEL VIBRATION MODEL

Modeling the vibration response of reactor fuel is formulated
to save the time and expense of measuring the
vibration
characteristics of each new fuel design, or of measuring the
response of established fuel designs to change in hydraulic
conditions of the reactor coolant. The models must initially be
fairly simple, to permit solution of the governing equations; one
such model is the single flexible rod subjected to axial flow of
an infinite medium. The predicted behavxour of the rod may be
used to approximate the behavioxir of single fuel element in a
fuel assembly.
From the reactor designer's point of view, what is needed is a
means of predicting the amplitude of vibration in any projected
system of known geometry and physical properties. From the
vibration tests point of view, the knowledge of the vibration
characteristics of the fuel rod allows a good selection of the
instrumentation distribution,and help to understand tests results.
Using S.S.CHEN's model [8] an analytical fuel vibration model
was developed to study the response of the Rumanian Nuclear Fuel
Bundle subjected to axial flow. The equations governing the rod
motions include expressions to account for the stiffness and
material damping of the rod, the damping and hydrodynamic mass
due to the flowing medium, and the excitation forces [9], [10].
The vibration characteristics of the Romanian Nuclear Fuel Bundle
have been obtained using this model and the experimental results
of the tests performed m INR - Low Pressure Loop [11] .
From the fretting damage risk's point of view, the vibration
amplitude
is needed. Different expressions are given
for
predicting
the
amplitude of
vibration.
The
PAIDOUSSIS'
correlation [12] is the most practical expression for predicting
amplitude
based on an experimental study of
flow-inducea
vibration cylinders in axial flow. This empirical expression is :

Y
D

1.6
1.8
0.25
2/3
-4 u
* e
* Re
Dh 0.4
b
-4
= a *[
~
1 * C
3 * C
] * [5*10 *K] (4)
l
1 + u
D
1 + 4b

The amplitudes of a PHWR fuel rod predicted by PAIDOUSSIS'
expression for the mean axial velocity of the fluid from 8 m/s
to
21 m/s have been obtained between 123 and 418 jum for a
REYNOLDS number of the order of 4.65E+05 at 8.0 m/s and 1.22E+06
at 21 m./s , [14].
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Fretting produces a residual compressive stress in the contact
region and this has a maximum in a direction at right angles zo
the direction of fretting. This is the result of local plasticdeformation. Conversely an existing compressive stress in the
surface, such as is produced by shot peeling, is rapidly reduced
in the fretted region by the process of shakedown. The stress
changes occur within the first few thousand cycles of fretting.
Fretting can initiate fatigue cracks which propagate away from
the fretting contact and this action appears to be a factor in
the delamination process. Fretting fatigue is the term applied to
fatigue failures which initiate in a region of fretting.

Metallurgical effects
The mechanism

of fretting involves three

stages [4] :

(i)
An initial stage, during which the protective oxide
layer is disrupted, permitting adhesion of the metal surfaces and
metal transfer;
(ii) A debris generation stage, during which an oxide layer
is formed which tends to reduce metallic contacts. This oxide
could be produced either by surface oxide films forming on and
being removed from the metal surfaces with each half cycle of
vibratory motion, or by metallic particles being oxidised after
removal from the fretted surfaces, or by some combination of
these two processes;
(iii) A steady state stage, during which the surfaces of the
fretted materials and intermediate oxide layer disintegrate and
disperse, resulting in a constant, rate of material removal from
the fretted surfaces. HURRICKS suggests that separation of debris
from the surfaces by a fatigue mechanism, not by abrasion, is the
damaging process of this stage.
In fuel bundle/pressure tube fretting the clearance between
the two contacting surfaces will lead to periodic impact motion.
Some unpublished works have shown the effects of rubbing action
and impact action separately on fretting damage of zirconium
alloy specimens. Many of these studies show that under similar
test conditions the wear due to impact motion alone is much less
than that due to rubbing action.

Wear debris and the effect. o_f environment

In normal air the debris is usually the oxide of the metal
concerned. The process may therefore be said to be one of mild
wear. The shape of the debris formed is usually plate like and it
is thought to arise by a process of delamination.
Fretting in aqueous environments results in a great increase
in the rate of removal of material ( is about double with respect
to the dry tests ) mainly by increasing the electrochemical
dissolution rate. These observations suggest that in oxidizing
atmospheres and aqueous environments there is a major chemical
factor in fretting. "Fretting-corrosion" is the term applied in
this case [5].
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Amplitude

of

slip

The question is : "' At what amplitude does slip cease to be
fretting and become reciprocating sliding ? ". The evidence is
that the specific wear rate rises to a constant value at an
amplitude
of about 100 jum.
In recent experiments [1] the critical transition amplitude at
which incipient gross slip takes place was found to vary between
1 and 11
jum depending on the experimental conditions. The
general characteristics of the contact conditions
in fretting
suggest that accelerated fatigue due to fretting should mainly be
expected at low displacement amplitudes yielding partial
stick
conditions. Fretting wear damage, in contrast, should be promoted
by displacement amplitudes above the critical value of incipient
gross slip [ 1 ] .
Velocity

of

sliding

The sliding speed in fretting is low, e.g. for an amplitude of
20 jum and a frequency of 50 Hz the average velocity is 2 mm/s.
This explains why fretting damage cannot usually be prevented by
lubrication with liquid lubricants.
Temperature rise
The fretting motion is accompanied by consumption of energy
and frictional heating. Some investigators have
found
the
temperature rise to be of the order of 20° C whereas others have
thought it could be several hundred degrees Celsius. Obviously it
will depend on the normal load, the amplitude of slip and the
frequency of the motion as well as the conductivity of the
contacting surfaces.
A theoretical estimate of temperature rise in the near
surface region is given by BRYGGMAN
and SOBERBERG
[1] :

T
where

- To =

1.4

Fmax

Fmax
f
d
r
k

the maximum value of the tangential force ;
frequency of oscillation on fretting contact;
displacement amplitude;
radius of the contact area;
thermal conductivity.

d / [ 8 * r * k l

(1)

Normal lo_&d. and. associated stress field
Since the real area of the contact is proportional to the load

= 7C r

=

FN / H

(2)

where "FN" is normal load and "H"is the hardness of the material,
the wear rate is proportional to the load. In fretting wear
studies the volume "V" of the material removed is given by
ARCHAKD's equation [2] :

V
where

Ks
FN
S

=

Ks
-

FN

specific wear rate
[ m3/N.m ] , [ 3 ] ;
normal load
[ N ];
total sliding distance
[ m l .

(3)
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ABSTRACT
The purpose of this paper is to study the vibration and
fretting characteristics of fuel and the relationship between
vibration and fretting to determine when vibration results in
fretting. Firstly an overview of the Rumanian program
to
investigate vibration and fretting in nuclear fuel assemblies is
illustrated. Then, three steps of this program are brieflypresented: basic fretting and wear understanding, analytical or
experimental
fuel vibration model and
tentative
fretting
prediction model.
1.

INTRODUCTION

Reactor core components may be subject to fretting wear as a
result, of flow-induced vibrations. It has been demonstrated that
damage may result from the vibrations of nuclear reactor fuel and
fuel channel components ( Darlington Unit 1, 1992 January 27 ).
The study of vibration and fretting is made more difficult by
the interdependence of these two phenomena. By
definition
vibration is necessary for fretting to occur , in turn the
fretting may change the vibratory motion. To reduce fretting we
must understand the relevant vibratory parameters in the reactor
environment and how changes in these parameters can affect the
fretting process .
The main important tasks related to the
ENGINEERING of the vibration and fretting behaviour of structural
fuel are define in Fig. 1. as the Romanian Program to Investigate
Vibration and Fretting in Nuclear Fuel Assemblies.

2.

BASIC FRETTING AND WEAR UNDERSTANDING

Fretting wear arises when contacting surfaces experience an
oscillatory relative tangetial movement of small amplitude. In
general, the volume of material removed in fretting process is
small and is of less concern than is the degradation of surface
finish and/or the initiation of fatigue cracks in the fretted
region. A basic understanding of the mechanism of material
removal in fretting is required to establish an understanding of
the effect of changing of material and mechanical variables on
the severity of fretting damage.
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Figure 4: Maximum Sheath Strains due to Densification and
Fission Product Swelling

1.5
1 -IS

w

0.5

-

10.75 g/cc, 0.040 mm
10.60 g/cc, 0.100 mm

</>
10.45g/cc, 0.160mm

©

E-0.5
HI
a>

"3

-1 -1.5 -2 -L

C: COMPLETE DENSIFICATION

A: AS-MANUFACTURED

D: FP SWELLING at 200 MWh/kgU

B: SH. COLLAPSE, PEL.THERMAL EXP

Figure 5: ELESTRES Predicted Sheath Strains for a Channel
Operating at Dryout
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Figure 1: Average Uranium Mass per Bundle in Point Lepreau NGS
Uranium Mass per Bundle (kgU)
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Figure 2: Concept of Performance Margins for CANDU-6 Fuel
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examination results of high density and high hurnup fuel are incorporated into the database.
Heavy fuel will increase the element diameters at power. A reduction in the performance limit
due to dryout is expected. A criterion for determining the reduction in the design margin is
suggested here. The dryout performance of the fuel is not expected to be reduced for uranium
contents below 19.25 kgU.
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4)

Fuel with larger element diameters will have lower heat fluxes for a given linear power
because of the increase in surface area. A 1 % increase in sheath diameter corresponds to
a 1% reduction in heat flux.

A complete assessment of the effect of heavy fuel on the performance limit due to dryout could
take years, especially if the two fundamental tests need to be repeated for fuel bundles having
a range of different element diameters.
The interim solution is to estimate the average sheath strain as a function of average uranium
content for a column of 12 bundles operating at the dryout channel power. The uranium content
corresponding to zero or negative strains under these conditions is considered to cause no
degradation in the performance limit due to dryout.
These calculations were done recently (Ref. 8) for a specific high power channel operating at
dryout with 12 fuel bundles having internal fuel element properties representing the current
technology for one of the fuel manufacturers. The critical uranium content corresponding to an
average strain of zero along the fuel column was 19.25 kgU as shown in Figure 3. At 19.4 kgU.
the average tensile strain is about 0.2%.

CANDU FUEL PERFORMANCE FEEDBACK
The performance of heavy fuel in the CANDU-6 reactors has been excellent with no evidence
of SCC. The recent defect excursion at Point Lepreau is attributed to primary hydriding
introduced into the fuel element by the underbaking of the graphite CANLUB. Although these
bundles were heavy with uranium content ranging from 19.3 to 19.4 kgU, there was no
correlation with the batch distribution.
The examination of intact fuel discharged from Bruce and Pickering over the last few years
shows residual tensile sheath strains up to 2% (Ref. 9). These strains are higher than the
compressive strains from previous measurements of fuel built prior to 1980.

SUMMARY/CONCLUSIONS
There is no evidence of adverse performance of heavy fuel from the CANDU-6 utilities.
However, feedback from Bruce fuel examinations suggest that "standard weight" bundles
experience compressive sheath strains and element diameter reductions, and "heavy" bundles
tensile sheath strains and element diameter increases.
However, the analytical studies indicate that heavy fuel will have two opposing effects on the
performance limit due to SCC. Lower fuel temperatures will tend to increase the design margin
whereas the higher tensile strains may lower it. Based on engineering judgement and feedback
on high burnup performance of heavy fuel in Bruce, the strain effect will likely dominate. Fuel
codes ELESTRES and FEAST can be used to quantify this trend for burnups up to about 250
MWh/kgU. Code predictions beyond this burnup are not as reliable until post-irradiation
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internal gas pressures and fuel temperatures were lower. The predicted sheath stresses were
virtually unchanged.
Dry out Performance
The performance limit for CANDU-6 fuel due to sheath dryout is dependent on several
parameters, for example:
- fuel geometry (element diameters, element bow, bundle alignments, etc.),
- surface heat flux (set by bundle powers),
- flux distribution within a bundle (affected by burnup),
- heat transfer conditions (dependent on channel powers, flows, etc), and
- coolant properties (set by temperature and pressure conditions).
To determine the performance curve for dryout, two basic tests are required. The first test is the
full scale critical heat flux (CHF) experiment that employs 37 long heater elements in a
representative fuel channel. This test is done to characterize the dryout behaviour of CANDU 37element fuel so that CHF correlations with coolant properties and channel power profiles can be
calculated. These correlations are now incorporated into thermohydraulic codes like NUCIRC.
The second test is the full scale hydraulic resistance test that uses reactor grade fuel and fuel
channel components. The pressure drop across the fuel column is measured under representative
reactor conditions with unheated bundles. The test results are used to generate an expression for
the hydraulic resistance of the fuel which is also incorporated into NUCIRC. In both tests, no
adjustment was made to increase the diameter of the elements. This approach was appropriate in
the past because sheath strains measured on irradiated fuel have been largely compressive and
considered to be negligible at power. A reduction in element diameter is considered to have a
positive effect on the dryout margin primarily due to a reduction in hydraulic resistance.
Heavy fuel that experiences element diameter increases due to positive sheath strains is expected
to change the performance limit due to dryout for the following reasons.
1)

Larger diameter fuel elements will reduce the flow area and increase the hydraulic
resistance within the fuel bundle. This will cause a flow reduction in the central high
power channels which will decrease the design margin.

2)

Since the sheath strains are power dependent, fuel bundles located in the central high
power channels will have the largest element diameters. This means that the higher
hydraulic resistance in the central channels will divert flow to the lower power channels
in the core thereby reducing the design margin for dryout.

3)

The outer elements of a bundle will have relatively larger diameters than the non-outers
because of their higher linear powers. The subchannels near the outer elements will
experience a slight reduction in flow area relative to the other subchannels near the centre
of the bundle, particularly at the bundle ends where the pitch circle diameter is fixed by
the endplate. Consequently, more coolant will likely be diverted towards the inner
subchannels which may cause a change in dryout location and alter the dryout margin.
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SCC Performance
Stress corrosion cracking defects can occur if the Zircaloy fuel sheath is subjected to a critical
tensile stress and is exposed to a critical concentration of corrosive fission products. The total
fission product inventory is determined by the fuel power and burnup, and its release to the
pellet-to-sheath gap depends on fuel temperature or the ramped power. The critical stress is
governed by the change in power, according to a modified version (Ref. 2) of the FUELOGRAM
criteria (Ref. 1). Both sheath stress (power increase dependent) and fission product concentration
(power dependent) are required to exceed critical levels to cause a SCC defect.
For design purposes, the performance limit due to SCC of heavy fuel can not be easily assessed.
There are no specific limits defined for CANDU fuel for sheath stresses/strains nor for fission
product gap inventories. Instead, there are power guidelines imposed on operations to avoid
power ramp fuel defects due to SCC of the sheath. Nevertheless, fuel codes can be used to
perform a qualitative assessment of the SCC performance of heavy fuel associated with the small
changes in geometry.
Fuel codes like ELESIM (Ref. 5), ELESTRES (Ref. 6) and FEAST (Ref. 7) are available to
predict the sheath strains, fission product gap inventories and steady state stresses for a variety
of fuel power histories. A tentative correlation between SCC and these parameters has been
identified and is consistent with fuel performance feedback. However, the code capabilities at
burnups beyond about 250-300 MWh/kgU have not yet been fully verified, primarily because the
fuel performance database used for code validation, contains comparatively few high burnup data
points.
The current version of ELESTRES contains ad-hoc modifications to the sub-models that predict
gas release at high burnup and at high temperature, specifically the algorithms that calculate
thermal conductivity of the UO,, diffusivity and size of the intergranular bubbles. The
ELESTRES predicted gas releases are on average, in close agreement with measurements. There
are 98 irradiations in the fuel database, 12 of which had UO2 densities of at least 10.70 Mg/m3
and less than 10.78 Mg/m3. The AECL specification limit on density is set at 10.75 Mg/m3.
In spite of the code limitations on high density and burnup, it is possible to evaluate the trends
of sheath strains and of fission gas pressures for specific fuel element power ramps known to
cause SCC failure. If heavy fuel indicates an increase in either strain and/or gas pressure relative
to standard fuel then the operating margin to SCC is reduced.
In parametric studies, we used the ELESTRES code version M12C to evaluate the fuel element
performance having several different geometries and operating at power histories that would cause
a SCC fuel failure. The power histories were representative of power ramps expected to cause
SCC failure. The fuel element geometries were representative of the range of parameters that
control uranium content in fuel elements produced by one ol the manufacturers.
The ELESTRES predictions show that for an element having high density and minimum
diametral clearance (worst case), the sheath plastic strains will be higher by a factor of about 2,
i.e., 1% from the 0.5% predicted for the standard weight bundle. However, the corresponding
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PERFORMANCE IMPLICATIONS
The aspects of heavy fuel that may influence performance come from increased pellet density and
reduced diametral clearance. The clearance is reduced because of the larger pellet diameter. High
density UO2 reduces the densification effects and offers good dimensional stability of the sheath
during normal residence time in the core. The reduced clearance together with the high density
offers lower fuel temperatures. Initially, the sheath may experience compressive strain due to
creep collapse under the influence of the coolant pressure, or tensile strain due to pellet thermal
expansion. Tensile or compressive strain will prevail, depending on the relative size of the
diametral clearance and the amount of pellet diameter changes due to thermal expansion,
densification and swelling. Another aspect associated with high density that may also affect
performance is the tensile strain due to a reduced axial gap or change in dish volume.
At low burnup, sheath compression may occur due to densification effects of the UO2 pellet. The
amount of densification depends on the starting density and the rate is temperature or power
dependent.
At medium to high bumups, the pellet begins to swell when the rate of buildup of fission
products exceeds the rate of pellet densification. Figure 2 shows the net effect of densification
and swelling on sheath strains for a variety of starting densities and diametral clearances.
Pellets with densities near the lower end of the specification range tend to be controlled more by
densification effects and allow compressive strains of the sheath under coolant presssure. The
sheath may even become slightly oval shaped due to the high compressive loads. Pellets with
densities near the upper end of the range will undergo less densification and tend to swell causing
tensile sheath strains, particularly at high burnups.
There are two areas of concern with high density pellets and with fuel manufactured with small
gaps between the pellets and sheath and between the fuel stack and endcaps:
high tensile stresses and strains of the sheath (and endcap weld region) may lower the
power ramp threshold for SCC failure with CANDU fuel, and
high tensile strains increase the sheath diameters and thus increase hydraulic resistance
of the fuel string and lower the margin to dryout.
Occasionally, the performance limit of the fuel may be reduced if one or more of the fuel
properties exceed the design limits. A prime example comes from Point Lepreau in 1991/92 when
the hydrogen content within fuel elements exceeded the 1 mg design limit (Ref. 4). As a
consequence, a number of failures occurred due to primary hydriding at powe~ levels well below
those known to cause SCC.
The performance of heavy fuel may be considered acceptable provided that the changes in the
design margin do not adversely affect station operations. This is done by considering the factors
affecting the SCC failure threshold and the dryout performance.
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The design limit represents the limiting values of the fuel characteristics that correspond to the
maximum power envelope. This power envelope which was set by the fuel management
simulations, represents the maximum power level as a function of burnup for about 99% of
bundles in the core. The CANDU-6 power envelope has a peak bundle power of 900 kW at a
burnup corresponding to the plutonium peak. The limiting values of loads, stresses, strains, etc.
that fuel experiences at the design limit appear in the technical specifications and design
drawings.
The operational limit is set by the licence limit to ensure that the bundle powers do not exceed
the performance limit.
The design margin represents the difference between the design limit and the performance limit.
It includes both the operational and performance margins as shown in Figure 2.
CANDU-6 fuel performance has been excellent because the reactor and fuel designs ensure that
there is an adequate design margin between the maximum power envelope and the performance
limit. The design margin for CANDU-6 fuel is larger than for Bruce fuel because of the
differences in the maximum power curves.
The performance limit for 37-element CANDU fuel is based on two failure mechanisms: SCC
of the sheath and sheath dryout. At low burnup, the CANDU fuel is very tolerant of power ramps
primarily due to the low concentration of fission products in the gap, and the performance limit
due to SCC is well above the power envelope. Therefore, fuel performance at low burnup is
limited by failure mechanisms associated with sheath dryout. At medium to high burnup, CANDU
fuel is susceptible to SCC failure during power ramps. The performance limits due to SCC have
been empirically derived over the years and are functions of the ramped power, power increase
and burnup (Ref. 1 and 2).

CONCEPT OF MANUFACTURING LIMITS
The manufacturing limits represent the limiting values for fuel characteristics that will be
respected in manufacturing. They are set to conform to a design limit. The design limit is set
according to the reactor operation parameters like power and burnup. In manufactured fuel lots,
each characteristic will have a distribution of values defined by a mean and a standard deviation
(Ref. 3). The location of the distribution relative to the manufacturing limit is established by the
manufacturing process and the process control (Ref. 3). The tail end of the distribution that
exceeds the manufacturing limit is defined by the acceptable quality level.
Changes in the fuel manufacturing process or improvements in process control may result in a
change in the distribution curve for a fuel characteristic. The distribution curve will have a
smaller standard deviations and/or a change in the mean value. These changes may increase or
reduce the risk of fuel defects due to manufacturing and operational excursions, as shown in
Figure 3.

BACKGROUND
Due to differences in fuel handling systems, there are two types of 37-element bundles with slight
differences between them. The "CANDU-6" bundle is used outside of Ontario in the CANDU-6
reactors whereas the "Bruce" bundle is used within Ontario in Bruce and Darlington reactors. In
Canada, the share of CANDU-6 fuel production has diminished from 33% of total 37-eIement
fuel bundle production in the 1980s to about 14% today. This decline is the direct result of the
increased demand in Ontario due to the new Darlington reactors, and to the drop in overseas sales
due to foreign suppliers of CANDU-6 fuel in South Korea and Argentina.
The nuclear fuel industry in Ontario which represents most of the Canadian market, has taken
advantage of the improvements in fuel manufacturing technology by increasing the uranium
content of the Bruce bundle by approximately 3%. Since a number of bundle components
including the UO;, pellets are built to one specification, the uranium content of the CANDU-6 fuel
bundle has also increased by 0.5-0.6 kgU from 18.8 kgU ten years ago. Figure 1 shows the trend
of average in-core bundle uranium mass in the Point Lepreau core since 1985.
From the economic standpoint, the obvious advantage associated with increasing uranium content
is reduced fuelling costs which can be achieved in two ways:
fewer bundles need to be manufactured for the same uranium throughput; and
less uranium needs to be purchased due to an increase in burnup associated with a higher
uranium/zirconium ratio. This further reduces the number of bundles to be built and to be
stored after irradiation.
An increase of 0.5 kgU (or 2.7%) in uranium content per bundle corresponds to a burnup
improvement of about 1.3% based on preliminary physics calculations. This in turn, would lower
the annual uranium requirements by 1.3% and both factors combined would lower the bundle
throughput by about 4%. The fuel cost for a CANDU-6 is reduced by about 0.3 - 0.4 M$ per
year. This estimate assumes a 90% station capacity factor, fuelling costs of 2 -3 mils/kWh(e)
(excluding backend costs) and a 2 to 1 split between bundle fabrication and uranium costs. These
savings would be higher if the backend fuelling costs associated with storage of irradiated fuel
were included.

CONCEPT OF PERFORMANCE LIMITS
The performance limit for CANDU fuel, as shown in Figure 2, describes the critical values of
the fuel characteristics that could lead to systematic fuel failures. This limit is set by the most
limiting failure mechanism and is sometimes referred to as a defect threshold. The failure
mechanisms that are associated with power include stress corrosion cracking (SCC), UO2 melting
(or dryout), primary hydriding, etc. Other mechanisms like fretting by debris and mechanical
damage are not power dependent and are therefore not considered when establishing the
performance limit.
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HEAVY FUEL "FOR CANDU-6: DESIGN CONSIDERATIONS
A.M. MANZER, R. SEJNOHA and M. TAYAL
AECL CANDU
Mississauga, Ontario
ABSTRACT
The 0.3% increase in uranium content of Canadian-built 37-element fuel over the last 10 years
is a direct result of manufacturing improvements, primarily achieved by increasing UO3 density
and increasing pellet diameters. The implications on the performance limits are discussed.
Although the fuel codes predict higher sheath strains, the evidence from the CANDU-6s indicates
no adverse effects on fuel performance. The average sheath strain for a fuel channel operating
at dryout conditions is expected to exceed zero if the average uranium content per bundle exceeds
about 19.25 kgU.

INTRODUCTION
CANDU fuel is built according to design specifications that were established by AECL in the
early 1970s. These specifications contain design limits for a number of key fuel properties. The
limits have been based on engineering analysis, out-reactor tests, experimental irradiations, and
on accumulated experience with CANDU power reactor fuel. Test, conditions went well beyond
those expected in power reactors.
To meet the intent of the design specifications, fuel manufacturers have derived product
specifications that state not only the limiting values of fuel properties, but also acceptable quality
levels (AQL) at which the property requirements will be met. Over recent years, fuel
manufacturing technology and process control have improved. The distributions of many fuel
properties and characteristics are now much narrower than before. The manufacturers are able
to reduce the standard deviations and move the means of the distributions closer to the
specification limits while still satisfying the required AQLs.
The uranium mass per bundle has been increased by achieving careful control of the following
internal "as-manufactured" characteristics of the fuel element:
pellet density,
pellet diameter,
pellet stack length,
pellet face geometry (dishes, chamfers), and
sheath inside diameter.
Increasing the uranium content reduces the fuelling costs. It also has a mixed impact on fael
performance, as discussed in this paper.
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FIGURE 4:
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3 . HISTORICAL DIAMETRAL STRAIN DATABASE
Historically, some of the fuel elements examined in AECL Research's Hot-Cell Facilities at
Chalk River and Whiteshell Laboratories had their diameters profiled to facilitate sheath-strain
calculations. Each element was scanned in three diametral planes. Generally, "midpeliet"
diameters and strains were quoted, representing an axial and radial average remote from the pelletinterface ridges. Many of the elements examined in the hot cells were not profiled, especially those
which were obviously defective and those whose performance concerns were not related to pelletclad interaction. Nevertheless, a considerable number of fuel elements irradiated in Bruce and
Pickering reactors have been profiled over the past twenty years.
Figure 3 shows the historical database for intact 37-element fuel irradiated in Bruce reactors.
Each vertical bar represents the range of element-average midpellet strains observed on bundles
having a given uranium mass.** The trend shows that for bundles having uranium masses less
than 18.9 kg, diametral strain was generally compressive. Those tensile strains observed did not
exceed 0.2%. Because of the rapid evolution in bundle mass {Figure 1), a paucity of data exists
for 37-element bundles having masses between 18.9 and 19.0 kg; however, for bundles having
masses in excess of 19.0 kg (up to 19.3 kg), strains are exclusively tensile (up to 2%).
A similar trend exists for intact 28-element fuel irradiated in Pickering reactors (Figure 4).
Those bundles having masses of about 19.8 kg only exhibit compressive strains. Again, because
of the rapid evolution of masses between 19.8 and 20.0 kg (Figure 2), a paucity of strain data
occurs there; however, at masses between 20.0 and 20.3 kg, strains are generally tensile (up to
We).

4 . CLOSURE
The trends dj>cussed show that fuel manufactured prior to 1980 having low uranium masses
(less than 18.9 kg for 37-element fuel and 19.9 kg for 28-element fuel) primarily exhibit
compressive diametral sheath strains. Conversely, bundles manufactured since 1980 having high
uranium masses (greater than 19.0 kg for 37-element fuel and 20.0 kg for 28-element fuel)
primarily exhibit tensile diametral sheath strains up to 2%. These trends demonstrate an empirical
relationship between bundle uranium mass and residual diametral sheath strain, which is useful to
fuel designers who desire to optimize economy and performanceJi]

REFERENCE
1. MANZER, A.M., SEJNOHA, R., and TAYAL, M., "Heavy Fuel for CANDU-6: Design
Considerations", paper presented at this conference.

The cause of strain variance at a given bundle mass has not been investigated in this analysis. It is believed that
this variance is at least in part attributed to power/burnup variances.
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THE EFFECT OF INCREASING URANIUM MASS ON SHEATH STRAIN IN
BRUCE AND PICKERING FUEL
M.R. FLOYD
Ontario Hydro Staff, attached to Chalk River Laboratories
Chalk River, Ontario, Canada KOJ 1J0
ABSTRACT
Since 1980, the uranium content of 37-element and 28-element fuel bundles produced for
Ontario Hydro reactors has increased by up to 3% as a result of economic incentives. The existing
database of post-irradiation diametral sheath strain for intact Bruce and Pickering fuel has been
reviewed. The trends show that bundles having relatively low uranium masses primarily exhibit
compressive sheath strain, while those having relatively high uranium masses primarily exhibi'
tensile sheath strain up to 2%. This empirical relationship is of interest to fuel designers who
desire to optimize economy and performance.
1 . INTRODUCTION
The mass of uranium contained in a CANDU* fuel bundle is dependent on the UO2 density,
cladding dimensions/tolerances, pellet geometry and axial/diametral clearances. Economic
incentives exist for maximizing the UO2 content of manufactured bundles. Since 1980, the
average uranium mass of 37-element and 28-element bundles produced for Ontario Hydro reactors
has increased by up to 3%. This paper investigates the effect of this mass increase on the
dimensional performance of the fuel.

2. BUNDLE URANIUM MASS TREND
Figure 1 shows the trend of uranium mass for 37-element bundles produced between 1979 and
1991 for Bruce (and, more recently, Darlington) reactors. Prior to 1980, masses were about 18.8
kg; however, between 1980 and 1985 the annual average production mass increased to a^out 19.2
kg. Between 1985 and 1990, mass continued to increase to about 19.3 kg where it has remained
until the present time. This represents a 3% increase between 1980 and 1990. Figure 2 shows a
similar trend for 28-element bundles produced for Pickering reactors. Between 1980 and 1985,
28-element uranium masses increased from 19.8 kg to 20.2 kg, where they have remained until the
present time. This represents a relative increase of 2%.
These increases were accomplished by increasing UO2 density and volume (e.g., reducing
pellet dish depth and increasing bundle length) and by decreasing clearances, primarily between the
fuel stack and the endcap. Prior to 1980, UO2 densities generally did not exceed 10.65 Mg/m3.
Currently, UO2 densities are approaching 10.8 Mg/m3. All changes have taken place within the
design limits specified by Ontario Hydro.

CANDU: CANada Deuterium Uranium. Registered Trademaik,

7-40

TEST #9

COATING CURED *T 22C C WITH CC2 AS CARRIE* GAS

TEST#1O

6 ~

SILOXANE CC'ATiNG WITH CO2 * S CARPIct) GAS

d

: c

10

15

20

25

30

35

40

4S

50

20

25

30

TUTHI (Til

Figure 9:

Reaction of 1 3 1 I with a) Standard CANLUB, b) Thicker CANLUB, c) Low
Temperature Cured CANLUB and d) Dimethylsiloxane Coated Zircaloy-A
Cladding at 320°C with C02 as Carrier Gas, Monitored by
7-Spectrometry.
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CONCLUSIONS
These results further support the hypothesis that zirconium In both the
cladding and the oxide is subject to attack by Iodine compounds including,
but not limited to, Csl.
The resulting zirconium iodides are volatile and
can transport the zirconium. Zrl, can be immobilized by 'volatile carbon' in
CANLUB to form ZrxIyC i.e. minimizing the SCC of the Zircaloy cladding by
forming the stable compound(s) and reducing the quantity of free iodine. The
best evidence we have Is that the chemical states of Zr, I and C present in
the irradiated graphite discs and CANLUB coating are the same as the
well-characterized Zr 6 I 12 C standard.
Future programs are aimed at establishing a mechanistic link, between the
CANLUB graphite and the chemistry of SCC cracking, because it is important to
understand how CANLUB affects the chemical processes on the cladding
surfaces. This understanding will help to improve the current graphite-based
coating.
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The following chemical equations
Zr, Zrl4, Csl and CANLUB:
3Zr

+

3ZrI4

+

5Zr

+

7ZrI4

+

HZr

+

13ZrI4

C

summarize

the formation of (Cs)ZrxIyC from

-» Zr 6 I 12 C

2C -* 2Zr6I14C
+

4C

+ 4CsI •* 4Cs(Zr6I12C)I2

(2)
(3)
(4)

Preliminary Kinetic Experiments
Kinetic experiments to measure the reaction rate of 1 3 1 I with Zircaloy-4
cladding with a number of CANLUB variants have been initiated. These
experiments have been used to develop an understanding of the influence upon
reaction kinetics of such factors as:
CANLUB curing temperature, CANLUB
thickness, Siloxane coating and C02 as carrier gas. The products from this
program will include not only an understanding of the value of certain
specific variants of the CANLUB coating, but also a defined mechanism for
testing any other variants that may later seem sensible.
Figures 7a and 7b show the difference, in terms of the number of gamma
photons being counted per second for 1 3 1 I (at 364 eV), between a CANLUB
coated and a non-CANLUB coated Zircaloy-4 cladding.
The 1 3 1 I would attack
the Zircaloy-4 tubing forming Zrlx, which is volatile, and would eventually
move down the tube through the gas stream when there was no coating
(Figure 7b). It is evident that it would react with, or be retained by, the
CANLUB coating, because the second part of Figure 7a (after -35 hours) was
just the natural decay curve of 1 3 1 I .
Therefore iodine must have been
retained within the CANLUB graphite, possibly by the formation of compounds
(such as Zr 6 I 12 C) which were stable.
Note that the other two coatings
(Figures 7c and 7e), with He as carrier gas, took approximately the same time
(i.e. 35 hours) to give the natural decay curve of 1 3 1 I , except the one that
was cured at lower temperature (Figure 7d), which took only -25 hours. This
was probably because there was more volatile carbon present in coatings cured
at lower temperature. As illustrated in Figure 8, the absorption/desorption
portion of the curve was very much affected by the helium flow rate, but once
iodine reacted with CANLUB there was essentially no effect on the stability
of the compounds that were formed since the decay curve did not change with
the helium flow rate. Moreover, it required an even shorter time (-15 hours)
to form the stable compounds when the helium flow rate was increased fivefold over that of a typical test, likely because mass transport was faster.
Figures 9a to 9d show tests that were carried out in C0 2 . An earlier
result (2) was that C0 2 increased the likelihood of Zr 6 I 12 C formation,
especially in the presence of 7-irradiation when CANLUB-coated Zircaloy
reacted with Zrl4. Because of this, one would expect the formation rate of
the compound to be faster in these tests than in the previous helium tests.
However, it took -43 hours (compared to 35 hours in He) to form the stable
compounds in all cases. This was because 1 3 1 I and not Zrl4 was used for the
kinetic tests, therefore Zr had to come from the cladding for the compounds
to form. However, C0 2 could readily react with Zr to form ZrO2, therefore
the attack of the cladding by 1 3 1 I would be slow and hence the reaction time
in the C0 2 tests would be longer.
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cladding. In addition, even if the CANLUB-coated cladding had a thin oxide,
the oxide would probably crack as soon as the cladding was stressed.
Analysis of CANLUB from Irradiated Element
Stable iodide compound(s) had been observed earlier on the surface of
irradiated inter-pellet graphite
discs
(3), from which the element
(EXP-NPD-44) only had a moderate burn-up (107 MV.h/kgU).
In the present
work, CANLUB coating from a high burn-up (731 MV.h/kgU) fuel element
(BDL-406-AAH) with a large iodine inventory vas examined for the presence of
metal iodides, such as (Cs)ZrxIyC compounds, in order to compare the
out-reactor experiments with actual irradiation behaviour.
The chemical nature of iodine trapped on the CANLUB powder sampled from
the surfaces of the cladding was examined by XPS. The results confirmed the
previous finding that the deposited iodine was present as a stable metal
iodide, probably (Cs)ZrxIyC. This was shown by correlating Zr3d 5/2 , I3d 5/2
and Cls binding energies (BEs) with those obtained from a well-characterized
Zr 6 I 12 C standard. The BEs measured were: Zr3d5/2-182.7 eV, I3ds/2-619.8 eV
and Cls-289.0 eV (2-3). Figure 4 shows the peaks obtained from the CANLUB
powder at Zr3d, I3d and Cls energies.
There is evidence for peaks at tva
expected Zr3d5/2 (182.6 eV), I3d s/2 (620.1 eV) and Cls (288.8 eV) BE for
ZrxIyC-type compounds. From the survey spectrum, shown in Figure 5, fluorine
was not observed but cesium was indicated.
Therefore the high BE peak
(-289 eV) for carbon could not be due to C-F bonding, and the presence of Cs
suggested that the stable iodine is probably a (Cs)ZrxIyC compound.
The irradiated powders were examined by XPS without cooling by liquid
nitrogen.
Since
most
iodine
compounds
are either hygroscopic or
deliquescent, and have high vapour pressures, the observed success in
recording the XPS iodine spectrum without special sample storage and cooling
suggests that the iodide that was found in the CANLUB powders is stable or
trapped along with Zr, C and probably Cs. After leaving the powders exposed
to ultra-high vacuum (10'9 Torr) for 1 month at room temperature, the Zr3d,
I3d and Cls spectra remained unchanged, a further indication that the iodine
deposits were neither volatile nor unstable under these conditions.
Vapour Pressure of Iodine above Cluster Compounds
The vapour pressure of iodine above the cluster compounds (Zr6I12C and
Cs(Zr 6 I 12 C)I 2 ), measured by a mass spectrometer at ~10~8 Torr, was very
different from that of I 2 as shown in Figure 6. Iodine (as I 2 ) evaporated
very quickly in vacuum even below room temperature (-25°C), but the cluster
compounds remained very stable, i.e., no major increase in mass 127 peak
height occurred while the temperature was changed from -25°C to 325°C. This
experiment further supports the hypothesis that (Cs)ZrxIyC is not an
intermediate product from a reaction
chain, because the compound is
relatively stable when compared with I 2 or Zrlx. Therefore, the formation of
the compounds should reduce the SCC process, because the compounds are
binding the corrosive reactants (such as Zrl4 and Csl) in a relatively inert
form.
Zirconium iodides are known to produce rapid SCC of Zircaloy.
Therefore, without the formation of the stable (Cs)ZrxIyC compounds Zrl4 will
be reduced by excess metal to Zrl3 and Zrl2, and SCC will become possible.
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8) Same as 3)
But in C0 2
9) Same as 4)
10) Sane as 5)
RESULTS AND DISCUSSION
Synthesis of (Cs)2r.I.,C
—•*

*

*

x —y—

The current hypothesis does not demand that the cluster compound be
Zr 6 I 12 C specifically.
In fact, Cs(Zr 6 I 12 C)I 2 or (Zr 6 I 12 C)I 2 are also
possible. The major feature of the hypothesis is that iodine is chemically
bound in a Zr x I y C complex (1-3) i.e. the graphite can interfere with SCC by
absorbing iodine-containing species (5). The most abundant iodine species in
the gap is likely to be a metal iodide such as Csl rather than I 2 . This
conclusion is supported by thermodynamic calculations (I)- Moreover, CANLUBcoated cladding generally exhibits a ~1 nm thick oxide (6). Therefore, outreactor reactions of Zrl4 vith C may not be relevant to in-reactor
conditions, since Zrl4 may not form significantly if a protective oxide is
present on the Zircaloy surface. Some evidence has been found hovever, that
stable Zr x I y C and CsZr x I y C compounds can be formed respectively in samples of
oxidized Zircaloy-4 cladding (oxide thickness -0.2 AUH)» with CANLUB coating,
exposed to I 2 and Csl, at 320°C. Comparison of crystals (-20 pm), formed by
the I 2 + ZrO2 + C reaction, with Zr 6 I l2 C standards (by SEM/EDX) showed that
the crystals have the correct morphology/facets and relative intensity of Zr
and I (2), as shown in Figure 2.
Furthermore, the Csl + ZrO2 + C reaction
showed the crystals/deposits giving Cs, Zr and I peaks in EDX analysis
(Figure 3 ) , again in the correct ratio for Cs(Zr 6 I 12 C)I 2 . X-ray diffraction
(XRD) did not show the distinctive pattern of the compounds; likely since not
enough crystals were sampled because of the difficulty of locating the small
crystallites (-20 #m) in graphite. The correct relative EDX intensity ratio
is important because it implies that the prepared crystals had more or less
the same composition as the standards, and that the prepared crystals
remained stable in 10"6 Torr under electron beam bombardment. The different
degrees of perfection of the crystals prepared by the above reactions were
probably dependent at least in part on the rate of their growth.
This result, together with the previous results (2-3), suggests that
zirconium in both the cladding and in the oxide is susceptible to attack by
iodine species, including Csl. The resulting zirconium iodides are volatile
and therefore can be transported to the Zircaloy surface, and if CANLUB is
present the formation of (Cs)ZrxIyC compounds becomes possible. It was
interesting to note that the dissociation of Csl in radiation fields had been
summarized (7) (from which the cited references were mostly from J.C. Vood,
B. Cox and B.A. Surette), and it was concluded that: "Sufficient iodine
could be generated by radiolysis of Csl (both solid and gaseous forms) to
cause SCC of Zircaloy cladding". Although attack of Zr02 by Csl to form ZrI4
might not be significant, the presence of Csl might not be important for
causing SCC, because I 2 alone can cause SCC. Nevertheless stable (Cs)ZrxI Ctype compounds could be formed in the presence of Csl and oxidized Zircaloy
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Preliminary Kinetic Experiments
A test-rig to monitor the reaction rate of I 2 vith CANLUB-coated
Zircaloy-4 cladding was built, and the glove box fitted with the appropriate
iodine filters vas also set up. A schematic diagram of the test-rig is shown
in Figure 1; different tests can easily be carried out by replacing the
reaction chamber with the appropriate variant. Iodine leakage was prevented
by making the test rig air tight.
Since 1 3 1 I is commercially available only
in solution and the ZrxIyC compounds are moisture sensitive, neutronirradiated tellurium was used as an alternative iodine source via the
reaction:
130

Te + n -

131

Te £„

131

I

(1)

For each experiment, one gram of tellurium metal was irradiated in a flux
of ~1 x 10 13 n/cm2/s for 1 hour in NRX.
After a cooling period of 3 to 4
days, the tellurium was transferred to a vacuum system (~3 x 10 -5 Torr) where
it was heated to melting point (~450°C) and the 1 3 1 I was condensed in a
liquid nitrogen cold trap with an attached break seal. This procedure is
inefficient but produces enough 1 3 1 I for this work.
Gamma spectrometry was used to monitor the 1 3 1 I reactions vith various
CANLUB coatings. The spectrometer was positioned in front of a glove box
which resided inside a fume hood.
The coaxial germanium detector was placed
on top of the shelf with the lead collimator positioned around and in front
of the detector crystal. The positioning of the detector and the collimator
facilitated on-line counting of the CANLUB coated tube stationed inside the
glove box. Gamma rays for 1 3 1 I were emitted at 284 keV, 364 keV and 638 keV.
The strongest peak at 364 keV was monitored as the 1 3 1 l built up (on various
CANLUB coatings) with time during the experiment.
The 1332 keV gamma ray
from 60 Co was used as a calibration point for the spectrometer as well as for
background monitoring.
Before reacting the 1 3 1 I with various graphite coatings, 0.2 g of I 2 was
used to "prime" or to react with the test rig at 150°C for 1 hour. This was
to minimize the surface reaction of 1 3 1 I with the stainless steel and the
copper surfaces that were present in the rig.
A total of ten preliminary
kinetic experiments were performed at 320°C for -50 hours with a continuous
flow of either He or C0 2 . Variants that have been tested were as follows:
1) DAG-154 coated Zirc.aloy-4 (standard) +
2) Non-CANLUB coated Zircaloy-4 +
3)

131

131

I

I

DAG-154 coated Zircaloy-4 (thicker coating) +

4) DAG-154 coated Zircaloy-4 (cured at 220°C) +

131

131

5) Dimethylsiloxane coated Zircaloy-4 (standard) +
6)

Same as 5) but with variation in He flow rate

7)

Same as 1)

I

in He

I
131

I
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The Zr 6 I 12 C and Cs(Zr6I12C)I2 compounds were synthesized by reacting 400
mg of Zrl4 and Csl, respectively, with an excess of Zr (-10 g cladding) at
320°C for 30 days. Temperature was measured with thermocouples strapped to
the outside of the quartz tubing.
After the reactions, morphological
observations were carried out using the JEOL JSM-840A scanning electron
microscope (SEM). An accelerating voltage of 15 or 25 kV and a probe current
of about 0.1 nA were used.
Chemical composition data were obtained using a
Tracor Northern (TN-5502) Energy Dispersive X-ray (EDX) Spectrometer.

Surface Analysis of CANLUB Powders from Irradiated Fuel Elements
The chemical state of iodine deposited on the surface of inter-pellet
graphite discs in an irradiated fuel element (EXP-NPD-44) has been suggested
by X-ray photoelectron spectroscopy (XPS) to be a stable metal iodide,
probably a (Cs)Zr-I-C-type compound. However, the peak intensities for Zr3d,
I3d and Cls, were too low for positive identification of the compound. Since
we had only examined a moderate burn-up element (107 MV.h/kgU), it was then
suggested that an examination of a much higher burn-up fuel element would be
essential to confirm the previous finding.
Irradiated elements from natural U02 filler Bruce bundles (BDL-406-AAIP,
having burn-ups of 731 MW.h/kgU, were cut, and the DAG-154 CANLUB powders
sampled from the surfaces of the cladding were examined by XPS. All cutting
operations were performed under argon cooling to avoid the decomposition of
the compound by cooling water. The U02 was removed by vibrating a piece of
sectioned element (-10 cm).
CANLUB graphite was mostly attached to the
pellet surfaces. However, it was impossible to sample CANLUB graphite from
the pellets because they shattered during cutting/vibrating, and there was no
way to distinguish between graphite and U0 2 in the hot cell. Particles of
U02 in the sample would produce unmanageable fields.
In order to sample
enough residual coating for the analysis, the inner surfaces of approximately
five sectioned elements were "brushed" for one XPS analysis. The radiation
field was on the order of -2R7/h on contact with the sample.
Surface composition and the chemical state of the samples were analyzed
using a VG (Vacuum Generator) ESCALAB-II XPS system.
Survey and highresolution XPS spectra were recorded using a Mg X-ray source (1253.60 eV)
operated at 12 kV and 20 mA emission current. The hemispherical analyzer was
set to a pass energy of 20 eV in constant analyzer energy mode. The XPS
spectra reported here were referenced to the graphite Cls peak at 284.6 eV.

Vapour Pressure of Iodine above Cluster Compounds
A vacuum rig equipped with a VG SQ200 mass spectrometer, operated at
-10 -8 Torr, was used to measure the (non-equilibrium) vapour pressure of
iodine above the cluster compounds and the reagent-grade I 2 from "25°C to
325"C.
Pighly-purified Cs(Zr6I12C)I2 and Zr 6 I 12 C were prepared at the Ames
Laboratory, since they have the appropriate equipment.
In fact, these
compounds have been used as the calibration references for the XPS binding
energies.
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iodine species at innocuously low levels while they are being released during
power ramps. To this end a test rig to monitor the reaction rate of 1 3 1 I
with CANLUB has been built and commissioned. Furthermore, recent discussions
have raised questions about:
(i)

(ii)

the role of ZrxIyC compounds in preventing SCC in fuel cladding;
i.e., whether ZrxIyC compounds are indeed removing a reactant, such as
I 2 , or whether they could be removing one of the products of the SCC
reaction(s). In the latter case, the formation of ZrxIyC would tend
to drive the SCC reaction further towards completion;
the change in gas composition in the fuel pin during a power ramp;

(iii)

the effect of second-phase
attack by I 2 ; and

particles, hydrides and carbides on local

(iv)

the hypothesis that, "CANLUB protects the cladding surface and thereby
minimizes the rate at which oxygen can be taken up by the sheath.
This is postulated to inhibit SCC by promoting formation of Zr-I-C
compounds and/or by blunting of the Zircaloy crack tip by other
mechanism(s)" (4).

Ideally, all the reactions taking place in an irradiated fuel element need
to be understood to answer the questions raised by these points. In practice
a minimal number of carefully-selected experiments should be sufficient to
improve our understanding of how fuel pin chemistry, and the changes induced
by irradiation, affect the mechanisms by which CANLUB coating protects CANDU
fuel cladding.
This understanding will be used to improve the CANLUB
coating. During 1991, we tried to clarify the role of ZrxIyC compounds in
preventing SCC in fuel cladding.

EXPERIMENTAL

Synthesis of (Cs)2rKI,,,C
Reactor-grade Zircaloy-4, DAG-154 (from Acheson Colloids of Brantford,
Ontario) and reagent-grade Zrl4 and Csl powders (from Alfa) were used. Both
the Zrl4 and Csl were used in the as-received condition, while the DAG-154
was passed through Zircaloy-4 tubing and then cured at 320°C for two hours in
vacuum (10"3 Torr) and cooled overnight in vacuum. These procedures were
used to minimize tha amount of moisture, organic solvents and entrapped gases
in the graphite coating.
The effect of surface oxide on the formation of
(Cs)ZrxIyC compounds was evaluated by using pre-oxidized Zircaloy-4 tubing.
The tubes were oxidized in air at 450°C for two hours, and the oxide
thicknesses were found to be -0.2 jim using weight gain measurements.
Because Zrl4 and Csl are air- and moisture-sensitive, these compounds were
handled in a dry box. All reactions were carried out in oxidized Zircaloy-4
tubes sealed by TIG (Tungsten Inert Gas) welding in argon. Finally, the
welded containers were placed in sealed quartz tubes under vacuum to protect
them from attack by the ambient atmosphere at high temperatures, unless
vacuum furnaces or noble-gas-filled furnaces were used.
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THE ROLE OF Zr x I y C COMPOUNDS IN HIKIMIZIKG
STRESS CORROSION CRACKING IN FUEL CLADDING

P.K. CHAN, K.G. IRVING AND J.R. MITCHELL

System Chemistry and Corrosion Branch
Chalk River Laboratories
Chalk. River, Ontario, KOJ 1J0

ABSTRACT
Some evidence has been found that stable Zr x I y C and Cs2r x I y C compounds can
be formed in samples of oxidized CANLUB-coated Zircaloy-4 cladding exposed to
I 2 and Csl, respectively, at 320°C.
Powder samples obtained from the
surfaces of the irradiated CANLUB-coated fuel cladding were also examined by
X-ray photoelectron spectroscopy. The results confirmed our previous finding
that the deposited iodine, in an irradiated element (BDL-406-AAH), was
present as a stable metal iodide ((Cs)Zr-I-C) cluster compound. This was
shown by correlating Zr3d, I3d and Cls binding energies with those obtained
from well-characterized Zr 6 I 1 2 C standards.
The vapour pressure of iodine
above the cluster compounds, measured by a mass spectrometer at 10" 8 Torr,
did not change with
temperature
up to
325°C.
Preliminary kinetic
experiments, to measure the reaction rate of 1 3 1 I with CANLUB, indicated that
CANLUB-coated Zircaloy-4 cladding can bind chemically with *3ij to form
stable compound(s) (such as Zr-I-C) after -35 hours at 320°C. These are
important findings in the program to determine the role of (Cs)Zr-I-C
compounds in the sheath-protection mechanism afforded by CANLUB.

INTRODUCTION
Graphite-based CANLUB coatings provide resistance to Stress Corrosion
Cracking (SCC) of Zircaloy-4 fuel cladding during, or following, power ramps.
A review in 1988/89, showed several mechanisms by which carbon could trap
iodine, and indicated a possible mechanism for chemical attack of the
cladding and of its protective oxide layer (1). Work during 1989 showed that
carbon could form compounds such as Zr 6 I 1 2 C at reactor temperatures and it
vas argued that these compounds could immobilize corrosive iodine species
such as I 2 and Zrl 4
(2).
Detecting Zr x I y C-type compounds in spent fuel
bundles proved to be very difficult.
However in 1990, X-ray photoelectron
spectroscopy (XPS) showed that minute quantities of metal iodide(s), probably
(C^)-Zr-I-C type compounds, were present on inter-pellet graphite discs from
a spent fuel element.
The stability of Zr 6 I 1 2 C to a neutron fluence of
1.4 x 10 18 n.cm" 2 was also demonstrated.
However, it is recognized that the formation of Zr x l C-type compounds does
not ensure the prevention of SCC:
it has to be demonstrated that these
compounds form rapidly enough to maintain the cone ntration of corrosive

:

g.6. Twins and plate sliding in parallel
microsfrucfure

plate

Fig.7. Baskefwove morphology in the sheath of
a power ramped fuel element.
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TABLE 2
DIMENSIONAL CHANGES OF FUEL ELEMENTS (TYPE TESTS)
I.N.R
High

results

results

IAECL

power Power ramp

Average diametral
strains (%)
0.11-0.84

-0.08-0.24

Average axial
strains (%)

-0.03-0.3

0.04-0.18

-0.03-0.7
0.0 -0.2

Ridge height(mm) |0.016-0.053|0.04-0.06 | 0.01-0.05
TABLE 3
FISSION GAS RELEASE DURING TYPE TESTS
Fission gas volumes (cm3 STP)
Test
Measured values
28.5 - 31.2

Overpower

3.8 -

Power ramp

5.8

|ELESIM predictions
|
|

28.7
3.6 - 5.6

TABLE 4
POWER RAMP PARAMETERS AND DEFECT PROBABILITIES
Number of Burnup of
fuel
power ramp
elements
<kw/m)
1

|

80

Power
increase
(kw/m)

Ramped
power
(kw/m)

Defect
probability
(%)

33

57

4.5

6

82

32

63

9.5

1

85

33

63

11.5

2

130

18

47

0.0

2

140

17

48

1.0

2

152

19

43

0.0

2

170

18

54

6.4

2

180

19

51

2.3

2

199

19

57

13.5
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TABLE 1
CHARACTERISTICS OF EXPERIMENTAL FUEL ELEMENTS
AND IRRADIATION CONDITIONS
Values
Characteristics Type
test

Sweep gas
test

Gas
Power
pressure ramps
tests
test

PELLETS:
2.22
-enrichment
(%U235 by wt.)
-O/U ratio
2.002
-density(g/cc) 10.55
-diameter (nun)

12.15

-length(mm)

15.2;
13.3
-dish depth(mm) 0.24
-chamfer width
(mm)
0.53
-grain size (urn) 11
SHEATH:
-outer diameter
-thickness(mm)
-graphite
thickness(um)

13.06
0.42
6

FUEL ELEMENT:
-number of f.e.
9
tested
-fuel stack
length(mm)
292.1
-diametral
clearance (mm) 0.075
-axial
clearance(mm) 2.6
307
-length (mm)

3 . 9; 7 . 0 2.2(4.5;
5 . 0; 5. 5)
2.007
2.005
2.004
10.5510.44;10.73 10.5
10.7
10.65
12.15
12.14
12.15;
12.17
13.6
13.4
13.2
4 .9; 7 . 0

0.24

0.22

0.24

0.50
7-10

0.51
10-14

0.50
7-12

13.10
0.40

13.08
0.41

6-8

5-8

3

2

291.5
0. 09 ; 0.12
1. 3 ; 2 .1
308

IRRADIATION CONDITIONS:
72;
-linear
* 40-64
power(kw/m)
29/57
-burnup (MWh/KgUJ 230;80 40;71;149
-coolant
pressure(MPa) 10.5
10.4-10.8
Low power / maximum power

292.1
0.08
1.8
307;311

13.08
0.42
6-9

20
252.3
0.060.10
1.3-1.8
265

135;137

29-34/
50-64
78-200

10.3

10.4

50-55
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In the future some defective fuel tests are planned, aiming
to determine rates of defect deteriorations and release of
fission products into the coolant.
The evaluation of Romanian nuclear fuel performances will
continue on statistical basis by monitoring the behaviour of
fuel discharged from Cernavoda Nuclear Power Station.
5. CONCLUSION
1. Romanian irradiation test programme supplied useful
data for benchmarking of fuel element modeling computer codes
and for the e v a l u a t i o n of the influence of some d e s i g n
parameters on fuel element behaviour.
2. Fuel element containing pellets with an L/D ratio near 1
an having chamfers at edges irradiated in type tests behaved
according to Canadian specifications.
3. Fission gas release features were similar to those
published by other authors,some release of fission gas stored
at grain boundary was observed during long high power periods,
4. A low pellet density fuel element defected
while
increasing power towards the maximum during a ramp test.
5. Power ramp performance of Romanian made fuel seems to be
s i m i l a r to that deduced from operating e x p e r i e n c e w i t h
Canadian fuel.
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- there is no increase of internal gas pressure up to 50
MWh/KgU;
- internal gas pressure increases in a stepwise manner at
power changes, confirming that a significant amount of fission
gas is released during power transients (Fig.2);
- internal gas pressures were slightly higher in high
pellet density fuel element (e.g. 2.8 MPa vs. 2.0 MPa at 59
kw/m and 80 MWh/KgU) and finally, the maximum gas pressure in
this element reached 8.9 MPa at the end of irradiation.
3.3 Fuel Element Behaviour during Power Ramps
Among 2 0 power ramped fuel elements the one containing low
density pellets (10.2 g/cm ) defected during the ramp, before
reaching maximum power level. Metalographic examination of
this fuel element revealed that the sheath was hydrided at a
very high level perhaps due to high moisture content of
pellets. Therefore, it was assumed that the sheath ductility
decreased due to hydriding in such a way that cladding
material did not sustain the stresses induced by contact
pressure increase during the ramp.
Table 5 shows power ramp parameters extrapolated to CANDU
reactor according to a method described elsewhere /!/. It may
be seem that fuel element defect probabilities ranged from 1%
to 13.5% and, taking into account the number of fuel elements
in each condition, an average defect probability of 5% is
obtained (i.e. among 20 power ramped fuel elements one had to
defect). In fact, one fuel element defected and we may assume
that INR fuel defect threshold might be situated between the
curves of 1% and 5% defect probabilities, according to
fuelograms / 8 / .
Post-irradiation examination of fuel element with different
HAZ sheath microstructure revealed that basketwave morphology
is better than parallel plate one from pellet-cladding
mechanical interaction point of view. In Fig.6 and 7 the
sheath behaviour having these to morphologies is presented. In
parallel plate structure high twin density and plate sliding
are observed. As it may be seen twins are never observed in
basketwave microstructure (Fig.7)
4. PRESENT RKD FUTURE FUEL PERFORMANCE TESTING
In May 1992 irradiation of one fuel element in power
cycling conditions was started. Two other pressure transducers
instrumented fuel elements having different pellet grain sizes
are under irradiation in the same irradiation device in order
to co IT are the evolution of internal pressure until high
burnu350 MWh/KgU).
Another experiment is under way in loop A, whose objective
is the evaluation of power ramp behaviour of fuel elements at
high burnup.
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- according to Table 2, fuel elements dimensional changes
seem to be consistent with results obtained on Canadian
fuel / 4 / ;
- fission gas release was similar to ELESIM code
predictions (Table 3 ) ;
- end caps and appendages were intact with no defects
internally or externally;
- internal and external sheath corrosion and uniform
hydrogen concentration fulfilled the specified criteria. In
some cases, local higher sheath corrosion due to a higher
dissolved oxygen content in coolant (more than 110 ppb)
involved the formation of oxide layers greater than 6 um.
3.2 Fission Gas Release
3.2.1 Short-lived Fission Products Behaviour
Measured fission product release rates were corrected in
order to extract the release of fission gases by temperatureindependent mechanisms, the emanation of fission gas by the
decay of solid precursors plated out on gas pipes or deposited
in fuel-to-sheath gap and to eliminate the effect of
precursors. The first correction was applied by substraction
from release rates measured at high power of the average
release rates determined during low power irradiation periods
at the beginning of each tests; the second one was done by
substracting release rates deduced during reactor shutdowns
and the precursor effect was eliminated by means of
dimensionless correction factors proposed by Hastings /5/.
Examining data obtained during these irradiation tests the
following conclusions may be drawn:
- the low density pellets (10.45 g/cm ) released 2 times
more fission gases than those having nominal density (10.6
g/cm /6/, the pellet density effect being stronger at linear
power below 45-50 kw/m (Fig.3)
- the large pores fuel pellets released 3 times more
fission gases, the difference being reduced once linear power
increases (Fig.3);
- the i 1 3 3 gap inventory deduced from fission gas behaviour
during reactor shutdowns ranged between 1 and 3 Curies;
- the release mechanisms are mainly direct recoil and
knockout at low powers and lattice diffusion at high powers.
During the longest high power periods some release of fission
gas stored in grain boundary bubbles may take place,
superposing on gas released by diffusion (Fig.4).
2.2.2 Evolution of Internal Gas Pressures
By examining the behaviour of gas pressures inside the fuel
elements (Fig.5) the following features may be noticed:
- a pressure peak at the beginning of irradiation (3.1 MPa)
assumed to be induced by thermal desorption of moisture from
pellets and graphite coating, which relaxes perhaps by
corrosion of zircaloy components;
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2.3.3 Internal Gas Pressure

Measurements

Two fuel elements instrumented with pressure transducers
designed and fabricated in INR, were irradiated. A low pellet
density fuel element (10.5 g/cm3) operated at linear powers
51-54 kw/m until accumulating an average burnup of 135
MWh/KgU; a high pellet density one was irradiated at similar
power levels until an
average burnup of 157 MWh/KgU was
reached.
2.3.4 Power Ramp Tests
Three assemblies containing 6 fuel elements each were
irradiated
in loop A. Three enrichment levels were used in
each fuel element assembly in order to obtain different power
ramp parameters in a single test.
Two more fuel elements were power ramped, one of them
having different morphologies in each braze heat affected
zones, the other one containing fuel pellets with very low
density (10.2 g/cm 3 ). Tha irradiation conditions for these
test may be found in Table 1.
2.4 Post Irradiation Examination
All fuel elements were submitted to post-irradiation
examination which included visual inspection, profilometry,
Eddy Currents clad integrity control, gamma scanning fission
gas analysis, detailed metalographic examination and fuel
burnup determination.
In
some
experiments
non-destructive fuel
element
intermediate examination was performed, which consisted of
gamma scanning (underwater or in hot cells) in order to
calibrate irradiation device neutron flux detectors and from
some profilometries aimed to check evolution of sheath strains
during irradiation.
The power histories of each fuel element were corrected
taking into account the results obtained during postirradiation examination3. MAIN RESULTS DESCRIBING FUEL ELEMENT BEHAVIOUR
3.l Behaviour of Fuel Elements during Type Tests
One fuel element defected towards the end of the low power
period of the power ramp test, the remaining fuel elements
showing no defects during irradiation nor during postirradiation e:\.niination.
The intact fuel elements fulfilled acceptance criteria
imposed by Canadian Technical Specification X81-37000-TS-003
/3/ as follows:
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- enriched fuel pellets were used (2.22 - 7% U 2 3 ° by wt.)
for achieving representative linear power;
- external geometry of end plugs was modified for fitting
in the irradiation devices;
- special end plugs
containing zircaioy-stainless steel
diffusion joints were used for fuel elements submitted to
sweep gas tests;
- fuel
elements irradiated
in sweep gas tests contained
pellets with 3 longitudinal grooves to permit the easy flow of
the carrier gas.
Table l shows the number of fuel elements irradiated in
each experiment, the main characteristics of experimental fuel
elements and some parameters describing irradiation condition.
2.3 Description of Irradiation Tests
2.3.1 Type tests
After type tests performed in NRU reactor / I / , other high
power and power ramp tests were done in TRIGA reactor in order
to verify the performances of fuel elements containing pellets
with L/D ratio near 1 and having chamfered edges. The high
power test was performed using a 3 fuel element assembly which
was irradiated in loop A. This test was done at a maximum
linear power of 72 kw/m, the accumulated burnup being 230
MWh/KgU.
The power ramp test was performed by using a 6 fuel
elements assembly placed in the same loop, the average linear
powers being 29 kw/m (before ramp) and 57 kw/m (after ramp)
the final burnup being 80 MWh/KgU.
2.3.2 Sweep Gas Tests
Three sweep gas tests were performed in order to determine
the influence of fuel characteristics (pellet density and
microstructure) and of irradiation conditions on short-lived
f i s s i o n p r o d u c t s release. Two fuel elements had p e l l e t
densities 10.44 and 10.73 g/cm 3 , respectively the third one
had large pores in pellets as shown in Fig. 1.
Each test started with a low power irradiation period at 3 0
kw/m in order to evaluate release rates by recoil and knockout
processes. The linear power ranges and the final burnup were,
r e s p e c t i v e l y : 54-58 kw/m and 71 MWh/KgU ( low density
pellets);
55-63 kw/m and
150 MWh/KgU
(high
density
pellets);40-64 kw/m and 40 MWh/KgU (large pores pellets).
The
detailed procedure of fission product
activity
measurement to determine release rates may be found in another
work / 2 / .

After the 1979 commissioning of INR-TRIGA pool type
reactors ( a 14 MW steady state core and an Annular Core
Pulse Reactor A.C.P.R) an irradiation test programme was
started. This programme had the following objectives:
- preliminary verification of fuel element design and
identification of fuel major quality deficiencies;
- determination of the influence of some design parameters
and of some fuel none-conformities on performance limiting
processes such as fission gas release and internal pressure
evolution;
- qualification of fuel element design by irradiation type
tests;
- verification of some fuel pellet design improvements
(edge chamfers and L/D ratio near 1 ) ;
- investigation of power ramp resistance of fuel elements;
- determination of irradiation effects on mechanical
properties of sheathing material.
This paper will present the main results obtained during
type tests aimed to qualify fuel element design, sweep gas
tests and internal gas pressure measurement performed in order
to understand fission gas release process, power ramp tests
designed to obtain preliminary data on position of fuel defect
threshold .
2. EXPERIMENTAL DETAILS
2.1 Irradiation Devices
The irradiation devices used in performing this irradiation
programme consisted of a 100 kw pressurized high water loop
(loop A) and some 3 5 kw pressurized water capsules, allowing
testing of instrumented fuel elements (sweep gas tests,
internal pressure measurement) and of structural materials.
Each irradiation device is instrumented in order to control
the evolution during irradiation of neutron flux, inlet/outlet
temperatures, coolant flow, pressure and gamma and neutron
activities.
Recently, a new irradiation device, designed and fabricated
at INR for investigation of power cycling fuel element
behaviour was commissioned and
is now operating. A
modification of the 100 kw loop is under way, in order to
allow determination of defective fuel element behaviour
including fission gas product release into the coolant.
2.2 Fuel Elements
In order to cope with specific conditions from TRIGA
reactor and to assure the compatibility with irradiation
devices,experimental fuel elements had the following features:
- all fuel elements had only approx. 300 nun length in order
to assure a linear power distribution along fuel stack as flat
as possible;

7-11
IRRADIATION TEST PROGRAMME AIMED TO
CHECK ROMANIAN NUCLEAR FUEL BEHAVIOUR
C. GHEORGHIU, M. CIOCANESCU
Romanian Electricity Authority (RENEL)
Institute for Nuclear Research (INR)
Pitesti, Romania, P.O.Box 78
A B S T R A C T

In the framework of this irradiation programme, more than
30 fuel elements were irradiated in TRIGA-INR reactor.
A high power and a power ramp tests were done in order to
assess the behaviour of fuel elements containing pellets with
improved geometry (edge chamfers and optimization of L/D
ratio).
Three sweep gas tests were performed to investigate the
influence of fuel density and microstructure and of power
history on the release of short-lived fission products.
Another 2 fuel
elements
instrumented with
pressure
transducers were irradiated to determine the effects of design
parameters and ot power history on fuel element internal gas
pressures.
The test programme also included some power ramp tests at
average burnup of 80-200 MWh/KgU, in order to obtain data on
the position of fuel defect threshold.
The paper presents main test results and main conclusions
on the performances of irradiated fuel elements.
1. INTRODUCTION
The ability to reliably predict in reactor fuel performance
is a fundamental requirement both for fuel design and
fabrication verification and for safety assessment. Fuel
performance evaluation is a very complicated task due to the
complex interactions of physical,chemical and thermomechanical
processes taking place during in-reactor irradiation.
In the fuel performance evaluation process relevant
irradiation tests had to be performed under enviromental
conditions which closely match those of actual operation in
power reactors (i.e. heat generation rates in fuel, neutron
damaging
spectrum of sheathing material
and
coolant
characteristics have to be reproduced).
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TABLE-1
SALIENT FEATT^ES OF PHWR FUEL
19 element

37 element
Natural UO 2

1.

Fuel

Natural

UO 2

2.

Type

19 rod bundle

3.

Sintered U0 2
Density

10.45 to 10.75 10.45 to 10.75
gm/cc
gm/cc

4.

Pellet diameter

14.3 mm

12.15 mm

5.

Pellet Type

Single dish

Double dish.
chamfered pellet

6.

Zircaloy clad
wall thickness

0.38 mm

0.38 mm

7.

Element diameter

15.22 mm

13.08 mm

8.

Bundle diameter

81.74 mm

102.4 mm

9.

Bundle length

493.5 mm

493.5 mm

37-rod bundle

Element end closure welding, Inter element spacing
and Assembly welding are similar to both types of fuel.

TABLE - 2
FUEL DATA FOR 500 MWe PHWR
1.

NO. OF BUNDLES PER CHANNEL

:

13

2.

NO. OF BUNDLES IN REACTOR

:

5096

3.

BUNDLE WEIGHT

:

24 kg

4.

UO 2 WEIGHT

:

22 kg

5.

INITIAL FUEL CHARGE

:

98

TeU

6.

REFUELLING REQUIREMENT
AT 80% CAPACITY FACTOR

:
:

11
78

BUNDLES/DAY
TeU/YEAR

7.

DISCHARGE BURNUP

:

6850

MWD/TEU
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5.0 CONCLUSION:
The d e t a i l s of 3 7 - e l e m e n t f u e l b u n d l e t y p e t e s t s i n
progress are described.
These type t e s t s are required to prove
t h a t the design and manufactures are s a t i s f a c t o r y .
Development
tests
which provide
fundamental
and
material
information
r e g a r d i n g t h e f u e l b u n d l e and i t s c o m p o n e n t s a r e a l s o
elaborated.
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To study
the ballooning behaviour of the Zircaloy
sheath, tests under fast temperature transient and creep
rupture at elevated temperatures covering phase transformation
(ot-y>fi) anc3 beyond are planned.
Few tests have been conducted
already (Ref.8).
The data generated will be utilised in developina a
fuel sheath burst failure criteria, which will be used for
estimating sheath strain and fuel failure durina accident
conditions. The radioactive fission product release to coolant
will be estimated based on number of fuel failures.
This will be discussed in detail in this conference in
Session 2.3 by my colleagues.
4.5.3

Zircaloy Material Properties:

Work i s in p r o g r e s s to i n v e s t i g a t e the m a t e r i a l
properties of zircaloy sheathing and zircaloy
strip
used for
end p l a t e s .
The work includes creep and r u p t u r e t e s t s of
zircaloy tubes at 350°C, low cycle fatigue t e s t s on zircalov
bar specimen with direct loading and on zircaloy s t r i p s with
bending l o a d s .
These t e s t s are r e q u i r e d for a c c u r a t e l y
estimating fuel operating/load following capacity.

4.5.4

Flow Mixing Experiments:

The fuel bundle for PHWRs consists of parallel array of
elements arranged in circular geometry and the flow area
consists of a series of parallel interconnected sub-channels
defined by hypothetical planes joining axes of adjacent fuel
elements. The basic design considerations of the fuel bundle
design are :i)
ii)

No bulk boiling of coolant is allowed at coolant
channel exit
Adequate margin between normal heat flux
and critical heat flux be provided

The above requirements mainly depend upon the amount of
cross-flow mixing taking place between adjacent subchannels,
and turbulent cross flow mixing plays an important role in
affecting flow and enthalpy in rod bundles.
The turbulent cross-flow mixing factor (B) which plays
an important role in affecting the flow and temperature is
difficult to estimate analytically.
Though some empirical
correlations for turbulent cross flow mixing factor exist, this
factor is highly geometry dependent. Hence, in order to assess
the cross-flow mixing in nuclear fuel bundles.subchannel flow
mixing experements are planned for 37-element fuel bundles at
the Indian Institute of Technology, Kharagpur by rod heating
method.
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- capability of element-end plate assembly welds to withstand
stresses caused by differential expansion of fuel elements
and consequent differences in length of fuel elements:
- flexibility of end plate webs in allowing differential
expansion of fuel elements and keep structural integrity;
- irradiation growth of bundle and

coolant flow behaviour

In addition, element irradiation tests are planned to
assess operating margin for iuel, to test new fuel pellet and
sheath types and to assess performance under power ramp.
4.5 Development Tests:
In addition to type testing, extensive program of
fundamental work is initiated to provide material information,
specific parameter effect etc.
The tests proposed are clad
collapse tests, clad ballooning tests, flow mixing tests and
zircaloy material tests.
4.5.1

Clad Collapse Tests:

As 500 MWe PHWR fuel elements are smaller in diameter
compared to these in 235 MWe PHWR elements, it is proposed to
conduct clad collapse tests to investigate the
collapse
behaviour and ridge formation of smaller diameter sheaths. This
study is required to:
1)

establish the design limits for diametral and axial
gaps between fuel and clad;

2) » establish minimum strength requirements for the fuel
sheath;
3)

understand the effect of initial ovality and

4)

investigate the feasibility of
sheath thickness.

reducing

the

fuel

The tests will be conducted in an autoclave with steam at
different temperatures and pressures, which simulates the
reactor conditions (normal operating as well as operational
transients).
4.5.2

Clad Ballooning Tests:

T h e c l a d b a l l o o n i n g d a t a is i m p o r t a n t for s a f e t y
evaluation during a loss of coolant a c c i d e n t ( L O C A ) .
The
extent of ballooning, coolant channel blockage and fuel failure
depends on :
i)
ii)
iii)
iv)

Internal fission gas pressure
pressure;
Maximum clad temperature:
Fuel assembly geometry;
Heating rate.

and

external

coolant
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4.2 F/M Compatibility Tests:
Compatibility between Fuelling Machine and Fuel Bundles is
required to be demonstrated in a test.
The tests simulate the
radial
contact between the fuel bundle end plugs and
the
Fuelling Machine side stops when the stops hold the fuel string.
The hydraulic load acting on the downstream last bundle during
refuelling has been estimated based on number of bundles in
flow path in channel, bundle pressure drop, drag fores actina
on bundles and the opposing friction force (Ref.4). The worst
loading condition between fuel bundle and F/M side stoos was
checked and the contact area between fuel bundle and side stops
for this condition was estimated.
The tests were conducted in air medium using a fuel stop
rig with two side stops supporting the fuel b u n d l e on d o w n
stream side (Ref.6).
The compressive loading on fuel bundle
during testing was
simulated by oil hydraulic pistons.
The
compressive load simulating the hydraulic and F/M ram loads on
the fuel bundle, was increased in steps from 864 ka upto 2700
kg.
Three prototype fuel bundles m a n u f a c t u r e d in the same
route as a regular bundle were tested at each load. The bundle
integrity, damage, leak tightness were c h e c k e d after each
loading. The bundle withstood 1700 kg compressive load without
any major deviation in dimensions.
4.3 Other Prototype Tests:
The fuel bundle strength tests. in water medium at hiah
temperature have been proposed to find fuel bundle load
withstandability under reactor conditions.
Fuel bundle acceleration and impact tests simulating the
movement of fresh bundle inserted into the c h a n n e l d u r i n g
refuelling are planned in a test loop.
The fresh fuel bundle
velocity along the channel during refuelling has been estimated
using a computer program (Ref.7)
and on the basis of this the
testing conditions have been specified.
In these tests, the
momentum force of water will be m a i n t a i n e d same as that of
coolant in maximum rated channel.
Fuel bundle wear tests simulating wear of bundle durina its
life time, bundle vibration and endurance tests to investigate
flow induced vibration behaviour and f r e t t i n g are also in
progress in different loops.
4.4 Inpile Tests:
About five hundred
22-element
fuel bundles, whose
outer
ring element size is same as in 37 element fuel bundles, are
under irradiation in one of our 220 MWe PHWR. Their performance
has been satisfactory with no indication of defect till now
(Ref.2) .
It is planned to irradiate few 37 element fuel bundles in
DHRUVA research reactor for investiaatina:
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dropping, etc. The tests include evaluation of fundamental
material properties, development tests, semi-prototype tests in
which major influencing parameters are simulated and prototype
tests in which reactor conditions are simulated. From the
parametaric data obtained from the prototype tests, the
variation of the parameter in reactor conditions are derived.
In addition, results of tests conducted for 19-element fuel
bundle and their performance in reactors are also utilised to
qualify the present design.
Tests have been proposed for each of the above
requirements.
For each test, the testing conditions and the
acceptance limit for the parameter have been identified and
test specifications have been prepared.
The tests are
presently in different stages of progress. Some of the tests
like pressure drop tests and fuelling machine sidestop
compatibility tests have been completed.
4.1 Pressure Drop Tests:
The pressure drop tests on 37-element fuel b u n d l e s have
been conducted with different coolant flow rates (upto 9 0 % of
maximum rated channel flow) and at a temperature of 270°C and
pressure of 90 kg/cm 2 in different loops with 8 to 9 bundles
in channel (Ref.3). The tests are conducted in light w a t e r
medium with fuel bundles arranged in random
orientation. The
loop s i m u l a t e pressure tube, liner tube holes, end fitting,
feeder connections and fuel locators. Based on the tests, the
fuel bundle pressure drop across 13 bundles at 100% D^O flow
under reactor condition has been estimated.
From this value,
the fuel bundle pressure drop in maximum rated channel has been
estimated (Ref.4) taking into account:
a)

Different orientation OJ. fuel bundles in a channel
based on tests conducted to find junction pressure
d r o p b e t w e e n two fuel b u n d l e s w i t h v a r i a t i o n of
mutual alignment (Ref.3);

b)

Thermal expansions of fuel bundle and coolant tube
based on fuel bundle and coolant tube temperatures in
reactor;

c)

Fuel bundle irradiation growth and element
(based on 19 element fuel bundle data):

d)

Crud formation (based on 220 MWe PHWR reactor
experience);

e)

Tolerances in bundle geometry (based on fabrication
procedure and tolerances specified in fuel bundle
drawings);

f)

Experimental uncertainty.

Based on the above parameters,
drop value and upper and lower
calculated.

ridging

the most probable pressure
bound
values have been
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Presently, seven 220 MWe PHWRs are in operation and over
90,000 nineteen-element fuel bundles have been irradiated. The
500 MWe PHWR is in advanced design stage. The development of
37-element fuel' bundle for 500 MWe PHWR and its type testing is
covered in this paper.
2.

37 ELEMENT FUEL BUNDLE:

Each channel of 500 MWe PHWR has 13 fuel bundles with a
fuel locator and a shield plug on either side. In each channel,
effectively 12 fuel bundles reside in the core, with halfbundle on each side located outside this region.
All the fuel
bundles in the core are of 37-element fuel bundle type, with
element diameter of 13.08 mm.
Fig.l shows the fuel channel
assembly and Fig.2 shows a fuel bundle.
The fuel bundle
requirements for 500 MWe PHWR and its related data are aiven in
Table-2.
The fuel bundle consists of 37 cylindrical fuel elements of
493 mm length, joined together by welding the elements to the
end plates at both ends.
The elements are arranged in
four concentric rings, containing 1,6,12 and 18 elements
respectively. Each element contains 480 mm long stack of
sintered natural UO2 pellets in a thin zircaloy-4 sheath with
end plugs welded at both the ends.
The elements are separated
by spacers attached to the sheaths near the midplane of the
bundle. Inter-element spacers are of skewed split spacer type.
The bundle weighs about 24 kg.
Bearing pads are provided on
each of the 18 elements of the outer-most ring, to prevent fuel
sheath from directly touching the coolant tube.
The bundle
weight is transferred through the end plates to the bottom
elements whose bearing pads contact the pressure tube.
3.

DEVELOPMENT OF FUEL BUNDLE DESIGN

The operating environment of fuel bundle is influenced by
the heat transport system, the fuel channels. fuel handling
system, fuel scheduling and reactor control system. Based on
these factors.the fuel bundle design and requirements have been
derived
(Ref.l). These requirements are included in the fuel
technical specification.
The specific fuel bundle design
{in this case 37-element fuel bundle design} has been selected
based on these requirements, in-reactor fuel performance so far
of similar designs (Ref.2) and material
properties and
fundamental work carried out in this area.
The satisfactory
performance of the new design will be ensured by proper quality
assurance in design, computer simulation of fuel bundle
operation and type tests.
The use of minimum
zircaloy
structural material and non-availability of standard design
code requires PHWR fuel design to be tested for all the
parameters.
4.

TYPE TESTING:

Before
a new fuel
is
introduced,
a specific
testing
program i s taken up to s a t i s f y r e q u i r e m e n t s l i k e wear,
fretting,
strength,
impact s t r e n g t h ,
fuelling
machine
compatibility,
in-pi].e performance,
pressure drop.
bundle
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FUEL BUNDLE DEVELOPMENT AND TYPE TESTING
P.N. PRASAD AND K.S. PRASAD
NUCLEAR POWER CORPORATION OF INDIA LTD., BOMBAY, INDIA
ABSTRACT
For Indian 500 MWe PHWRs, thirty-seven-element fuel bundle
design has been selected.
Since this is a new design, the
specification calls for type testing of the prototype 37element fuel bundles, so that the bundle design and manufacture
satisfy requirements like wear, fretting, strength, fuelling
machine compatibility, inpile performance, pressure drop,
bundle dropping etc.
In addition, various development tests
are also planned to provide fundamental and material
information regarding fuel bundle and its components.
This
paper describes the details of these tests.
1.

INTRODUCTION

Indian pressurized heavy water reactors (PHWRs) are
characterised by the use of heavy water as moderator and
horizontal pressure tubes to contain fuel and coolant. The use
of natural uranium coupled with the concept of on-power
fuelling to maintain reactivity defines the general aeometry of
the fuel and other design requirements.
The two designs of
fuel bundle required for our power programme are :
19 element bundle for 220 MWe reactors
37 element bundle for 500 MWe reactors
These fuel bundles contain over 90% uranium di-oxide and
balance zircaloy. the design data for the two fuel bundles are
given in Table-1.
The basic design features of these two
designs are the same. They are :
thin walled collapsible zircaloy-4 cladding
for neutron economy and improved heat transfer
no gas plenum
high density natural UO2
scooped end plugs (resistance welded)
-

high integrity welds on spacers used for inter-element
spacing
a coating of graphite on the inside surface of the
sheath
short length bundle structure with elements welded
end plates at the either ends.

to
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size. However, the particle size measured by laser method was different from that of Fisher
subsieve sizei. The particle size measured by laser shows that the size of 3rd cycled powder
is larger than that of 2nd cycled powder.
Earlier results in 1960's, surface area was reported to increase with cycle{6). But in
this experiment, 2nd cycled powder showed highest surf ace area. Reduction reaction of U3O8
to UO2 is exothermic, this exothermic heat made the local temperature of powder be higher
than temperature indication. And fine powders may sinter at low temperature. These would
affect the surface area. But the reason why 2nd cycled particle has highest surface area can
not be understood at this moment.
Powder from fluidizing bed reactor showed highest surface area and lowest particle size.
The collision between powders in reactor and shorter reduction time might cause the hightest
surface area. O/U ratio of the powder is higher than other dry retreated powders.
3.2 Sintering behavior
Important characteristics of sintered UO2 pellets manufactured for nulcear fuel are ; the
density, microstructure and the porosity. Unlike compaction which gives purely mechanical
transformation of the powder state, sintering involves heat treatment and change in chemical
and physical states such as O/U ratio, defect structure and microstructure. It is of value,
however, to discuss the sintering behaviour, especially the attainable sintered densities, and
the powder characteristics.
The density of pellets showed large variation with powder characteristics and green
density. The green and the sintered density of various pellets were listed in Table 2 and
plotted in Figure 2. Pellets from ex-AU powder showed highest density and no open porosity
asexpected. Pelletsfromex-AUC powder had lowerdensity than ex-AU pellet. However, both
kinds of pellets satisfy the density requirement for the fuel.
The densities of 3rd cycled pellets (from powder D) were higher than that of 1st cycled
pellets{from powder B). Pellets from powder A (converted by FBR) showed intermediate
sintered density. Though powder A has higher specific surface area and O/U ratio than
powder D, the sintered density is lower. This result is surprisingly different from our common
concept. More work on the characteristics of green pellets and powder should be done to
confirm this phenomena.
The relationship between the green density and the sitnered density of mixed powders
(powder E and F) was very similar to that of pure AUC powder. The sintered density is lower
than that of pellets from AUC powder. The difference of sintered density between powder E
and F decreased with the green density increase. Meanwhile, the difference between AUC
powder and mixed powders increased with the green density increase. O/U ratio of dry
retreated powders is about 2.00. This low value of O/U ratio is assumed to prohibit pore
shrinkage and grain growth during sintering. Even though mixed powders have higher density
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than pure dry retreated
commercially used.

powders, it needs to be improved to have higher density to be

The pellets including extermely low density pellets (from dilatometer) were also analysed
to determine the amount of open porosity. Open porosity decreased with sintered density
while closed porosity of all pellets ramains almost constant up tc the density of 10.55 g/cc,
regardless of powder characteristics and sintering processes as shown in Figure 3. In U02
ex-AUC powder, pore shrinkage is dominant till the density of about 10.55 g/cc, follwed by
grain growthd 1). For UO2 ex-AU, however, no open porosity is detectable even below this
point. This phenomena is exhibitted to sintered density down to 7.5 g/cc.
3.3 Dilatometry
The results of shrinkage measurement using diiatometer were very different from powder
to powder. Typical trends of shrinkage rate with temperature of heating rate of 10°C/min.
were plotted in Figure 4. Powder A, G(ex-AUC) and H(ex-AU) started to sinter at same
temperature. Thedifference between thesepowderswastheshrinkageamount only, indirectly
representing the density. Powder C, D (dry retreated powders) sintered at much higher
temperature. U3OB powder sintered at intermediate temperature. Powders showing higher
sintering reactivity have higher O/U ratio above 2.10. O/U ratio is believed to affect the
sintering rate.
From Figure 4, three facts could be pointed out. Before main sintering took place,
primary shinkage ocurred. This could be explained as follows. Dilatometer uses graphite
protector inside. Even though Ar gas was flowed during experiment, graphite acted as oxygen
getter. Therefore dilatometer had reducing atmosphere. Primary shrinkage may be resulted
from reduction of residual U3O8 to UO2. However, it may also come from the elimination of
moisture. AU powder showed second hill at the end of reaction. This could be inferred to
come from grain growth, i.e., due to excellent sinterability of ex-AU powder. Powders with
low surface area showed more abrupt decrease and then constant. This could be connected
to the low surface area and its poor sinterability.
From plots of different heating rates, activation energy of sintering and constant were
calculated using the following first order kinetic reaction equation.
dx

= A (1-x) exp(-Q/RT)

di
dT
dt

=r

where. x = sintered amount
r = heating rate
A == constant
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Q = activation energy
After differentiating first equation, we can obtain the following equation,

-Q/R =
In(r/T2) = InA - ln(Q/R) at 1/T = 0.
From the plot of 1/T and In(r/T2), calculated Q and A are listed in Table 3. Ex-AU
powder had highest Q and A while ex-AUC powder had lowest Q and A. Other powders had
intermediate value. Even though both ex-AU and ex-AUC powders showed good sinterability,
the Q and A of the two powders had the lowest and the highest value of Q and A
respectivaly. From the results, sinterablity is concluded not to dependent on the Q and A
value.
Ex-AUC powder is almost spherical and ex-AU powder is irregular. Spheroidized
paticle has low Q value. The others had intermediated value. Therfore Q value may
be concluded to depend on the shape of powder. 1/T vs. In(r/T2) are plotted in
Figure 5. It showed that powders of higher O/U ratio were located right, higher value
of 1/T. Powder D (0/U ratio is 2.00) located extremely ieft lowest value of 1/T. This
means powders with higher O/U ratio sinter first, but this doesn't mean the higher
sintered density. From the results of AU powders with two different green density,
powder with higher green density shifted slightly right.
4. CONCLUSIONS
(1) Dry retreated powders has low specific surface area and large particle size with irregular
shape. The particle size decreases with oxidation/reduction cycling.
(2) Pellets from dry retreated powders shows low sintered density and high open porosity.
Mixtures of ex-AUC and dry retreated powders shows similar relationship between green and
sintered density as ex-AUC powder. However, the sintered density is lower compared to that
of ex-AUC pellet.
(3) Open porosity decreases linearly with sintered density. Closed porosity remains constant
up to sintered density of about 10.55 g/cc.
(4) Activation energy of sintering is considered to depend on the shape of powder. Pellets
with higher O/U ratio sinters at lower temperature.
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TABLE 1

PROPERTIES OF VARIOUSLY TREATED POWDERS

Surface Aver. Diameter
area
Fisher Laser

Preparation of Powders

O/U
ratio

A

Oxidation at 450°C for 2 hours in FBR
Reduction at 600°C for 2 hours. 1 cycle

(0.24)
2.16

2.63

1.72

B

Oxidation at 450°C for 2 hours
Reduction at 600"C for 3 hours.

cycfe

(0.13)
2.01

0.79

4.28

29.0

Oxidation at 450°C for 2 hours
Reduction at 600°C for 3 hours. 2 cycle

(0.18)
2.00

1.06

2.87

22.8

Oxidation at 4D0°C for 2 hours
Reduction at 600°C for 3 hours, 3 cycle

(0.19)
2.01

0.90

2.26

25.1

No

C
D

T

E

ex-AUC + 5% D

F

ex-AUC + 10% D

G

ex-AUC, produced by KAERI

2.10

5.71

2.78

H

ex-AU, produced by ERL

2.32

6.04

0.63
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TABLE 2 GREEN AND SINTERED DENSITIES OF VARIOUS PELLETS

No

G.Density S.Density 0.Porosity

A

5.87
6.00
6.44
6.70

9.05
9.18
9.51
9.67

12."9
11.3
8.3
7.2

B

6.59
6.83
6.84
7.03

9.18
9.32
9.34
9.54

11.6
10.1
10.0
8.4

D

5.71
5.80
5.80

9.87
9.87
9.94

4.2
3.2
2.3

G'

5.01
5.51
5.98
6.09
6.20

10.18
10.49
10.65
10.69
10.71

3.5
0.4
0
0
0

H=

4.63
4.94
5.45
5.88

10.50
10.61
10.70
10.76

0
0
0
0

No

G.Density S.Density 0.Porosity

E

5.35
(0.008)
5.64
(0.015)
5.85
(0.008)
6.04
(0.056)
6.24
(0.007)

10.26
(0.030)
10.40
(0.019)
10.45
(0.028)
10.51
(0.022)
10.51
(0.025)

1.6
(0.29)
0.47
(0.09)
0.49
(0.23)
0.38
(0.11)
0.61
(0.16)

F

5.45
(0.009)
5.68
(0.007)
5.86
(0.014)
6.05
(0.052)
6.23
(0.019)

10.23
(0.011)
10.33
(0.011)
10.38
(0.035)
10.43
(0.029)
10.48
(0.008)

2.4
(0.10)
0.86
(0.086)
0.43
(0.159)
0.47
(0.144)
0.33
(0.067)

; standard deviation

TABLE 3

RESULTS OF 0ILATOMETRIC EXPERIMENTS

Lnfr/Tc 2 )

Tc(C)

1/Tc(x10-<)

792
831
868
881

9.3897
9.0580
8.7642
8.6655

-13.248
-12.404
-1 1.777
-11.394

2.48R

1695
1763
1784

5.0813
4.9116
4.8615

-14.476
-13.628
-12.955

6.43R

815
886
942
986
1031

9.1912
8.6281
8.2305
7.9428
7.6687

-13.291
-12.501
•11.902
-11.568
-11.351

1.31R

878
893
908
906
914

8.6881
8.5763
8.4674
8.4818
8.4246

-13.404
-12.513
-11.846
-11.437
-11.163

8.36R

H
(5.9)

871
887
902
912

8.7413
8.6207
8.5106
8.4388

-13.391
-12.503
-11.307
-11.159

U3O8

1071
1127
1160

7.4405
7.1429
6.9784'

-12.797
-12.186
-11.827

A

D

G

H
(5.3)

Q(x10*<)

Constant
5.57
X 108

4.86
X 1C'2

3.83
X 103

3.70
x 10"

7.87R

9.40
x 10 z8

2.09R

3.27
x 10s

c

FIGURE 1 MORPHOLOGIES OF VARIOUSLY TREATED POWDERS A) EX-AUC POWDER, B) EX-AU POWDER,
0 POWDER B (1ST CYCLED DRY RETREATED POWDER), D) POWDER D (3RD CYCLED DRY RETREATED P
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RESISTANCE VELDING AS APPLIED TO FUEL FABRICATION
FOR PHVRs - AN INDIAN EXPERIENCE
R.N. JAYA RAJ, P.S.A. NARAYANAN, B. PRAKASH,
B. LAXMINARAYANA, V.A. CHANDRAMOULI, T.S. KRISHNAN,
B.P. FANDE and K. BALARAMAMOORTHY

ABSTRACT
There are three main areas in the fuel fabrication route where Zircaloy
components of different shapes are required to be joined together: end
closure welding, appendage welding and end-plate welding, all of which are
accomplished with the application of resistance welding. This paper
enumerates various joining techniques employed and guidelines for achieving
sound acceptable welds.

INTRODUCTION
The Indian Pressurized Heavy Water Reactors (PHVRs) of 220 MVe capacity use
natural uranium dioxide fuel bundles, consisting of 19 fuel elements
clustered together in a precise geometrical configuration (Figure 1). The
structural components made out of Zircaloy material include end-caps,
spacers, bearing pads and end-plates, which are to be joined together at
different stages of fabrication. An estimated 328 fabricated joints are
used in fabricating a fuel bundle (with each spacer and bearing pad
consisting of two and three projections, respectively).
The decision of the Department of Atomic Energy Government of India to
install a chain of PHVR-type power reactors has put greater emphasis on
augmenting the fuel-fabrication plants in the Nuclear Fuel Complex (NFC),
India (1). The demands made on these joining operations (Table 1) make it
imperative to select and develop fabrication techniques that are rapid and
that can meet stringent nuclear standards. Resistance projection welding
was selected for all joints, because of its capability to produce a fine
grained weld structure with small HAZ and its ability to yield high
production rates with low capital equipment cost (2). This paper describes
various process details and quality control checks employed for achieving
reliable, quality welds.

END-CLOSURE VELDING
End-closure welding requires special attention, as it is one of the most
probable sources of fission-gas release in the unlikely event of weld
discontinuities. Of the in-reactor fuel failures related to manufacturing
defects, about 80% are attributed to incomplete end-closure welds (3).
Hence close monitoring of the process is maintained to ensure reproducible,
high-integrity welds.
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Joint Configuration
The geometry of the Zircaloy sheath and endcap forms a ring projection butt
joint. The sheath end is machined to have a V-projection, and a cap face
with a flat land, to derive weld-heat balancing. The welding process
produces material upsets on both the inside and outside of the tube, with
the weld interface inclined towards the cap due to welding forces. An axial
metallographic cross-section of the weld region, giving overall geometry and
HAZ, is shown in Figure 2.
Equipment for End-Closure Welding
Using shopfloor experience gained over the years, highly productive welding
equipment was designed and fabricated, which can weld both ends of a fuel
tube without reversing it. The salient features of the equipment are:
automatic feeding of tubes via a linear endless conveyor and caps from a
bowl-feeder-magazine unit; and a low-inertia diaphragm weld-head, assisted
by a magnetic-force follow-up component. A conventional welding
transformer, coupled with a thyristorized Synchronous Timer Weld Controller
having constant current/constant voltage facilities, is employed as a power
source. A data acquisition system for recording important welding
parameters and detecting undesirable initial conditions (such as less tube
protrusion and tube slippage from the collet, absence/reversal of endcap,
etc.) is a special feature of the Instrumentation.
Factors Affecting Closure Welds
Although under normal operating conditions the process gives a sound weld
zone, occasionally weld defects such as a fine weld line and expulsion are
observed. The various factors that can influence this operation are:

-

welding parameters
component profile
cleanliness of components
equipment variables
external variables

The important welding parameters are current, squeeze force and time (in
terms of number of cycles applied). The heating cycle employed comprises
pre-heat and weld-heat portions, and the squeeze force comprises pneumatic
and electro-magnetic components. For the joint being discussed, with an
electrode force of about 250 kgf, a current range (Irms) of 12.0 to 13.5 kA
is adequate, beyond which heavy expulsion in the weld takes place. When
choosing the -.onduction angle of preheat cycles to achieve a partial weld
upset of around 0.4 mm, it helps to break up surface oxides and establish
circumferential contact between the two components. For the current pattern
and squeeze force selected, RWMA Class-12 material is best suited for the
tube-holding collet, and RWMA Class-3 for the cap electrode. Current and
electrode force in excess of optimum values will result in the formation of
a notch towards the cap boundary, which must be avoided.
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Joint profiles of both the fuel tube and end cap have a significant effect
on the final weld shape and quality. For the tube, controlling the
displacement of the V-tip from the ceutre of the vail, and the end
squareness with respect to its axis, an I for the cap, ensuri g the lai.J
width, surface finish and parallelism of both faces, are critical for
uniform fusion over the entire circumference of the weld.
Exposing the fresh joint surfaces of the components by mechanical cleaning
with abrasive cloth has yielded superior quality welds. Abnormal helium
leaks in certain batches were correlated to two different sources of
contamination: one related to the pellet surface and the other to graphite
coating thickness/adherence. Welding performed with these contaminations
finding their way to the tube or cap edges has resulted in weld defects such
as non-fusion line and sparking. The presence of these contaminations in
the weld interface was further confirmed by SEM examination. It is also
reported that the localised contamination can lead to the formation of
micro-fissures in the weld contour (4), which in turn can cause
circumferential cracking of end-cap welds in the reactor, probably
aggravated in the presence of hydrides (5,6). The introduction of
additional cleaning operations and strict adherence to the specified
graphite-coating thickness have improved the weld quality.
Among equipment-related factors, the alignment of weld-heads, wear and tear
of low-friction diaphragm and linear bearings, condition of the collet edge,
and fatigue fracture of bus-bars and oxide layer formation at bus-bar
mechanical joints all have direct bearing on weld quality. To ensure
uniform electrical contact, the tubes are categorised by air-gauging on an
average O.D. basis in the range of 25 /zm, and collets with selective I.D.
are used, for optimum interference. On the instrumentation side, periodic
checking of weld controllers and ignitrons/thyristors is carried out to
ensure the current cycle pattern selected.
Weld cycles monitored on an oscilloscope during line voltage fluctuation
periods showed distorted sinusoidal waves, indicating wide variations in
heat input to the weld joint. The installation of an automatic On-Load Tap
Changer at a 132 KV high-tension line, and feeding a monophasic power line
(440 V) to the welding machine from an independent transformer, has improved
the situation considerably. An electronic voltage cut-off system that
monitors and terminates welding during out-of-band periods further ensures
the veld quality.
Quality Control
The main quality checks performed on the closure joints are:
metallographic evaluation for weld fusion (minimum 100% of tube wall for
acceptance), on a statistical basis;
helium leak testing (leak rate to be less than 1x10"a std. cm 3 /s), on
IQOZ elements; and
helium content in fuel elements (min. 9QZ), on a statistical basis.
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Researchers worldwide have been developing a suitable non-destructive
testing (NDT) technique for this weld joint; there seems to be promise in
relying on ultrasonic methods for detecting abnormal contours of weld
discontinuities (^)- However, it can only be introduced as a quality
control (QC) tool, aiding the destructive metallographic examination. Thus,
QC is presently maintained by a combination of destructive sampling, control
of component dimensions and monitoring of welding parameters.

APPENDAGE WELDING
Appendage welding involves the joining of spacers and bearing pads onto the
fuel sheath. From the multifarious functions of these components, it is
evident that these joints have to withstand complex forces in the reactor
an:l hence should be strong and highly reliable.
Two types of joining processes -- brazing and welding -- were considered for
appendage joints. Certain problems are associated with brazing
temperatures, such as the tube undergoing considerable grain coarsening in
the HAZ region, the eutectic penetrating into the tube wall and the
components losing strength and ductility (7). Resistance welding, which is
an alternative to brazing, is used for appendage joints, because of the
health hazards associated with Be handling, the high quantity of production;
equipment costs, etc. After initial developmental work carried out at the
Atomic Fuels Division of Bhabha Atomic Research Centre (BARC) and NFC,
followed by acceptance criteria arrived at from type-tests, the process
flowsheet was frozen for carrying out regular production using these
techniques.
Joint Configuration
Several boundary conditions are imposed on weld-joint design due to size,
thickness, geometry and orientation of components. The appendages to be
joined are thicker than the sheath, with a thickness ratio in the range of
1.5 to 4.0. These constraints lead to the logical decision to opt for
projection welding, which helps in the balancing of veld-heat. Two circular
projections of appropriate diameter and height, and three line-projections
of suitable width and height, are chosen for the spacer and bearing pads,
respectively, which satisfy the joint strength specifications (8). The
micro-structures of the spacer and bearing pad welds are shown in Figure 3.
Equipment for Appendage Welding
On the basis of observations made during initial developmental studies,
prototype equipment for spacer and bearing pad welding were designed and
fabricated (8). To cope with the increased demands made on appendage welds
(Table 1), microprocessor-based, fully automatic equipment was designed and
fabricated at NFC, and employed for regular production work. Automatic
loading/unloading of elements, feeding of components onto the sheath and
element indexing are the special features of this equipment.
For joints that were small (RMS current in the range 2.0 - 4.0 kA) but
precise, stored-energy power sources were selected, which are more
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repeatable, being independent of power-line fluctuations. The
instrumentation controls included, apart from auto-sequencing, data logging
of important welding parameters and providing weld interlocks tor
undesiral/le initial conditions.
Factors Affecting Appendage Velds
The welding parameters to be optimized with stored-energy power sources are
the energy settings, expressed in watt-seconds (joules), and welding force.
Parameters were optimized to achieve the minimum weld strength requirements
and to restrict the inside sheath depression under the veld to less than 25
/im. It was observed that, while a long pulse width of current gives poor
metallurgical bond, a short weld pulse produces rapid heating, resulting in
a strong weld with narrow HAZ. Keeping in mind the electrode size and
squeeze force requirements, RWMA Class-3 material has been chosen for the
electrodes.
Variations in coin dimensions (diameter/width to height ratio) were found to
result in weld upset variation, which directly affects the weld strength.
The radius of curvature and skew angle for spacers are required to be
maintained within specified limits, to avoid weld defects such as sparking
and arc gauging.
As the weld energy is delivered in much shorter periods of time in capacitor
discharge welders, the weld-head is maintained to retain excellent tollow-up
characteristics by periodic cleaning of the pneumatic cylinder bore.
Repolishing the electrode tips with fine grit paper to correct their
deformed shape is essential for consistent weld quality. Replacement of
faulty capacitors and calibration of voltage set points are a fev of the
instrumentation checks performed periodically.
Quality Control
The important requirements to be fulfilled by appendage welds are:
- shear strength criteria,
- microstructure with least grain coarsening,
- sheath depression below weld to be less than 25 iim, and
- weld to be free from colouration, sparking and arc gauging.
Due to the odd shape and contour of the appendage welds, they are not easily
amenable to NDT methods. Destructive testing of the welds is carried out in
a statistical way through control charts, to ensure sheath-strength
criteria. Although BARC researchers are attempting to ensure weld quality
through a dynamic resistance weld monitor (8), its use as a NDT tool with
respect to appendage welds is to be established before employing it for
continuous monitoring of production welds.
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END-PLATE VELDING
The end-plate weld joints are expected to withstand the axial stresses
during fuelling operations, in addition to bending and skewing loads due to
differential axial expansion of elements. Hence various aspects of the
process are scrutinised thoroughly before they are adopted for production,
to ensure strong end-plate welds.
Joint Configuration
The geometry of the joint consists of an end-cap machined to a conical form
while the end-plate is flat. This compensates for the mass difference
between the components, and provides for heat-balancing. The tip of the
end-cap cone helps increase the current density and helps break up the
surface oxides, which results in a strong weld nugget. The metallurgical
cross section of the end-plate to end-cap weld is shown in Figure 4.
Equipment for End-Plate Welding
The equipment comprises a welding head mounted on top and an indexing device
on the machine table. The welding fixture (into which the fuel elements and
end plates are assembled), when mounted on the indexing table, can
sequentially position the 19 weld joints under the electrode head. A
specially designed twin-electrode head helps achieve the shortest current
conduction path, and provides for Argon purging during welding. The power
source is a conventional welding transformer of 25 kVA capacity, along vith
a synchronous timer weld controller. Automatic sequencing for welding all
19 joints (or 37 joints for fuel bundles of 500 MWe PHTOs) is achieved
through a micro-processor-based PLC system.
Factors Affecting End-Plate Velds
Critical considerations for optimising the welding parameters favoured a
continuous multiple current-cycle pattern with appropriate conduction angle
to give an Irms in the range 2.5-3.0 kA, with a matching pneumatic weld
force. The first cycle prepares the joint for welding and the subsequent
cycles generate enough heat for the metallurgical bond to occur. Squeezetime and hold-time are critical for ensuring high-integrity welds. From
considerations of squeeze force and welding current to be transmitted, RWMA
Class-3 material has been selected for the electrodes.
Controlling the shape and size of the end-cap cone to maintain a uniform
weld upset pattern, and controlling the overall length of the fuel elements
within very close tolerances to avoid end-plate warpage, sparking, low weld
strength, etc., are a few of the factors observed to influence these weldsThe fast follow-up action of the squeeze-cylinder, vertical alignment of the
electrode head with respect to the machine table, the profile of the outer
electrode legs, the low electrical resistance of bus-bar joints, and the
stabilised power supply and condition of weld-controller components are some
of the equipment-related variables to be ascertained for obtaining
reproducible weld quality.
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Quality Control
Maintaining overall bundle dimensions and assuring the requisite torque
strength of each veld on a consistent basis are the main OC measures taken
at the end-plate velding station. The process is checked and controlled in
a statistical way by subjecting the sample welds to torque testing. No
serious problems related to the weld breakage in the reactor have been
reported so far, and so controlling the mechanical strength of the weld is
adequate. However, an incident reported recently about cracking in the endplate and the recovery of loose fuel pencils from a broken bundle in the
Darlington-2 reactor has been attributed to excessive flow-induced
vibrations caused by high turbulence in the reactor fuel channel (9), and
not the weld failures.

CONCLUSIONS
The Nuclear Fuel Complex has manufactured approximatey 85 000 fuel bundles
for Indian PHWRs, by using resistance welding techniques to join different
Zircaloy components. The successful irradiation performance of all the
bundles produced with resistance-welded-appendage joints proves the
suitability of the process for commercial power reactors. The information
and data discussed in this paper draws on the vast shopfloor experience and
guidelines that have evolved, which can be utilised to improve the
reproducibility and reliability of welds. In the absence of proven nondestructive testing methods for these velds, process controls are
established through statistical quality control by destructive sampling; the
controls have proven to be effective for ensuring stringent nuclear
standards in the end product.
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WORK LOAD AT WELDING STATIONS
(NO.

WELDING STATION

OF WELDS PER DAY)

AT PRESENT

BY END 1992
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THE EVOLUTION OF CANDU IRRADIATED FUEL TRANSFER SYSTEMS
Z.G. KESZTHELYI, F. DIDOMIZIO, B.R. GAERTNER
General Electric Canada Inc.
Peterborough, Ontario
ABSTRACT
This paper traces the evolution of CANDU Irradiated Fuel Transfer Systems from the
early NPD station to the present CANDU 3 design. Basic design requirements for irradiated
fuel transfer systems and aspects of safety, code and seismic design are described.
Brief descriptions of the NPD, KANUPP, Pickering, CANDU 6, Bruce and Darlington
systems are given.
The paper concludes with a detailed description of the CANDU 3 irradiated fuel transfer
system, which is presently being designed at GE Canada in Peterborough as part of a joint
team effort with AECL CANDU. Although the CANDU 3 system has new design features,
it utilizes or adapts the tried and proven technology that exists at other stations.

1.

INTRODUCTION
Irradiated fuel transfer systems are used to move irradiated fuel from the fuelling
machines to temporary storage in water filled bays. The transfer systems in various
stations are different primarily because the station configurations have changed over
the years, and the designs have evolved to meet changing requirements. All systems
must deal with certain basic conditions which are as follows:
a) the fuel must be transferred safely from the heavy water in the fuelling
machine to the light water in the bay without cross contamination,
b) the fuel must be moved through the containment wall, and
c) the fuel must be moved to the bottom of the bay.
This paper describes CANDU irradiated fuel transfer systems including all the
equipment required to transfer fuel from the fuelling machine to the underwater
storage container in the bay. Storage methods are not discussed. A recently published
paper (1) gives a comprehensive description of existing methods and future
considerations for the storage of CANDU fuel.
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2.

MAJOR DESIGN REQUIREMENTS

2.1

Fundamental Requirements
Irradiated fuel transfer systems must satisfy many stringent requirements. Basic
ground rules are safety and reliability. The equipment is designed and built in such a
way that at no time will the operator be confronted with a situation that does not have
any means for solving a break-down problem.
The fundamental requirements for the irradiated fuel transfer system are to:
-

keep fuel cooled
ensure safety
provide adequate radiation shielding
ensure no damage to fuel
be able to handle defected fuel
provide for inspection of fuel bundles
meet the refuelling rates

The equipment must be reliable and easy to maintain. This requires the extensive
use of corrosion resistant materials to survive in the underwater environment. The
designer must consider the need for removing equipment from above water without
draining the bay.
2.2

Evolving Requirements
As the designs progressed additional requirements were imposed. A few examples
are given.
Current systems are required to make provisions for the installation of bundle
counters in the irradiated fuel port to satisfy IAEA Safeguard requirements.
A requirement to design, into the port, provisions for passing active components,
such as shield plugs, fuel carriers, scoops, etc. from the fuelling machine has evolved.
This requires separation of the bay water (EUO) from the DJO in the fuelling machine
head to avoid downgrading the D2O in the head.
In general, defected fuel has been detected by reactor based systems. Now it is
necessary to also detect it at the transfer mechanism. A fully automated system was
developed and installed for Darlington.
Recently at Darlington it became necessary to increase the rate of irradiated fuel
inspection. This resulted in the rearrangement of the inspection scheme and the need
for additional equipment.
The CANDU 3 transfer system is also required to allow the special operation of
transferring a reactor channel assembly through the irradiated fuel port opening.
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3.

CONSIDERATIONS OF NUCLEAR CODE, SEISMIC AND SAFETY DESIGN

Failure of fuel elements can release both radioactive paniculate and fission product
gases, the spread of which must be contained. Emphasis shall be placed on the
prevention of fuel element damage from mechanical forces or bundle overheating
following loss of fuel cooling. If released, the paniculate or gases must be captured
before excessive amounts are released to the environment.
Irradiated fuel is also highly radioactive requiring shielding for personnel protection.
Thick concrete walls, lead or a water cover of four metres or more are commonly
used.
Reliable fuel cooling systems are of paramount importance. Irradiated fuel can
generate in the order of 10 kW of heat and is therefore capable of pressurizing any
closed container in which it may reside. The heat can also cause the fuel elements to
self destruct or cause damage to surrounding structures particularly if these structures
are built of concrete.
3.2

Code
Irradiated fuel is typically transferred from inside containment to storage outside
containment. The transfer equipment forming part of the penetration through the
containment wall must be designed as a Nuclear Class 4 (ref. CSA N285.0) pressure
retaining structure. It must also meet containment safety system requirements such as
double isolation at the penetration and continual monitoring to ensure containment
integrity.

3.3

Seismic
The irradiated fuel transfer equipment must be seismically qualified to prevent fuel
damage from structural failure or loss of fuel cooling. The portion of the equipment
forming part of containment must also be seismically qualified to ensure containment
is maintained at all times.
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4.

CHARACTERISTICS OF CANDU IRRADIATED FUEL TRANSFER SYSTEMS

CANDU systems are designed for on-power fuelling. This feature, along with single or
multi-unit station layouts, defines the configuration adopted for handling irradiated fuel.
Many factors influence the design of the transfer system. Some of these are obvious. For
instance the diameter of the fuel bundle determines the bore size of the irradiated fuel port.
Similarly, the type of storage container used defines the path the fuel bundle must follow
after leaving the port, so that it is loaded into the container in the correct location and
orientation (horizontal or vertical). With a multi-layered storage container, such as the
module used at Darlington, both horizontal and vertical indexing of the container is required
for loading.
Other conditions may affect the design in less obvious ways. For example, the reactor
building and the storage bay may be on separate foundations. In this case the transfer
system, which is attached to both buildings, must have provisions to compensate for
differential building movements. These may be significant due to settlement and seismic
conditions.
Data on the most significant characteristics for various reactor designs are summarized in
Table 1.
The early stations, NPD and KANUPP, have transfer capacity for single bundles only.
The newer stations transfer bundles in pairs. The CANDU 3 system also transfers the
bundles in pairs but has storage capacity for 12 bundles in the transfer mechanism. This
capacity minimizes the time the fuelling machine must wait while attached to the port.
Bundles at Pickering, Bruce, Darlington and the CANDU 6 stations are stored
horizontally in baskets, trays or modules. CANDU 3 will be different with bundles stored
vertically as they were at NPD. The CANDU 3 transfer system is designed to load the
bundles into 'basket modules', for initial wet storage in the bay. This operation requires
delivery of the bundles into the 'basket modules' oriented vertically. After a cooling period
of five or six years the 'basket modules' are transferred to dry storage in air.
In the majority of cases, containment is formed at the transfer port. KANUPP and
Pickering are exceptions. At KANUPP a water lock provides containment. At Pickering
containment for the reactor building is provided by means of a water seal between the
reactor building and the storage bay.
Prior to Bruce the transfer systems were 'above water' meaning that the irradiated fuel
port was located above the water level in the bay. Bruce is the first system to use the
'underwater' concept. The port is located below the bay water elevation. An air-filled
transfer chamber ('air chamber1) is used. The bundles are transferred from D-.O in the
fuelling machine head into air and into I ^ O in the bay. The ' underwater "^"concept
minimizes fuel travel, allows use of the oay water for emergency cooling and takes
advantage of bay water to act as shielding. The latter provides easy maintainer access in the
event of equipment failure.
Darlington and CANDU 3 have similar 'underwater' systems. KANUPP, Pickering and
CANDU 6 have spraying systems for emergency cooling.
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5.

DESCRIPTION OF IRRADIATED FUEL TRANSFER SYSTEMS

5.1

NPD
Irradiated fuel was discharged from the fuelling machine and delivered to the floor
of the storage bay through chutes sloped at 40 from the reactor vault, as shown on
Figure 1. There were four such chutes, two serving the west end of the reactor and
two serving the east. Irradiated fuel was delivered to the chutes through elbow fittings
in the vault to which the fuelling machines coupled for fuel discharge. Discharged
fuel slid by gravity into receiving cans aligned with the lower end of each chute tube.
The rate of fall was limited by friction and by the water in the chutes. Shock
absorbers in the cans limited fuel impact to acceptable values. Fuel was retrieved
from the receiving cans manually and placed vertically in baskets for storage.

5.2

KANUPP
This equipment located in the irradiated fuel discharge bay, consists of two identical
facilities to operate with the two fuelling machines. Each facility comprises:
a)
b)
c)

an irradiated fuel port;
a ladle; and
an elevator.

Irradiated fuel is passed from the fuelling machine through the irradiated fuel port
onto the ladle, from which it is transferred to the elevator. The elevator then lowers it
to the bay for further manual handling using storage bay equipment.
The irradiated fuel discharge bay is a shielded room accessible to personnel through
one door controlled by a key interlock. It has an operating catwalk above the water
surface for personnel to manually handle the fuel bundles and storage trays
underwater, using long tools suspended from a crane.
The irradiated fuel port consists of a tube, equipped with a remotely-operated ball
valve. It penetrates the wall between the fuelling machine maintenance lock and the
discharge bay and is mounted near the top of the room in line with the lowest row of
fuel channels on the reactor.
The ladle is mounted in the discharge room at the same elevation as the irradiated
fuel port. It consists of an open, trough-shaped member supported eccentrically from
a shaft. The shaft can be rotated through 130 , thus providing the means of aligning
the trough with the irradiated fuel to receive fuel, or lowering it to roll the fuel into a
water filled tray mounted on the elevator.
The elevator, also located in the discharge room, has a trolley suspended from two
stainless steel wire ropes and guided on wall-mounted rails. The trolley travels with
the water filled tray from the irradiated fuel port to the floor of the bay. The tray has
a sloping bottom and contains a slotted false bottom for the fuel bundles to roll onto.
A cart is used to transfer the fuel out of the containment building via a water lock to
the storage bay.
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5.3

Pickering
The Pickering fuel transfer system utilizes a single transfer port penetrating through
the bridge column at each end of the reactor to exchange new and irradiated fuel to
and from the fuelling machine. This port is serviced during fuel transfer by a separate
machine known as a transfer mechanism. This mechanism is a D2O filled vessel with
a magazine including an indexing mechanism, D2O level lowering and a water
hydraulic two stage ram.
The mechanism operates between the transfer port, an irradiated fuel discharge
elevator and a new fuel loading magazine, as illustrated in Figure 2.
New fuel is loaded into the transfer mechanism from the new fuel magazine which
previously had been loaded through the transfer room wall, all of which is inside the
reactor building containment.
Irradiated fuel is discharged on* n an elevator, lowered into the water, deposited on a
conveyor cart, and this cart is drawn to the receiving bay. The cart is unloaded into a
storage basket which is then transported into the storage bay. An additional transfer
occurs later when the baskets are unloaded into modules for storage in the auxiliary
storage bay facility.

5.4

CANDU 6 Stations
The irradiated fuel handling equipment consists of discharge and transfer equipment
in the reactor building and irradiated fuel reception and storage equipment and bays in
the service building. The transfer of irradiated fuel between buildings is carried out
under water through a transfer canal.
The discharge and transfer operations are controlled remotely, while operations in
the storage bays are carried out manually under water using long tools, and aided by
powered cranes and hoists.
The equipment incorporates devices for canning defected fuel bundles. A defected
fuel locating system using a delayed neutron scan monitor is provided in the plant.
Defected fuel bundles can be segregated at the defected fuel canning station.
The discharge equipment comprises two valved irradiated fuel ports located above
the water level, and transfer equipment which is located in a shielded room and
extends down under the water ana into a reception bay in the service building. In
operation, the fuelling machine seals to the irradiated fuel port in the maintenance lock
and the heavy water level in the head is lowered below the snout. The machine
discharges the irradiated fuel, two bundles at a time, through the irradiated fuel port
onto the transfer mechanism. The mechanism lowers the fuel into the light water of
the fuel transfer canal and transports it into the reception bay in the service building.
The reception bay communicates, under water, with the main storage bay and a
small bay for defected fuel. In the reception bay, the normal irradiated fuel is
manually off-loaded under water from the transporter and placed onto storage trays.
Canned defected fuel, however, is routed for storage in the defected fuel bay through
a valved underwater port with an attached conveyor.
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5.5

Bruce and Darlington
The Bruce irradiated fuel transfer system utilizes a unique design which has been
enhanced for Darlington. The major differences between Bruce and Darlington are as
follows:
In Darlington there are two reception bay/storage bay complexes, one located at
each end of the fuelling machine duct. In Bruce only one bay is provided at the centre
of the plant. As a result of this difference, Darlington has eight and Bruce has four
irradiated fuel ports with associated transfer mechanisms to serve the four reactors. In
Bruce, fuel is stored in single-layer trays. In Darlington it is stored in multi-layer
modules. This introduces an additional indexing operation.
A description of the Darlington system follows. Figuie 3 illustrates the system
features.
The irradiated fuel port through the containment wall is located 4.4 m below the
surface of the bay water. An underwater air chamber is attached to the port from the
bay side. Flooding the air chamber with bay water provides emergency cooling in
case a bundle becomes stuck in the port. Defected fuel in the underwater chamber can
be identified by drawing air from the chamber through a detector ('Dry Sniffing1).
Irradiated fuel is discharged from the fuelling machine onto a shuttle in the
irradiated fuel port. The shuttle is retracted through the port into the air chamber
where it is supported on a ladle. The ladle and shuttle are lowered to transfer the
shuttle onto a vertically travelling elevator. The elevator is lowered to align the
shuttle with a chosen tube of the module, and the fuel is pushed out of the shuttle into
the module. Horizontal indexing of the module combii? J with vertical indexing of
the elevator make it possible to fill all tubes in the module.
Accurate indexing of the module conveyor is obtained by a Geneva mechanism. A
telescopic water hydraulic cylinder provides smooth motion of the shuttle through the
port. Shuttle position detection is by ferromagnetic sensors. Underwater equipment is
driven, as far as possible, from above water by motorized drives. All motorized
equipment have the capability of being driven manually.
The initial concept for handling defected fuel at Darlington was to separate defected
fuel from sound fuel and after inspection in the reception bay, place it in cans, similar
to the reference design at Bruce. Later Bruce experience indicated that the isolation of
defected fuel in cans and containers is not necessary. A decision was made to place
defected fuel d'rectly into modules, with provisions for later removal of defected fuel
from the modules for inspection.
After the N12 event at Darlington, the number of bundles to be inspected increased
significantly. Irradiated fuel inspection was moved to the cask loading bay (in the
storage bay). An underwater platform was installed to provide a working surface at
the same elevation as the floor of the reception bay. The inspection equipment was
relocated to the cask. bay. A special module unloading mechanism was built to
remove bundles from the module and return them after inspection.
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6.

CANDU 3
CANDU 3 is the latest version of the Pressurized Heavy Water Reactor (PHWR)
system developed in Canada by AECL CANDU. It has a net electrical output in the
range of 450 MW.
The CANDU 3 design uses the standard 37-element fuel bundle, but can also
handle the 43-element CANFLEX fuel bundles when these are fully developed. The
CANDU 3 reactor is refuelled on-power using only one fuelling machine located at
the outlet end of the reactor. This is termed, "single ended refuelling". Likewise
only one irradiated fuel transfer system is utilized. The fuel handling sequence for
CANDU 3 is illustrated in Figure 4.
The system minimizes the fuelling machine refuelling cycle time. This is
achieved by temporarily storing the irradiated fuel in the port. Loading of the fuel
into the storage bay takes place later, after the fuelling machine departs from the
irradiated fuel port.

6.1

Description
The irradiated fuel transfer system, shown in Figure 5, is located primarily in the
reactor auxiliary building. It consists of:
a)
b)
c)
d)
e)
f)
g)
h)

An irradiated fuel port mounted in the reactor building containment wall.
Port valves.
A flexible port/magazine transition piece.
A totally enclosed irradiated fuel magazine and its drive assembly which is
located in the storage bay wall within the reactor auxiliary building.
An irradiated fuel transfer ram and drive.
A bay valve.
Associated air and water auxiliary systems.
Storage bay equipment which includes the indexing tray, storage ram, bundle
tilter, 'basket modules', stacking frames and handling tools.

The irradiated fuel port assembly conforms to CSA CAN3-N285.0 Class 2, Class
4 and Class 6 as appropriate. It has the flexibility and strength requirements to
permit the homing and locking of the fuelling machine and withstand high seismic
loads. The port is sloped down towards the fuelling machine at an angle of 0 20' to
ensure that any P2O carried from the head on the fuel bundles is drained back into
the fuelling machine head.
The irradiated fuel transfer mechanism is contained within two separate buildings,
the reactor building and the reactor auxiliary building. These two buildings can
move independently of one another under settlement and seismic actions.
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The transition piece provides the required flexibility between the buildings to
allow these movements to be accommodated without loss of containment. This is
achieved using two ball joints to accommodate the vertical, horizontal and axial
displacements.
The irradiated fuel magazine (or port magazine) is located in a sleeve in the
storage bay wall within the reactor auxiliary building. The end plate of the
magazine housing is removable to enable maintenance to be carried out on the rotor
assembly. Mounted on the end plate are the transition piece, the magazine drive
assembly, the irradiated fuel transfer ram, and cooling water connections. The heat
generated by the irradiated fuel bundles within the magazine is removed through a
heat exchanger fitted internally in the magazine housing.
The magazine rotor consists of a stationary shaft, two end plates and six magazine
channels. There are seven channel positions with one position fitted with a hinged
blanking plate to allow space for the removal of a fuel channel through the irradiated
fuel port, if required. The capacity of the magazine rotor is therefore six pairs of
fuel bundles.
6.2

Operation
The fuelling machine homes and locks onto the irradiated fuel port.
The next stage is the irradiated fuel transfer from the fuelling machine to the
irradiated fuel magazine. A pump is started to establish cooling water circulation
flow through the port magazine. The water flows over a weir for level control in
the magazine and back to the storage tank. The two port containment valves are
then opened and the fuelling machine head air pressure system regulates the pressure
in both the port and the head.
The fuelling machine magazine channel, containing the fuel bundles to be
transferred, is aligned with the port. The rams of the fuelling machine are used to
push the irradiated fuel from the fuelling machine magazine into the port magazine,
two bundles at a time. The rams are then retracted into the fuelling machine and
both magazines index to the next position. This procedure is repeated until all the
fuel has been transferred.
The irradiated fuel transfer takes place in air from the time that the fuelling
machine magazine is indexed to align the fuel for transfer until the port magazine is
indexed from ihe load position and the fuel is submerged below the water level in
the port magazine. Fuel is then cooled in the circulating water in the magazine.
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The control systems associated with the design ensure that the proper sequencing
of the operation is achieved. Once the fuel transfer is complete the two port
containment valves are closed. The port is then flooded.
Irradiated fuel is now transferred from the port magazine to the storage bay by
opening the bay valve. This operation equalizes the pressure in the port with the
bay pressure. The bundles are pushed by the transfer ram, two at a time, from the
magazine onto an indexing tray as it is moved automatically across the face of the
irradiated fuel port. The tray has six positions for fuel bundles. Upon completion
of transfer the bay valve is closed.
A storage ram is then used to push the bundles, one at a time, into a bundle tilter
designed to rotate the bundle into the vertical position. The tilter restrains the
bundle during this operation and is fitted with a shock absorber to reduce impact on
the bundle during tilting. A tool supported from the manbridge is used to transfer
the irradiated fuel bundles from the tilter to the 'basket module'.
7.

CONCLUSION AND RECOMMENDATION FOR FUTURE PRODUCT
DEVELOPMENT
While the CANDU 3 irradiated fuel transfer is a new design, major features
include commonality of equipment between the new fuel and irradiated fuel
mechanisms and reuse or adaptation of previous technology already tried and proven
at other stations. The transfer system design provides adaptability to a wide range
of site conditions, low capital cost, short construction schedule, minimum system
complexity, high system availability, low operating and maintenance cost, and a
generic approach where many of the features can be applied to future CANDU
designs.
Future development should be directed towards achieving shorter cycle times
(possibly through four-bundle transfer), to increase the amount of automation in bay
handling operations and to make the transfer systems more compatible with
containers for dry storage. Much stands to be gained if components (port closures,
underwater bearings, etc.) could be standardized not only between transfer systems
but throughout the entire CANDU fuel handling design.
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TABLE 1
CHARACTERISTICS OF CANDU IRRADIATED FUEL TRANSFER SYSTEMS
Fuel Bundle
Type
Transfer
& Diameter Concept
(mm)

Number
of Ports
per Reactor

Port
Capacity

Design
Pressure
(kPa>

Storage Container
Type
Bundle
& Capacity Orientation

Station

In-Service
Dale

NPD

1962-1987

19-element
82.0

Above Water
1 bundle

4

1 bundle

69

Basket
16 bundles

Vertical

KANUPP

19,;

19-clement
82.0

Above Water
1 bundle

2

1 bundle

186

Tray
11 bundles

Horizontal

Pickering

1971

28-element
102.5

2 Ports
2 Tr.Mech

Tr.Mech:
10 bundles
(Irr. Fuel)

1206

Basket—
32 bundles

Horizontal

CANDU6

1983

37-element
102.5

Above Water
2 bundles

2

2 bundles

3450

Tray
24 bundles

Horizontal

Bruce

1977

37-element
102.5

Underwater
2 bundles

]

2 bundles

150

Tray
24 bundles

Horizontal

Darlington

!990

37-element
102.5

Underwater
2 bundles

2

2 bundles

150

Module
96 bundles

Horizontal

37-element'
102.5

Underwater
2 bundles

1

12 bundles

1030

Dry Storage
•Basket
Module1
60 bundles

Vertical

CANDU 3

•
"

Also capability for 43-element CANFLEX when these are fully developed.
Pickering uses the same transfer port to exchange new and irradiated fuel.
Each port is serviced by a transfer mechanism. Bundles are transferred in pairs.
" " At Pickering, fuel bundles are initially stored in baskets. Later, the bundles are transferred
into modules identical to those used at Darlington.
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USED CANDU FUEL COMPONENT INTEGRITY
IN DRY STORAGE - EXPERIMENTAL PROGRAMS
by
C.R. FROST

ONTARIO HYDRO, TORONTO, ONTARIO, CANADA
ABSTRACT
A joint Ontario Hydro-AECL program to investigate the long-term integrity of CANDU natural
uranium dioxide (UOo) used fuel in dry storage was initiated in 1977. With reference to dry storage,
this program has investigated (a) Zircaloy fuel cladding degradation by air oxidation, and by fission
product-induced stress corrosion and embrittlement cracking and (b) UO2 oxidation in air. Other
countries (i.e., USA, Germany, UK and Japan) have also investigated the long-term dry storage
integrity of used fuel or fuel components with similar materials to CANDU fuel, i.e., light water
reactor Zircaloy-clad enriched UO2 fuel, and the UO2 in UK Advanced Gas Cooled Reactor stainless
steel-clad enriched UO2 fuel. As these non-CANDU enriched UO2 fuels have a much higher burn-up
and decay heat output (resulting in a high fuel temperature), an inert gas environment has normally
been selected for dry storage facilities for such fuels. Air in-leakage has been a concern with such
higher temperature-inert cover gas dry storage facilities. Thus, some of these countries have
investigated Zircaloy cladding and UO, oxidation in air, and in an inert gas with a low oxygen partial
pressure.
Concrete canister dry storage of used CANDU fuel of > 6 years out-reactor cooling has been an
alternative to extended water pool storage since the 1970's. The possibility of using a concrete
container for used fuel transportation also, to minimize fuel handling, led to the initiation of an
Ontario Hydro program to evaluate the use of concrete containers for storage, transportation and the
possible eventual disposal of used fuel, i.e., an integrated used fuel management system. Candidate
cover gas options considered for used fuel in the dry storage container (DSC) are air and helium.
Helium has been selected for the DSC.
An important consideration in the interim storage and eventual transportation of Ontario Hydro's used
fuel is that the used fuel retains its integrity, to ensure that (a) radiological health hazards remain
minimal, and (b) the fuel is retrievable for downstream fuel management processes such as extended
storage, geological disposal or reprocessing.
This paper describes the experimental programs in Canada and other countries to investigate the
long-term dry storage integrity of CANDU used fuel, and used fuel with a UO2 fuel matrix and/or
Zircaloy cladding in air, inert gas and air-inert gas mixtures. Where possible, inter-comparison of
results is made. These programs have generated data that is valuable for the evaluation of design
parameters related to long-term used fuel integrity in Ontario Hydro's approved dry storage
container-based facility.
With maintenance of the specified design conditions, no loss of used CANDU fuel integrity should
occur in Ontario Hydro's dry storage facility for storage periods of up to 100 years, or more.
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1.0

INTRODUCTION

The dry storage of used fuel has been considered an alternative to water pool storage of CANDU
used fuel of > 6 years out-reactor cooling since the early 1970's. A design and development
program on the concrete canister dry storage concept was initiated in 1974 at AECL's Whiteshell
Laboratories (WL) on the recommendation of the Committee Assessing Fuel Storage (CAFS), which
had AECL, Ontario Hydro and Hydro Quebec members"'.
The concrete canister was originally conceived only as a used fuel storage facility. Support from
AECL and Department of Energy Mines and Resources staff for the concept of using the concrete
canister also for used fuel transportation, to minimise fuel handling, led to the initiation of an Ontario
Hydro program0'3-4' to evaluate the use of concrete containers for storage, transportation and the
possible eventual disposal of used fuel, i.e., an integrated used fuel management system. The Dry
Storage Container (DSC), which the Ontario Hydro concept was called, has possible economic
advantages relative to the present reference used fuel management concept (which comprises the use
of water pool storage and metal transportation casks prior to the disposal phase) because (a) the need
for transfer of used fuel subsequent to loading is unnecessary, and (b) the dry storage container is
modular, and thus, storage facility construction costs are incurred as required.
An important consideration in the interim storage and transportation of Ontario Hydro's used fuel is
that the used foe1 retains its integrity, to ensure that (a) radiological health hazards remain minimal,
and (b) the fuel is retrievable for downstream fuel management processes such as extended storage,
geological disposal or reprocessing.
A joint Ontario Hydro - AECL program to investigate the long-term integrity of CANDU used fuel in
dry storage in air was initiated in 1977c5iS). Other countries (i.e., the USA, Germany, UK and Japan)
have investigated the long-term dry storage integrity of used fuel or fuel components with similar
materials to CANDU fuel, i.e., light water reactor (LWR) Zircaloy-clad enriched UO2 fuel, and the
UK Advanced Gas cooled Reactor (AGR) stainless steel-clad enriched UO2 fuel. As these nonCANDU fuels have a much higher burn-up and decay heat output, which results in a higher fuel
temperature, an inert gas environment has normally been selected for dry storage of such fuels. Air
in-leakage has been a concern with such higher temperature-inert cover gas dry storage facilities.
Thus, in addition to investigating possible cladding degradation mechanisms, some of these countries
have investigated UO2 oxidation in air, and in an inert gas with a low oxygen partial pressu.e.
Results from this work are applicable to Ontario Hydro's approved Pickering NGS dry storage
facility, as the candidate cover gas options initially considered for it were air and helium (helium has
been selected).
This paper summarizes the salient features of the experimental programs in Canada and other
countries to investigate the long-term dry storage integrity of CANDU used fuel and used fuel with a
UO2 fuel matrix and/or Zircaloy cladding in air, inert gas and air-inert gas mixtures (as
documentation is extensive, only a selection of the many applicable references has been quoted).
Where possible, inter-comparison of the results is made. Data from these programs has been used for
the evaluation of long-term fuel integrity in Ontario Hydro's DSCs.
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2.0

CANADIAN DRY STORAGE FUEL INTEGRITY PROGRAM

2.1

Background

This account of the program, which has been jointly funded and co-managed by AECL and Ontario
Hydro since 1977, is subdivided into four parts for convenience:
(a)

Dry Storage tests in concrete canisters at AECL's Whitesheli Laboratories, in which
characterized intact and intentionally defected whole used fuel elements from Ontario
Hydro reactors have been stored since 1978 (i) in seasonally varying temperatures (oiJy
intact used fuel) and (ii) in dry and moisture-saturated air at 150°C. The used fuel is
periodically retrieved for recharacterization to evaluate if any fuel degradation has
occurred by any of the mechanisms in (b), (c) and (d) below

(b)

Zircaloy fuel cladding oxidation work.

(c)

A laboratory investigation of the possible cracking of Zircaloy fuel cladding by fission
product-induced stress corrosion and embrittlement, and delayed hydriding. These
failure mechanisms could occur in air, inert gas and air-inert gas mixtures.

(d)

UO2 oxidation tests. Oxidation of UO2 (see Figure 1) in air, whether dry or moist, can
eventually form products (U3O8 or UO3 hydrates) which are more voluminous than the
parent UO2. Thus, if the used fuel has a through-wall cladding defect, UO2 oxidation
could eventually cause cladding splitting from UO2 fuel matrix expansion.
Each part of this program is described below.

2.2

Concrete Canister Program

The three experiments in this program are the Easily Retrievable Basket (ERB) and Controlled
Experiment-1 (CEX-1) and Controlled Experiment-2 (CEX-2). This program has investigated:
(a) The effects of storage on intact and defected used fuel elements at 150°C in both dry air
(dewpoint of = 15°C) and air saturated with moisture (CEX-1 and CEX-2) and in air at seasonally
varying temperatures (ERB); (b) The effects (if any) of fission products deposited on the inner
cladding surface on long-term cladding integrity; (c) The level, distribution and chemical form of
cladding H 2 /D 2 , to evaluate if delayed hydriding can affect long-term cladding integrity in air at a
constant 150°C, and under seasonally varying temperatures; (d) The quantity and migration of
specific radionuclides in the fuel elements under long-term dry storage at 150°C; (e) The effects, if
any, of both dry and moist air at 150°C on the rate of release of radionuclides from intentionally
defected used fuel elements; (f) The effect of an internal fuel cladding CANLUB coating on each of
the above objectives; and (g) The long-term resistance of the cladding to internal and external
oxidation.
Used fuel analyses in this program include: (a) Visual examination; (b) Dimensional measurements;
(c) End-plate/end-cap torque tests; (d) Fission-gas analysis and internal free-void volume
measurements; (e) Cladding ring tensile tests; (0 Hydrogen/deuterium analysis of the Zircaloy
components; (g) Metallography of the cladding; (h) Ceramography of the fuel (i.e., optical
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microscopy); (i) Radiochemical analysis of cores removed from cross-sections of UO3 fuel; (j) Radial
and axial gamma scanning of the fuel; (k) Burnup analysis of the UO2 fuel; (1) UO2 scanning electron
microscopy; (m) UO : X-ray photoelectron specfroscopy; and (n) UO : X-ray powder diffraction.
The objective and status of these on-going programs (which have been jointly funded and co-managed
by AECL and Ontario Hydro since their inception) are described below:
(a)

ERB

The objective'7* is to investigate the stability of CANDU used fuel bundles stored in dry air at
seasonally varying temperatures. The ERB canister contains two undefected Pickering NGS bundles,
ten Whiteshell reactor WR-1 UO2 bundles and three WR-1 uranium carbide bundles. It was loaded in
October 1978, after pre-storage characterization of the bundles.
The ERB was retrieved in July 1982, about 44 months after initial loading. The bundles were
re-characterized and then reloaded. Results indicated that no degradation of the fuel or the cladding
had occurred. The temperature of the ERB fuel bundles has been recorded and documented since
loading and the air in the ERB is monitored for radioactive material to detect if any of the bundles
defect during the experiment. To date, no radioactive release has been detected, after about
13.5 years storage.
The temperature difference between the fuel and the outside ambient temperature was initially about
50°C. Since then, this temperature difference has dropped gradually to about 25 C C. In the winter of
1988/89, the fuel temperature dropped to < 0°C; during the 1989/90 winter, the fuel was 15 weeks
below 0°C, with the lowest temperature reached being -19°C.
(b)

CEX-1

The Controlled Environment Experiment (CEX) tests were initiated to overcome the limitations of the
ERB experiment, which involves the storage of used fuel bundles at relatively low temperatures
compared to the = 100°C predicted for the dry storage of > 6 year out-reactor CANDU fud
bundles™. Phase 1 of this experiment involves storing four used Bruce NGS and four used
Pickering NGS fuel bundles in 150°C dry air in a modified concrete canister. In this experiment, the
cladding of outer elements in half of each type of bundle was deliberately defected (by drilling a
3 mm diameter through-wail cladding hole) prior to storage in order to determine the effects of
storage conditions on defected and non-defected fuel elements. The canister basket has two isolated
compartments with defected bundles in one and non-defected bundles in the other. The basket
containing the fuel bundles was loaded into a canister in October 1981.
Before the fuel bundles were loaded into the canister, outer and inner elements from each bundle were
removed for characterization. The fuel has since been retrieved periodically for re-examination. To
date, no visual or dimensional change in the used fuel elements, nor movement of radioisotopes, have
been detected. No significant change has occurred in the inner and outer cladding surfaces (i.e., no
incipient cracks were observed), and no change in the cladding zirconium oxide thickness and
hydrogen isotope distribution. Some UO2 grain boundary oxidation (GBO) has occurred; this has
increased with longer storage periods.
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It is concluded that intentionally defected CANDU used fuei with a linear power rating of up to
39 kW/m, and a burn-up of up to about 220 MWh/kgU, can be stored safely in limited dry air for at
least 99 months at 150°C(8-*>.
(c)

CEX-2

In a large-scale used fuel storage operation, water may be transferred on the bundle surfaces or in
defected (i.e., with a through-wall defect in the fuel cladding) elements from the waterpools to the
container in which the bundles are to be dry stored. A high humidity in the container may have a
significant effect on the degradation of any defected fuel bundles. The objective of the CEX-2 test is
to investigate the behaviour of used fuel bundles under storage in moisture-saturated I50°C air.
This experiment has involved storing four pre-characterized Bruce and four Pickering NGS used fuel
bundles under such conditions since November, 1981. In this experiment, as in Phase 1, the outer
elements in half of each type of bundle were deliberately defected before storing. In addition, a
selection of used fuel elements with in-reactor cladding defects was added to this experiment in
November 1984. Various bundles in this experiment have been retrieved periodically for
re-characterization.
As with CEX-1, no significant change in the cladding has occurred during moist air storage. UO2
GBO has also occurred in CEX-2; the degree and extent of GBO has increased as the used fuel
storage time has increased®. The presence of moisture promotes a more generally distributed
oxidation of UO2 grain boundaries. Other results from this experiment are that no significant
difference has been observed in the (i) distribution and level of H2/D2 in the fuel cladding, (ii) the
cladding ultimate tensile strength and uniform elongation, (iii) the distribution of fission products in
the used fuel and (iv) the element dimensions.
The overall results from the most recent re-examination indicate that intentionally defected CANDU
used fuel with a maximum linear power rating of 46 kW/m and a maximum burn-up of about
260 MWh/kgU can be safely stored in limited moisture-saturated 150°C air for at least six years
without experiencing any serious degradation by any of the mechanisms below(9il0).
2.3

Cladding Oxidation

Previously unpublished AECL experimental data on the oxidation of CANDU Zircaloy fuel cladding
in dry air at temperatures of S 300 °C has been summarized by Boase and Vandergraaf"> (of
AECL/WL), as an Arrhenius expression. This data shows that the Zircaloy corrosion rate at 300°C
is 1.05 x 10"3mg cm"^ 1 (1.05 x 10"9mg m"2^1). If used fuel is stored at 300°C for 100 years, it was
predicted'10 that this corrosion rate would result in oxidation of no more than 10 percent of the
cladding wall thickness. Some hydrogen would be retained by the cladding if this corrosion occurred
in moist air, but the predicted quantity, 100 to 200 mg/kg 01 ', would have no significant effect on the
mechanical properties of the cladding at a temperature of = 300°C. It was concluded'11' that for
temperatures below 300°C, there should be no problem arising from oxidative corrosion of the fuel
cladding in dry air.
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Another possible mode of cladding failure is oxidation of the inside surface of the Zircaloy
cladding" 3 . There is an oxide layer on the cladding inside surface when the fuel bundles are
fabricated. Additional cladding oxidation may be caused by moisture or oxygen trapped within the
fuel pellets during fabrication, from oxygen liberated from UO2 by fission of its associated uranium
and not reacted with fission products, or by partial reduction of the adjacent UO2.
2.4

Cladding Cracking Tests

The objective of this program (which was funded and co-managed by AECL, Ontario Hydro, and the
US Electric Power Research Institute (EPRI)), was to investigate the vulnerability of used fuel
cladding to stress corrosion cracking (SCC) by iodine, metal vapour embrittlement (MVE) by
cesium/cadmium (Cs/Cd), and delayed hydride cracking at temperatures anticipated in long-term dry
storage facilities0314'. Stressed unirradiated and irradiated Zircaloy specimens, some intentionally
pre-cracked, were exposed at 100°C to 300°C to iodine, or cesium and cadmium, in air, or to argon.
Results'14'35' were considered to be very encouraging, as they showed that no defects should occur
during dry storage if cladding stresses are limited to below 80 MPa. (The cladding hoop stresses
from fission gases at 150°C have been estimated at 8.5
AH Ontario Hydro fuel bundles fabricated since 1972 have a thin graphite coating (called CANLUB)
up to 20 /an thick on the inside surface of the Zircaloy-4 cladding of the outer elements. This
CANLUB layer, which reduces susceptibility to fission product-induced stress corrosion and
embrittlement cracking of the cladding on reactor power ramps (to elucidate such in-reactor cladding
cracking, much work of relevance to this topic was done in Canada and other countries'16*), has led to
a low in-reactor defect rate, (i.e. <0.1 percent). CANLUB-coated samples were only used for some
of the Cs/Cd exposures in the above cracking tests; the presence of the CANLUB coating appeared to
increase the resistance of the cladding to Cs/Cd-induced embrittlement cracking(i7). Thus, a
CANLUB coating is expected to reduce the possibility of fission product-induced cladding cracking in
long-term CANDU used fuel dry storage.
2.5

UP, Oxidation

UO : oxidation has been studied at Chalk River Laboratories (CRL), WL, and in the WL concrete
canister tests.
2.5.1

CRL Research

Work at CRL"SJ9) (funded mostly by Ontario Hydro) has investigated the oxidation behaviour of
unirradiated and irradiated UO2 pellets and fragments, and used fuel elements with intentional and inreactor defects over the temperature range of 175°C to 400°C, examining in particular the
dimensional stability, fuel structure and fission product release. Irradiation of the UO2 was found to
accelerate the UO : oxidation rate.
These experiments established an Arrhenius expression for the oxidation of unirradiated and irradiated
UO2 that provides a means of predicting the oxidation of used fuel UO= (in used fuel with a
through-wall cladding defect) at temperatures below 175°C, i.e., at temperatures typical of Ontario
Hydro dry storage facilities'20'.
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2.5.2

WL Research - Laboratory Tests

Initial work:*"' (funded by AECL) investigated the oxidation of UO2 in the form of unirradiated
sintered and unsintered UO2 powder, irradiated UO2 fragments, CANDU fuel pellets and intentionally
defected (by a hole or slit in the cladding) Pickering NGS used fuel elements. The mechanism and
kinetics of UO ; oxidation were evaluated. From the oxidation rate data, it was concluded that
complete oxidation of the UO ; in a defected used fuel element stored in 200°C air would take 48 to
96 years"".
Subsequent work01'22'23' (most of which has been jointly funded and co-managed by AECL and
Ontario Hydro as a COG program) has focussed on the mechanisms by which unirradiated UO2
oxidation occurs in dry and moist air at temperatures from about 200°C to 300°C. These studies
were initiated to gain a more fundamental understanding of UO2 oxidation under conditions that could
exist in planned CANDU used fuel dry storage facilities. This work has shown that UO2 oxidation in
moist air (above about 50 percent saturation) can form UO3 hydrates as well as U3Og, the more
common UO2 oxidation product (Figure 1). Also, threshold conditions for the formation of U3Og on
unirradiated UO2 surfaces at 200°C - 300°C have been determined.
2.5.3

WL Research - Concrete Canister Tests

An assessment of the effect of UO2 oxidation on used fuel integrity has been a significant component
of the CEX-1 and CEX-2 work (see Section 2.2 above). Over a period of more than 10 years, this
program has investigated, for intentionally defected whole used fuel elements from Ontario Hydro
reactors, the rate and mechanism of UO2 oxidation and fission product release in long-term storage in
dry and moisture-saturated 150°C air. The main conclusions from this work are:
(a)

UO2 oxidation proceeds initially by UO2 oxidation at the grain boundaries.

(b)

In dry air at 150°C, oxidation of used CANDU UO2 fuel proceeds mainly by formation
of U3O7 on exposed fuel surfaces in the vicinity of the cladding defect. This oxidation
penetrates the fuel along grain boundaries adjoining cracks and the fuel/cladding gap,
which provide primary pathways for access of oxygen to the fuel. In moist air at
150°C, grain-boundary oxidation is widely distributed throughout the length of
individual fuel elements, with much more limited bulk oxidation in the defect
region(8-'I0). Some UO3 hydrate crystals have been detected by scanning electron
microscopy in CEX-2(10).

(c)

Irradiation history is an important factor in used fuel UO2 oxidation, with linear power
being rating more important than the burn-up. In general, as the linear power of the
fuel UO2 rises, the extent of UO2 oxidation increases.

Analysis of the atmosphere in both the CEX-1 and CEX-2 experiments when the used fuel was
retrieved for re-examination has shown that there is oxygen depletion; this is due to a combination of
UO2 oxidation and oxygen scavenging by vessel walls and/or organic contaminants'8-9-10'.
Thus, the observed UO2 oxidation rate may have been artificially low in both CEX-1 and CEX-2.
CEX-1 was converted to an unlimited air atmosphere in October 1989, and CEX-2 was converted to
unlimited air by Spring 1992.
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3.0

US DRY STORAGE FUEL INTEGRITY PROGRAM

This program has comprised a comprehensive on-going UO2 oxidation investigation. The work
relevant to CANDU fuel has been on LWR fuel, which is Zircaloy-cbd enriched UO2.
3.1

U P , Oxidation

US laboratories have evaluated over a period of many years UO2 oxidation and the effect of various
parameters on the oxidation process. Such investigations originally were not related to dry storage,
but were initiated to either (a) make U3O8 (see Figure 1) used for nuclear fuel fabrication, or (b)
promote cladding splitting as a means of head-end used rue! de-cladding prior to fuel reprocessing.
These investigations provided results on the uranium-oxygen phase diagram ai;d UO, oxidation
thermodynamics.
US Department of Energy -funded UO2 oxidation studies were initiated at Battelle Pacific Northwest
Laboratories (PNL) to develop kinetic parameters representative of conditions in possible extended
dry storage facilities. The objective of this work was to determine allowable temperature-time
exposures for LWR used fuel in interim dry storage and thus formulate design parameters0*.
The USA has considered nitrogen as an acceptable dry storage medium because of superior heat
transfer properties to other candidate inert gases (i.e., neon or argon) and its high density enables
greater heat removal by convection, compared to helium(24). Thus, on-going UO2 oxidation
experiments in dry and moist air, and nitrogen, have been conducted by PNL staff over the last 10 or
so years. This program has shown (a) with unirradiated UO2, oxidation is a complex process that is
dependent on surface area/volume ratio, cover gas moisture, UO2 density, temperature, thermal
cycling, and simulated radiolysis products in the cover gas. UO2 from used fuel displays an
additional dependence on burn-up. The time to form U3O8 was shorter for fuel with burn-up levels
between 0 and 15,000 MWd/teU than for fuel with burn-up levels above 15,000 MWd/teU**'. This
program presently comprises long-term tests in air in the 135°C to 230°C temperature range with
moisture levels of up to a 40°C dewpoint<25). Results from this program are not available.
Other Hanford workers have also conducted unirradiated and LWR used fuel UO2 oxidation tests at
temperatures between 110°C and 360oC(2*-2728) in dry and moist air. In some tests, the air had a
dewpoint of from -55°C to 80°C. "Pas work has shown differences between the oxidation of LWR
unirradiated UO2 and used fuel UO2 oxidation. While unirradiated UO2 in dry air generally oxidizes
via U3O7 to U3O8 (Figure 1), LWR used fuel oxidizes at 175°C to 195°C temperatures in air to form
U4O9. The latter oxidation proceeds by advance U4O9 formation along grain boundaries, grain
boundary microcracking (due to local stress between the parent UO2 and the higher density U4O9).
and subsequent U4O9 growth into the enveloped UO2 grains. The oxidation eventually proceeds to
100% U4O9, with an oxygen/metal ratio of = 2.42, indicating a U 4 O 9+I composition (Figure 1).
These tests have shown that the used fuel U4O9 phase is stable in air for many years without any U3Og
formation, at temperature of < 200°C. This group explains the different behaviour of unirradiated
UO2 and LWR used fuel UO2 as being due to the presence of fission product oxides, and of the
gadolinium oxide "burnable poison" now widely used in LWR fuel. These impurities stabilize the
U4O9. At higher temperatures of > 250°C, the U4O9 oxidizes directly to U3O8 with no U3O7
formation.

3.2

Fission Product Induced Cladding Cracking

A considerable body of work<1S) has been conducted in the US to investigate the cause of in-reactor
fission-product induced stress corrosion and embrittlernent cracking of Zircaloy fuel cladding. Some
of this work has been at temperatures representative of the dry storage of LWR used fuel"®, if not of
CANDU used fuel dry storage.
4.0

GERMAN DRY STORAGE FUEL INTEGRITY PROGRAM

German used fuel placed in dry storage is mainly of the LWR design. Compared to CANDU used
fuel, the LWR used fuel has a higher burn-up and thus a higher fission product and actinide
inventory, and higher decay heat output. For this reason, the Germans have selected an inert gas
environment for their reference dry storage concept. The reference concept is a cast iron cask,
designed and licensed for used fuel storage and transportation59'. The initial focus of the German fuel
integrity evaluations over many years was in-reactor fission product-induced fuel cladding stress
corrosion and embrittlement cracking<16>30). German laboratories have subsequently evaluated the
possibility of fuel cladding failure by fission-product induced cracking and creep under dry storage
conditions'29*. This program has comprised laboratory experimental work, performance testing of
actual used fuel and theoretical modelling.
Conclusions from this program are(29) that:
(a)

The experimental findings and theoretical predictions are in agreement.

(b)

No indications of inter-granular stress corrosion cracking or crack growth in the zircaloy
fuel cladding, and tangential strain and cladding oxidation are barely detectable, for cask
storage conditions prescribed in Germany.

(c)

Moisture can be removed from used fuel with in-reactor through-wall cladding defects
during cask drying operations.

(d)

Minimal radioactive contamination of the cask inner surface and fuel baskets.

(e)

No indications of any further propagation of cladding defects under inert gas storage
conditions.

(f)

420°C is a safe and reliable upper temperature limit for dry storage in an inert
atmosphere. Even somewhat higher temperatures seem to be acceptable0^.
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5.0

UK DRY STORAGE FUEL INTEGRITY PROGRAM

The United Kingdom (UK) had a major program for several years to evaluate UO2 oxidation in air
and inert gas-air mixtures as the Advanced Gas Cooled Reactor (or AGR) used by British utilities has
a UO : based fuel*.
The UK workers01-3"335 investigated oxidation of UO2, from used AGR fuel of various burn-up values
in air, and inert gases (CO2 and N,) with various oxygen partial pressure (0.1% to 27%) values at
temperatures from 215°C to about 450°C. Various factors that can affect UO2 oxidation, including
the UO2 manufacturing route, UO2 density, grain size and surface morphology, used fuel irradiation
history, UO2 specimen shape, presence of moisture in the cover gas, and cladding defect size, were
evaluated. Other factors studied were the release of U3O8 particulate material and fission products
during the UO2 oxidation process.
Results from the UK UO2 oxidation program have been generally consistent with results from
Canadian UO2 oxidation work, i.e., die UO2 oxidation rate is reduced by reducing the temperature,
cladding defect size, cover gas oxygen partial pressure, and UO2 surface area per unit weight. Used
fuel UO2 oxidized at a faster rate than unirradiated UO2.
6.0

JAPAN DRY STORAGE FUEL INTEGRITY PROGRAM

Japanese workers have investigated04-35' the oxidation of:
(a)

Unirradiated stress-relieved Zircaloy-2 and Zircaloy-4 in oxygen, air and air-argon
(0.1 percent air and 1 percent air) mixtures at temperatures from 350°C to 500 c C. In
addition, some cladding samples were contaminated by sea water, dried and then heated
at 400°C and 500°C in air.

(b)

Unirradiated UO2 pellets in air and air-argon (Ar) mixtures (1 to 5 percent air in argon)
at temperatures of 220°C, 240°C and 260°C.

(c)

Intentionally defected (by a 0.5 mm or 1 mm diameter hole) unirradiated fuel elements
in air, Ar - 1 percent air and Ar - five percent air mixtures at temperatures of 200°C to
240°C.

(d)

Sections of LWR used fuel elements, intentionally defected with a 0.5 mm diameter
hole, in air, Ar - 1 percent air and Ar - 5 percent air mixtures at temperatures of 200 °C,
220°C and 240°C.

Conclusions from this work are:
(a)

Unirradiated Zircaloy-2 and Zircaloy-4 oxidise at a similar rate in air.

The AGR fuel element is a ribbed stainless steel can, about 1 meter long and 15 mm
diameter, containing a stack of enriched UO2 pellets.
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(b)

The oxidation of Zircaloy samples in air at temperatures from 350°C to 500°C has preand post-transition regions in an analogous way to Zircaloy oxidation in high
temperature water and steam. Zircaloy oxidation rates (which were consistent with the
Arrhenius expression of Boase and Vandergraaf"1) in a low oxygen partial pressure
environment are somewhat less than that in air. Sea water salts enhance the oxidation
weight gain, particularly in the post-transition region.

(c)

UO2 oxidation depends on the oxygen partial pressure. The initial oxidation rate in air is
lower than that in low O2 partial pressure cover gas, but this changes after a few
hundred hours at a temperature of 240°C, when the oxidation rate in air increases
rapidly.

(d)

The onset of cladding splitting from UO2 fuel matrix oxidation for an intentionally
defected fuel element depends on the storage temperature, the cover gas oxygen partial
pressure, the defect size and the fuel irradiation history.

7.0

LONG-TERM USED FUEL INTEGRITY IN ONTARIO HYDRO'S
DRY STORAGE CONTAINER-BASED FACILITY

7.1

Background

For operational convenience, the used fuel to be loaded in the planned Pickering NGS dry storage
container (DSC) -based storage facility will have been stored in on-site waterpools for > 6 years after
discharge from the reactors. Ontario Hydro staff3*' have predicted that the maximum fuel cladding
temperature attained with maximum summer ambient temperatures would be I37°C (with very
conservative assumptions, i.e., a DSC entirely filled with 6 years old used fuel). Such a temperature
would only be reached for a limited time period, depending on the severity of the heat wave. Also
the used fuel radioactive decay heat is continually decreasing - the 6 years old fuel decay heat drops
more than 12% after an additional year's decay. Thus, the 137CC cladding temperature could only be
reached in the first year of a particular DSC storage.
7.2

Assessment of Possible Fuel Degradation Mechanisms

7.2.1

Cladding Oxidation

Canadian investigators concluded0" that cladding oxidation in air at 300°C would be about 10% of
the cladding thickness in 100 years (Section 2.3). Japanese results™ (Section 6.0), which predict
cladding oxidation in air at 330°C for 30 years would be < 10.0% of the cladding thickness, are in
line with the Canadian conclusions.
As these temperatures are much higher than the generally < 120°C cladding temperatures anticipated
in Hydro's dry storage facilities for > 6 years out-reactor fuel, it is concluded that the used fuel
cladding outer surface will experience < < 10% oxidation during extended DSC dry storage in air.
No cladding outer surface oxidation would occur during DSC storage in helium, air in-leakage would
cause very limited oxidation.
No apparent change (relative to the pre-storage condition) in the cladding outer and inner surface
oxide thickness has been observed in the used fuel cladding examinations conducted in the Canadian
dry storage program to date, i.e., in dry 150°C air storage for up to 99.5 months'8' and
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moisture-saturated 150°C air up to 69 months'1''101. Thus, it is considered that this is a very unlikely
mechanism of used fuel degradation, even if there is air in-Ieakage.
7.2.2

Cladding Cracking

Based on AECL/CRL results03-14-151 (Section 2.4) there is a large margin of safety relative to cladding
cracking by fission product-induced stress corrosion and embrittlement, and delayed hydride
formation. German work(2?) (Section 4) supports these results. The latter'2" has demonstrated diat
there are no indications of intergranular stress corrosion cracking/embrittlement at temperatures of
420°C, the upper temperature limit specified for German dry storage facilities. The latter use an
inert gas, but the type of cover gas is irrelevant for this possible degradation mechanism.
A more recent evaluation075 has concluded that the probability of cladding cracking by fission product
stress corrosion or embrittlement, and delayed hydride formation, during CANDU used fuel dry
storage in air is negligible.
The Canadian dry storage tests, on-going at AECL/WL since 1978, have shown no incipient cracking
of the cladding inner surface in any of the CEX-1 and CEX-2 re-examinations, and no defecting of
fuel cladding has been observed in the seasonally varying (for example in the 1990 - 1991 period, tta
fuel temperature varied from a minimum of -19°C to a maximum of 34CC) temperature environment
in ERB. Thus, cladding cracking by any of ths possible mechanisms is very unlikely in Ontario
Hydro's DSC dry storage.
7.2.3

UO-, Oxidation

This is only a factor for the < 0.1 % of used fuel bundles with a through-wall cladding hole . On the
basis of the CRL Arrhenius expression"819' (see Section 2.5.1) and the UO2 oxidation data developed
at WL, and elsewhere (Section 2.5), it has been concluded that Ontario Hydro's defected > 6 years
old used fuel would suffer no degradation from UO2 oxidation in air storage in the predicted DSC
fuel temperature regime for 100 years, or more. On this basis, the fuel would also undergo no
degradation in a helium DSC cover gas for much more than 100 years storage, even if there is some
air in-leakage to the helium (which is virtually impossible with the DSC design).
7.3

Conclusions

(a)

The experimental programs in Canada and other countries on CANDU and LWR used
Zircaloy-clad UO2 fuel and UO2 have provided data invaluable for the evaluation of
design parameters for Ontario Hydro's approved used fuel dry storage facility at
Pickering NGS.

(b)

Based on present data, no loss of used fuel integrity by any of the possible degradation •
mechanisms (i.e., cladding oxidation, cladding fission product-induced stress
corrosion/embrittlemertt and cladding delayed hydride cracking, and UO2 oxidation),
should occur for the expected range of operating conditions in the approved
Pickering NGS dry storage facility with a helium or air cover gas, for extended storage
periods of up to 100 years, or more.
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STANDARDIZED APPROACH TO THE DESIGN OF CANDU USED FUEL RECEPTACLES

R.K. Nakagawa

AECL CANDU
Sheridan Park Research Community
Mississauga, Ontario L5K. 1B2

ABSTRACT
The Canadian approach to permanent disposal of used CANDU fuel is directed
toward its storage in suitable containers emplaced into an underground, stable,
plutonic rock formation.
Permanent disposal of used fuel in Canada is expected to commence about 2025.
At that time there will be sufficient quantity of used CANDU fuel such that the
Used-Fuel Disposal Centre (UFDC) can be operated economically at full capacity.
In the meantime, used fuel is stored on an interim basis at the reactor sites.
The concept for permanent disposal is under review by a Federal panel. Upon
approval of the disposal concept, site selection, design, and construction for
the facility follows.
Initially, CA.NDU fuel is stored in water-filled bays at each nuclear station.
Subsequently, five years after discharge from realtor, the fuel can be stored
dry in concrete canisters. This option has been implemented at several CANDU
reactor sites.
A co-ordinated program for handling used fuel on an interim basis and
entailing all CANDU reactors in Canada, that will minimize handling of used
fuel, is envisioned to achieve overall efficiency, cost reduction and to achieve
compatibility with the permanent disposal facility.
Accordingly, a standard
receptacle for used CANDU fuel that would be suitable for interim storage,
transportation and permanent disposal is desirable.

INTRODUCTION
Used fuel receptacles of various sizes and shapes are presently in use at
different CANDU stations (Figure 1 ) . Trays are in use at Bruce and CANDU 6
stations but the designs differ. Rectangular baskets were originally used at
Pickering. Subsequently, rectangular modules were introduced at Pickering and
these have also been adopted for use at Darlington.
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When the original fuel-storage bays became full, auxiliary bays were built
at some stations. More recently, others have opted for interim dry storage in
concrete canisters with the fuel contained in cylindrical baskets (Figure 2 ) .
Dry-storage concrete canister facilities have been implemented at several CANDU
sites including Gentilly 1, Douglas Point, NPD, Point Lepreau, and Wolsong 1.
Transfer of used fuel from the different trays into the cylindrical baskets for
dry storage was necessary. This paper deals with defining the requirements for
an approach to achieve consistency of storage methods to avoid the need for such
transfer and subsequent fuel handling.

BACKGROUND
In 1974, AECL Research's Whiteshell Laboratories embarked on a program to
demonstrate the feasibility of dry concrete-canister storage of used CANDU fuel.
Four demonstration concrete canisters were constructed at Whiteshell. Following
successful demonstration, the canister design was licensed for dry storage of
used fuel in Canada.
In 1984, the Gentilly 1 prototype CANDU-Boiling Light Water (BLW) reactor was
partially decommissioned, and the complete inventory of used fuel was placed in
dry storage in concrete canisters (Figure 3) in 1985, applying the concept
developed at Whiteshell.
Subsequently, this concept was also adopted at the partially decommissioned
Douglas Point and Nuclear Power Demonstration (NPD) nuclear power plants where
used fuel has been placed in dry storage in concrete canisters.
In 1991, when the irradiated fuel storage bay at Point Lepreau neared its
capacity, the AECL developed concrete dry storage concrete program was
implemented at a cost competitive with wet storage bays. In 1992, this program
was also extended to the Wolsong 1 CANDU 6 reactor in Korea. All current CANDU 6
reactors are single-unit stations with the used-fuel storage bay constructed
adjacent to the reactor containment building.
The irradiated storage bays at the Bruce nuclear generating stations are
centrally located with two reactor units on each side. The bays were sized for
ten years capacity, and when they became full, auxiliary bays were constructed
in separate buildings. The bays are interconnected by a water-filled tunnel for
transfer of irradiated fuel. The fuel bundles are stored in rectangular trays.
At the Pickering nuclear generating station, the used-fuel storage bay also
was located between two reactor units. Fuel bundles were originally stored in
32-bundle capacity rectangular baskets.
Subsequently, 96-bundle rectangular
modules were
introduced to increase the storage density, thereby increasing
the used-fuel capacity of the bay. When the bay became full, an auxiliary bay
was built, interconnected to the original bay via a corridor where a specially
designed transport vehicle is used to transfer fuel in a cask that is filled
and emptied underwater in the bays.
At the Darlington nuclear generating station, the used-fuel storage bays are
constructed at each end of the four units to allow expansion of additional bay
capacity adjacent to the original bays. The 96-bundle modules developed for
Pickering were adopted for Darlington to further increase the storage capacity.
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In the current concept of the Canadian Nuclear Fuel Waste Management Program,
a permanent disposal centre will not be in operation until about 2025. As wetstorage capacity limits are approached, the question that needs to be addressed
at each station is whether additional auxiliary bays should be constructed or
whether dry storage should be adopted to meet future requirements. As well, the
approach taken at that time should be done in a consistent manner to achieve a
standard approach, compatible to the greatest extent possible with current fuel
handling designs and future, long-term handling and storage facilities. The
first receptacle used for storage of used fuel is seen to be a key component in
achieving this objective.

DISCUSSION OF OPERATIONS
For purposes of discussion, the operations associated with the CANDU 6
station, where dry storage of used fuel has been implemented, will be described.
Used-fuel bundles at CANDU 6 stations are stored in rectangular trays
(Figure 4 ) . For transfer into interim dry storage, the bundles are transferred
into cylindrical baskets on a working platform constructed at one end of the bay.
After the cover is placed over the filled basket, it is raised into a shielded
work station (Figure 5) that is constructed at the edge of the bay above the
working platform. After forced-air drying of the bundles, the cover is sealwelded to the basket by a remotely operated metal-inert-gas (MIG) process.
The filled basket is then placed in a transport cask that rests on top of the
shielded work station and transported to the concrete dry-storage canisters
located outdoors at the site.
For the Point Lepreau and Wolsong 1 stations, the 304L stainless steel basket
is approximately 1050 mm in outside diameter and 550 mm in height and holds 60
fuel bundles.
Each concrete canister holds nine baskets or 540 fuel bundles. The canister
is a cylindrical, reinforced concrete structure with an internal steel liner
9.5 mm thick. The canister is approximately 3 m in diameter and 6.2 m in height.
This provides a combined shielding of 0.94 m of concrete and 9.5 mm of steel.
When the canister is full, a carbon steel-lined plug is seal-welded to the
internal liner and IAEA safeguard seals are applied.
It has been demonstrated that used CANDU fuel can be placed in dry storage
five years after discharge from the reactor. During the life of the station,
approximately 4500 used-fuel bundles will be placed into dry storage annually.
The canisters will be built at a rate of 10 per year (about 9 per year are needed
for 80% reactor capacity factor).

THE DISPOSAL CONCEPT
Permanent disposal of used CANDU fuel would commence about 2025 according to
the current concept of the Canadian Nuclear Fuel Waste Management Program.
Casks for transportation of the basket/container to the Used Fuel Disposal Centre
will not be required to be licensed until then. These would be designed to meet
the licensing requirements in effect at the time.
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The concept is to dispose of used CANDU fuel in an underground vault at a
depth of 500-1000 m (Figure 6) in granitic rock in the Canadian Shield.
Isolation will be achieved by means of a series of natural and engineered
barriers comprising:
a.

The used fuel form.

b.

The corrosion-resistant container.

c.

Buffer material compacted around the container.

d.

Backfill material compacted within the emplacement rooms.

e.

Access drift, shaft, and borehole seals.

f.

The granitic rock environment.

Granitic rock was chosen as the disposal medium because of its long-term
stability, low hydraulic conductivity, and abundance in plutonic forms in the
Canadian Shield. Within the underground vault, containers filled with used fuel
will be emplaced in boreholes drilled into the floor of individual rooms
(Figure 7 ) . Buffer material, a mixture of sodium bentonite clay and silica sand,
will be compacted around each container in individual boreholes.
Backfill
material, a mixture of glacial lake clay and crushed granite from the vault
excavation, will be used to backfill the disposal rooms and the rest of the
underground vault, including the shafts.

FUTURE CONSIDERATIONS
The AECL concept for the permanent disposal of used CANDU nuclear fuel
includes the transportation of used fuel in casks that will be suitable for
road, rail and barge transportation. At the Used-Fuel Disposal Centre, used
fuel contained in cylindrical containers is emplaced in the boreholes.
The Used Fuel Disposal Centre study was carried out to demonstrate the
disposal concept feasibility, therefore optimization was not within the study's
scope. Hence, the geometric size of the container (Figure 3) could be altered
within reasonable constraints in future to achieve the objectives herein without
affecting the concept's basic feasibility.
The basic design requirements for a CANDU used-fuel basket can be stated as
follows:
1.

Used fuel shall be discharged directly into a suitable basket from the
reactor fuel-transfer system without being placed into any intermediate
receptacle.

2.

Once used fuel is placed into the basket, additional handling of individual
bundles shall not be necessary, so that the same basket will be suitable
for interim storage, transportation and disposal.
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3.

The size and shape of the basket shall be compatible with economic and
technical considerations concerning fabrication, interim storage, density,
transportation cask and disposal container.

4.

Heat dissipation from the used fuel within a fuel basket shall not cause
excessive heating during interim wet and dry storage, transportation or
permanent disposal.

5.

The size and shape of the basket shall be such that seismic, transportation
and other loading requirements will be met.

6.

Container and basket materials shall be compatible with the environments
of the short, medium (interim) and permanent emplacement facilities.

Interim dry storage requires that the fuel bundles be transferred into
containers that are compatible with the cylindrical concrete canister.
Preferably, the containers will also be suitable for future transportation and.
permanent disposal. It may be necessary to fill the voids in the container with
particulate material so that it will be capable of withstanding external
hydrostatic pressures that it may experience during underground disposal.
The CANDU 3 reactor, which is presently being designed, has introduced a
cylindrical basket (Figure 9) as the receptacle for storage of used fuel in the
storage bay (Figure 10). This cylindrical used-fuel basket could also be used
for subsequent dry storage and permanent disposal. This approach could be used
for future used-fuel receptacles to minimize handling of individual bundles, to
reduce cost and the possibility of fuel-bundle damage. Furthermore, eventual
disposal of redundant used-fuel receptacles could also be eliminated, thus,
saving decommissioning disposal costs.
For a (metallic) road transport cask, the cylindrical shape has economic
advantages over the rectangular shape due to relative ease of fabrication, e.g.
machining. Design and fabrication of the road casks would not be required until
around the year 2025.
Commercial application of the concrete dry storage canisters is now well
advanced. The concept can provide further cost reductions through integration
of the individual canisters into a concrete vault-like structure called CANSTOR
(Figures 11 and 12). AECL has developed and tested this module which can store
used-fuel
volumes
equivalent
to
22
concrete
canisters.
The
same
basket/containers that are used at Point Lepreau and Wolsong 1 are compatible
with CANSTOR.
CANSTOR is a rectangular, air-cooled structure about 7 m wide, 22 m long, and
7 m in height that stores 200 SO-bundle capacity fuel baskets. Maximum load
thermal testing of the CANSTOR module concept • >as carried out in 1990 at
Whiteshell.
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CONCLUSIONS
Upon discharge from the reactor, used fuel can be placed in a receptacle that
will be suitable for initial wet storage as well as for all future stages
including permanent disposal. This would limit handling of individual bundles
in future, avoiding potential damage to the fuel and the cost of additional
handling operations.
Consideration should be given towards a system that is associated with minimum
redundancy upon completion of the interim storage period. That is, the need to
dispose of empty used-fuel receptacles should be avoided.
For disposal of used fuel in boreholes in an underground vault in granitic
rock,
the cylindrical geometry of the container is considered to be the
preferred shape that will also be compatible with dry-storage concrete canisters
and transport casks.
Permanent disposal of used fuel is not expected to take place until 2025 and,
because licensing requirements for transportation then are unknown at this time,
transportation casks will be designed to meet the licensing requirements in
effect at the time.
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OXIDATION BEHAVIOUR OF USED CANDU FUEL STORED
IN MOISTURE-SATURATED AIR AT 150°C
K.H. WASYWICH. W.H. HOCKING, A.M. DUCLOS, D.R. RANDELL,
R. BEHNKE AND C.R. FROST'

AECL Research
Whiteshell Laboratories
Pinawa, Manitoba ROE 1L0
'Ontario Hydro
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ABSTRACT
An examination of undetected and defected used CANDU* fuel elements that
had been stored in a moisture-saturated, limited-air atmosphere at 150°C
for up to 93 months is currently under vay.
The results of this
examination and those conducted previously, afte. shorter storage periods,
indicate that the amount of fuel experiencing U02 grain-boundary oxidation
in the intentionally defected elements has been increasing progressively.
Oxidation occurs, however, only within a thin film on the surface of the
U0 2 grains: it has been routinely detected by X-ray photoelectron
spectroscopy, which is surface-sensitive, but not by X-ray diffraction,
which is more penetrating. Scanning electron micrographs of fuel from the
defected elements revealed the presence of secondary crystallization, as
fine particles and larger platelets forming rosettes that resemble
dehydrated schoepite. A network of microcracks was also observed on the
surface of some U02 grains, indicating growth of a U 3 0 7 layer.

INTRODUCTION

AECL Research and Ontario Hydro (OH) are conducting long-term
experiments with used CANDU" fuel bundles in concrete canisters at the
Whiteshell Laboratories.
These experiments are designed to provide
information on the behaviour of. undetected and defected used CANDU fuel
elements under conditions that raay occur in a large dry-storage facility.
Phase 2 of the Controlled Environment Experiment (CEX-2) [1], which began
in 1981 November, involves the storage of eight CANDU fuel bundles from two
Ontario Hydro reactors: four from Bruce Nuclear Generating Station-A
(BNGS-A) and four from Pickering Nuclear Generating Station-A (PNGS-A).
Outer elements in four bundles were intentionally defected prior to storage
by drilling a single 3-mm-diameter hole through the cladding wall. Each
bundle was stored in an individual pressure vessel containing enough
deionized water (100 mL) to provide a moisture-saturated air (4.7 L)
environment at 150°C. Although a storage temperature of -100°C is expected
CANada Deuterium Uranium, registered trademark
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in a large dry-storage facility containing ~10-year-cooled fuel, an
experimental temperature of 150°C was chosen to accelerate any potential
long-term changes in used-fuel integrity. A moist environment was choisen
to simulate a situation in which pool-storage water might be transferred on
the bundle surfaces, or in defected elements, to the containers in which
the bundles are intended to be stored dry.
A description of the fuel bundles, the storage conditions and previous
examination results have been reported elsewhere [2-7]. The most recent
interim-storage examination (ISE) results from CEX-2 are presented in this
paper.
Particular attention is focussed upon extensive grain-boundary
attack, manifested by grain pullout in ceramographic examinations. X-ray
photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM)
have provided explicit evidence of grain-boundary oxidation.

EXPERIMENTAL PROCEDURES
The four bundles with intentionally defected elements (Table 1) were
retrieved from the canister on 1990 December 3; at which point three had
been stored for a cumulative period of 93 months and one (30053C) for
86 months. Elements of the former have a thin graphite coating, known as
CANLUB, applied to the inner cladding surface to inhibit stress-corrosion
cracking. After the pressure vessels were unloaded from the canister, they
were stored in a hot cell until 1991 May 16, when the storage atmosphere
and storage water from each were sampled and analysed. The bundles were
then removed from the pressure vessels and examined with the hot cells
periscope and stereomicroscope before being dismantled by cutting the endplates midway between every element. One intentionally defected element
was selected from each bundle for an initial non-destructive examination
(NDE) followed by a destructive examination (DE); the specific element is
identified by the number after the slash at the end of the bundle
designation (in Table 2 and elsewhere).
Ceramographic examinations were performed on eight cross sections of
fuel from each of the four intentionally defected elements (selected for
DE) to determine what changes had occurred since the previous ISE.
Photomacrographs of the as-polished cross sections were taken first to
determine the extent of U02 grain pullout due to grain-boundary oxidation
(GBO). The fuel was then etched and examined at a higher magnification to
assess the condition of the individual U02 grains. Further details of the
sample preparation procedures and techniques have been provided elsewhere
[2-7].
The surface composition and morphology of interfaces within the exposed
fuels were characterized by XPS and SEM respectively. Discrete fragments
of used fuel, about 2-3 mm in size, were extracted from the defected
elements using limited force to minimize transgranular fracturing.
Vibration during handling and cladding removal was sufficient to cause
significant crumbling of the weakened fuel pellets. All cutting operations
were performed under flowing argon to avoid oxidation and/or contamination
of the exposed surfaces.
Duplicate samples were taken at different
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locations relative to the cladding defect as indicated in Table 2. Further
details of the sampling methodology have been reported elsewhere [8-10).
X-ray photoelectron spectra were recorded using a modified McPherson
ESCA-36 instrument, which had been upgraded and adapted specifically for
XPS analysis of small, highly radioactive samples [8]. Because of the
focussing properties of the spectrometer, data were collected from a narrow
(-400 fim) vertical strip down the centre of each fragment. The instrumentoperating and data-reduction procedures have been described previously
[8-10].
Scanning electron micrographs were obtained from the same fuel
fragments following the XPS measurements using a shielded Hitachi S-570 SEH
[10,11]. These provided some confirmation of the suitability of the fuelfragment surfaces for XPS analysis [9,10].

RESULTS AND DISCUSSION

Storage Atmosphere and Water Analysis
The storage atmosphere in each pressure vessel was analyzed primarily to
determine the extent of oxygen depletion.
Unfortunately, one of the
pressure vessels, containing bundle F17267C, developed a leak during the
last storage period.
The oxygen concentration in the three remaining
vessels had decreased to just 0.02-0.28 mol%. Significant levels of C02
(1.4-2.4 mol%) and hydrogen (<9.1 mol%) as well as small amounts of Xe
(0.1-0.6 nolZ) and Kr (0.05 mol£) were found in these vessels. The Xe and
Kr released from the defected elements in bundle A08336V during the last
storage period (24 months) represents 1.3% of the total fuel inventory or
11% of the predicted grain-boundary inventory in the defected elements [7].
The storage water was analyzed primarily to determine the extent of
fission-product leaching.
All water was lost from the vessel that
developed a leak. The major activity associated with the water in the
remaining three vessels was due to 1 3 7 Cs (up to 0.03% of the total
inventory calculated by the computer program ELESIM [12]) and tritium (up
to 1% of the inventory as calculated using the computer code LATREP
[13,14]). A dramatic decrease in the pH was observed compared with levels
of 6.8-8.9 found during previous examinations: 1.6 for A08336W, 2.1 for
30053C and 2.1 for F18910C.
Measured nitrate anion concentrations, in
parts per million by weight, of 1920, 1580 and 1145, respectively,
correlate well with the low pH values, indicating formation of nitric acid
by radiolysis of the moist air. The solid corrosion products observed in
the water consisted of Fe, Cr, Ni, Mn, Si and Zr.

Ceramographic Examination
Since the previous ISE, the amount of fuel experiencing grain pullout
due to GBO, has increased in the elements from three of the four bundles,
as shown in Figure 1. Presumably, bundle F17267C does not show an increase
in pullout due to GBO because of the loss of moisture from its pressure
vessel. This further emphasizes the differences in oxidation behaviour of
used CANDU fuel during storage in moisture-saturated air and dry air [10].
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The most dramatic impact of the storage conditions on grain pullout was
observed for the element from the intermediate-flux Pickering bundle,
AO8336y/13: four of eight cross sections of fuel showed -1007, pullout (on a
macroscopic scale). Progression of the extent of pullout vith cumulative
exposure is clearly illustrated by Figures 2 to 5. The less extensive, but
still significant, grain pullout observed for the two low-burnup fuels
(F18910C/8 and 3OO53C/7) has been discussed elsewhere [7]. When fuel from
the pullout region of A08336W/13 was examined at a higher magnification, an
unidentified phase appeared to be forming on the grain boundaries; however,
the individual U0 2 grains still looked intact, as shown in Figure 6.
Advancement of the oxidation into individual U02 grains, with formation of
microcracks, was observed (Figure 7) for fuel from element F17267C/14 consistent with dry-air oxidation in the defective pressure vessel during
the last storage period.
X-Ray Photoelectron Spectroscopy
The fuel-fragment surfaces analyzed by XPS were intended to be exposed
grain-boundary interfaces. A predominantly intergranular fracture mode has
indeed been usually confirmed by SEH examination; however, in-reactor
cracks and initially intact grain boundaries that were penetrated during
storage cannot be readily distinguished. As in previous XPS studies of
used CANDU fuel, a thin film of adsorbed contamination, consisting of
varying proportions of C, N and 0, was found on all fragment surfaces [10].
This has been interpreted as a polymeric material created by radiolysis (of
N 2 , H 2 0, 0 2 and hydrocarbons) plus adsorbed water and/or surface hydroxyl
groups [10].
Segregated fission products were also detected at
submonolayer levels on many fragments, but these data have not yet been
analyzed; reference 9 provides some typical results obtained during a
previous ISE.
The degree of surface oxidation of each fuel fragment was determined
quantitatively using the chemical shift effect for the U 4 f 7 / 2
photoelectron emission [9,10]. A typical example of curve resolution of
the U 4f 7 / 2 peak envelope into two components identified with the +4 and +6
valence states of uranium is shown in Figure 8 [9,10,15]. The results are
reported in Table 2 as both %U6+ and U 6+ /U 4+ ratios. These data represent
the extent of U02 oxidation averaged over the analyzed area (-0.4 x 2 mm)
and the sampling depth of the U 4f photoelectrons (-2 nm) [8-10,16]. The
surface of clean, stoichiometric U02 is converted to U0 2 + x equivalent at
this level by just a few hours exposure to ambient air, but further
oxidation proceeds very slowly [17]. Probable lower and upper limits for
the XU 6+ values have been estimated (A(IU6+)), based on consideration of
the statistical uncertainty, robustness of the fit and confidence in any
correction required for surface charging [9,10]. The relative intensity of
the U 5f peak was also generally consistent with the U 4f curve-resolved
measurement [9,10]. Where the SEM examination has been completed, relevant
comments on the surface morphologies of the fuel fragments are given in the
last column of Table 2.
The uranium valence state at the exposed grain-boundary interfaces is
seen (Table 2) to vary from an equivalent stoichiometry of about U 3 0 7
(U02 3 3 ) up to near U 3 0 8 (U0 2 , 6 7 ), with only a few lower values for
fragments that have been rejected because of unsuitable surface morphology
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(or not yet examined by SEM). These results are even more remarkable when
contrasted with X-ray diffraction (XRD) analyses (only F18910C/8 and
30053C/7 have been completed), which have failed, so far, to reveal any
indication of U02 oxidation in the present study.
Limited evidence of
higher oxide phases near the cladding defect was obtained by XRD during a
previous ISE of CEX-2 fuel (10J.
Clearly, the depth of oxidation of
individual grains must be quite restricted (probably <200 nm), despite
pervasive grain-boundary alteration throughout the fuel element. This is
entirely consistent with the ceramographic examinations (above), which
showed extensive grain pullout without any indication of grain (bulk.)
oxidation except for F17267C/14.
As found in previous XPS studies of CEX-2 fu>?l [12,13], the measurements
in Table 2 show little correlation between the degree of GBO and location
within the element. An apparent trend of decreasing %U 6+ with distance
from the cladding defect observed for F17267C/14 is suspect because of the
anomalous exposure (noted above) during the last storage period.
The
degree of grain-boundary oxidation is also rather less than was determined
for another defected element from the same bundle (F17267C/8) after just 58
months of CEX-2 storage: 44 versus 66 IU 6+ on average [10]. Surprisingly,
the average %U6+ measured for A08336W fuel is less than that found in a
previous ISE as well: 44 for element 13 (93 months) versus 50 for element 7
(69 months).
The significance of these differences is unclear.
Conversely, there seems to be a reasonable correlation between the degree
of GBO and the element linear power rating.
Scanning Electron Microscopy
The exposed surfaces of fragments from the low-power fuel F18910C/8 show
mainly indirect evidence of oxidation, in SEM images, through slight
rounding of the grain edges and some grain-edge separation; a
representative example is shown in Figure 9.
Scattered patches of
secondary crystallization were observed on most fragments, but more
commonly on those from near the defect. The organized patterns of fine
particles seen in Figure 10 are typical; they clearly indicate in situ
growth, presumably of a higher oxide phase such as U 3 0 s , rather than loose
debris [17-19].
An exceptionally high coverage of secondary
crystallization was observed on Fragment 3b, with larger platelets forming
rosettes like the one seen in Figure 11. These distinctive platelets,
which look like dehydrated schoepite, U03-xH20, suggest crystal growth by a
dissolution-precipitation solution mechanism [19]. This might plausibly
have occurred within a thin film of water condensed onto an open crack
surface [10,18].
The cleaner surfaces observed for the other fragments
could then reflect penetrated grain-boundary interfaces (or at least
tighter cracks).
Aside from the platelet rosettes, similar morphological features, with a
few subtle distinctions, were observed for fragments taken from the
intermediate-power fuel 3OO53C/7.
Scattered patches of fine-grained
secondary crystallization were again observed on otherwise rather clean
intergranular fracture surfaces. In this case, however, the patches tended
to be larger, as illustrated in Figures 12 and 13, although the individual
particles look the same and their frequency of occurrence still decreased
with distance from the cladding defect. Definition of the UO2 grains
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through edge rounding and separation appears to be slightly enhanced.
Furthermore, a network of microcracks was now clearly visible on many
U02-grain surfaces (Figure 14), but especially for the fragments taken from
the location nearest the defect. Such cracks are characteristic of the
growth of a layer of U 3 0 7 by surface oxidation of U02 [17]; they have been
reported for films as thin as 22 nm [20]. The cracks are a consequence of
the stresses induced by a small contraction of the uraninite lattice that
occurs when U02 is oxidized to U 3 0 7 [17-20].
Visible indications of GBO in SEH images of the intermediate-power fuel
A08336W/13 were surprisingly muted considering the pervasive grain pullout
(above); however, this may partly reflect a relatively poor selection of
fragments (see Table 2 ) . A few patches of secondary crystallization,
similar to those seen in Figure 10, were found on two samples. Where
intergranular fracture occurred, definition of :he U02 grains, through edge
rounding and separation, was similar to that observed for 3OO53C/7 fuel,
but without any apparent surface microcracks. Finally, the SEH examination
of F17267C/14 fuel has not yet been completed, but preliminary observations
suggest dry-air oxidation [10] near the defect.

CONCLUSIONS

Oxidation of the fuel in the defected elements and their storage
containers have severely depleted oxygen from the gas phase of the storage
atmosphere. Interaction of the moisture with the air, fuel, cladding and
storage container generated storage-container corrosion products, hydrogen,
carbon dioxide, and a continuing release of aiinor concentrations of
radionuclides from the fuel elements. A pronounced decrease in the pH of
the storage "water, combined with measured nitrate anion concentrations,
indicates formation of nitric acid by radiolysis of the moist air - failure
to observe a similar effect during previous ISE is perplexing. The amount
of fuel experiencing U0 2 grain-boundary oxidation in the intentionally
defected elements has been increasing progressively with cumulative
exposure; however, oxidation occurs only within a thin film on the surface
of the U0 2 grains. It can be detected by X-ray photoelectron spectroscopy,
which is surface-sensitive, but not by X-ray diffraction, which is more
penetrating.
The uranium valence state at the exposed grain-boundary
interfaces varies from an equivalent stoichiometry of about U 3 0 7 up to near
U 3 0 8 . Radiolytic processes, perhaps enhanced by the constricted geometry,
are considered to be an important factor in the pervasive grain-boundary
attack under CEX-2 conditions [10]. Scanning electron micrographs of fuel
from the defected elements revealed the presence of secondary
crystallization, as clusters of fine particles and larger platelets forming
rosettes that resemble dehydrated schoepite. A network of microcracks was
also observed on the surfacs of some U02 grains, indicating growth of a
U3 0 7 layer.
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TABLE 1:

INTENTIONALLY DEFECTED BUNDLES USED IN CEX-2

Serial
No.

Type

Reactor

F17267C
F1891OC

CANLUB
CANLUB
CANLUB
Non-CANLUB

BNGS-A
BNGS-A
PNGS-A
PNGS-A

A08336W
30053C

Average Outer
Element Burnup
(MW.h/kg U)
239
181
260
203

Peak Outer
Element LPR
(kW/m)
53
22
A5
A3

Decay Heat
a*. Start of
Storage (W)

Cooling Time
Before Dry
Storage (a)

27.5
21.5

2.6
2.6

9.8
6.0

A.9
7.7

TABLE 2: GRAIN-BOUNDARY OXIDATION OF USED-FUEL FRAGMENTS EXPOSED TO MOISTURE-SATURATED AIR AT 150°C
I

Element
F1891OC/8

Sample
3a
3b
7a
7b
lla
lib
15a
15b
19a
19b
24a
24b

a

1

Location "
+ 100
+ 100
+20
+20
-90
-90
-140
-140
-240
-240
-350
-350

%U

6+

22
45
36
36
30
32
29
22
45
42
46
26

6+

A(%U )
20-24
43-47
30-42
34-38
27-33
30-34
26-32
21-23
42-47
41-43
45-47
17-23

U /U'4 +
6+

0.29
0.82
0.56
0.56
0.43
0.47
0.40
0.28
0.81
0,72
0.86
0.25

Surface Morphology Comments'"
partly cut and coated with debris (reject for XPS)
mainly GB fracture with extensive secondary crystal'ization
mainly clean GB fracture with scattered patches of secondary crystallization
mainly clean GB fracture with scattered patches of secondary crystallization
mainly clean GB fracture
mainly clean G3 fracture
partly cut and partly clean GB fracture (questionable for XPS)
extensive TG fracture (reject for XPS)
mainly clean GB fracture with a little debris
mainly clean GB fracture
mainly clean GB fracture
partly cut and coated with debris (reject for XPS)
continued...

O0

TABLE 2 (continued)

Element

Sample8

3OO53C/7

3a

3b
10a
10b
16a
16b
25a

25b
A08336W/13

7a

7b
13a
13b
20a
20b
25a

25b
F17267C/14

7a

7b
13a

13b
17a

17b
26a
26b

Location6
+ 80
+ 80

%U 6+

A(%U 6 + )

34-37
35-38
44-48
38-42

extensive TG fracture (reject for XPS).
mainly clean GB fracture with scattered patches of secondary crystallization
mainly GB fracture with patches of secondary crystallization
mainly GB fracture with patches of secondary crystallization
mainly clean GB fracture with a few patches of secondary crystallization
mainly clean GB fracture with scattered patches of secondary crystallization
mainly clean GB fracture with scattered patches of secondary crystallization
mainly clean GB fracture with some TG fracture probably outside XPS area

45-51
44-48
43-47
39-43
42-56
40-46
36-40
32-40

0.92
0.85
0.82
0.69
1.04
0.75
0.61
0.56

mixed GB and old TG fracture with scattered patches of secondary crystallization
mainly clean GB fracture with a little debris
mixed GB and old (7) TG fracture
mainly clean GB fracture with a few patches of secondary crystallization
likely pel'iet end surface (reject for XPS)
likely pellet end surface (reject for XPS)
mainly clean GB fracture
surface appears heavily contaminated (reject for XPS)

57-63
48-53
44-48
43-51
41-47
43-49
31-39
20-27

1.56
1.04
0.85
0.96
0.79
0.85
0.54
0.30

mainly GB fracture with a little debris
mainly clean GB fracture

23-27
39-45
32-36
35-40

-180
-180
-360
-360

35

+ 20
+ 20
-120
-120
-250
-250
-360
-360

48
46
45

+ 30
+ 30

61
51
46
49

-70
-70
-160
-160
-340
-340

36
46
40

4!
51
43
38
36

44
46
35

23

Surface Morphology Comments0

0.33
0.72
0.52
0.61
0.54
0.56
0.85
0.67

25
42
34
38

-40
-40

U6+/U4+

" The numbers identify an element segment. Letters a and b merely indicate duplicate samples for element F18910C/8 (radial position uncertain). For
the three remaining elements a and b denote fragments taken from near the pellet centreline and near the pellet radial exterior respectively.
The distance in millimetres above ( + ) or below (-) the cladding defect from which the fuel fragement was taken.
The absence of a comment indicates that the SEM examination has not yet been completed; GB denoies grain boundary an J TG denotes transgranular.
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FIGURE 1: AMOUNT OF FUEL EXPERIENCING
UO, GRAIN PULLOUT DUE TO GRAIN-BOUNDARY
OXIDATION VERSUS STORAGE TIME.

FIGURE 3: AS-POLISHED CONDITION OF
THE U02 SHOWING THE EXTENT OF THE
OXIDATION FRONT, - U mm FROM THE
DEFECT, IN INTENTIONALLY DEFECTED
ELEMENT 7 FROM PICKERING BUNDLE
AO6336W AFTER 69 MONTHS OF STORAGE.

FIGURE 2: AS-POLISHED CONDITION OF
THE U02 SHOWING THE EXTENT OF THE
OXIDATION FRONT, -10 mm FROM THE
DEFECT, IN INTENTIONALLY DEFECTED
ELEMENT 3 FROM INTERMEDIATE-FLUX
PICKERING BUNDLE AO8336V AFTER
29.5 MONTHS OF STORAGE.

FIGURE 4: AS-POLISHED CONDITION OF
THE U02 SHOWING COMPLETE PENETRATION OF THE OXIDATION FRONT, -10 mm
FROM THE DEFECT, IN INTENTIONALLY
DEFECTED ELEMENT 13 FROM PICKERING
BUNDLE AO8336W AFTER 93 MONTHS
OF STORAGE.
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FIGURE 5: AS-POLISHED CONDITION OF
THE U0 2 SHOWING COMPLETE PENETRATION OF THF OXIDATION FRONT, IN THE
DEFECT REGION IN INTENTIONALLY
DEFECTED ELEMENT 13 FROM PICKERING
BUNDLE AO8336W AFTER 93 MONTHS
OF STORAGE.

FIGURE 6: ETCHED CONDITION OF THE
U0 2 , -10 mm FROM THE DEFECT, IN
INTENTIONALLY DEFECTED ELEKENT 13
FROM PICKERING BUNDLE AO8336U AFTER
93 MONTHS OF STORAGE.
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FIGURE 7: ETCHED CONDITION OF THE
UO 2 , -110 mm FROM THE DEFECT IN
INTENTIONALLY DEFECTED ELEMENT 14
FROM HIGH-FLUX BRUCE BUNDLE F17267C
AFTER 93 MONTHS OF STORAGE.

FIGURE 8: CURVE RESOLUTION OF THE
U 4 F 7 / 2 XPS PEAK ENVELOPE INTO TWO
COMPONENTS IDENTIFIED WITH +4 AND
+6 VALENCE STATES OF URANIUM.
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FIGURE 9: SEH IMAGE SHOWING A REPRESENTATIVE INTERGRANULAR FRACTURE
SURFACE OF FUEL FROM F1891OC/8,
-90 mm FROM THE DEFECT, AFTER 93
MONTHS OF STORAGE.

FIGURE 10: SEM IMAGE SHOVING TYPICAL FINE-GRAINED SECONDARY CRYSTALLIZATION GROWTH (IN SCATTERED
PATCHES) ON A Gi^AIN-BOUNDARY INTERFACE OF FUEL FROM F18910C/8, -20 mm
FROM THE DEFECT.

800157 15KV
FIGURE 11: SEM IMAGE SHOWING A DISTINCTIVE ROSETTE OF PLATELETS FORMED
ON THE SURFACE OF FRAGMENT 3b FROM
F18910C/8, -100 mm FROM THE DEFECT.

FIGURE 12: SEM IMAGE SHOVING CRYSTAL GROWTH ON A FUEL FRAGMENT FROM
30053C/7, -40 mm FROM THE DEFECT,
AFTER 93 MONTHS OF STORAGE.

FIGURE 13: SEM IMAGE SHOWING AN ENLARGEMENT OF THE CRYSTALS SHOWN IN
AREA 1 OF FIGURE 12.

FIGURE 14: SEM IMAGE SHOWING A
NETWORK OF MICROCRACKS ON THE SURFACE OF THE FUEL FROM 3OO53C/7,
-40 mm FROM THE DEFECT.
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DESIGN AND IRRADIATION EXPERIENCE WITH
THORIUM BASED FUELS IN PHWRs
M DAS
Nuclear Power Corporation
VS Bhavan, Anushaktinagar
Bombay-400 094, INDIA
ABSTRACT
Irradiation tests on ThO2 -fuel budles were carried out in
Madras Atomic Power Station (MAPS) to prove the design D-f
the thoria budles and gain irradiation experience in order
to provide capability -for assessment o-f possible advanced
-fuel cycles using thorium.
The first 220 MWe unit o-f Kakrapar Atomic Power Project
which was commissioned on September 3, 1992 used 35 thoria
budles -for the purpose of flux flattering in the initial
core to enable near full power operation right from the
beginning.
The paper highlights the design of thoria
element assemblies, irradiation performance and possible use
of Thorium in PHWRs.
1.

INTRODUCTION

India has large deposits of thorium and only relatively
modest
deposits of uranimum.
India's
nuclear
power
programme has, therefore, been drawn up with the long term
goal of utililzing the vast thorium resources through a
three stage nuclear power programme.
In the first stage, which is based on a series
of
Pressurized
Heavy Water Reactors*PHWRs) using
natural
uranium, there is little scope of utilizing
thorium.
Nevertheless, work continues to be done to look
for
opportunities for the introduction of thorium in
the
operating PHWRs in addition to significant R&D work being
done in the research reactors CIRUS and Dhruva.
The need for flux flattening of the initial core, to enable
near full power operation right from the beginning offers an
excellent opportunity for irradiating some thorium bundles
in a power reactor. Hitherto, this was being done using
about 656 depleted uranium bundles have 0.64 wt 7. U in the
central region of the core.
In Kakrapar Atomic Power
Project Unit No.l (KAPP-1) only 35 thoria bundles were used
to achieve the same objective in lieu of 656 depleted
uranium bundles. This unit has just been commissioned on
September 3, 1992.
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Be-fore loading ThO = bundles in KAPP-1 reactor, it was felt
necessary to irradiate a few ThOs bundles in MAPS—1
reactor
to prove the design o-f the bundles and
gain
irradiation
experience in order to provide capability -for assessment o-f
possible advanced
-fuel cycle. A specification
for ThO2
pellets
for reactor fuel elements was developed.
Thorium
element and bundle assembly designs were similar to normal
fuel
bundles except for certain modifications which
were
finalized
after carrying out the
thermal
and
mechanical
design
analysis.
Four bundles were
irradiated
in four
different channels of MAPS-1 reactor for a period
of 300
effective full power days.
Another use being contemplated for thorium is a once through
cycle in combination with plutonium recycle. The objective
here is to load the MOX bundles and plain ThO2 bundles in
segregated channels in a PHWR.
In this paper the design of thorium
element assemblies,
irradiation performance and possible use of Thorium in PHWRs
will be discussed.

2.

FEATURES OF THORIUM BUNDLE

The unique characteristics of PHWR
maintained in the thorium bundle also.
<i)

(ii)
<iii>

fuel
(Ref.l)
These are :

were

Collapsible zircaloy-4 cladding ensuring good fuel
sheath heat transfer and neutron economy
High density pellets with good dimensional

to

stability

No gas plenum and

(iv)

Short simple bundle configuration

Figure-1
shows the thorium bundle used in MAPS-1
reactor.
The budle looks exactly similar to the 19- element
natural
U 0 = fuel
bundles except that the end plate profile has been
modified to locate and identify the? ThO^ bundles
distinctly
from that of U 0 = fuel bundles.

3.

PHYSICAL PROPERTIES OF THORIUM OXIDE

A survey of literature was conducted to identify and compare
the properties of ThO = and U0;; to be used
in the design
analysis. Following features of ThO^ were noted:
-

ThO =
is chemically
stable
oxidising environment

-

Thermal
sintered

conductivity
falls
pellets
of
9.5

at

high

with
gm/cc

temperature

temperature
density.

in

for
The
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conductivity -falls to about 40V. of its room temperature
value at 1000°C.
^
is capable o-f delivering higher linear heat
than uranium dioxide

rating

-

At high burnups, ThO^ retains the crystal
structure,
has good dimensional stability and low -fission gas
release

-

ThO = is not subjected to stoichiometry
dioxide.

as uranium

A
:omparison o-f the properties o-f U 0 = and ThO =
in Table 1.

is given

Table 1_
PROPERTIES OF URANIUM OXIDE Vs THORIUM OXIDE

Parameters

Thorium
Dioxide

Melting Point, °K

31 34

3663

Density, g/cc

10 . 9 6

10.0001

Thermal Conductivity
W/CM °K
Thermal Expansion, 10-<V°K
Speci-fic Heat, Cal/g°K

4.

Uranium
Dioxide

0 .02

10 . 1
0 .065

0.03

9.32
0.07

THORIUM PELLET DESIGN

The theoretical density (TD) of ThO = is 10.0001 g/cc at
25°C.
Based on the design consideration -for collapsible
cladding requiring high density pellets and manufacturing
capability, the density was specified in the range of 94 to
97'/. of T.D. The length to diameter ratio was kept between
1.0 to 1.2 to reduce the hourglassing and the consequent
pellet clad mechanical interaction. Both flat pellets and
dished pellets option v«.^re given to the manufacturer.
However, the total axial longitudinal clearances
were
specified as 1.2 - 3.8 mm for dished pellets while for flat
pellets it was to maintained between 6.8 - 8.0 mm. Figure-2
shows the typical dimensions of a flat pellet while Figure 3
shows that of the dished pellets.
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The chemical
decided
based
cross-section
A simp] i f icd
route is shown

5.

composition of the ThO= pellets were mainly
on burnup penalty -from the high
absorption
impurities and reprocessing
considerations.
-flow sheet for the thorium oxide
-fabrication
in Figj'e 4.

PHYSICS PARAMETERS AND THERMAL DESIGN

Instantaneous values o-f lattice parameters were
generated
-for ThO- bundles using the DUMLAC CODE (Ref.2).Selection o-f
channels was made a-fter simulations were carried out using
the -fuel management code T^IVENI <Ref.3). A-fter examining
the possible locations in the operating core at about 300
EFPD, and their immediate and long term a-f-fects, it was
decided to load -four thorium bundles in string position
7
o-f the channels H-8, J-12, 0-9 and Q-12.
These
channels
were located away -from the adjuster rods ensuring that
they
will not impose any restriction on operating power.
One channel
(H—8) was selected to be a -flow monitored
channel. Channel power increase with one thorium bundle and
seven natural uranium bundle in the 8-bundle shift
scheme
was -found to be 67. as compared to 18-20% -for re-fueling
with
8
natural
U 0 = bundles. The maximum
bundle power
was
calculated
to be about 250 kw, however the design o-f the
bundles was done for 400 kw. The thermal design
parameters
are given in Table 2.

Table 2
THERMAL DESIGN FOR ThO 3 BUNDLES
Maximum Bundle Power
Irradiation Time
f KDT (Outer Element)
Linear Heat Rating
Coolant Temperature
Sheath Temperature
Pellet Surface Temp
Pellet Centre Temp

6.

400 KW
300 FPD
38.50 W/CM
438.8 W/CM
271° C
292° C
480° C
1442= C

IRRADIATION PERFORMANCE

All the four bundles were loaded in the MAPS-1 reactor
during May, 1985 in four different channels. Bundles were
successfully
discharged during the course
of
normal
refueling during November/December, 1986 after about 280
EFPD.
Maximum burnup achieved was about 1700 MWD/Te Th.
Uranium—233 generated in the bundle was about 86 gms at the
time of discharge. The performance data ar& given in the
Table 3.
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Table-5
Details of lltariua bundle irradiation in HAPS-1

Bundle

Channel
Date/FPD
No.

No.

7.

Date/FPD
The bundle
is discharged

Burn up
HHD/Te
of Th.

U"J
after
discharged

AY 151

2.5.1985
302.15 FPO

H-8

21.11.1986
579.9 FPD

1674.3

86.48

AY 152

3.5.19B5
304.00 FPF

J - 12

16.12 .1986
585.4 FPD

1668 .0

86.38

AY 153

4.5.1985
J04.00 FP0

0 - 1Z

Z9.8. 1986
527.8 FPD

1070 .0

73.66

AY 154

4.5.1985
304.00 FPD

0 -9

20.11 .1986
579.1 FPD

1621 .6

85. 47

THORIUM IN POWER REACTHRS

Studies were initiated as early as mid seventies to explore
possibilities -for utilizing thorium in power reactors.
First such a study was made -for thorium utilization in the
adjuster rods.
The study showed that there is not much
merit for ThO^ as a candidate for use in the adjuster rods.
Next study W J S made (early 1977) to load ThO= bundles in the
initial core of MAPS reactors in place of depleted uranium
-for -flux flattening. However, various studies with regard
to physics, fuel management and safety took us about 15
years to be able to finally load 35 thorium bundles in
KAPP-l
reactor.
Figure-5 shows the loading
pattern.
Another use being contemplatecJ for thorium is a once through
cycle in combination with plutonium recycle. The objective
here is to load the MOX bundles and plain ThOs bundles in
segregated channels in a PHWR so that the residence time of
the thorium can be made much longer than that of the MOX.
With this arrangement, U233 is produced in the thorium and
burnt in situ, with the result that the amount of energy
extracted from MOX is larger than it would have been in the
absence of thorium. There are however other somewhat longer
term possibilities. These have also been studied in detail
<Ref. 4, 5, 6 & 7 ) .

8.

CONCLUSIONS

Thorium
oxide bundles were designed and
successfully
irradiated in the MAPS-1 reactor. It is considered to be a
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good beginning -for irradiation o-f Thorium -for the -first time
in a power reactor in India. T h O =
pellet
spec i f ications,
assembly design and -fabrication routes have been
optimised.
Based
on the successful irradiation, 35 T h O =
bundles
have
been
loaded
in the initial core o-f KAPP unit
1 -for -flux
f 1 a t tening .

9.
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FIG.2:ThO 2 FLAT FUEL PELLET
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FIG. 3: Th0 o FUEL PELLET
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FI6.4
THORiUM OXIDE PELLET FABRICATION ROUTE

THORIUM OXIDE POWDER BY OXALATE ROUTE

PRECOMPACTED AT 1-2 T / S Q . CM.

GRANULATED TO INCREASE FLOWABILITY

FINAL COMPACTED AT 2 - 3 T / S Q . CM.
(GREEN PELLETS)

SINTERING IN HYDROGEN ATMOSPHERE
AT 1 6 0 0 - 1 6 5 0 ° C FOR 3 HRS

SINTERED PELLETS AT > 94% TD
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FIG. 5
INITIAL LOADiNG FOR K A P P - 1
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35 THORIA BUNDLES LOADED AS SHOWN

O

NUMBERS ON THE CORE MAP INDICATE OPSITION OF
THORIUM BUNDLE IN THE CHANNEL.

O

12 BUNDLES IN EACH CHANNEL.

O

BUNDLE NUMBERS INCREASING IN THE DIRECTION OF
BUNDLE MOVEMENT DURING REFUELLING.
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OPTIMIZATION OF CANDU REACTOR BUNDLES
FOR ADVANCED FUEL CYCLES
HUGUES W. BONIN
Royal Military College of Canada
Department of Chemistry & Chemical Engineering
Kingston, Ontario, Canada K7K 5L0

ABSTRACT
A steepest descent-based optimization method is described that provides the
best selection of enrichments of the fresh fuel for CANDU reactor bundles intended for advanced fuels such as low enriched uranium (LEU) fuels and mixed oxides
(MOX). The starting point of the optimization process is the present 37-rod
bundle geometry, and in a first step, the grading of the fresh fuel enrichment
is optimized. In a second step, for an initial fresh fuel composition
distribution, the bundle geometry is optimized using a similar method, leading
to an optimal selection of such parameters as the rod radii, the number and size
of the annuii and the number of rods within each of the annul!. The index of
performance is a weighted sum of terms including the discharge burnup, the power
peaking within the bundle and the surface heat flux. Results show up to 60%
improvement in the power peaking and in the surface heat flux as a result of the
optimization process.

INTRODUCTION
Advanced fuels are considered for use in CANDU nuclear reactors in order to
improve the energy efficiency of the CANDU system and eventually tap additional
resources such as recycled fuels from other reactors and thorium. In particular,
tandem fuel cycles have been suggested 1 in which CANDU reactors could burn for
a second pass fuels that have spent the duration of a cycle in a light water
reactor. For the fuel manager, this poses an additional freedom in the decision
making process, that is the selection of the fresh fuel isotopic composition. If
the composition is kept uniform within the bundle and within the reactor, this
problem consists essentially in selecting a composition that does not produce an
excess reactivity above the upper limit sc-t by the control system and the shutdown margin of the reactor.
However, for many of the LEU and MOX fuels studied, uniform distributions of
the fresh fuel isotopic composition within the bundle cause large power peakings
and surface heat fluxes through the cladding, which, in turn, may well force the
operation of the reactor at lower power levels. An approach to cope with this
problem is to re—design the fuel bundle in such a way that by grading the fresh
fuel isotopic composition within the bundle, or by modifying the geometry of the
bundle, or by both ways, better values for the power peaking and the surface heat
flux, as well as for the discharge burnup, may be obtained.
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OPTIMIZATION PROBLEMS
The approach of considering the problem of the redesign of the CANDU fuel
bundle as a mathematical optimization problem has been used in this work. There
are several quantities that the fuel manager wants to optimize: for this work,
three are selected: the discharge burnup, the power peaking and the surface heat
flax. The convention of seeking a minimum for the quantities to be optimized is
cho&en, which means that in order to maximize the discharge burnup, its inverse
will be effectively minimized. The steepest descent technique used 'iere requires
only one objective function or index of performance: it is written as a weighted
sum of all curee terms to be optimized, and, again to accommodate the technique,
each of these terms is squared. This does not change the optimization problem
since all the terms to be optimized are positive quantities.
The term representing the power peaking is defined as the maximum-to—average
rod power rat^o within the bundle. An added complication arises considering that
both the bundle power and the power distribution within the bundle are dependent
on the fluence or flux—time. For many fuels, the maximum value occurs at the
beginning of the dwelling time of the bundle in the reactor core, but, with many
advanced fuels, it may occur later in the cycle. In this work, the power peaking
term is defined as the all-time maximum value of the maximum-to-average ratio of
the rod power. This value is calculated at each one of the cell-depletion
calculation steps and the largest value is selected and retained among the set
of values collected for each fuel. Tn a similar fashion, at each step of the
cell-depletion calculation, the surface heat flux through the cladding is
calculated and its largest vatlue kept for the optimization calculation. This
accounts for the fact that the maximum value for the surface heat flux may occur
at different times within the life cycle of the fuel in the reactor core and also
it copes with the fact that the maximum heat flux may occur for the rods within
different annuli within the bundle.
In order to use the Gauss' steepest descent method selected for this work, the
index of performance has to be written as a sum of functions, each brought to a
positive power. Here the functions are squared, and they are multiplied by an
appropriate weighting factor which serves two purposes: the first is to
accommodate for the discrepancy of orders of magnitude of the three functions and
second, it is a means to control the weight of the optimization, that is the
researcher can choose to, say, minimize the power peaking primarily, with less
attention given to minimizing the surface heat flux or maximizing the discharge
burnup.
Some constraints are included in the optimization problem: obviously, the
isotopic ratios can neither be negative or larger than one, and the sum of all
isotopic ratios for each of the fuel rods must be exactly equal to one. Normally,
the average rod enrichment or isotopic composition is kept constant throughout
the optimization process, although some variation may be allowed as an option.
T'.ie first optimization problem investigated in this work (Fig. 1) consisted
in keeping the geometry of the bundle constant and in having the fresh fuel
isotopic compositions (or errichraents) as the decision variables. For this part
of the work, the geometry of the 37-rod fuel bundle, presently used in the Bruce
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and the CANDU-600 reactors. For the second part of this .crk, the fresh fuel
isotopic composition distributions are kept constant, but the geometry is varied
through the optimization iterative process. As explained below, the decision
variables are here a low number of dimensions that characterize the bundle
geometry.

SOLUTION OF THE OPTIMIZATION PROBLEM
The simplest approach to solve the optimization problem is obviously a
parametric study, but even with only four decision variables, it may take some
10,000 calculations to obtain an optimum with only a modest accuracy. For this
kind of problem this is too demanding in computer resources. Fortunately, modern
optimization methods permit substantial computer resource savings. The technique
chosen for this work is often called the Gauss' steepest descent method and was
selected because it uses only the first derivatives whereas similar techniques
such as the Newton's technique require the determination of the second derivati-\ JS in addition to the first derivatives. This is often not acceptable when the
derivatives can only be determined by numerical methods. The Gauss' method is
shown schematically in Figure 2 and essentially consists in iterating from an
initial guess of the decision variables, each iteration using information
available locally to compute modifications to the decision variables such that,
once the decision variables are modified accordingly, a lower value of the
performance index is obtained. The iterative procedure is ended when convergence
criteria are met, usually consisting of a small decrease of the performance index
and/or small changes of the decision variables. The various steepest descent
methods differ by the way the modifications to the decision variables are
computed at each iteration The Gauss' iitethod requires the knowledge of only the
first partial derivatives Ox the functions that constitute the performance index
with respect to the decision variables, but the performance index has to be
written as a sum of squared functions, which, for this work, can be accommodated
easily. As shown in Figure 2, the Gauss' method is based on the following recurrence equation:

[JeJ] bX = -J* $

where $ is the vector of functions of the decision variables Xi, and J is the
Jacobian matrix of the index of performance expression, or the matrix of the
first partial derivatives of the (^-functions.

RESULTS FOR THE ISOTOPIC COMPOSITION OPTIMIZATION
For this part of this research, the 37—rod Bruce—type bundle configuration
was used for the geometry, with the only difference being the fresh fuel isotopic
composition distributions. The rods are grouped into four annuli of one, six,
twelve and eighteen rods respectively, thus giving an optimization problem with
c r.ly four decision variables. The TESHOM-LATREP 2'3 code sequence was used to
simulate the bundle being irradiated in a CANDU reactor core and perform the
cell-depletion calculations. Thus, using the current values of the decision
variables (the. fresh fuel isotopic compositions of the rods within the annuli),
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the discharge burnup, the all-time maximum values for the power peaking and the
surface heat flux can be computed. The first partial derivatives of the $functions are then computed numerically and their values stored in the J matrix.
This involves a LATF^,P calculation for each perturbed value of the decision
variables, thus needing a total of five cell-depletion calculations par iteration
within the optimization procedure.
For the results reported here, the choice of the weighting factors used in the
expression of the performance index was set to put the emphasis on optimizing the
power peaking and the surface heat flux rather than on the discharge burnup. Most
of the time, convergence was reached within fifteen iterations. Intensive testing
of the method revealed that there exist several local minima to this particular
optimization problem, but experience has shown that, starting with an uniform
isotopic composition distribution as the initial guess, the first minimum
encountered gives the lowest value for the performance index, indicating probably
a global minimum.
The initial and optimal values of the bundle power peaking, the all-time
maximum surface heat flux and the discharge burnup are plotted in Figure 3 as
functions of the average plutonium content for the MOX fuels, made of a thorium—
232 - plutonium mixture. The: plutonium itself is a mixture of 66% 239 Pu, 30%
240
Pu, and 4% 2A1 Pu. The improvement on the power peaking ranges from about 21%
to 25%, and from 46% to 55% for the maximum surface heat flux for these MOX
fuels. Since the optimization was not emphasizing the discharge burnup, the
results above were obtained, as expected, at some sacrifice of the burnup, up to
29% for the MOX fuel containing 5% plutonium on the average. Figure 4 shows the
initial and optimal values of the decision variables, i.e. the fresh fuel
isotopic composition of the rods.
Similar optimal results are presented in Figures 5 and 6 for the series of low
enriched uranium fuels studied: 1.2%, 1.4%, 1.6% and 1.8% enrichments. The payoff from the optimization process is here less impressive than for the MOX fuels,
but nevertheless interesting. The largest improvement obtained for the power
peaking is 9%, and it is 12% for the surface heat flux, both obtained for the
1.6%-enriched LEU fuel and with negligible, burnup penalty.

GEOMETRY OPTIMIZATION
Foi the second part of this work, the fresh fuel isotopic composition
distribution is kept fixed, and the optimization aims at determining the best
geometry for the bundle. The term "geometry" implies the selection of the total
number of fuel rods, the number of rod annuli, the number of rods within each
annulus, the inner and outer radii for each annulus, and the rod diameters. Here,
the bundle radius must be equal to that for the Bruce-type 37-rod bundle, and
another constraint is added consisting in the minimum spacing between adjacent
rods or between the outer rods and the pressure tube wall which must be kept at
a minimum value (basically at 0.15 cm or larger). Also, the thickness of the
cladding and the air gap thickness between the fuel pellet and the inner wall of
the cladding are chosen the same as for the Bruce—type bundle, and the dimensions
of the CANDU reactor are also the same, i.e. same lattice pitch as that of the
Bruce-B 750 MWe CANDU. Furthermore, the maximum power generated by a single rod
is 2.5% of the bundle power, and it is also preferred that the power distribution
neaks in the second rod annulus.
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The optimization methodology used here is similar to the one described above,
with the same objective function, but with different decision variables and
constraints. A tricky problem arises when one attempts to fully describe the
bundle geometry with as few independent variables as possible. In this case, the
number of rod annuli within the bundle is predetermined arbitrarily, and
separate optimization runs are performed for a given number of ar.nuli. The
decision variables chosen for this problem are the radii of the circles passing
just outside the rod annuli. The complete bundle geometry can be determined just
using these radii. Obviously, the radius of the circle thus defined for the
outermost annulus is the inner radius of the pressure tube (minus the required
spacing for the coolant flow), and does not need to be optimized, making tha
number of the decision variables equal to the number of annuli minus 1.
When determining the bundle geometry using the decision variables, there
exists the possibility to further increase the total fuel volume by "squeezing
in" an extra fuel rod. The program that calculated the bundle geometry is
provided with an option that tries to insert this additional rod (by reducing the
radius of the other rods) into a given annulus and checks whether the total fuel
volume is larger than the "basic case" or not. If so, the configuration with the
extra rod is then retained.
The optimization problem follows the same pattern as for the fresh fuel
composition problem, but with these new decision variables and the constraints
outlined above. The present 37-rod Bruce-B bundle geometry is used as the initial
guess for the Gauss' steepest descent jiethod, as described above.

RESULTS FOR THE GEOMETRY OPTIMIZATION.
The fuels investigated here were the 3% Pu-enriched plutonium-thorium MOX fuel
and the 1.4% Z35 U enriched LEU fuel. A tandem optimization run was carried out
with the 3% Pu—enriched MOX fuel: starting with the results of a geometry
optimization exercise, a fresh fuel isotopic composition optimization run was
carried out to determine how more improvement could be obtained as a result of
this additional optimization procedure.
The index of performance used was the same as before, with the same weighting
factors. For the 3% fu-enriched MOX fuel, Table I presents the most important
results for the 0.15 cm gap constraint. Since the present Bruce—B bundle does not
meet this constraint, a "Pseudo—Bruce—B bundle" was designed using the
corresponding decision variables, in order to see the actual improvements brought
in by the optimization. Optimization runs were carried out for the 4— annuli and
5-annuli geometries. The results show, for the 4-annuli case, a 4.3% decrease of
the power peaking, a 1.6% decrease of the surface heat flux and a 0.6% increase
of the discharge burnup, when compared to the "pseudo-Bruce-B" bundle. When
compared with the actual Bruce-B bundle, we observe a 55% increase of the power
peaking, a 16% increase of the surface heat flux and a 2% increase of the discharge burnup. The optimal 4—annuli bundle has 38 rods, and, for the 5—annuli
bundle, the optimal configuration has 62 rods. For this bundle, still subjected
to the minimum 0.15 cm gap constraint, a power peak increase of 61% is observed
over the actual 37-rod Bruce-B bundle, but with a 7.4% improvement for the
surface heat flux. When compared with the pseudo—Bruce—B bundle, there i:a a 21%
improvement for the surface heat flux, a 0.4% improvement for the power peaking
and a small 1% penalty on the burnup.
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The work done with the 0.15 cm gap constraint has indicated that some burnup
gain can be achieved, but at some cost of the power peaking and the surface heat
flux. The results for the 5-annuli bundle showed that smaller fuel rods helped
in improving the heat distribution within the bundle. A parametric study was then
launched to investigate the effect of this minimum gap constraint, and the
results appear in Figure 7. The effect of increasing this minimum gap constraint
is quite beneficial for the power peaking and the surface heat flux, up to 50%
improvement over the optimal design determined with a 0.15 cm gap constraint.
When compared to the results for the actual Bruce-B bundle geometry, the
improvements are, for the best case with the 0.45 cm gap constraint, 20% for the
power peaking and 32% for the surface heat flux, with a burnup penalty of 3.0%.
Finally, a 5-annuli bundle was optimized with the minimum gap constraint set to
0.3 cm, giving an additional 41% improvement on the surface heat flux term over
the best 4-annuli bundle. The power peaking term is also improved, by about 32%,
with only a 3% penalty on the discharge burnup.
For the 1.4% 235 U - enriched LEU fuel, the results are presented on Table II
and on Figure 8. With the .15 cm gap constraint, the trends are about similar for
the optimal bundle geometry with respect to the actual Bruce-B design: 5%
increase in the power peaking, 16% increase in the surface heat flux and 5%
improvement in the discharge burnup. Again, a parametric study was carried out
to study the effect of the gap constraint, giving a 15% improvement for the power
peaking and a 27% improvement for the surface heat flux for the optimal geometry
obtained with a .45 cm gap constraint, again, when compared with the present
Bruce—B bundle design. The burnup penalty in this case was about 8%.
The 5-annuli bundle was also optimized, and, with the gap constraint set to
0.3 cm, the power peaking and the maximum surface heat flux were improved by 11%
and 32%, respectively, with respect to the present Bruce-B bundle. This was
achieved at a modest cost of 4% of the discharge burnup.
Finally, a tandem set of optimization calculations was carried out for a 4annuli, 3% Pu-enriched M0X fuel bundle. Table III presents the results obtained,
giving after the second step, a 30% improvement on the heat transfer properties,
but at a 18% loss uf discharge burnup, with respect to the actual Bruce-B bundle
geometry (with the same, uniform, 3% Pu-enriched MOX fuel). Considering that the
result of the geometry optimization process yielded a geometry still close to
that of the Bruce—B design, the overall optimization outcome is not much different than what a single enrichment optimization procedure alone would have
yielded.

DISCUSSION.
Valuable results have been obtained by implementing the Gauss' steepest
descent method for optimizing the design of CANDU fuel bundles intended for
advanced fuel cycles. Since the merits of such an optimization technique as
applied to this kind of problem were assessed, the code LATREP was used for the
cell-depletion calculations, making the results of a survey-type nature. For this
reason, the convergence criterion for the overall index of performance was kept
not too small, at 0.1% of the value of the index of performance. The results
obtained here may be used as initial guesses for further optimization with
smaller convergence criteria, if desired.
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The accuracy of the results lies in two separate domains: first, one may ask
how close to the actual global optimum the final answer is, and, second, what is
the validity of the parameters of the optimal bundle just calculated. The answer
to the first question resides in the iteration process itself, in which a
convergence criterion is chosen arbitrarily (i.e. based on the fuel manager's
experience) to stop the iteration process. The selection of the convergence
criterion is indeed the result of a compromise between achieving a "good enough"
optimum and the extra calculation expenses needed to obtain yet a marginal
improvement over the one already acquired.
The second question is answered by validating the cell-depletion code for the
bundle built using the decision variables just optimized. For this work, this is
a step still remaining to be done, by either comparing the LATREP results to data
obtained experimentally or by using a more advanced code already validated, or
for which the high accuracy of the results is already well recognized.
The merit of this work is that the results can provide guidance in the design
of CANDU fuel bundles more suited to advanced fuels. Once a design has been
selected for the bundle, a fine optimization exercise may then be carried out
using a more advanced cell—depletion code such as U1MS—AECL, and the various
parameters determined afterwards as a result of experiments, which at the same
time would validate the cell-depletion computer codes.

CONCLUSION
This research has demonstrated that the Gauss' steepest descent method is
indeed an effective tool in optimizing the CANDU fuel bundle intended to the use
of advanced fuels, and has shown that there is indeed room for improvement over
the actual Bruce-3 37-rod bundle design. Up to 60% improvement was observed for
thermalhydraulic parameters in the problem consisting of optimizing the fresh
fuel isotopic composition distribution, and the bundle geometry optimization
exercise yielded also some improvement on the index of performance, although less
spectacular than in the first problem. A tandem optimization run was performed
and permitted to further optimize the bundle. The technique used here permitted
to obtain valuable results using a modest amount of computation, the method
converging quite quickly in a dozen iterations or so.
The parametric study performed on the minimum gap between adjacent rods
provided us with a better knowledge of the importance of this condition and
instructed us that much improvement on the power peaking and the maximum surface
heat flux terms could be achieved at only a moderate sacrifice of the discharge
burnup.
Future directions of this work include running this optimization method
strating with the new CANFLEX 4 bundle design to see how close to optimality this
design represents. Also, the experience gained with 5—annuli bundles provides
encouragement to look into 6- and 7—annuli bundle geometries. Finally, more fresh
fuel isotopic compositions may be investigated.

10-18

REFERENCES
1.

J. B. Slater, "Future Prospects for CANDU Advanced Fuel Cycles", Proc. 10th
Ann. Conf. Can. Nucl. S o c , Vol. 2, p.1-1 (1989).

2.

J. Griffiths & M. Milgram, "Introduction to the Use of the TESHOM/LATREP
Codes on CDC CYBERNET", AECL-6780 (1980).

3.

J. Griffiths, "LATREP", AECL-7603 (1980)

4.

A.D. Lane, J. Griffiths & I. J. Hastings, "The Role of the New CANFLEX Fuel
Bundle in Advanced Fuel Cycles for CANDU Reactors", Proc. 10th Ann. Conf.
Can. Nucl. S o c , Vol. 2, p. 1-16 (1989).

10-19

Table I : Geometry Optimization, 3% MOX Fuel, 0.15 cm Gap.

BRUCE-B
37-ROD
BUNDLE

PSEUDO
BRUCE
BUNDLE

4-ANNULI
BUNDLE
OPTIMAL

5-ANNULI
BUNDLE
OPTIMAL

ANNULUS #2 RADIUS (cm)

1.49

1.49

1.50

1.13

ANNULUS #3 RADIUS (cm)

2.88

2.8&

2.94

2.26

ANNULUS U RADIUS (cm)

4,33

4.33

4.34

3.40
4.53

ANNULUS #5 RADIUS (cm)
OUT. RADIUS #1 (cm)

0.654

0.654

0.630

0.493

OUT. RADIUS #2 (cm)

2.14

2.14

2.2!

1.62

OUT. RADIUS #3 (cm)

3.53

3.53

3.52

2.75

OUT. RADIUS U (cm)

3.89

ROD DARIUS (Ann. #1) (cm)

0.654

0.654

0.630

0.493

ROD RADIUS (Ann. #2) (cm)

0.654

0.669

0.717

0,490

ROP RADIUS (Ann. #3) (cm)

0.654

0.618

0.576

0.485

ROD RADIUS (Ann. #4) (cm)

0.654

0.670

0.676

0.496

ROD RADIUS (Ann. #5) (cm)

0.491

Nb. Rods in Annulus #1

1

1

1

1

Nb. Rods in Annulus #2

6

6

5

6

Nb. Rods in Annulus #3

12

12

14

12

Nb. Rods in Annulus #4

18

18

18

18
25

Nb. Rods in Annulus #5
TOTAL NUMBER OF RODS

37

37

38

62

POWER PEAKING

1.43

2.31

2.21

2.30

MAX. SURFACE HEAT FLUX
(10 5 W/M2)

12.95

15.26

15.01

12.00

DISCHARGE BURNUP
(10* MW-d/Te (HE)

2.63

2.67

2.68

2.64

10-20

Table II : Geometry Optimization, 1.4% LEU Fuel, 0.15 cm Gap.

BRUCE-B
37-ROD
BUNDLE

4-ANNULI
BUNDLE
OPTIMAL

5-ANNULI
BUNDLE
OPTIMAL*

ANNULUS #2 RADIUS (cm)

1.49

1.49

1.14

ANNULUS #3 RADIUS (cm)

2.88

2.90

2.23

ANNULUS U RADIUS (cm)

4.33

4.35

3.34

ANNULUS #5 RADIUS (cm)

4.46

OUT. RADIUS #1 (cm)

0.654

0.713

0.450

OUT. RADIUS n (cm)

2.14

2.12

1.53

OUT. RADIUS #3 (cm)

3.53

3.52

2.64

OUT. RADIUS #4 (cm)

3.75

ROD DARIUS (Ann. #1) (cm)

0.654

0.713

0.450

ROD RADIUS (Ann. #2) (cm)

0.654

0.630

0.389

ROD RADIUS (Ann. #3) (cm)

0.654

0.626

0.405

ROD RADIUS (Ann. #4) (cm)

0.654

0.672

0.404

ROD RADIUS (Ann. #5) (cm)

0.411

Ni*. Rods in AUDUJUS #1

1

1

1

Nb. Rods in Annulus #2

6

6

6

Nb. Rods in Annulus #3

12

12

12

Nb. Rods in Annulus #4

18

18

18
24

Nb. Rods in Annulus #5
TOTAL NUMBER OF RODS

37

37

61

POWER PEAKING

1.18

1.24

1.05

MAX. SURFACE HEAT FLUX
( 10 s W/M2)

3.94

4.57

2.69

DISCHARGE BURNUP
(104 MW-d/Te (HE)

2.35

2.47

2.26

Minimum Gap Criterion : 0.3 cm
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Table III : Geometry and Enrichment Optimization
3.0% MOX Fuel, 0.15 cm Gap.

BRUCE-B
37-ROD
BUNDLE

OPTIMAL
BUNDLE
GEOMETRY

OPTIMAL
ENRICHMENT
DISTRD3UTION

ANNULUS #1 RADIUS (cm)

1.49

1.49

1.49

ANNULUS #3 RADIUS (cm)

2.88

2.88

2.88

4.33

4.33

ANNULUS #4 RADIUS (cm)

4.33

i

ANNULUS #5 RADIUS (cm)
OUT. RADIUS HI (cm)

0.654

0.713

0.713

OUT. RADIUS #2 (cm)

2.14

2.12

2.12

OUT. RADIUS #3 (cm)

3.53

3.52

3.52

ROD DARIUS (Ann. #1) (cm)

0.654

0.713

30.75"

ROD RADIUS (Ann. #2) (cm)

0.654

0.630

3.44*

ROD RADIUS (Ann. #3) (cm)

0.654

0.626

1.98"

ROD RADIUS (Ann. #4) (cm)

0.654

0.672

2.05*

No. Rods in Annulus #1

1

1

1

Nb. Rods in Annulus #2

6

6

6

Nb. Rods in Annulus #3

12

12

12

Nb. Rods in Annulus #4

18

18

18

TOTAL NUMBER OF RODS

37

37

37

POWER PEAKING

1.43

2.21

1.02

MAX. SURFACE HEAT FLUX
( 10s W/M2)

12.95

15.01

9.00

DISCHARGE BURNUP
(104 MW-d/Te (HE)

2.63

2.68

2.16

OUT. RADIUS #4 (cm)

ROD RADIUS (Ann. #5) (cm)

Nb. Rods in Annulus #5

* : Optimal Enrichment for Annulus ft i.
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MINIMIZE :
1 -- ALL-TIME MAXIMUM VALUE OF THE POWER PEAKING
2 - THE INVERSE OF THE DISCHARGE BURNUP
(i.e. maximize the discharge burnup)
3 - ALL-TIME MAXIMUM VALUE OF THE SURFACE HEAT FLUX
THROUGH THE ROD CLADDING
THE INDEX OF PERFORMANCE IS CHOSEN AS:

I P = (w3_ c ^ ) 2 + (w 2 4> 2 ) 2 + (w 3 4> 3 ) 2
where the W, are the weighting factors.
$

=

then
=

$

DECISION VARIABLES : - > FRESH FUEL ISOTOPIC COMPOSITION
OF RODS OF RING " i " ,
or - > OUTER RADIUS OF ANNULUS " i " .
CONSTRAINTS : - > ISOTOPIC CONTENTS :
0 < ISOTOPIC RATIOS < 1
- > CONSTANT BUNDLE AVERAGE ENRICHMENT
or - > GEOMETRIC CONSTRAINTS
Figure 1 : Optimization Problem
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GUESS *(0J
COMPUTE IP10'

YES

CONVERGENCE
IP r *

etc.

STOP

COMPUTE J{k)

J]

SOLVE

MODIFY

COMPUTE

+

X{k-1]

D = IP(X{k+1))

= (i$ )
dX

bX{k)

=

= X{k)

-Jt

+ 5Z

= [(J)(Z (ic+1) ]

2 .- Gauss' Method Algorithm
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Figure 3 : Optimal Results for MOX Fuels
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Bundle Power Peaking
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Figure 5 : Optimal Results for LEU Fuels
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MOX Fuel, 3.0% Pu Enrichment
Power Peaking
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Figure 7 : Effects of the Minimum Gap Constraint, MOX Fuel
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LEU Fuel, 1.4% Enrichment
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THE STATUS OF THE PROGRAM TO DEVELOP THE CANFLEX FUEL BUNDLE
by
A.D. Lane and R. Sollychin, Thennalhydraulics Development Branch
B.A. Surette, Fuel Materials Branch, and B.M. Townes, Reactor
Physics Branch, AECL Research, Chalk River, Canada

and
H.C. Suk, PHWR Fuel Development Department,
B.W. Rhee, PHWR Core Analysis Department, S.H. Jung, Fabrication
Process Department, and C.H. Chung, Thermal Hydraulics Department,
Korea Atomic Energy Research Institute, Daejeon, Korea

ABSTRACT
The CANFLEX* bundle is being developed as the next logical step in the
evolution of CANDU fuel. This evolution is focused on the optimal use of
fuels with higher fissile contents, which require higher burnups for good*
economics. This is achieved in part using a 43-element bundle geometry,
with two element diameters that can reduce peak element ratings by 20%
compared to the standard 37-element bundle. The more complex fuel
management procedures that are required by high fissile fuels necessitate
larger operating margins than are available with current bundles. To
achieve this, a program is underway to optimize the thennalhydraulic
characteristics and enhance the critical heat flux (CHF) in the CANFLEX
bundle. Prototype bundles have been fabricated for the second stage of
the CANFLEX demonstration irradiation, and larger-scale fabrication is
underway on the new Mark 3 version of the bundle for use in both
irradiation and flow-testing programs.

INTRODUCTION
The program to develop and demonstrate the CANFLEX* bundle was started by
AECL in 1986. Its intent was to identify and develop a bundle that could
better meet the emerging needs of CANDU fuel cycles (including slightly
enriched uranium (SEU) and various recycled fuel options), than the
existing 37-element bundle [1,2]. The major requirement for these fuel
cycles is an ability to operate at much higher fuel burnups than current
CANDU practice, in order to make the economic incentive for using any
fuel cycle as large as possible [3]. The need for more complex fuel
management in some of those fuel-cycle options identified larger
thermalhydraulic operating margins as another desirable feature in the
new CANFLEX bundle [4].

CANFLEX is an acronym for CANDU FLEXible Fuelling, and is a
registered trademark.

10-31

The CANFLEX program also serves as a focus for the fuel-bundle
technologies required for the economic use of advanced fuel cycles in
CANDU reactors [5]. The development and testing programs for the CANFLEX
bundle establish key bundle technologies on a known time scale, so that
they are available for use with other bundles, such as the CANDU lowvoid-reactivity bundle [6].
A joint study on the use of the CANFLEX bundle was undertaken by KAERI**
and AECL in 1990, and resulted in KAERI joining the CANFLEX program in
1991 February. KAERI is focusing principally on the fabrication and flow
testing of prototype CANFLEX bundles [7], plus an investigation into the
requirements involved in the demonstration of CANFLEX bundles in a CANDU6 reactor [8]. AECL is focusing principally on the thermalhydraulic
optimization of the bundle design, the fabrication of bundles for inreactor testing, and the in-reactor demonstration of the bundles in the
NRU reactor. There is also a joint ACEL/KAERI project 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 the 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 smalldiameter outer elements in the CANFLEX bundle produce maximum outerelement ratings of approximately 50 kU/m in 1.2% enriched bundles
operating at a power of 935 kW. Figure 2 also shows that a similarlyenriched 37-element bundle has an outer-element rating of approximately
65 kW/m at a power of 935 kW. These lower ratings reduce ratingdependent 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 both the need for rating reduction and the need to be
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 loss in
contained fuel, and the need to avoid significant increases in pressure

**

Korea Atomic Energy Research Institute, Daeduk-Danji, Korea.
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drop. Approximately 25 potential bundle geometries were investigated,
first from a reactor physics and thennalhydraulics 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 [9]. The reference CANFLEX bundle contains
approximately 2.5% less fuel 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.
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. This contrasts with the three planes of bearing pads and one
plane of inter-element spacers used in the current 37-element bundle,
plus all previous CANDU bundles, except for the initial bundles in the
NPD*** and Douglas Point reactors that used wire wrap as a means of
spacing. The extra plane of bearing pads and spacers was added to the
CANFLEX Mk.l bundle design as a means of increasing the CHF [10], in line
with the objectives of the CANFLEX program. However, when CHF tests were
done on that bundle design, the results were well 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 target increase in CCP when tested on 37-element
bundles [10]. Approximately this level of CCP increase was verified in
CHF tests on the Mk.2 bundle design [4], However, the very large number
of structural appendages involved in this design has a significant effect
on fabrication cost and the irradiation behaviour of the individual fuel
elements, because of extensive (and possibly overlapping) braze zones.
In addition to that, 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 3. 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 ba 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 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.
The bearing pad configuration, plus the total number of conventional
appendages in the Mk.l, Mk.2, Mk.3 and 37-element bundles, are shown in
Figure 4. The total number of appendages shown in brackets for the 37element bundle refers to the number of appendages that there would be in
a 43-element CANFLEX bundle, if the 37-element bundle configuration of

***

Nuclear Power Demonstration (the first CANDU reactor built).
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bearing and spacer pads were used. The appendage number shown in
brackets for th ; CANFLEX Mk.2 bundle indicates the nuaber of appendages
that would be required in a 37-element oundle, if that bunc'*>; uf-ed the
same configuration of bearing p^as and spacers as the Mk.2 bundle.

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
the optimization of bundle details to reduce the pressure loss along
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, but results are not yet
available. However, as promising results become available, they will be
integrated into the Mk.3 bundle.
In the second, the overall pressure drop of several bundles equipped with
the CHF-enhancing technology will be determined over a range of
misalignments between adjacent bundles. Pre-selected rounding (of fuelelement end plugs, plus portions of the bundle and plate webs) will be
investigated to determine the impact this has on the overall prototypebundle pressure drop.
In parallel with these pressure-drop measurements, the appropriate CHFenhancing 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 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, as
described in reference [10].
Values of CHF are measured as a function of pressure, flow and
temperature of the coolant, using Freon-22 as a modelling fluid to
simulate the heavy-water coolant in a CANDU reactor. When the data from
these measurements are analyzed, they will be compared to values

10-34

determined in the same way for 37-element bundles, and the actual
increase in CHF determined. In parallel with these bundle CKF 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 KAER1 are responsible for fabricating the bundles
required for their own respective tests.
At AECL, the necessary manufacturing 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 AECL's Chalk River Laboratories. Fabrication work is just getting
started at Zircatec, for an additional seven CANFLEX bundles, built to a
"reference" Mk.3 design.
At KAERI, setup is in progress for the fabrication of over 20 CANFLEX
Mk.3 bundles, principally for use in flow and handling tests. The
detailed fabrication drawings for the "reference" Mk.3 bundle have been
finalized, a bundle assembly jig has been designed, and its assembly is
underway. Tubing for the bundles has been received from General Electric
Canada, and fabrication technology is under development for the
production of the new Mk.3 end plate design. The status of current and
planned bundle fabrication is shown in Table 1.

FUEL MANAGEMENT STUDIES
Fuel management simulations for CANFLEX 0.9% SEU fuel in the Wolsung-1
reactor have been performed jointly by KAERI and AECL staff. Cellaveraged fuel properties and incremental cross sections for reactivity
devices, required as input in the core simulations, were obtained from
WIM.S-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
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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 Wolsung-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.

IRKADIATION TESTING
The CANFLEX prototype irradiation program first started (using CANFLEX
Mk.l bundles) in the fall of 1989, in the U-2 loop of the NRU reactor at
AECL's Chalk River Laboratories. However, because of a loss of coolant
circulation in the U-2 loop, due to a loss of electrical power to the
loop pumps, the bundles were severely overheated and the testing stopped
until the bundles could be replaced. An uninterruptable power-supply
system is currently scheduled for installation in the U-l loop, in which
the new CANFLEX string is scheduled to be installed as soon as the loop
and in-reactor test section are licensed for operation by the Atomic
Energy Control Board. This strinp, designated as Phase 2 of the CANFLEX
demonstration irradiation, will similarly be composed of Mk.l bundles,
but "reference" Mk.3 bundles are expected to be available from the
fabrication campaign at Zircatec Precision Industries by the second
quarter of 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 this string in late 1994. The schedule for the
various phases of the CANFLEX demonstration irradiation is shown in
Table 1.

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. However, significant inconsistencies
occurred in the first data set, and so a. second group of CANFLEX elements
has been instrumented; the testing of these elements is currently
underway.
Preliminary flow tests to measure the pressure drop characteristics of
the "reference" CANFLEX Mk.3 bundle have been undertaken at KAERI in
preparation for the large-scale, flow-testing program that is to be
undertaken there. A comparison of the pressure drop signature as a
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function of bundle alignment for the CANFLEX and 37-element bundles,
assembled from these tests, is shown in Figure 5.

CONCLUSIONS
1.

The CANFLEX bundle offers a 20% reduction in peak fuel-element
rating, and work is underway to provide a bundle with a significantly
greater CHF capability than existing CANDU fuel bundles.

2.

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.

3.

The CANFLEX development program has been strengthened by KAERI
joining the program.

4.

The design of the bundle is such that it can be used in both existing
and future CANDU reactors.

5.

The CANFLEX program is now focused on the development of the Mk.3
bundle design.

6.

The CANFLEX program continues to progress well toward the end of its
development phase in 1996.
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TABLE 1
SCHEDULES

BUNDLE FABRICATION
BUNDLE

Mk-1

STATUS

Irradiation (Pb2)

Complete

Mk-3(R) Irradiation (Ph3)
Other

In Setup
In Setup

Mk-3(R) Flow and Handling

In Setup

Mk-3(F) Flow and Handling

Define Aug 93

Mk~3(F) Irradiation (Ph4)

Nov 93

CANFLEX DEMONSTRATION
IRRADIATION

PHASE 2:
- COMMENCE
• END

PHASE 3:
- COMMENCE
(WITH Mk3)
- END

PHASE 4:
- COMMENCE

NOV 92
MAR 93

APR 93
OCT 93

NOV 93
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CANFLEX:
CANDU FLEXIBLE

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

-COMPATIBLE WITH EXISTING FUEL
HANDLING SYSTEMS

•20% REDUCTION IN LINEAR ELEMENT RATINGS
(COMPARED TO 37 ELEMENT)

-BENEFITS FOR BOTH NATURAL URANIUM
AND SEU

• INCREASE IN CRITICAL CHANNEL POWER
(CHF ENHANCEMENT)

FIGURE 1:
LINEAR-ELEMENT RATINGS IN CANFLEX AND 37-ELE. 1ENT BUNDLES
FOR VARIOUS ENRICHMENTS AND BURNUPS
(FOR A BUNDLE POWER OF 535 KW)
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MECHANICAL INTERACTIONS WITH
BEARING PADS AND SPACERS
LOAD DISTRIBUTION IN BUNDLE WITH
CONVENTIONAL SPACING APPENDAGES
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FIGURE 3
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APPENDAGES IN CANDU BUNDLES

TOTAL
APPENDAGES
REF. 37

210
(238)

CANFLEX
MKl

434

CANFLEX
MK2

630
(558)

REF.
CANFLEX
MK3

238
PLUS CHFENHANONG
DEVICES

FIGURE 4
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BUNDLE WATER PRESSURE
DROP TESTS
PRESSURE DROP SIGNATURE - CANFLEX BUNDLE JUNCTION
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FIGURE 5
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OPTIONS FOR THE DIRECT USE OF SPENT PWR FUEL IN CANDU (DUPIC)
H. KEIL (i \ P. BOCZAR®, H.S.
i. AECL CANDU, Mississauga, Ontario
ii. AECL Research, Chalk River, Ontario
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ABSTRACT
This study evaluated the feasibility of the direct re-use of PWR fuel in CANDU. Options were:
•

Reconstituted PWR spent fuel using mechanical/thermal oxidation/reduction processes (OREOX and VIPAC);

•

Reconfigured PWR spent fuel rods into single (existing PWR cladding) or double clad fuel elements.

The options were evaluated with respect to their impact on safeguardability, physics, fuel performance,
handling, and fabrication, waste management, retrofittability and licensability.
The most promising option is the oxidation reduction process (OREOX) with its homogeneous fuel
characteristics that favourably influence physics, fuel performance and licensability.

INTRODUCTION
This paper presents the results of an evaluation of the feasibility of using, without conventional
reprocessing, spent PWR fuel in CANDU reactors. The incentives for considering the DUPIC fuel cycle
(Direct Use of Spent PWR Fuel In CANDU) are:
•

improvement in uranium utilization through added fuel bumup in CANDU;

•

reduction in fuel and fuel enrichment cost;

•

reduction in the volume of waste produced per energy unit;

•

ease of safeguardability by avoiding wet chemical reprocessing.

The study scope covered the following areas:
•

retrofittability to CANDU and PWR;

•

physics, to evaluate the fuel bumup and the lattice behaviour;

•

fuel performance and fabrication, to evaluate the feasibility of several options diat are available for reconstituting
and refabricating the fuel to make it suitable for existing CANDU reactors;

•

fuel handling, to evaluate the implication of changes in the fuel configuration on the fuelling machine;

•

safeguards to ensure that fissile material is accountable during (he cycle, starting from removal of spent fuel from
the PWR site to the storage of spent CANDU fuel;

•

waste management to evaluate the consequences of reduction in waste volume and of high bumup on radiation dose.
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These evaluations were carried out jointly by AECL (Atomic Energy of Canada); KAERI (Korean
Atomic Energy Research Institute), and by Ore U.S. Department of State who focused on safeguards
evaluation.

RETROFITABILITY TO CANDU AND PWR
Some of the options that were assessed require modifications to the PWR fuel assembly. Intuitively,
options which require minimal (or no changes) are the most desirable since they will permit existing PWR
spent fuel to be reused. It was felt that some PWR retrofit should be considered if it led to an optimized overall
PWR/CANDU cycle. Results showed, however, that the most favoured options did not require PWR fuel
modifications.
The ground rules for establishing feasibility for DUPIC use in CANDU were:
•

Fuel must be backfittable to an operating station with "minimal" changes;

•

All changes are to be implemented during a normal planned outage;

•

There must be an ability to revert back to natural uranium operation at any time.
The results showed that favoured options do not impact existing PWR or CANDU design.

FUEL REFABRICATION OPTIONS
Seven specific process concepts were evaluated in the DUPIC study. For the sake of simplicity, these
seven can be summarized into the following groups:
•

Reconstitution of the spent PWR fuel pellets using mechanical/thermal oxidation/reduction processes (OREOX*
and VIPAC**) and fabrication into CANDU bundles;

•

Segmentation of spent PWR fuel pencils and reconfiguration as a C '\NDU 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.

The first group of options has been classified as "powder-processing", and the other options as
"mechanical reconfiguration".
The reconfiguration options make use of PWR spent fuel rods without removing the original sheath.
Bundle designs were formulated considering PWR and CANDU design requirements, with allowances for
minor modifications. For each option, the following fabrication concerns were evaluated:
•

Disassembly of PWR spent fuel;

•

Cutting;

•

Straightening;

*

Oxidation/REduction/OXidation

** Vibratory ComPACion
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•

Appendage welding;

•

Endcap welding;

•

Loading into CANDU sheaths;

•

Inspection;

•

Fuel handling;

•

Number of manufacturing processes involved.

Two conceptual CANDU fuel bundle designs were evaluated for the mechanical re-configuration options
to maximize fuel utilization: a 61 -element bundle and 48-elemenr bundle 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 fuel bundles.
Based on these evaluations, the double clad options appear to be the most promising alternatives. Options
that involve major modifications to CANDU fuel were considered to be the least promising.
Of the powder-processing option, Oxidation/REduction/OXidation (OREOX) is a dry process for
recycling of enriched oxide fuel. In this process, spent PWR fuel would be treated by successive oxidation
and reduction cycles to produce a sinterable UO2 powder as feedstock for remote fabrication of CANDU fuel
pellets. The OREOX concept is an extension of previous work, developed as an alternative to more
conventional wet chemical routes for PWR fuel reprocessing. One of the major advantages of this process
is that is removes a high fraction of gaseous fission products, thereby improving fuel burnup.
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 in a shielded facility. This
makes the fabrication of the CANDU fuel bundles more difficult, requiring remote handling. From a
safeguards viewpoint, however, the process is viable because of the difficulty in diverting, undetected, highly
radioactive materials.
The OREOX process is an attractive option for recycling PWR fuel because fuel performance would be
very close to the reference CANDU fuel. This aspect is an important consideration, given the need for
extensive irradiation performance assessments for options that are significantly different from the reference
CANDU fuel designs.
The greatest uncertainties associated with implementing the OREOX process are related to the practical
aspects of remote fabrication of pelletized fuel bundles. Challenges also exi st in scale-up of laboratory or pilot
processes to full-scale industrial production of several hundred kilograms per day.
The Vibratory ComPAOion (VIPAC) option is the generic technology for the fabrication of fuel elements
from small, dense granules using vibration to achieve high packing densities. Primary appeal for VIPAC is
its inherent simplicity. There is no sintering required and the specifications 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. The fuel will densify in-reactor. However, overall, there is limited CANDU experience
with this process.

REACTOR PHYSICS CONSIDERATIONS
Many of the reactor physics challenges arising from the use of enrichment in CANDU are largely generic,
and while the focus of CANDU advanced fuel cycle reactor physics studies to date has been the use of Slightly
Enriched Uranium (SEU) with a U-235 enrichment of about 1.2%, many of the issues and solutions apply
equally well to the DUPIC cycle.
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Linear Element Ratings
With plutonium-enriched fuels in CANDU, the flux and power gradients across the fuel bundle are
steeper than for either Natural Uranium (NU) fuel or SEU fuel of the same enrichment. As a result, the peak
linear element ratings Tor a given bundle power with DUPIC are higher. CANDU element ratings during
normal operation with natural uranium fuel are kept below 65 kW/m, which is the highest rating for which
we have a substantial database confirming good fuel performance. Moreover, with extended burnup, it would
be desirable to reduce peak element ratings, to compensate for the increased fission-gas release
accompanying the higher burnup.
In order to provide assurance that fuel performance wiih DUPIC will match the excellent experience
obtained with natural uranium CANDU fuel, AECL and KAERI in a cooperative development program are
jointly developing CANFLEX - a 43-etement bundle which features two pin sizes - as a carrier of advanced
fuel cycles for CANDU. The increased bundle subdivision and pin-size grading reduces peak ratings for both
natural and enriched fuels by about 20%, compared to the 37-element bundle. Element ratings would be
further reduced for PWR-size elements utilized in the 61-and 48-element bundle configurations. In summary,
all bundle designs maintain element ratings below 65 kW/rn.

Isotopic Compositions
Table 1 compares the composition of fresh and near-discharge fuel for nominal PWR UOa, CANDU
natural uranium, and CANDU DUPIC fuel cycles. The spent PWR fuel has a larger fraction of plutonium
Pu-239 than does CANDU natural UO2 fuel cycle. The softer spectrum in CANDU results in greater
absorption in Pu-239 and Pu-241, and lower absorption in the epithermal resonances of Pu-240 when the
plutonium is burned in CANDU rather than in a PWR. The conversion of U238 to Pu239 in CANDU is
therefore greater than for the standard PWR. These features of CANDU regarding the breeding of plutonium
are utilized for burning DUPIC fuel.
Table 1
Isotopic Content of PWR and CANDU Fuels
(Weight % of uranium and plutonium)
U-235 U-236 U-238

Pu-239

Pu-240

Pu-241

Pu-242

3.25%
U-235

3.25
0.92

0
0.41

96.75
97.70

0.56

0.23

0.14

0.05

CANDU,
UO2

Natural
uranium

0.71
0.24

0
0.07

99.28
99.23

0.25

0.09

0.02

0.1

CANDU,
DUPIC

1.56% total
fissile

0.99
0.30

0.42

97.76
98.49

0.50
0.27

0.22

0.51

0.30

0.069
0.047

0.086

Reactor
PWR, UO2

Enrichment

0.037
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Fuel Management
Fuel management with enriched fuels in general, and DUPIC fuel in particular, tends to be more
challenging than with natural uranium fuel. This is primarily due to the larger change in properties during
bumup, and the larger initial reactivity. The number of bundles added during refuelling will generally be
reduced as the enrichment increases, in order to limit the local power peaking during refuelling (refuelling
ripple). With an enrichment of around 1.2%, two bundles would be added to the channel at each visit of the
fuelling machine. More bundles would result in an excessive power ripple. With 1.5% fissile content, a
one-bundle shift would probably be used. With DUPIC, which has about 1.7% fissile content together with
acrinides and fission products, a two-bundle shift is possible. The fuel bumup achieved during the CANDU
irradiation phase depends on the exit burnup of the PWR fuel. On the average, spent fuel from Korean PWRs
would give a bumup which exceeds the bumup of the CANDU natural uranium cycle.
One advantage of on-power refuelling in CANDU is that it affords flexibility in fuel management. The
use of Mixed OXide (MOX) fuels in current PWRs is limited to about 30% of the core. In CANDU, DUPIC
fuel could be used in the full core, and, moreover, the core could evolve smoothly from natural uranium to
DUPIC. Therefore, no significant design changes would be necessary for the DUPIC cycle from the fuel
management viewpoint.
Reactor Control
Reactor control and safety are affected by changes in the kinetics parameters with DUPIC fuel, compared
to natural uranium. The core is more responsive to reactivity perturbations. Normal regulation of the reactor
is through the zone controllers - vertical compartments in the core which can be filled to some level with light
water. Uniform variation of the light-water level in the zone controllers is used to maintain bulk reactivity
while variation in the water fill of individual zone controllers is used to effect spatial control. The levels are
varied automatically in response to flux detectorreadings. Dynamic analysis of the bulk control system shows
that the current control system provides adequate gain, and phase margins, provided some changes are made
in the controllergains. Since these are merely numbers in a computerprogram, these changes would be simple
to implement.
A fuel-management scheme will be derived which provides an acceptable axial power distribution. The
reactivity worths of the control devices are assessed to be adequate for use with DUPIC fueL
Burnup-averaged reactivity coefficients are not significantly different from natural uranium fueFUEL PERFORMANCE
An assessment was done to identify sensitivities of CANDU fuel element performance to a number of
parameters. The emphasis of the study was the heat transfer effects for the various options since these
dominate the fuel integrity mechanisms. Fuel bundle configurations studied were 37-element, 43-element,
CANFLEX,48-elementand61-elements. ThelattertwooptionsareforoptionsutilizingPWRsizeelements.
Results show that all options, both single and double clad, result in fuel temperature and ratings within
the design and operating experience of proven CANDU fuel. In fact, margins exist so that all reconfiguration
options, based on fuel performance with respect to defects prevention were considered feasible.
The operational performance of OREOX-based DUPIC fuel is expected to be very close to the reference
CANFLEX design. Future studies would use the OREOX fuel properties for more detailed evaluations.
WASTE MANAGEMENT
The amount of spent fuel and radioactive wastes arising from various DUPIC processes has been
estimated. Technology has been developed internationally for their management such as treatment and/or
conditioning of those wastes and their final disposal.
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The discharge bumup of DUPIC fuel in a CANDU reactor is in the range of 10,000 to 18,000 M Wd/MtHe
and is higher than that of the current CANDU fuel. Comparisons of uranium utilization for power generation
in PWR and CANDU show that considerable (>30%) improvement in overall uranium utilization may be
expected.
Tiie main spent fuel from the DUPIC fuel cycle might be a proven CANDU-fuel with the following
exceptions:
•

higher dischaige burnup;

•

higher fissile content.

Because of these facts, packaging and/or disposal concepts may be different from the existing
considerations.
The decay heat and activity of spent DUPIC fuel is somewhat higher than that of natural uranium spent
CANDU fuel. However, the storage and disposal concepts require only minor modifications from existing
facilities.

SAFEGUARDABIIJTY
Los Alamos National Laboratory conducted an independent assessment^ of the safeguardability of the
DUPIC options. The objectives of this study included the evaluation of presently available technologies thai
may be useful to safeguard DUPIC options and identification of near-term and long-ttnn research needs to
develop DUPIC-specific safeguards requirements.
The study was conducted using limited information available during the study period. Therefore, the
assessment made use of a number of assumptions regarding the proliferation potentials. As a result, this
preliminary assessment is subject to possible changes in the future.
The study concludes that the proliferation risks of the DUPIC fuel cycle options are relatively minimal
and presently known safeguards systems and technologies can be modified and/or adapted to neet DUPIC
safeguarding requirements.

CONCLUSIONS
The results of the evaluation of the DUPIC cycle has lead to the following conclusions:
•

of the seven refabrication options considered, the option of refabricating the PWR-spent fuel rods into CANDU fuel
(which involves reconstituting the pellets, and using them to make CANDU fuel bundles) is the most promising;

•

DUPIC fuel from spent PWR fuel rods can achieve exit burnup from CANDU that is higher than that of current
CANDU fuel burnup.

•

the process of refabrication and eventual disposal of CANDU fuel are safeguardable.
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ABSTRACT
The effects of positive void reactivity have been accommodated in the design of the CANDU
reactor. For example, in a loss-of-coolant accident, two independent, fast-acting shutdown
systems quickly shut down the reactor. Nonetheless, positive void reactivity is a feature some
potential clients or regulatory agencies may find undesirable or not allowed. AECL has developed
a low-void reactivity fuel bundle concept for these constituencies. This paper describes the
concept, discusses the impact that zero or negative void reactivity has on safety, and outlines a
program to demonstrate its performance for larger-scale implementation by 1994 May.
INTRODUCTION
Coolant void reactivity refers to the change in core reactivity when the coolant is lost. In the
current CANDU* lattice, void reactivity is positive, meaning that when coolant is lost, reactivity
and reactor power increases (in the absence of any mitigating action). The peak dynamic reactivity
during a hypothetical loss-of-coolant accident (LOCA) depends not only on the "static" void
reactivity (resulting from instantaneously voiding all the coolant in the core), but also on (he rate of
coolant loss, the design of the primary heat transport system (PHTS), and the speed and reactivity
worth of the shutdown system.
Mitigation of the effects of positive void reactivity has always been an integral aspect of CANDU
design. This is done through early detection of a LOCA, fast response in shutting the reactor
down, defence-in-depth, and mitigation of LOCA consequences in the design of the PHTS. Early
detection of a LOCA is accomplished by providing a multitude of neutronic and process system
trips. The increase in reactor power upon voiding itself provides a very effective neutronic trip,
either on absolute reactor power or on log-rate of power increase. Moreover, a high degree of
conservatism is built into the calculational analysis by not taking credit for the first reactor trip.
Two independent, fast-acting shutdown systems quickly trip the reactor in an accident. In most
CANDU reactors, one shutdown system comprises spring-driven shutoff rods, poised above the
reactor, and the second shutdown system comprises a liquid-poison-injection system, consisting of
perforated pipes running horizontally through the core, through which a highly absorbing liquid
* CANDU: CANada Deuterium Uranium. Registered trademark.
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neutron absorber can be injected from high-pressure tanks located outside the core. Both of these
systems are capable of shutting the reactor down extremely quickly once the trip signal is received.
The PHTS design also mitigates the potential consequences of a LOCA, through the number of
primary coolant loops, and the degree of interlacing of feeders. As a result, a LOCA in CANDU
would be quickly detected, the reactor tripped, and the peak reactivity and energy evolved during a
LOCA would be limited.
In spite of the safety of the current design, marketing forces have developed in certain areas to
reduce or eliminate void reactivity. These marketing forces tend to be driven by public perception
and different regulatory approaches. Other potential CANDU clients may require a negative power
coefficient over the entire range of operating powers. This can be achieved by reducing void
reactivity. Hence, there are incentives to reduce void reactivity in some markets, and to have zero
or negative void reactivity in others.
Some potential benefits could be realized through a reduction in void reactivity. The most
significant benefit is the potential to reduce the capital cost in future plants. This stems from
reduced performance requirements on the shutdown systems (both speed and depth);
simplifications in the PHTS (fewer loops required, the need for interlacing of feeders eliminated);
smaller boilers (though a greater degree of boiling in the channel); and consequently a lower heavywater inventory. Reduced void reactivity would also simplify safety and licensing calculations.
For several years, AECL has investigated options for reducing void reactivity in CANDU. Over
the past couple of years, effort has focussed on achieving void reactivity reduction through the
bundle design. Concepts for reducing void reactivity using existing bundle geometries (such as the
37-element or CANFLEX configurations) have been developed by AECL CANDUA 2 ) These
concepts have the advantage of flexibility (any level of void reactivity and burnup can be achieved,
through the choice of material composition). The use of existing geometries ensures that the fuel
can be proven through large-scale demonstration irradiations in operating reactors, and that the
option is available, if desired, in current CANDUs.
FEATURES OF THE LVRF BUNDLE
The low-void reactivity fuel (LVRF) bundle contains a neutron absorber mixed with depleted
uranium in the center of the bundle, with enriched uranium in the outer two rings of fuel. To
understand how this concept leads to a reduction in void reactivity, consider the physical effects
when coolant is voided in a regular bundle. There are three major effects leading to positive void
reactivity in the current lattice. Coolant voiding results in:
•

an increase in the fast flux (say, above 0.8 MeV) through the fuel. This results in a
positive contribution to void reactivity, due to an increase in fast fission.
a decrease in resonance flux through the fuel, and a decrease in the effective U-238
resonance absorption cross section. Both of these effects lead to a positive component
to void reactivity, as fewer parasitic absorptions occur in U-238.
• a flattening of the lowest-energy component of the thermal flux (say, below 0.2 eV)
across the fuel. This results in an increase in absorption in the first three rings of fuel,
and a decrease in the outer ring. Overall, this normally adds a positive component to
void reactivity, due to increased absorption in U-235.
The LVRF bundle exploits the last of these phenomena: the flattening of the low-energy
component of the thermal flux across the bundle upon voiding. This is achieved by relocating U235 to the outer two rings of the bundle, and adding a neutron absorber to the center of the bundle.
The presence of the neutron absorber in the center of the bundle contributes a negative component
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to void reactivity, since absorption there increases upon voiding. Depending on how much
absorber is added, this negative component can partially or completely offset the other positive
components of void reactivity. Extensive studies by AECL CANDU have identified natural
dysprosium as the most effective absorber. Dysprosium is a fission product, and is chemically
compatible with the fuel; its burnout rate provides sufficient reduction in void reactivity over the
life of the fuel, without excessive penalty at end-of-life.
In the LVRF design, depleted uranium (DU) is located in the center of the bundle (the central pin,
plus the next ring of fuel). DU refers to the tails from an enrichment plant, and typically has a U235 content of between 0.2% and 0.3%. Using DU has a number of advantages. Minimizing the
amount of U-235 in the center of the bundle minimizes the positive component of reactivity from
U-235, which results from the increase in thermal flux in the center of the bundle when the coolant
is voided. Since U-238 is an absorber, using DU in the center of the bundle reduces the amount
of dysprosiun; required for a given level of void reactivity reduction. Finally, DU is largely a
waste material. Its use in the LVRF bundle has the environmental attraction of making use of
nuclear waste material. Moreover, since U-238 is transmuted to fissile Pu-239, useful energy is
derived from the DU. Typically, 4% of t'ae total energy of the bundle over its lifetime in the reactor
is derived from the DU.
Since the LVRF bundle requires neutron poisons in the center of the bundle, enriched uranium
must be added to the outer two rings of the bundle to compensate. Enrichment grading can be used
in rings 3 and 4 to reduce the peak ratings.
The LVRF concept can be embodied in a number of geometries. AECL studies have focussed on
the 37-element bundle, the standard CANFLEX geometry, and a modified CANFLEX bundle
having a larger central pin. The uranium utilization and fuelling costs are similar for the 37-element
and standard CANFLEX designs, and slightly better for the modified CANFLEX option. Each of
these options has certain advantages. The current 37-element geometry* has the advantage of a high
degree of "provenness" as far as the bundle geometry is concerned. The CANFLEX option has
the advantage of lower ratings (35 elements in the outer two rings, compared to 30 in the standard
37-element design), which would facilitate the achievement of extended burnup. In the modified
CANFLEX design, having a larger central pin, negative void reactivity could be achieved with
dysprosium added to the central pin only, with only DU in the next ring of fuel. This could have
manufacturing quality assurance advantages, since each different fuel composition could be
associated with a different pin size.
In the LVRF bundle, fuel bumup and void reactivity are both design variables. Any level of void
reactivity can be achieved with any value of discharge burnup, by varying the dysprosium and
enrichment levels in the fuel. Uranium utilization and fuelling costs decrease with increasing
bumup in the LVRF design. Hence, there is an economic incentive to go to higher burnups if void
reactivity is to be reduced. Being able to use the same bundle geometry to achieve void reactivity
reduction allows a staged, evolutionary approach to design changes. For instance, void reactivity
reduction might be first achieved in a new reactor Msing the 37-element geometry with enrichments
giving natural uranium burnups, since the fuel management and fuel performance would then be
close to current experience. Higher burnups, and lower fuelling costs, could then be achieved
using CANFLEX, with higher enrichments.
The power profile through the LVRF bundle is steeper than with natural uranium, or for uniformly
enriched fuel, and we have no direct experience on the effect of this power profile on critical heat
flux (CHF). Varying the radial-flux distributions in a 37-element bundle has a strong influence on
CHF/ 3 ' 4 ) However, the variations in radial-flux distribution examined in earlier studies are
relatively small compared to those exhibited in the LVRF bundle. Initial assessments for the LVRF
bundle indicate that the steep power profile across the LVRF bundle does change the critical heat
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flux. The effect depends on poison concentration, bundle geometry, initial enrichment, and
burnup. CHF enhancement techniques, such as those being developed for the CANFLEX bundle,
can provide an additional CHF margin if required in the LVRF bundle. In addition, the axial
power profile will be different with LVRF bundles than with natural uranium fuel. With
enrichment, the axial power profile will tend to peak towards the inlet end of the channel, and
decrease towards the outlet end, even for natural uranium burnups. This is expected to improve
CHF.
IMPACT OF LVRF ON REACTOR SAFETY
As stated in the Introduction, improvements in safety are not the driving force for pursuing LVRF.
In fact, an early step in this program was to review the effectiveness of the shutdown systems for
zero or negative void reactivity fuel, to ensure that the new fuel would not introduce new
problems. This review concentrated on scenarios for which the neutronic signals (regional
overpower and log-rate of power increase) are currently the primary means of tripping the reactor.
The neutronic trips are important for cases of loss of reactor power regulation, loss of forced
coolant flow, and loss of reactor coolant. For loss of regulation, the feedback from the coolant
void plays a secondary role, so the shutdown systems' effectiveness is only marginally affected.
For the loss of flow cases (loss of electrical power to all the PHTS pumps, pump trip, or pump
seizure), the reactor was found to trip slightly later for LVRF. Effective trips were high pressure
and low flow. Generally, peak pressures in the PHTS were lower, but there was a marginal
increase (about 200 ms) in the time the fuel was in sheath dryout for the highest power pins for
pump seizure; less time was spent in dryout for the more likely cases. Overall, these differences
are only marginal in the assurance of public safety. Prompt reactor shutdown would still be
required with LVRF for these loss of flow events, for which system overpressure limits must be
observed.
This leaves the LOCA cases. For these events, analysis results showed that zero or negative void
reactivity fuel would reduce the performance requirements of the shutdown systems.
LVRF DEMONSTRATION PROGRAM
In 1992, AECL initiated a program to demonstrate the performance of th' LVRF bundle for largescale implementation by 1994 May. This is ajoint AECL CANDU/AECL Research program,
with program managers at each site responsible for the work done at their respective sites.
The reference design for this initial demonstration program is the 37-element geometry, with a
burnup equivalent to natural uranium (7 - 10 MWd/kg). Natural dysprosium mixed with depleted
uranium is located in the central seven pins (central pin, plus first ring of six pins), with higher
dysprosium in the inner pin than in the next ring of pias. Enrichment grading is used in the outer
two rings, to keep peak ratings to acceptable levels, and to give the desired burnup. Mid-bumup
void reactivity is slightly negative.
The major program elements in this demonstration program are as follows:
fuel fabrication for NRU-irradiation and reactor physics tests,
irradiation testing in NRU of a demountable bundle to demonstrate the irradiation
performance of the dysprosium pellets, and prototype bundles,
ZED-2 reactor physics experiments to measure the void reactivity and fine structure
through the bundle; analytical reactor physics assessments,
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thermalhydraulic assessments, both analytical and experimental, to determine the effect
on CHF of the steep radial power profile, and
safety & licensing studies.
The remainder of this paper outlines these activities.
Fuel Fabrication
To date, AECL Research has investigated four methods for producing dysprosium /DU powders
and pellets. One method has been selected for producing the pellets needed for the irradiation and
reactor physics tests. The demountable-bundle NRU irradiation will evaluate the irradiation
performance of dysprosium/ DU for a variety of conditions. In this test, the outer 18 elements of
a 37-element carcass will be loaded with pellets to ascertain the performance of the dysprosium/
DU for.
different dysprosium concentrations (from 1% to 15%),
two different fabrication methods, and
two different power levels (obtained by mixing the dysprosium with DU or natural
uranium).
AECL Research will also produce the elements containing enriched uranium of the required
enrichments. One prototype bundle will be produced for irradiation in NRU, followed by five
more bundles for reactor physics testing, followed by irradiation of one or more bundles. In this
fabrication campaign, AECL Research will load standard 37-element sheaths supplied by a fuel
manufacturer.
A minimum of 35 bundles will be manufactured in addition to those above, for more definitive
ZED-2 measurements.
NRU Irradiation
A demountable bundle and a prototype LVRF bundle having a planned discharge burnup cf about
7 MWd/kg will be inserted into NRU for irradiation in the spring of 1993. The prototype bundle
irradiation will require 6 to 8 months of irradiation at full power. After the ZED-2 single channel
experiment, one or more bundles will be inserted into NRU for further irradiation testing (starting
in early 1994).
Analytical Reactor Physics Studies
Extensive lattice calculations for various LVRF geometries using the cell code WIMS-AECL^ led
to the choice of the LVRF design Further calculations will determine the detailed radial and
azimuthal power distributions through the pins, as input to the thermalhydraulics assessment of
CHF. Full core calculations will be performed for steady-state and transient cases. A comparison
of WIMS against the more rigorous Monte-Carlo calculations will support the validation effort.
Analysis will be done both before and after the ZED-2 reactor physics experiment.
Reactor Physics ZED-2 Experiments
Analytical calculations of void reactivity and fine structure will be verified against zero-energy,
ZED-2 experiments. The first experiment will consist of a single channel of five LVRF bundles,
surrounded by a regular lattice of conventional 37-element bundles. Voiding the central channel
will enable the first measurement of void reactivity to be made. Moreover, this experiment can
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serve as a "proof-of-principle": an increase in moderator height upon voiding would confirm that
the void reactivity is negative. When more fuel is available, more channels can be loaded with
LVRF fuel, and the coolant voided, to give successively better measurements of void reactivity.
Thus, this "substitution" experiment could be done with 1,3,5, and then 7 channels of LVRF
fuel. It is believed that seven channels are the minimum necessary to provide a measure of void
reactivity to the required accuracy, although more fuel will be used, depending on the cost,
availability, and time-scale for producing the fuel. These experiments will also include finestructure measurements: measurements of flux and reaction rates through a central demountable
bundle. Measurements of the flux around and through the pins may also be done.
Thermalhydraulic Assessments
The objective of this activity is to develop a good prediction method for the CHF in a bundle
having the severe power gradients typical of the LVRF design. This would be achieved in the
following stages:

•

•

Development of a simple correction to the method used for regular, natural uranium
bundles to account for the steep power profiles in LVRF bundles, at both low and
discharge burnups.
Calculation of the variation in circumferential surface heat flux, using the WIMScalculated variation of power within the pins.
Measurements of CHF in simulated LVRF bundles using Freon. A 37-element heater
string will be modified to simulate the steep power profile in the LVRF bundle.
Individual elements in the heater string may be modified to simulate the effect of
circumferential heat-flux on CHF, if assessments deem this effect to be important.
Analysis of CHF data, validation/fine tuning of prediction method. The simple
correction method described above will be validated against the data, and modified if
necessary.

Safety Studies
Further safety analysis will be performed to determine the consequences of selected accident
scenarios, such as LOCAs. Assessments of LVRF on overall plant design will be done for
existing and future plants; for example, we will assess the trip coverage's effectiveness due to the
limited responses of neutronic parameters during voiding scenarios.
LONGER-TERM DEVELOPMENTS
While the LVRF bundle development is being driven by marketing forces, it is likely that the trend
towards greater reliance on passive systems in achieving safety will continue. In this respect, the
LVRF bundle may be simply another step in that direction. While the current effort is strongly
focused on demonstrating trie LVRF bundle in a short time frame, future work will be directed at
alternate methods of reducing void reactivity and enhancing the passive safety of CANDU plants.
Possible developments include the following:

•

optimized CANFLEX LVRF design and/or other bundle designs,
optimization of the nuclear power plant using the LVRF bundle, and
other means of reducing void reactivity using more radical changes to the bundle,
channel or coolant.
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The unique CANDU features of separated moderator and coolant, and short heat paths from the
fuel to the moderator, can be exploited in future designs to provide a greater degree of passive
safety. Reducing void reactivity would be an important part of achieving this objective. As an
indication of a possible Jong-term development direction, LOCA simulations were done using the
following assumptions:
a more negative fuel-temperature reactivity coefficient,
an increased heat transfer rate from the fuel channel to the moderator, and
a more robust channel design, capable of withstanding higher temperatures and high
pressure without failure.
For the case of a small negative void reactivity, it appears that fuel temperatures can be limited to
satisfactory levels without shutdown system or emergency core-cooling intervention. Therefore,
low-void reactivity fuel, in conjunction with other complementary design changes, offers a
possible long-term development path to a significant reduction in reliance on engineered systems to
ensure safety.
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AECL'S CONCEPT FOR THE DISPOSAL OF NUCLEAR FUEL WASTE
AND TEE IMPORTANCE OF ITS IMPLEMENTATION
COLIN J. ALLAN

AECL Research

ABSTRACT
Over the past fourteen years Canada has been investigating a Concept for
permanently dealing vith the nuclear fuel waste from Canadian CANDU™
nuclear generating stations. The Concept is based on disposing of the
waste in a vault excavated 500 to 1000 metres deep in intrusive igneous
rock of the Canadian Shield.
AECL will soon be submitting an Environmental Impact Statement (EIS) on
the Concept to a federal environmental assessment review Panel.
In
accordance with AECL's mandate and in keeping with the detailed
requirements of the Panel, AECL has conducted extensive studies on a wide
variety of technical and socio-economic issues associated with the Concept.
If the Concept is accepted, we can and should continue our responsible
approach and take the next steps towards constructing a disposal facility
for Canada's used fuel wastes.

INTRODUCTION
Driven largely by population growth, the world's demand for energy
continues to grow, and projections by the World Energy Council are that by
2020 the world's demand for energy will increase by about 50Z relative to
the demand in 1990 (WEC Central Scenario)1. Increasingly, this energy is
being consumed in the form of electricity.
Electricity is clean,
versatile, easily accessible and simple to distribute. It is essential to
maintaining our quality of life.
Since the invention of electricity, growth in its use has been high.
Electricity use is currently increasing at a rate of over 3.6% annually,
which is slightly higher than the world's economic growth rate, twice the
population growth rate, and more than 1.5 times that of total global energy
growth. In 1990 electricity production claimed around 36Z of the world's
primary energy demand, in 2010-2020 it is expected to be 44Z, and beyond
that more than half of the world's energy will be feedstock for electricity
production.
Although electricity is benign in use, its generation may
present environmental challenges such as disposal of the associated wastes.
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Nuclear power now accounts for 17% of the world's electricity supply. As
with other methods of generating electricity, environmental concerns are an
important issue that must be addressed by the nuclear industry, and one of
the principal environmental issues is that of nuclear fuel waste
management, the subject of my address tonight. My talk focusses on Canada,
but I believe my thesis is more widely applicable.
Over the past fourteen years Canada has been investigating a Concept for
permanently dealing with our nuclear fuel waste. The Concept is based on
disposing of the waste in a vault excavated 500 to 1000 metres deep in
intrusive igneous rock of the Canadian Shield.
AECL will soon be submitting an Environmental Impact Statement (EIS) on
the Concept to a federal environmental assessment review Panel.
In
accordance with AECL's mandate and in keeping with the detailed
requirements of the Panel, AECL has conducted extensive studies on a wide
variety of technical and socio-economic issues associated with the Concept.
If the Panel recommends acceptance of the Concept, the question will then
arise, "When is the appropriate time to proceed with implementation?"
I believe that if the Concept is accepted following the Panel's review,
it is important to initiate the process of implementation without delay.
In my remarks this evening I will outline for you the reasons underlying
this belief. I would like to start by briefly outlining the history of the
program and the environmental review that is now under way.

THE CANADIAN NUCLEAR FUEL WASTE MANAGEMENT PROGRAM
Used fuel from Canadian nuclear generating stations is currently safely
stored at the sites. Many years of experience have been accumulated with
both pool storage and dry storage systems, and this experience is being
discussed in the papers presented at this conference.
Supporting R&D
indicates that these practices can be safely continued for many decades to
come 2 - 3 , but because the used fuel remains hazardous for thousands of
years, it is recognized that such storage systems are not a permanent
solution.
Accordingly, * 1977 the federal Department of Energy, Mines and
Resources commit, .oned a study led by Professor Kenneth Hare of the
University of Toronto to contribute to the formation of a policy for the
long-term management of nuclear fuel waste4.
After considering a wide
range of alternatives, the study concluded:
"Of the various options for disposal of reactor wastes and
irradiated fuel, we consider underground disposal in geological
formations to be the most promising in Canada. Igneous rocks are
preferred..."
As a step toward a national plan to deal with nuclear wastes, the
governments of Canada and Ontario established the Canadian Nuclear Fuel
Waste Management Program (CNFWMP) in 1978, to investigate the safety,
security, and desirability of a Concept for permanent disposal of the fuel
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waste in a deep underground repository constructed in intrusive, igneous
(i.e., plutonic) rock5.
In 1981 the two governments re-affirmed their commitment to the program,
but announced that the process for selecting a disposal site would not be
undertaken until the Concept had been reviewed and accepted6. Thus, to
date, the R&D program and Concept development have been carried out on a
generic basis rather than a specific project basis.
Participants in the R&D program have included AECL, which is the lead
agency for research on disposal; Ontario Hydro, which has advanced the
technologies for storage and transportation; Energy, Mines and Resources
(EMR) Canada; Environment Canada; scientists at Canadian universities;
consultants in the private sector; and the general public and special
interest groups through public consultation and information programs. AECL
has a continuing program to brief the public on the work, to identify
public concerns, and to adjust the program to respond to them. AECL's
activities are cofunded by the federal government and Ontario Hydro through
the CANDU Owners' Group (COG).
In common vith the approach adopted in other countries, the Concept
involves isolating the waste from the biosphere by a series of engineered
and natural barriers7.
These barriers include the form of the waste
itself, the container in which it is sealed, surrounding buffer and
backfill material, and the overlying mass of host rock, the geosphere.
There is international consensus that this approach can best achieve the
goal of safely managing nucleer fuel waste in the long-term. The biosphere
is, of itself, not a barrier per se, but it is ar. important part of the
overall system with which we are dealing, and which we must understand and
is therefore a part of the research program.
The fuel waste, in the form of either used fuel bundles or vitrified
high-level waste from reprocessing, would be enclosed in corrosionresistant containers and emplaced in a vault excavated 500 to 1000 meters
deep in plutonic rock of the Canadian Shield. Buffer materials would be
packed around the containers to impede groundwater flow and retard movement
of materials eventually leached from the containers and the waste. The
vault and access shafts and tunnels would be backfilled and sealed. Such a
system is intended to be a permanent method of management. There would be
no intention to retrieve the waste or handle it further in the future,
although retrieval would be possible.
The choice of methods, materials and designs for an actual disposal
system will ultimately be made on the basis of performance, taking into
account the characteristics of the site actually chosen, availability of
materials, cost, and practicality.
The choices include, for example:
- the form of the waste: used fuel bundles or glass;
- the disposal container material: titanium alloy, copper or other durable
material;
- the container design;

11-4

-

the composition of materials used for the buffer, backfill, and seals;
the depth and number of levels of the vault;
the geometry of excavated openings;
the excavation method: blasting or boring; and
the location of the waste containers: within disposal rooms or in
boreholes in the floor of the rooms.

Our approach to Concept development has been to emphasize the performance
of the system as a whole and to retain flexibility and robustness in
implementation of the Concept.
Over the past fourteen years we have studied the components of this
disposal Concept in detail8. On the basis of this work ve have:
- demonstrated our ability to determine the surface and subsurface
characteristics of potential host rock formations, which information is
of fundamental importance to the design of a disposal facility and
evaluation of its performance,
- demonstrated important aspects of engineering a disposal system and
assessing its impact, and we have illustrated this by developing a
conceptual design for a used fuel disposal centre, and we have
- demonstrated our ability to assess the long-term performance of such a
disposal facility.
In other words, we have developed the tools necessary to design and
assess the performance of a disposal facility, tools that we are now ready
to apply on a site-specific basis.
While it is not possible to provide complete full-scale demonstrations of
all aspects of a disposal facility without actually building one, our case
studies of the used fuel disposal facility and the performance assessments
of implementing such a facility are based on realistic, albeit
hypothetical, facility and site characteristics, using information obtained
from extensive laboratory and field research. These studies provide us,
and hopefully will provide the review Panel, with confidence that the
Concept can be implemented to meet the primary objectives of radioactive
waste management, namely: protecting human health, protecting the
environment, and minimizing the burden on future generations.

THE ENVIRONMENTAL REVIEW
To test this hypothesis, the Ministry of Energy, Mines and Resources in
1988 referred the Concept for review under the Canadian Environmental
Assessment and Review Process (EARP)9. AECL is the "Proponent" for this
review, and will submit an Environmental Impact Statement (EIS) on the
Concept to an Environmental Assessment Review Panel.
The Panel will review AECL's Concept and related nuclear fuel waste
management issues, including:
- criteria for judging safety and acceptability;
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- potential social, economic and environmental effects of waste disposal;
and
- the potential impact of recycling and other processes on waste volume.
The Panel is also expected to make recommendations on the approach to be
taken to the process for siting such a facility.
A Scientific Reviev Group appointed by the Panel will conduct a full
technical review of the EIS to assist the Panel in judging the technical
validity and acceptability of the Concept10. All federal departments with
a relevant interest are expected to participate in the review. Environment
Canada has assembled two teams of experts to review the Concept in detail
and assess its ability to protect the environment.
Other reviews on
specific aspects are expected from the Atomic Energy Control Board; Energy,
Mines and Resources, (a task force is being established for this purpose);
Transport Canada; Health and Welfare; Fisheries and Oceans; and the
Department of National Defence. From my vantage point, it appears that the
Concept will undergo the most extensive scientific review of any project
ever undertaken in Canada. In addition, extensive public hearings will be
held. The Panel will then make recommendations on the acceptability of the
Concept and for future action.
After a four-year period during which the Panel familiarized themselves
with the issues and held hearings to obtain public input, guidelines for
the EIS were issued in March of 1992. AECL expects to submit its EIS by
the end of 1993. Assuming that there are no major deficiencies, we expect
that the public hearings could take place during 1994 and early 1995, and
that the Panel could issue its recommendations towards the end of 1995.
If the Panel recommends acceptance, I believe that it is important that
we proceed immediately to the next step leading to implementation, which,
depending on the regulatory and review forum selected, would likely begin
with site screening and site characterization activities.
I believe that it is important to take the next steps towards
implementation without delay following acceptance for several basic
reasons:
Environmental Leadership and Reducing the Burden on Future Generations
Since the inception of the nuclear power industry, the industry has shown
environmental leadership in managing its radioactive wastes, operating on
an essentially closed fuel cycle. The incentive for selecting a permanent
disposal Concept for managing long-lived fuel waste derives from two
fundamental ethical principles:
- the wastes must be managed in such a way that human health and the
environment are protected in the short and long-term, and
- as the principal beneficiaries of the energy which gives rise to the
waste, our generation should assume to the extent possible, the burden of
managing the waste.
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These principles underly the objectives, criteria and guidelines that the
Atomic Energy Control Board has set for judging the safety and
acceptability of radioactive waste disposal11.
From the outset, the Canadian Nuclear Fuel Waste Management Program was
founded on the principle that we have an obligation to protect and avoid
burdening future generations. To examine this belief and some of the other
ethical issues affecting the program, an ethics workshop was conducted in
March of 1991 with eight ethicists, social scientists and theologians,
including an Aboriginal leader.
The recommendations from the workshop, broadly stated, were that:
- the generation that benefits from nuclear power must take responsibility
for disposing of the resulting waste;
- no burden should be placed on future generations, but they should have
the options of retrieving the waste and of taking remedial action if
necessary; and
- decisions ought to involve informed consent from the affected public12.
Each of these recommendations is reflected in AECL's Concept in some
form. Minimizing the burden on future generations means more than simply
making financial provisions. It means, to the extent possible, providing
the technology to implement disposal and providing it in such a way that
future generations may retain flexibility in their decision-making.

Fostering Public Confidence in Nuclear Energy
A second reason for proceeding along the path toward immediate disposal
following Concept acceptance is to respond to public concerns associated
with the use of nuclear energy. Public confidence in the capability to
dispose of nuclear fuel wastes safely is important in order to maintain
public confidence in nuclear power as an energy source.
AECL public
opinion research shows that two-thirds of the Canadian public say that
nuclear power would be more acceptable if a permanent solution could be
found for the disposal of nuclear fuel waste. Therefore, progress must
continue to be made towards addressing the long-standing public concern
about the final disposition of fuel waste.
The need to respond to public concerns has been repeatedly cited in
reviews of energy supply and the nuclear industry. In 1980, the Porter
Commission established by the government of Ontario to examine electric
power planning, concluded that:
"If progress in high-level nuclear waste disposal R&D, in both the
technical sense and the social sense, is not satisfactory by at
least 1990... a moratorium should be declared on additional
nuclear power stations."13
(Professor Porter has since said that he believes this condition has been
met.)
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In 1988, the parliamentary Standing Committee on Environment and Forestry
published a report calling for a moratorium OR further construction of
nuclear po*,Ter plants in Canada until a permanent disposal method for used
fuel vas demonstrated14. Whilst this recommendation vas rejected by the
government, it reflected public concern consistent with the results of
public opinion polls.
Later in 1988 the Standing Committee on Energy, Mines and Resources
issued "heir tenth report15. The report was favourable towards the nuclear
option, but recommended acceleration of the Concept assessment process,
specifically "to strengthen public confidence that the longer-term issue of
disposal is being satisfactorily resolved."
At the World Energy Conference in Madrid in 1992 September, it was
evident that while nuclear energy is well-positioned to play an important
role in meeting the world's growing demand for energy in an
environmentally-sustainable manner, public confidence is a key issue.
Waste management is an important part of this issue.
To quote from one paper, "Electricity, the Environment, and Sustainable
World Development," submitted at one of the plenary sessions:
"Though nuclear energy has the advantage that it emits none of the
atmospheric pollutants of concern with fossile fuel technologies,
the fission reaction does generate long-lived radioactive wastes,
ultimate disposal of which is extremely controversial."1
I believe that the extensive public process that has been followed in
developing the Concept, the vigorous scientific scrutiny to which the
Concept will have been subjected, governmental acceptance based on the
recommendation of the review Panel, followed by immediate steps towards
implementation, would increase public confidence in the nuclear industry
and assist in resolving concerns and controversy regarding nuclear energy.

Forestalling Inaction by Default
My third reason is that, unless there is a clear intention to implement
the Concept if it is accepted as a result of the Panel's review, there is a
great potential for the review process to fail to lead to a clear
committment to action.
Throughout the Panel's review, AECL, as the
proponent, needs to continue work to address outstanding issues and
continue long-term experiments to demonstr.ue the technology, and the
industry needs to demonstrate a firm intention to proceed with disposing of
its wastes in an environmentally sound manner if the Concept is accepted as
a result of t'.~ Panel's review. The review process, as is evident from the
reviews of other projects - the Pearson airport, and uranium fining
projects, for instance - may be long and drawn out. We need to provide the
background for the Panel and the Government to have confidence in a
feasible and logical next step.
Without such an impetus towards
implementing the disposal Concept, Canada could fail to take any action by
default.
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Preserving the Knowledge Base
This risk of inaction by default leads me to my last reason for
proceeding: to meet our ethical responsibilities to future generations it
is important that we preserve the knowledge base that has been generated
from the investment that has been made to date. A great deal of technical
knowledge has been developed in the course of this program. Tapping this
expertise will be essential to successful implementation. While much of
the information has been documented, of even greater importance is the
ability to interpret the results of tests, measurements and other
observations.
To give you just one example, Canada now has a unique
capability to develop a conceptual model of groundwater movement deep in
plutonic rock that stands up to comparison to field observations. This
capability must be used if it is to continue to be available.
Thus for these reasons: our ethical responsibility to future generations,
the need to secure public acceptance, the need to forestall inaction by
default, and the need to maintain a capability to implement the Concept, I
am convinced that, given a positive outcome to the Panel's review, it is
important that we take the first steps towards implementing Canada's
disposal Concept without delay.

FUTURE OPTIONS
There are a number of options for the future in managing Canada's nuclear
fuel waste.
I believe that they will all include a requirement for
geological disposal. The waste substances in used fuel can be disposed
either by directly disposing of the used fuel bundles themselves, or by
reprocessing them to extract the wastes, incorporating them in a stable
matrix, and disposing of this stabilized material.
While used fuel contains significant concentrations of fissile plutonium
that can be recovered and mixed with fresh uranium and be recycled as fuel,
such reprocessing is not currently practised in Canada and there is
currently no economic justification for doing so.
Further, fuel
reprocessing cannot be justified purely from a waste management
perspective- While either used fuel or wastes from reprocessing can be
safely disposed of, reprocessing does not reduce the volume of waste that
must ultimately be disposed of. Radioactive fission products comprize only
a small fraction of the used fuel, but if separated from the fuel matrix
thty must be incorporated in a stable glass or glass-ceramic matrix, which
has a volume nearly as great as the original used fuel. Also, relatively
large volumes of low- and intermediate-level radioactive wastes are
produced during reprocessing, and these must be disposed of along with the
associated chemical wastes.
Therefore, even though the Canadian Concept is consistent with disposal
of either used fuel or waste from fuel reprocessing, proceeding immediately
to implement the Concept after it is accepted requires that Canada's
current planning proceed on the basis of the direct disposal of used fuel
rather than reprocessing waste.
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Nonetheless, the question remains as to how we can leave open to future
generations the options of fuel reprocessing and recycling, while meeting
our ethical resposibility that we not impose an unacceptable burden upon
them. In Canada's case, I believe the answer is to be found in the naf.ure
of implementation. The process leading to disposal involves many phases.
We are now approaching the end of the first phase: Concept development and
assessment. If it is judged appropriate to proceed with implementation or
the Concept, and depending on the forum that might be chosen for assessing
implementation, the next step would likely be to begin site-specific
activities, possibly starting with development of a publicly acceptable
site screening process. I would envisage that:
- site screening would lead to the selection of one or more areas for
detailed characterization based on surface techniques;
- such site characterization studies could lead to a selection of one or
more sites for exploratory excavation and more extensive in-ground
characterization;
- in-ground characterization could then lead to a decision to initiate
design, construction and operation of a repository;
- design, construction and operation of a facility would likely involve ongoing review, reassessment and re-commitment, leading to continued
operation and then eventually to a decision to cease operations and to
decommission;
- decommissioning and post-operational monitoring would ultimately lead to
a decision on whether to close and seal the repository.
The process of evaluating specific sites will likely involve ten to
fifteen years of work before a commitment would be made to initiate an
underground excavation; a further ten to fifteen years of site exploration
and characterization would be required before construction could begin.
Thus waste would not begin to be placed in a repository before about 2025.
By then one would have accumulated many years of site-specific data and a
series of increasingly refined evaluations on which to base a decision to
begin to emplace waste.
The decision to close and seal the repository would be made taking into
account all the accumulated evidence and experience gained throughout the
siting, characterization and operational phases, a process extending over
close to a century.
This process must retain flexibility in implementation and provide
opportunities for new technologies and processes to be adopted as they are
developed. Throughout the process the option must be retained of stopping
the direct disposal of used fuel and substituting, following the
appropriate assessments, the disposal of vitrified waste if and when Canada
moves to advanced fuel cycles.
But our current planning should be
predicated on disposal of at least a limited quantity of used fuel if th*»
Concept is approved.

11-10

To those of you in the audience who believe that widespread deployment of
advanced fuel cycles will likely be required to meet the world's demand for
energy in a manner that is environmentally and economically sustainable, I
would say that the potential energy resource given up by disposing of used
CANDU fuel produced in currently operating reactors is small. One of the
strengths of the CANDU reactor, because of its efficient use of neutrons,
is its ability to utilize a wide range of fuels. Hence, recovery and
recycle of plutonium from used CANDU fuel must be assessed in the light of
other sources of fissile material, particularly fissile material recovered
by reprocessing used Light Water Reactor (LWR) fuel. Used LWR fuel has a
plutonium content about 2.5 times that of used CANDU fuel and therefore its
reprocessing will produce the cheapest plutonium. As well, the uranium-235
content of used LWR fuel is still slightly enriched, containing about 0.9%
uranium-235.
Thus before using plutonium recovered from used CANDU fuel, a more
logical approach for using reprocessed fuels in CANDU reactors would
include:
- slightly enriched uranium recovered by reprocessing LWR fuel,
- direct recycle of LWR f"el, without chemical reprocessing, and
- plutonium recovered from used LWR fuel.
Hence my conclusion that the potential energy resource given up by
disposing of used CANDU fuel produced in currently operating reactors is
small.
Thus, I believe that if the Concept is accepted, the industry should
start disposal to provide a physical demonstration, rather than rely only
on arguments that 'we could do it if we wanted to.' Whether the use of
nuclear energy expands, or fission power is supplanted by other energy
sources, the investment in demonstrating disposal will have preserved the
knowledge base needed to enable future generations to dispose of the waste
that we have generated.
Questions are sometimes raised whether we should delay disposal in case
better technology will be developed to deal with the waste. I believe that
such a course of inaction is simply procrastination.
While there will
always be some uncertainty about undertakings with such long time frames,
the ethical course of action for the present generation, once the Concept
is accepted as safe and appropriate, is to proceed to implement it. The
Concept proposed by AECL can be implemented with present technology, but it
is flexible and can respond to changes in technology and incorporate
improvements that arise.
For instance, transmutation of the long-lived radionuclides in used fuel
has been suggested as an alternative or adjunct to disposal, and as such
has been reviewed by many agencies, including the IAEA16. The conclusion
has consistently been that transmutation would not obviate the need for
geological disposal, and transmutation is clearly uneconomic if fuel
reprocessing is not part of the nuclear program. However, some countries
with existing processing plans have elected to study the option in detail.
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CONCLUSION
To sum up - the nuclear fuel waste management program was established to
develop a sound technical solution for nuclear fuel waste disposal to
protect the public and the environment from the harmful effects of wastes
associated with nuclear power generation and to relieve future generations
of the burden of caring for the waste. The wastes exist now and we have a
responsibility in this generation to dispose of them. From our R&D program
we believe that we have developed a sufficient level of technical
understanding and capability to continue through towards disposal following
the environmental review. If the Concept is accepted, we can and should
continue our responsible approach and take the next steps towards
constructing a disposal facility for Canada's used fuel wastes.
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Balloons, bubbles and PIE!
by Peter G.Boczar
Last week about 100 scientists and
engineers from all over the world got
togetherjn Pembroke and discussed
balloons, bubbles, and PIE — and got
paid for it! The bubbles result from
fission gas in VO. fuel; ballooning
refers to the straining of CANDU fuel
cladding under certain accident
scenarios; and of course PIE stands for
post-irradiation-examination.perfonned
on irradiated fuel in the hot cells at
Chalk River and Whiteshell.
The forum for these discussion: was
the Third International Conference on
CANDU Fuel, held at the Pembroke
Best Western Inn, October 4-8. This
Conference was attended by
representatives from Romania, Korea,
.Argentina, India, Japan, the U.S., the
U.K., and of course, Canada.
Many organizations were represented,
from both outside and within Canada.
Foreign participation included the
Korea A tomic Energy Research
Institute (KAERI), the Fuel
Fabrication Plant and the Institute for
Nuclear Research in Romania, the
Nuclear Fuel omplex and the Nuclear
Power Corporation in India, the
ComisionNacional de Energia
Atomica in Argentina, British Nuclear
Fuel Ltd. in the United Kingdon,
EG&G Idaho Incorporated, the U.S.
Nuclear Regulatory Commission,
Marubeni Canada (AECL's agent in
Japan), and the Electric Power
Development Corporation (EPDC) in
Japan. Canadian organizations
includedStem Laboratories; both
Canadian fuel fabricators -General

Electric Canada, and Zircatec Precision
Indus tries, the Canadian nuclear
utilities - Ontario Hydro, Hydro
Quebec, and NB Power; the academic
community, through the Royal
Military College; several Canadian
consulting firms — Laurence Hunt &
Associates, IDEA Research, and
Atlantic Nuclear Services; the Atomic
Energy Control Board; and of course
AECL CANDU and AECL Research.
About 50 papers were presented in 10
sessions, covering national programs;
fuel behaviour under normal operating
and abnormal conditions; fuel
modelling, design, testing,
manufacturing, and handling at
stations; spent fuel management; the
Darlington fuel examinations; and
advanced CANDU fuel cycles.
The conference was sponsored by the
Canadian Nuclear Society (CNS).
Refreshments during the Conference
were provided by several Corporate
sponsors." Bubble Technologies Inc.,
Serdula Systems Ltd., Idea Research,
and TSI - Technical Services
International.
Of equal importance to the acutal
presentations and papers were the
discussions that took place during the
breaks, lurch and social events. This
was a unique gathering of the CANDU
nuclear fuel community -- an
opportunity to discuss issues,
advances, and new initiatives in
CANDU fuel. Fuel is now one of the
most important areas of research in
AECL, as evidenced by major
programs in DUPIC (the Direct Use of
spent EWR fuel in CANDU),

development of a low void reacti vity
fuel bundle, and development of the
CANFLEX fuel bundle.
Delegates were entertained after the
barbecue dinner Monday night at the
Deep River Yacht and Tennis Club
with a historical perspective of
lumbering in the Ottawa Valley by
Dave Lemke, followed by a lively
display of step-dancing by the Duelling
Dancers from Pembroke. On Tuesday,
Dr. Collin Allan provided an overview
of the status of the Canadian concept
for the long-term management of
irradiated CANDU fuel, after the
Conference Banquet.
The organizing committee was led by
the Conference Chairman, Paul
Fehrenbach, and the Program
Chairman, Peter Boczar. A small team
worked hard to provide a strong
framework for the conference, which
helped ensure its success. Cathy
Lupton was the Conference Secretary,
and assisted in many details of the
conference, as well as providing
assistance required during the
conference. Cathy Bennett was the
Program Secretary,andprovidedadatabase for the papers, and typed and
formated all the sunur aries of the
papers. Responsible for Conference
Facilities, Madeleine Boulasger
arranged for the rooms and the meals
for the conference, including the
Banquet. Aslam Lone was the liaison
with the Chalk River Branch of CNS
and arrange dfor the dinnerand
entertainment on Monday night of the
Conference, as well as She Guest
Program.
(continued)

BALLOONS..
Wally Kalechstein, the Treasurer,
extended a warni (and open) hand to all
delegates as they registered. Last but
not least, Bernie Surette worked
tirelessly in charge of Conference
Publicity, producing signs, posters,
name tags, etc. on his magical Mac,
and taking care of the audio1 visual
needs of the pres nters and a multitude
of technical det;jls. Thanks are also
extended to Carson Millark, John
Jones and the CRL Printing staff, for
responsive and professional services in
printing the Program and Summaries.
This is the second major international
fuel conference organized by CRL staff
this year. Last spring, Pembroke was
the site of a very successful L^E4
Technical Committee Meeting on
Fission Gas Release and Fuel Rod
Chemistry at High Burnup.
Peter Boczar is the Manager of the
Fuel Materials Branch, andthe
Program Chairman.

City
hosts
fuel
talks
By EVA JANSSEN
Staff Writer

A blast of brain power will hit
Pembroke this week as about 100
prominent nuclear scientists and engineers from around the world
gather for the Third International
Conference on CANDU Fuel.
The conference, which is sponsored by the CanadianT^Juclear Society, will be held October 4-8 at the
Best Western Inn.
"We will be discussing all the
nitty-gritty and technical aspects of
CANDU fuel," said Dr. Aslam
Lone, chair of the society's Chalk
River branch.
Dr. Lone explained one of the
most significant developments to be
presented involves a new safety feature that allows workers extra time
to respond to an emergency
situation.
As well, Dr. Colin Allan of
Atomic Energy of Canada Limited
(AECL) in Pinawa, Manitoba will
report on a waste management

program that researched the disposal of waste fuel. A proposal has
since been submitted to the federal
government for review.
The conference, which serves as
a forum for technical exchange, is
aimed at fuel developers, producers,
operators and others involved with
CANDU reactors or programs. Between 10 and 15 scientists from
AECL are attending, and roughly
half will present papers.
Other Canadian delegates include those from Ontario Hydro and
General Electric, while international visitors will come from as far
away as Argentina, Japan, Korea,
India and Romania.
The last two conferences were
held in 1986 and 1989, and Dr.
Lone said a three-year interval is
necessary to allow for the proper
collection and observation of data.
Dr. D.F. T o r g e r s o n , vicepresident of AECL Research, will
open the conference Oct 5 at 8 a.m.
A barbecue, slide show, and fiddling and tap dance performance
will follow in the evening at the
Deep River Yacht and Tennis Club.
Tours of Baron River Canyon,
Ottawa museums, and artists' studios in the Ottawa Valley will be
effered in an optional guest program, and delegates will be able to
visit the Chalk River Laboratories
Oct 8.
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