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PREFACE

The First International Conference on CANDU Fuel was held in Chalk River in
1986. The CANDU fuel community has gathered every three years since, for the
second, third, and fourth international conferences on CANDU fuel. Increasing
participation, and the overall success of this series of conferences is due to the topical
nature of the subjects, and the superior technical content of the programs. In turn, this
has led to a demand for an increased frequency of the conference. Additionally, a
change in venue was sought from Pembroke and Chalk River, and the decision was
made to hold the Fifth International Conference on CANDU Fuel in Toronto two years
after the last Conference.

This Conference will bring CANDU fuel designers, manufacturers, regulators,
modelers, researchers and engineers together to share their knowledge and experience.
This dialogue will contribute to further improving the performance of CANDU fuel and
advancing future innovations in fuel design. The response to this Conference has been
overwhelming, over 120 delegates from 10 ten countries have registered for this
Conference. Eleven sessions are required to accommodate all papers that were
submitted.

The papers for these Proceedings were prepared by the authors in a format
prescribed by the Program Committee. The papers are published as submitted by the
authors. Responsibility for the content of each paper rests solely with the authors.
Volume 1 of these Proceedings was published in advance of the Conference, and will
be distributed at the Conference. All papers received by the Organizing Committee up
to the time Volume 1 went to print are included. Volume 2, which shall be printed after
the Conference, will contain the rest of the Proceedings.

Our thanks to all the members of the Organizing Committee for their
outstanding efforts in the planning and operation of this Conference, and particularly, to
all presenters and participants for putting in a tremendous amount of effort in preparing
high quality papers and for their active participation and discussion.

H. Lau Roman Sejnoha
conference Chair Program Chair
1997 September 8 1997 September 8
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CANDU ADVANCED FUEL R & D PROGRAMS FOR 1997 - 2006 IN KOREA

H. C. SUK, M. S. YANG, K-S. SIM and K. J. YOO

Korea Atomic Energy Research Institute
P.O. Box 105, Yusong, Taejon, Korea(RO.K.), 305-600

ABSTRACT

KAERI has a comprehensive product development program of CANFLEX and DUPIC fuels to
introduce them into CANDU reactors in Korea and a clear vision of how the product will evolve
over the next 10 years. CANDU reactors are not the majority of nuclear power plants in
Korea, but they produce significant electricity to contribute Korea's economic growth as well as
to satisfy the need for energy. The key targets of the development program are safety
enhancement, reduction of spent fuel volume, and economic improvements, using the inherent
characteristics and advantages of CANDU technology. The CANFLEX and DUPIC R & D
programs are conducted currently under the second stage of Korea's Nuclear Energy R & D
Project as a national mid- and long-term program over the next 10 years from 1997 to 2006.
The specific activities of the programs have taken account of the domestic and international
enviroment concerning on non-proliferation in the Peninsula of Korea. As the first of the
development products in the short-term, the CANFLEX-NU fuel will be completely developed
jointly by KAERI/AECL and will be useful for the older CANDU-6 Wolsong unit 1. As the
second product, the CANFLEX-0.9 % equivalent SEU fuel is expected to be completely
developed within the next decade. It will be used in CANDU-6 reactors in Korea immediately
after the development, if the existing RU in the world is price competitive with natural uranium.
The DUPIC R & D program, as a long term program, is expected to demonstrate the
possibility of use of used PWRfuel in CANDU reactors in Korea during the next 10 years. The
pilot scale fabrication facility would be completed around 2010.

1. INTRODUCTION

As a country lacking of natural resources, Korea has made the development of nuclear energy a
national priority to fill economic growth and satisfy increasing energy consumption in the future
and to ensure self-reliance of energy supply. The nuclear program of Korea will remain in the
coming 30 years at least as important and vital as it is today. The current status of Korea's
nuclear power plants as of 1997 September is shown in Table 1. In Korea, twelve nuclear power



plants, 10 PWRs and 2 CANDU-PHWRs(Canada Deuterium Uranium - Pressurized Heavy
Water Reactors), are currently in operation, and 4 PWRs and 2 CANDU-PHWRs are under
construction. The current operating power plants represent a total installed generation of
10,316 MWe which accounts for about 28 percent of the domestic installed generating capacity.
The 1996 annual gross etectrical energy generation in Korea was 205,494 GWh of which 36
percent was produced by the nuclear power plants. In 2002, Korea will have a total installed
nuclear power generation capacity of 15,742 MWe of which 18 % will be contributed by the 4
Wolsong CANDU-PHWRs as shown in Table 1.

Along with the active nuclear power programs, nuclear power plant and fuel technologies have
been successfully developed for the localization and industrialization in Korea. For example,
Korea Atomic Energy Research Institute (KAERI) successfully developed CANDU-6 fuel
technology during 1981 to 1986 and then commercially produced and supplied more than 45,000
CANDU-6 bundles to Wolsong-1 during 1987 to 1996. As a first national project for more
intensive, efficient and active development of nuclear energy, a Korea's Nuclear Energy R & D
Project was established with the approval of Korea Atomic Energy Committee in 1992 June. It
has been mainly performed by KAERI until 1997 July. For example, KAERI has successfully
carried out the CANFLEX(CANDU Flexible Fuelling) and DUPIC(Direct Use of spent PWR
Fuel in CANDU) fuel development programs under the national R & D project.

Korea's nuclear energy industrial structure was reformed at the end of 1996 as a follow-up of the
national policy. For example, KAERI's commercial activities of CANDU fuel fabrication and
PWR fuel design transferred to Korea Nuclear Fuel Company(KNFC). Also, the NSSS design
and nuclear waste handling activities also moved to Korea Power Engineering Company, Inc.
(KOPEC) and Korea Electric Power Corporation(KEPCO), respectively. In addition, the first
Korea National Nuclear Energy R & D Project was reviewed by Korea Ministry of Science and
Technology (MOST). Then, with the approval of the Korea Atomic Energy Committee, it
expansively moved to the second stage of Korea's Nuclear Energy R & D Project for the next
10 years from 1997 to 2006. The Management Committee of the Korea National Nuclear
Energy R & D Project decided on two main programs in the field of CANDU fuel technology to
continue in the second stage of the national R & D project : (1) Technology Development of
CANDU Advanced fuel as the CANFLEX-NU, -RU and -SEU fuel, (2) Technology
Development of DUPIC fuel cycles. The following sections describe KAERI's product
development directions and future prospects of CANDU advanced fuel with the background of
selecting the two programs, including some product development guidelines by domestic and
international environment concerning non-proliferation in the Peninsula of Korea.

2. PRODUCT DEVELOPMENT GUIDELINES BY DOMESTIC AND
INTERNATIONAL ENVIRONMENT



Taking into account the domestic and international environment concerning non-proliferation in
the Peninsula of Korea, some product development guidelines of the CANDU advanced fuel R &
D may be summarized as i) enhancement of reactor and fuel safety and operation margin, ii)
reduction of annual production rate of spent fuel volume, iii) no involvement and no use of
enrichment and reprocessing technologies in Korea, iv) to be compatible with existing reactor
without major change of hardware, v) improvement of economics by means of reduction of fuel
cycle and/or reactor operating costs, and vi) consideration of future long term potential of
nuclear fuel technology in the 21st century. These guidelines for fuel and fuel cycle R & D in
Korea have been and will be applied not only for the CANDU advanced fuel R & D but also for
the R & D of PWR fuel and others.

3. CANFLEX-NU FUEL DEVELOPMENT

Since 1992 February, KAERI and AECL(Atomic Energy of Canada Limited) have conducted the
Joint CANFLEX Development Program (JCDP) to complete the development and proof testing
of the fuel bundle to facilitate the use of natural uranium (NU), slightly enriched uranium (SEU)
and other advanced fuel cycles in CANDU reactors. The AECL/KAERI JCDP Agreement was
renewed to complete the CANFLEX-NU fuel development in 1996 September. CANFLEX is a
new, 43-element fuel bundle designed to provide lower fuel ratings and higher critical heat flux
(CHF) than the current 37-element bundle [1,2], and thus provide larger operating margins in
CANDU reactors. The detailed description of the CANFLEX fuel bundle will be presented in
Session 2 A of this Conference. The planned development testing of the CANFLEX-NU bundle
is now nearing completion, and the next step is a small-scale demonstration in a CANDU-6
reactor. The remaining work scope for use of CANFLEX-NU fuel in Korea shall be completed
within Phase 1 from 1997 July to 2000 March as follows:

(a) Documentation
- Safety Report will be produced by KAERI and reviewed by AECL
- Fuel Design Report will be produced by KAERI
- Physics Design Manual will be produced by KAERI and approved by KAERI and

AECL jointly.
- In- and Out-Reactor Test Reports will be produced by KAERI and AECL, and

approved by KAERI and AECL jointly.
(b) Tests for the design verification and/or characterization

- Endurance tests at KAERI
- Power ramp irradiation tests at AECL
- Water CHF tests will be carried out by AECL and KAERI jointly

(c) Licensing : Korean Government design approval
(d) Demonstration irradiation in a power reactor : On-going discussion with KEPCO.



4. CANFLEX-SEU AND -RU FUEL DEVELOPMENT

To prepare for the introduction of advanced fuel cycles such as slightly enriched uranium (SEU)
including recovered uranium(RU), as an economical alternative to natural uranium as a fuel for
existing or future CANDU reactors, KAERI and AECL also agreed a joint CANFLEX-SEU fuel
development program in 1996 September. The prime objective of this joint program is the
small-scale demonstration irradiation in a CANDU power reactor of 20 to 100 bundles of
CANFLEX-0.9 % Equivalent SEU, followed by selective post irradiation examination of selected
irradiated bundles. This is a necessary prerequisite to a full-scale conversion to CANFLEX-SEU.
The program includes the necessary analysis and out-reactor tests. Also, in parallel with the
agreement on AECL/KAERI joint CANFLEX-SEU fuel development program, a cooperative
program was agreed between KAERI and BNFL (British Nuclear Fuels Pic) in 1996 November,
as a similar cooperative agreement between AECL and BNFL, to complete the development and
proof testing of recovered uranium fuel for CANDU reactors. The three Parties, KAERI, AECL
and BNFL have implemented the three agreements to create one joint cooperative program.

The 0.9 % level of SEU or RU enrichment achieves most of the benefits of the optimal
enrichment(around 1.2 % SEU), and is technically easier to introduce into an operating CANDU
reactor. In particular, fuel management with 0.9 % SEU or RU is particularly simple, and the
transition from a NU core to 0.9 % SEU or RU is expected to be straight forward [3, 4, 5], Also,
the fuel performance at this level of enrichment (corresponding to a bundle-average burnup of
around 14 MWd/kgU for SEU fuel and 13 MWd/kgU for RU fuel) is not expected to be
significantly different from the NU fuel. That is, the SEU and RU economic benefits associated
with extended burnup, improved uranium utilization, and reduced spent fuel volume in CANDU
are expected.

The composition of RU, as a by-product of conventional reprocessing, depends on the reactor
type, initial enrichment, and discharge burnup of the reprocessed fuel. Un-enriched RU is only
slightly more radioactive than NU. Having a potential for the direct conversion to UO2, the RU
from reprocessed PWR fuel has a nominal U-235 content of 0.9 %, and can be used in CANDU
reactors without re-enrichment and with elimination of enrichment tails. Since CANDU spectrum
is less sensitive to U-236 absorption, the U-235 content of RU would be burned down to low
levels(0.2~0.3 %) in CANDU, compared to PWRs (0.8-1.0 %)[4]. Planned annual production of
RU from reprocessing in Europe and Japan of spent oxide fuel will increase to about 3,000 t/a by
the turn of the century. The cumulative quantity of RU available by 2000 will be about 25,000 t.
To put this in perspective, annual refuelling requirement for RU fuel burnup of 13 MWd/kgU in a
CANDU-6 is around 50 t/a. In other words, the annual spent fuel volume of RU fuel in the
CANDU-6 is 60 % of that of NU fuel. Therefore, there should be no impediment to the use of
RU fuel in Wolsong CANDU-6 reactors, if the RU fuel development and proof testing is
completed and also if the cumulative quantity of RU in the world is available and also if it
competes with natural uranium in price.



Anticipating the advantages of the use of each of these fuel cycle options for CANDU reactors in
Korea, the CANFLEX-0.9 % enriched SEU and RU fuel development program is scoped into
three phases for next 10 years as follows:

(1) Phase 1 for 1997 July to 2000 March : According to Phase 1 workscope recommended
by the Management Committee of Korea's Nuclear Energy R & D Project, the related
technologies and/or methodologies shall be established to lead them to the detailed design and
analysis in Phase 2. Particularly, it shall show the overall evaluation and identification of the
potential benefits, risks, and costs associated with the use of 0.9 % enriched SEU or RU to a
CANDU-6 utility, in order to provide a rationale for the justification of the R & D efforts on it
for the advanced fuel cycle of CANDU reactors in Korea. The justification includes security of
supply issues for 0.9 % enriched SEU and RU. Also, it shall show the overall possibility to satisfy
the licensing issues described in Korea Safety Review Guideline :

(a) Compatibility with current operating reactors : Impacts on reactor control system,
cooling system and thermal margin, pressure tube and calandria tube, fuelling machine,
and spent fuel storage due to increased decay heat.

(b) Radiation protection : Fuel fabrication, transport between fuel fabrication plant and
reactor site, and fuel handling at site.

(c) Safety : Power coefficient, consequence of LOCA(power pulse), and impact on
exclusion area boundary due to increased fission product.

(d) Design and Analysis tool: Validation of fuel design, reactor physics, safety and
thermalhydraulics analysis codes and their reasonable uncertainty.

(e) Fuel design & management: Fuel integrity at extended burnup and fuel management.
(f) Operation : Reactivity feed back effect due to perturbation.

(2) Phase 2 for 2000 April to 2003 March : In Phase 2, the detailed fuel design, reactor
physics, thermalhydraulics, and safety analyses, proof testing, and code validations will be
performed to lead the small-scale demonstration irradiation in a commercial power reactor, if the
overall evaluation and identification of the potential benefits, risks, and costs were shown in
Phase 1. But this task will not be fully completed in Phase 2.

(3) Phase 3 for 2003 April to 2006 March : In this phase, the remaining workscope will be
completed, and the fuel design licensing as a part of the Korean licensing process will be obtained.
If the results from Phases 1 and 2 show sufficient merit, and if KEPCO is willing to participate in
the small-scale demonstration, then a business case will be started in Phase 3 for which the
business workscope would be drafted. Activities would include preparation of all safety and
licensing documentation for irradiation of 20 to 100 bundles in a CANDU-6 reactor, including
interaction with the Korean licensing authorities, and fabrication of those bundles in KNFC.
Specific activities could be:



- detailed licensing analysis for small-scale demonstration irradiation (fuel design and
performance, reactor physics, thermalhydraulics, safety etc.);

- provision of fuel loading licensing documentation
- fuel loading licensing approval;
- KNFC's fuel fabrication of bundles for small-scale demonstration irradiation
- identification by fabricators of infrastructure, strategy and cost for large-scale commercial

fabrication;
- recommendation and decision on large-scale fabrication and irradiation.

In parallel with the R & D activities mentioned above, this Phase will briefly assess and review
for an advanced fuel cycle equal to and/or higher than 1.2 % equivalent SEU cycle to reduce the
annual production rate of spent fuel volume from CANDU reactors in Korea as much as that
from PWRs in Korea. Also, it will review the option of extending the U-235 indefinitely
through the use of fuel cycles based on thorium in Korea.

5. DUPIC FUEL CYCLE TECHNOLOGY DEVELOPMENT

Considering that spent PWR fuel contains enough fissile materials to be burned in a CANDU
reactor, DUPIC[6,7] involves converting the spent PWR fuel into CANDU fuel by a thermal-
mechanical dry process without any wet chemical processing. The potential benefits of the
DUPIC fuel cycle in comparison with conventional wet reprocessing are (1) proliferation
resistance due to the non-separation of the uranium, plutonium and fission products during the
fabrication process, (2) a small amount of radioactive waste due to the nature of dry processing.
Moreover, it will reduce the quantity of spent fuel to be disposed by utilizing spent PWR fuel and
increasing the burnup in CANDU. It will also improve uranium resource utilization as a result
of the natural synergism between PWR and CANDU-PHWR fuel cycles in Korea.

DUPIC fuel cycle development has been conducted in a tripartite cooperation between KAERI,
AECL and the US Department of State. They have examined several possible DUPIC fuel
options during the feasibility stage. These include converting the spent PWR rods into CANDU
fuel bundles with or without double cladding; vibratory packing of milled PWR pellets into fresh
CANDU sheaths; and thermal-mechanical processing of the spent PWR pellets to form sinterable
CANDU pellets. All options were judged to be technically feasible, and the last option, called
"OREOX"(oxidation/reduction of oxide fuel) was chosen for further study[7]. The current
performance verification study in the tripartite cooperation involves fabricating elements and
bundles, to confirm technical feasibility of the process, to optimize the process, and to obtain
technical information that would enable an economic comparison to be made with alternate
technologies[8].

Considering the potential benefits for use of DUPIC fuel cycle option for CANDU reactors in



Korea, the DUPIC fuel cycle technology development program[8] is also scoped into three
phases for next 10 years as follows:

(1) Phase 1 for 1997 July to 2000 March : According to Phase 1 workscope recommended
by the Management Committee of Korea Nuclear Energy R & D Project, the technologies and
equipment related to the fuel design, reactor physics analysis, and laboratory scale fabrication and
processing will be developed in the sub-programs of technology development. These include
reactor physics and compatibility assessment of the fuel with CANDU-6 core, fuel fabrication,
fuel quality and processing control, fuel fabrication facility development, fuel design and
performance evaluation, and safeguard of the fbel cycle facility. Also this Phase shall show the
overall compatibility of DUPIC fuel with current operating CANDU reactors in Korea,
minimizing the hardware modification of the reactors. This compatibility assessment shall be
followed to develop fuel which meets the requirements described in Session 4, related to the
licensing issues described in Korea Safety Review Guideline. Beside these requirements, the
compatibility assessment will involve reactor operation and controllability due to the small
delayed neutron fraction of plutonium, and fuel bundle specific issues such as control of fuel
content to be acceptable for operation, minimization of isotopes ratio variation, homogeneity of
fuel content, and acceptable fuel density.

(2) Phase 2 for 2000 April to 2003 March: In Phase 2, the DUPIC fuel will be experimentally
characterized in terms of the fuel design and fabrication technology development by
manufacturing fuel elements and bundles for irradiation testing in the KAERI HANARO research
reactor. Following the fuel irradiation in HANARO, there will be post-irradiation examinations in
the KAERI hot cell facility.

(3) Phase 3 for 2003 April to 2006 March : As a followed up to Phase 2, the DUPIC fuel
characterization and performance evaluation will be continued with the irradiation in HANARO
to collect the database for the detailed design, reactor physics, thermalhydraulics and safety
analyses of the fuel in the next R & D project. The technology for fuel fabrication and the facility
developed in Phase 2 will be improved to approach the final target of use in CANDU reactors in
Korea. If the results from Phases 1, 2 and 3 show sufficient merit and possibility of use of DUPIC
fuel for CANDU reactors in Korea, then the R & D workscope for DUPIC fuel fabrication in a
pilot scale would be drafted in this Phase and would be performed in the next Korea National
Nuclear Energy R & D Project starting from 2006 April.

6. SUMMARY AND CONCLUSIONS

Korea is a country having a lack of national resources. Korea now has twelve nuclear power
plants, 10 PWRs and 2 CANDU-PHWRs in operation, and 4 PWRs and 2 CANDU-PHWRs are
under construction. In 2002, Korea will have a total installed nuclear power generation



capacity of 15,742 MWe of which 18 % will be contributed by the 4 Wolsong CANDU-PHWRs.
The CANDU-PHWRs are not the majority of nuclear power plants in Korea, but take production
of significant electricity to contribute the economic growth as well as supply the needed energy in
Korea. However, it must be noted that the spent fuel volume from the four Wolsong power
plants is approximately the same as that from 14 PWRs in Korea, although the total activity is
much less and the space required for long term storage or disposal is not great.

In Korea, it has been recognized that CANDU PHWR have a number of characteristics such as
fuel cycle flexibility, large heat sinks and replaceable components that ensure the long-term
applicability and future potential of the technology[9]. Since CANDU reactors are designed to be
highly efficient burners of fissile material and to be highly efficient converters of fertile to fissile
material, it has been recognized that CANDU reactors can burn many different fuels, and fuel
supply can be secured for the foreseeable future, combining those burner and converters with on-
power fuelling and a simple fuel design. This fuel cycle flexibility is a very attractive characteristic
to Korea having a two reactor type of PWR and CANDU-PHWR, and create a motivation for
CANDU advanced fuel developments such as CANFLEX-NU, -RU and -SEU, and DUPIC fuel
cycle in Korea's Nuclear Energy R & D Project for the next 10 years from 1997 to 2006.

CANFLEX-NU fuel is one of the short-term products resulting from the R & D Project. The
planned development testing of the CANFLEX-NU bundle is now nearing completion, and the
next step is a small-scale demonstration in a CANDU-6 reactor. The remaining workscope for
use of CANFLEX-NU fuel bundle being developed in the KAER1/AECL joint program is
expected to be completed within a few years. From the beginning of the next century in both
countries of Canada and Korea, CANFLEX-NU fuel with the reduced element rating and
increased dryout margin of the bundle is expected to be used in the older CANDU-6 reactors
having steam generator fouling or pressure tube creep.

To obtain one of mid-term products resulting from the R & D Project, KAERI just started to
develop the CANFLEX-0.9 % enriched SEU and RU fuel with AECL and BNFL jointly, starting
at the end of last year. The SEU and RU benefits of economic savings associated with extended
burnup, improved uranium utilization and reduced spent fuel volume in CANDU are expected,
where the un-enriched RU is only very slightly more radioactive than NU. This fuel is expected
to be completely developed within 10 years, if the development and proof testing are expedited
as planned by KAERI, AECL and BNFL. There should be impediment to the use of the fuel in
Wolsong CANDU-6 reactors immediately after the development, if the cumulative quantity of
RU in the world is available and is competitive with natural uranium in price.

One of the long-term products from the R & D Project is the DUPIC fuel cycle. The DUPIC
process with OREOX offers a very high level of proliferation resistance. The current
performance verification study in the tripartite cooperative program involves fabricating elements
and bundles, to confirm technical feasibility of the process, to optimize the process, and to obtain



technical information that would enable an economic comparison to be made with alternate
technologies. If the results from the R & D program for the next 10 years show sufficient merit
and potential for the use of DUPIC fuel in CANDU reactors in Korea, then the R & D
workscope for DUPIC fuel fabrication in a pilot scale would be drafted and would be
continuously included in the next Korea Nuclear Energy R & D Project starting from 2006 April.
At this time, it is premature to establish the timetable of development completion and use of
DUPIC fuel for CANDU reactors in Korea, because reliable technical information is not available
for the complete evaluation of safety, compatibility with CANDU core, and economics.

Here, I would like to note that the Management Committee of Korea Nuclear Energy R & D
Project expects to see the compatibility assessment of those new fuels with CANDU-6 core with
respect to the licensing issues described in Korea Safety Review Guideline within the first phase
of the Project.

KAERI has a comprehensive development program of CANDU advanced fuel and a clear vision
of how the product will evolve over the next 10 years. The key targets of the development
program are safety enhancement, reduction of spent fuel volume, and economic improvements,
using the inherent characteristics and advantages of CANDU technology.
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Table 1. Current Status of Korea's Nuclear Power Plants as of September 1997

Reactor

Name
Kori#l
Kori#2
Kori#3
Kori#3

Wolsong #1
Wolsong #2
Wolsong #3
Wolsong #4

Yonggwang #1
Yonggwang #2
Yonggwang #3
Yonggwang #4
Yonggwang #5
Yonggwang #6

Ulchin #1
Ulchin #2
Ulchin #3
Ulchin #4

Reactor

Type
PWR
PWR
PWR
PWR

CANDU-PHWR
CANDU-PHWR
CANDU-PHWR
CANDU-PHWR

PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR
PWR

Capacity

(MWe)
587
650
950
950
679
700
713
713
950
950
1000
1000
1000
1000
950
950
1000
1000

Manufacturer

Reactor
WH
WH
WH
WH

AECL
AECL
AECL
AECL
WH
WH

KHIC/KAERI/CE
KHIC/KAERI/CE
KHIC/KAERI/CE
KHIC/KAERI/CE

FRAMATOME
FRAMATOME

KHIC/KAERI/ABBCE
KHIC/KAERI/ABBCE

T/G
GE
GE
GE
GE

NEI/P ARSONS
KHIC/GE
KHIC/GE
KHIC/GE

WH
WH

KHIC/GE
KHIC/GE
KHIC/GE
KHIC/GE
Framatome
Framatome
KHIC/GE
KHIC/GE

Commercial

Operation*
1978 April
1983 July
1985 Sept.
1986 April
1983 April
1997 June

(1998 June)
(1999 June)
1986 Aug.
1987 June

1995 March
1996 March
(2001 June)
(2002 June)
1988 Sept.
1989 Sept.

(1998 June)
(1999 June)

* Dates in brackets are the expected date for commercial operation of the reactors under construction in current.
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ABSTRACT

The paper presents and comments the policy adopted in Romania for the production of
CANDU-6 nuclear fuel before and after 1990.

In this paper the word "past" refers to the period before 1990 and "present" to the 1990-
1997 period.

The CANDU-6 nuclear fuel manufacturing started in Romania in December 1983. Neither
AECL nor any Canadian nuclear fuel manufacturer were involved in the Romanian industrial
nuclear fuel production before 1990.

After January 1990, the new created Romanian Electricity Authority (RENEL) assumed the
responsibility for the Romanian Nuclear Power Program.

It was RENEL's decision to stop, in June 1990, the nuclear fuel production at the Institute
for Nuclear Power Reactors (IRNE) Pitesti. This decision was justified by the Canadian specialists
team findings, revealed during a general, but well enough technically founded analysis performed
at ERNE in the spring of 1990.

All fuel manufactured before June 1990 was quarantined as it was considered of suspect
quality. By that time more than 31,000 fuel bundles had already been manufactured. This fuel was
stored for subsequent assessment. The paper explains the reasons which provoked this decision.

The paper also presents the strategy adopted by RENEL after 1990 regarding the Romanian
Nuclear Fuel Program.

After a complex program done by Romanian and Canadian partners, in November 1994,
AECL issued a temporary certification for the Romanian nuclear fuel plant. During the
demonstration manufacturing run, as an essential milestone for the qualification of the Romanian
fuel supplier for CANDU-6 reactors, 202 fuel bundles were produced. Of these fuel bundles, 66
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were part of the Cernavoda NGS Unit 1 first fuel load (the balance was supplied by Zircatec
Precision Industries Inc. - ZPI). - -

The industrial nuclear fuel fabrication re-started in Romania in January 1995 under AECL's
periodical monitoring.

In December 1995, AECL issued a permanent certificate, stating the Romanian nuclear fuel
plant as a qualified and authorized CANDU-6 fuel supplier.

The re-loading of the Cernavoda NGS Unit 1 started in the middle of January 1997 with fuel
produced by the Romanian fuel plant.

The quality evaluation of the "pre-1990" fuel started in April 1996 and was performed by the
Nuclear Fuel Plant (FCN) Pitesti, under the supervision of the Nuclear Power Group (GEN) - a
distinct department of RENEL.

The future prospect and trend of the Romanian Nuclear Fuel Program are also presented in
this paper.

1. INTRODUCTION

Romania's option for the CANDU type reactors was made in the mid 60's and the first
commercial discussions between the Romanian authorities and AECL began in the late 60's.

At that time, the main reasons for this choice of the Romanian authorities were related to the
nuclear safety issues, the outstanding performance demonstrated by the CANDU type reactors
and to the strategic advantage of the CANDU system that the nuclear fuel can be supplied locally.
These reasons are still valid today.

In the 1970's Romania suffered severe floods and a serious earthquake and these facts
combined with other economical shortages delayed the negotiations with the Canadian partners.
In 1978 a contract for the CANDU-6 system license was signed between the Romanian
authorities and AECL. From that moment on, Romania became the only Eastern and Central
European country developing its nuclear power program based on the Western technology, and
the first European country using the CANDU system. This situation is valid still today.

The paper presents the policy which governed the Romanian Nuclear Fuel Program before
1990. For the long term, this policy proved to be, inappropriate in several essential aspects, as it
will be demonstrated below.

Several important decisions regarding the nuclear fuel production in Romania before 1990
did not prove to be well enough founded technically and economically while some proved even
wrong. The political ambitions of the former Romanian nuclear authorities to develop the
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CANDU-6 fuel manufacturing without any Canadian support, and the approval for the start of
the large scale fuel production without any AECL involvement in the qualification of the
Romanian nuclear fuel plant proved, on the long term, to be a mistake which generated significant
economical losses.

After 1990, the new created Romanian Electricity Authority (RENEL) assumed the
responsibility for the Nuclear Power Program. As for the Nuclear Fuel Program, RENEL
elaborated a realistic strategy having three major objectives:

- The upgrading, with the Canadian support, of the new organized Nuclear Fuel Plant (FCN)
as a distinct subsidiary of RENEL, in order to qualify the Romanian manufacturer as a
recognized CANDU-6 nuclear fuel supplier according to the Canadian Z 299.2 standard;
- The re-start of the nuclear fuel production, after the qualification of the plant, in order to

meet the Cernavoda NGS Unit 1 needs;
- The quality evaluation of the fuel produced before 1990 in order to decide upon the best

possible technical and economical solution for its recovery.

The paper presents the way this policy was implemented and the results it led to.

The future prospects and trend of the Romanian Nuclear Fuel Program are also presented.

The paper ends with several general conclusions to be drawn out from the Romanian
experience regarding the CANDU fuel manufacturing.

2. ROMANIAN NUCLEAR FUEL PROGRAM BEFORE 1990.

It is essential to notice that as far as the nuclear fuel is concerned, the contract signed in 1978
between the Romanian Authorities and AECL had only provided the transfer to the Romanian
Party of an information package that included only the Technical Specifications applicable to the
CANDU-6 fuel and the Fuel Design Manual for the Cernavoda station. The contract had no
provisions regarding the fuel manufacturing technology transfer and no kind of co-operation with
an experienced Canadian fuel manufacturer. At that time, the former Romanian nuclear authorities
believed that it was possible to successfully develop the fuel manufacturing technology without
any Canadian support. On long term, this approach proved to be a mistake which generated
significant economical losses, in spite of the important and dedicated efforts made by the
Romanian specialists involved in the nuclear fuel program. From the beginning, our specialists
opposed the approach mentioned above, but the political ambition of the former Romanian
nuclear authorities prevailed. As a result, in fact, Romania had to "re-invent" the CANDU fuel
manufacturing technology and this goal had to be fulfilled under the conditions of a total isolation
of our country ,imposed by political reasons, from the world nuclear fuel industry.

The history of the nuclear fuel fabrication in Romania before 1990 is described in detail in a
paper presented previously at CANDU fuel conference [1]. The main activities related to the
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development of the CANDU-6 nuclear fuel manufacturing were carried out at the former Institute
for Nuclear Power Reactors (IRNE) in Pitesti. . _ .

With a few, but essential exceptions, the nuclear fuel fabrication in Romania went through a
logical sequence of steps:

- Laboratory research and studies;
- Development of the our own fuel design;
- Development of a Quality Assurance (QA) system, including an Inspection and Testing

Plan (UP);
- Development of the technological processes for the nuclear fuel manufacturing;
- Designing and fabrication of the manufacturing equipment;
- Procurement from foreign suppliers of some special manufacturing equipment;
- Commissioning of a fuel pilot plant;
- Irradiation of fuel elements in research reactors, both in Romania and in foreign facilities

(MZFR in Germany, BR2 in Belgium and NRU in Canada);
- Out of pile tests for fuel bundles produced in the pilot plant, tests performed in the high

pressure and temperature loop built at IRNE.

The results obtained were encouraging. No abnormal results were recorded during this
(though limited) testing program, both in irradiation and in out of pile tests.

To fulfill these steps, mentioned above, many financial and technical efforts were made at
IRNE Pitesti. It is enough to mention here the procurement of a 14 MW Material Testing Reactor
(TRIGA - type) - in operation from 1979, hot cells facilities - in operation from 1984, high
pressure and temperature loop and analysis and control laboratories.

Regarding the activities described above, the following remarks should be emphasized:
- The irradiation tests consisted mainly in the well known type-tests for CANDU fuel

(overpower test and power ramp test) for fuel elements. This kind of tests are aiming, mainly,
at checking the fuel element design and cannot in any case be considered as a substitute for
the qualification of the fuel manufacturing plant;
- No fuel bundles were tested in power reactors;
- The compatibility testing program on the fuelling machine head was not performed before
1990.

It is evident that looking back at the chain of the activities performed in order to prepare the
large scale fuel production, the following links were missing:

- The fuel plant was not qualified by AECL, the design authority for CANDU system;
- The lack of co-operation with an experienced Canadian nuclear fuel manufacturer;
- The limited (if any) feed-back in the fuel production coming from the fuel behavior showed
during irradiation tests.

- In spite of this evidence, the former Romanian nuclear authority (the State Committee for
Nuclear Energy - abolished in January 1990) decided, without any involvement neither by AECL
nor by an experienced Canadian manufacturer, to approve the start of the industrial production for
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CANDU-6 nuclear fuel at ERNE Pitesti. On this basis, which later did not prove to be enough
founded,, the industrial production of CANDU-6 fuel began at ERNE Eitesti in December 1983.
Before June 1990, intensive production of CANDU-6 fuel was maintained (see Table 1). It
should be noticed that the fuel production dynamics had no logical linkage with the real status of
the progress in the construction of the power reactors at the Cernavoda site.

Looking back in the past, we can conclude that the policy followed in Romania regarding the
Nuclear Fuel Program was not appropriate and not well enough founded technically and
economically.

However, we should emphasize that in spite of this policy, impressive results were obtained
and, besides, the Nuclear Fuel Program developed in Romania before 1990 was an excellent
frame to grow an important number of specialists in the CANDU fuel nuclear technology. These
positive aspects paid back, to a great extent, the efforts made in Romania before 1990.

Unfortunately, as it will be present below (and in detail analyzed in another paper at this
CANDU conference [2], the quality of the fuel produced before June 1990 (more than 31,000 fuel
bundles) was not good enough concerning the quality and that is why this fuel cannot be used as
such in reactor.

3. ROMANIAN NUCLEAR FUEL PROGRAM AFTER 1990.

In January 1990 the former Romanian nuclear authority - the State Committee for Nuclear
Energy was abolished and the new created Romanian Electricity Authority (RENEL) assumed
the responsibility for all the energy national program (electricity and heat production). The
Nuclear Power Group (GEN), as a department of RENEL, assumed the responsibility for the
Romanian Nuclear Power Program.

Regarding the Nuclear Fuel Program, the first action decided by GEN was to request that
AECL perform an evaluation of the fuel fabrication at the Romanian plant. The approach was
focused on the technology, quality assurance system and the quality of the fuel produced before
1990. The evaluation was performed by AECL and Zircatec Precision Industries Inc.(2PI). The
findings of the Canadian specialists were presented in detail in [3], [4].

We present here the main conclusions of the Canadian specialists after their assessment
performed at the Romanian fuel plant:

- Romanian fuel plant achieved impressive progress in developing the facility, training
personnel and implementing manufacturing processes and inspection methods. The review
found many positive features which indicate that some parts of the fuel are of good quality
[3], [4];
- There were several negative findings:
* The Quality Assurance (QA) system in use at the Romanian plant was not adequate for

nuclear fuel manufacturing [4];
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* In Canada, Product Specifications combine the requirements of the Technical
Specifications with essential information on manufacturing processes and quality assurance,
and specify the levels of conformance with Technical Specifications requirements. At the
Romanian fuel plant, Product Specifications did not exist before 1990 [3];

* Conformance to the stated requirements was unacceptable, and in one important case
(fuel element closure welds) the requirement was inappropriate. This leads to low quality of
the fuel;

* The manufacturing processes and their control were inadequate in the assemble fuel
element operation, and suspect in the braze operation;

- As regarding the fuel produced before 1990 the Canadian experts concluded that the fuel
already fabricated should be considered as being of suspect quality for the in reactor use [3],
[4], [5].

On this basis and after a realistic assessment of the situation, it was the RENEL-GEN's
decision to stop, in June 1990, the nuclear fuel production at IRNE Pitesti. All the nuclear fuel
manufactured before June 1990 was quarantined as it was suspect for use in power reactor. As
mentioned before, more than 31,000 fuel bundles had already been manufactured at that time. The
already fabricated nuclear fuel was stored at Pitesti under International Atomic Energy Agency
(IAEA) safeguards.

The Nuclear Power Group elaborated a strategy to be followed for the Romanian Nuclear
Fuel Program. Three major objectives have been decided:

- The upgrading, with Canadian support, of the Romanian nuclear fuel plant in order to
qualify it as a recognized CANDU-6 fuel supplier according to the Canadian Z 299.2
standard;
- The re-start of the nuclear fuel production of the plant, in order to meet, on a realistic

basis, the Cernavoda NGS Unit 1 needs;
- The evaluation of the "pre-1990" fuel quality, aiming at identifying the best possible way

for its recovery, both from technical and economical point of view.

To achieve these goals it was essential that, in the new contract signed in August 1991
between RENEL and AECL - Ansaldo Consortium (AAC) for the completion of the Cernavoda
NGS Unit 1, all the necessary conditions were assured, including the nuclear fuel program. This
contract included the assignment for AAC to provide assistance for the qualification of the
Romanian nuclear fuel manufacturer.

Since February 1992 the nuclear fuel manufacturing has been organized as an independent
RENEL's subsidiary, named Nuclear Fuel Plant (FCN).

Arrangements between GEN and AAC ended up in November 1992 with a contract for the
qualification of FCN as a recognized CANDU-6 fuel supplier, giving to AECL the coordinating
role. ZPI was selected to provide technical assistance and to supply equipment for several
processes. The qualification program started in December 1993, after the Export Permit issuing
by the Canadian Government.
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The qualification of the plant was completed in July 1994 and a demonstration run was
performed during October 1994 by producing 202 CANDU-6 fuel bundles and 66 of these fuel
bundles were part of the Cernavoda NGS Unit 1 first fuel load (the balance was supplied from
Canada by ZPI).

In November 1994, AECL issued a temporary certification for FCN.

The philosophy and detailed steps of the FCN qualification are described in two papers
presented previously at CANDU fuel conference [6], [7].

Industrial nuclear fuel production was resumed in January 1995 under periodical AECL's
monitoring.

In December 1995, AECL issued a permanent certificate, stating FCN as a qualified and
authorized CANDU-6 nuclear fuel supplier. The plant capacity is of 23 bundles per day.

The evolution of the FCN fuel bundles production after the plant qualification is presented in
the Table 2.

The Cernavoda NGS Unit 1 started its commercial operation on 1996 December 2. The
reloading of the reactor started in the middle of January 1997 with fuel produced by FCN after
1995. Till the end of July 1997, 2524 bundles produced by FCN were already loaded in the
Cemavoda NGS Unit 1 without any problem (no defect of the Romanian fuel was detected till the
end of July 1997).

On the basis of the new status of the plant, Nuclear Power Group (GEN) requested FCN to
perform detailed evaluation of the stock fuel quality. Once a very comprehensive feasibility study
performed by the fuel plant specialists was accepted, GEN decided that this evaluation program
should be implemented by FCN. The evaluation program for the assessment of the stock fuel
quality started in April 1996.

The strategy adopted by FCN for the quality evaluation of the fuel produced before 1990, the
results obtained and the best possible technical and economical recovery solutions are presented in
detail in another paper at this CANDU conference [2].

In December 1996, RENEL-GEN requested that AECL, as design authority for the CANDU
system, perform a qualified appraisal of the evaluation program developed and implemented by
FCN. The task was performed by Dr.Roman Sejnoha and the detailed findings, conclusions and
recommendations are summarized in [8]. The main conclusions in [8] are that the evaluation
strategy was well conceived, the effective work was well done and the data were collected and
recorded in a proper manner. This assessment report also confirms the FCN solution for the best
possible recovery of the stock fuel (already applied by now).
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The results obtained by FCN during the quality evaluation of the stock fuel show, without
any doubt, that this fuel is not suitable for in reactor use. Only the uranium contained in the stock
fuel can be recovered either as pellets, as they are, or by recycling the unacceptable pellets.

By performing the complex program for the quality evaluation of the stock fuel, in a very
satisfactory manner, it was demonstrated that the excellent co-operation with AECL and
Zircatec, brought FCN capability to a level beyond the manufacturing activities. It should also be
emphasized that the quality evaluation of the fuel produced before June 1990 was performed in
parallel with the normal fuel manufacturing activity.

4. THE FUTURE OF THE NUCLEAR FUEL PROGRAM IN ROMANIA

Today, Romania has a fully integrated nuclear supply industry for its CANDU-6 type reactor.
The nuclear fuel production is an essential activity for the Romanian Nuclear Power Program.

After the FCN qualification was done with AECL and ZPI support, the nuclear fuel
production at the Romanian plant was very satisfactory. High quality CANDU-6 fuel was
produced, appropriate relationships between the fuel plant, its suppliers and the Customer
(Cernavoda NGS Unit 1) were established and the FCN personnel gained more experience and
confidence in their capability.

For the future the following objectives are essential for the nuclear fuel manufacturing:
- Preserve and improve the actual FCN capability to produce high quality fuel. This means

not only to keep the plant equipment in good shape or to procure more competitive
equipment where necessary, but also to preserve and increase the personnel skill and
responsibility that is laid upon them;
- Maintain a permanent contact with AECL, as the design authority, and with experienced
CANDU-6 fuel manufacturers from abroad in order to be ready at any time to implement all
the improvements which will certainly appear in the future;
- Decrease the fuel bundle cost especially by looking for better economical contracts with the

fuel plant suppliers of UO2, Zy-4 tubes and Zy-4 sheets and rods. Technology improvements,
which can be developed at FCN, could also contribute to achieve this goal;
- Consider and analyze the possibilities and the advantages for both parties to establish a

joint-venture with a foreign experienced CANDU-6 fuel manufacturer. This could help to
increase the FCN position especially in the world CANDU-6 market;
- On the short term, four to five years, FCN has to complete the recovery of the fuel

produced before June 1990, on the basis of the solutions established after the quality
evaluation of this fuel, evaluation which now is, practically, completed.

The nuclear fuel production at FCN should be in a strict correlation with the Romanian
market demand (and possible with the international market) in order to avoid the old policy of
producing fuel on stock.
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With respect to the Romanian nuclear fuel market it is easy to predict the future needs. The
new Romanian political authorities, in place after the November 1996 election, issued, at the
beginning of this year, a Governmental decision defining the completion of the Cernavoda NGS
Unit 2 as a national priority for the next five years. As a result, for this period of time, FCN has
two major tasks:

- Meet the nuclear fuel needs of the Cernavoda NGS Unit 1;
- Prepare the increase of the production capacity in order to meet, starting not later than

2001, the needs for two CANDU-6 Units.

Now, RENEL is subject to a restructuring process, but regardless of the final decisions about
the way this will be pursued, the future of the FCN is solid and safe. It is sure that in the future,
the status of FCN will consolidate and the nuclear fuel plant will gain more flexibility and
independence.

5. CONCLUSIONS

Romania opted for the CANDU system in the mid 60's and this option proved, on long term,
to be an excellent choice.

In the 80's the Governmental program for nuclear energy was quite impressive and too
ambitious, in some aspects even unrealistic. It included nuclear fuel fabrication for all five
CANDU-6 reactors to be constructed at Cernavoda. However, the bilateral arrangements for the
nuclear fuel manufacturing technology transfer from Canada to Romania were inconsistent with
the Romanian objectives. As it is well known, the nuclear fuel manufacturing technology was
developed before 1990 without any Canadian support.

In most respects, the manufacturing technology reached before 1990 an impressive level.
However, as presented in this paper, several essential aspects related to the CANDU-6 fuel
manufacturing were not properly solved.

The decision to start the large scale nuclear fuel fabrication in Decemberl983 without any
involvement neither by AECL nor by an experienced Canadian fuel manufacturer, proved to be a
mistake which generated significant economical losses.

The nuclear fuel production in Romania before June 1990 had no logical linkage with the real
status for the construction progress of the power reactors at the Cernavoda site.

Even if the policy of the Romanian Nuclear Fuel Program before 1990 was inappropriate, a
remarkable experience was gained and this positive experience, paid back, to a great extent, after
1990. It is worth mentioning here that because of this experience gained before 1990, the cost
paid for the qualification, by AECL and Zircatec, of FCN as a recognized CANDU-6 fuel
supplier, was rather modicum.
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After 1990, the new Romanian nuclear power authority, RENEL-GEN, elaborated a realistic
Nuclear Fuel Program. This program went through the Romanian nuclear fuel plant qualification
with the Canadian (AECL and ZPI) support, re-starting in January 1995 of the industrial nuclear
fuel production, quality evaluation of the fuel produced before 1990 and starting of the recovery
of this fuel.

This new policy already produced good results.

FCN is now a qualified CANDU-6 fuel supplier and by the end of July 1997 about 55% from
the fiiel core of the CernavodaNGS Unit 1 is coming from FCN production.

The future of the Romanian Nuclear Fuel Program is bright and has solid basis.

As a general conclusion we can stress that it is obvious that without a political support no
national nuclear program is possible, but too much political involvement in the technical aspects
is not beneficial at all.

It is not a wise policy to develop all the things using only your own efforts without any
international co-operation.

REFERENCES

1. CONSTANTIN A.GALERIU, AXENTE PASCU, "Nuclear Fuel Fabrication in
Romania", Third International Conference on CANDU Fuel, Chalk River, Canada, 1992 October
4-8.

2. OCTAVIAN BUDAN, CONSTANTIN A.GALERIU, AXENTE PASCU, ANA
BAJJLESCU, GHEORGHE ANDREI, " Quality Evaluation of the Nuclear Fuel Manufactured in
Romania Before 1990", Fifth International Conference on CANDU Fuel, Toronto, Canada, 1997
September 21-25.

3. ROMAN SEJNOHA, "IRNE Pitesti: Assessment of Fuel Manufacturing Documentation
and Practices", 1990 May 31.

4. M.GACESA, "Romanian Fuel: Acceptance of Existing Bundles", SE-SC 79-37000, 1990
April 10.

6. ROMAN SEJNOHA, MARTIN WASH (Canada), CONSTANTIN A.GALERIU
(Romania), "Qualification of FCN as a Supplier of CANDU Power Reactor Fuel", Third
International Conference on CANDU Fuel, Chalk River, Canada, 1992 October 4-8.

7.CONSTANTIN A.GALERIU, GHEORGHE ANDREI, ANA BAILESCU, AXENTE
PASCU, MfflAIL LrVTU ILIESCU, "Romanian - Canadian Joint Program for Qualification of
FCN as a CANDU Fuel Supplier", Fourth International Conference on CANDU Fuel, Pembroke,
Canada, 1995 October 1-4.

8. ROMAN SEJNOHA, "Recovery of CANDU-6 Fuel Manufactured before 1991 and
Stored at FCN", 1997, January 23.



21
TABLE 1. EVOLUTION OF THE FUEL BUNDLES PRODUCTION

BEFORE JUNE 1990 - -

MONTH

January
Fbruary
March
April
May
June
July
August
September
October
November
December
Total
production/year
Total in
stock/year

YEAR
1983

10
2
0
0
0
0
0
0
0
0
5

65
82

65

1984
48
56
96
80

120
98

112
188
206
100
176
325

1605

1577

1985
133
42

260
32

106
290
242
242
240
253
205
464

2509

2505

1986
262
441
393
450
465
389
355
402
404
200
347
405

4513

4509

1987
551
531
375
675
534
609
565
560
561
597
569
485

6612

6605

1988
417
583
700
442
585
800
650
607
600
509
208
970

7071

7071

1989
2871

507
766
720
843
605
122
660

1033
809
852
134

7338

7338

1990
400
210
410
450
456

48
0
0
0
0
0
0

1974

1974

Total production = 31,704 fuel bundles
Total production in stock = 31,644 fuel bundles2

1 Depleted fuel bundles
2 The diference between the total fabricated fuel and the stocked fuel bundles was used for out of
pile tests
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TABLE 2. EVOLUTION OF THE FCN FUEL BUNDLES PRODUCTION
AFTER PLANT QUALIFICATION -

YEAR

1994

1995

1996

.1997

QUARTER

4
1
2
3
4
1
2
3
4
1
2
31

41

PRODUCTION

202
230
316
601
531
257
775
90

453
1088
1604
1236
1470

CUMULATIVE PRODUCTION

202
432
748

1349
1880
2137
2912
3002
3455
4543
6147
7383
8853

Planned
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NUCLEAR FUEL SUPPLY VIEW IN ARGENTINA

- " • 48
R.O.CIRIMELLO(1) 4 S P ^

Comision Nacional de Energia Atomica . j U l ^ , ^

CONUAR SA - Argentina

A B S T R A C

The Argentine Atomic Energy Commission promoted and participated in a
unique achievement in the R & D system in Argentina: the integration of science
technology and production based on a central core of knowledge for the control and
management of the nuclear fuel cycle technology.

CONUAR SA, as a fuel manufacturer, FAE SA, the manufacturer of Zircaloy
tubes, CNEA and now DIOXITEC SA producer of Uranium Dioxide, have been
supply, in the last ten years, the amount of products required for about 1300 Tn of
equivalent U content in fuels.

The most promising changes for the fuel cycle economy is the Slight
Enriched Uranium project which begun in Atucha I reactor. In 1997 seventy five
fuel assemblies, equivalent to 900 Candu fuel bundles, will complete its irradiation.

l.THE NUCLEAR FUEL CYCLE INDUSTRY IN ARGENTINA

The decision for the erection of Atucha I, the first Nuclear Power Plant in Argentina,
a 340 MWe Siemens PHWR, in 1967, generate the born of a nuclear industry in Argentina. It
grows slowly with the construction of Embalse CANDU-600 and consolidated with the
government decision, in 1979, for the construction of 4 PHWR of 600 MWe before the end of the
century.

Two facts has to be mentioned as a result of the establishment of a nuclear industry in
Argentina. The metal-mechanical industry did a qualitative jump in production quality and
introduced new technologies by own development or by transfer from abroad. This facts support
at the beginning of 90's the projection of the Argentine Manufacturers to the international market
with high quality conventional products.

The core of the nuclear fuel cycle industry in Argentina was the Atomic Energy
Commission (CNEA) which played a main roll as a promotion agency and as a main participant
in Engineering, Process developments and manufacturing, within a scheme and policy that give
as a results a unique achievement in the R & D system in Argentina: the integration of science-
technology and production based on a central core of knowledge for the control and management
of the nuclear technology.

(1) Nuclear Fuel Technology Senior Advisor - Board of Directors - CNEA- Argentina
Vice President - CONUAR SA
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The Atomic Energy Commission assumed the commitment for the production and
self sufficiency, by it self or by associated enterprise, of the goods and services of the nuclear fuel
cycle. The production and sales of radioisotopes for medicine and industry were also one of it
most important achievement. At the same time CNEAs promote the transfer of technology toward
private enterprise in Argentina for intermediate and main components for NPP. The investment
was timely made and was moderated according to the steps the country did.

This plan failed because the endless process of construction of Atucha II (Siemens
PHWR), the first unit of the series, the lack of decision for the fourth NPP, a growing and
spurious antinuclear feeling, never well dimensioned and the new electric regulatory market
introduced in 1990.

A Nuclear Technology Company, INVAP SE was born in 1976, as a joint venture
between CNEA and the Provincial Government of Rio Negro.

INVAP SE was responsible for the development of the Uranium Enrichment
Technology and Zirconium Sponge. Participate actively in the domestic development of Zircaloy
tubes Technology and Candu Fuel Technology developments and construction of production
machinery. These projects are examples of own developments that went to production scale.
Several machines developed by INVAP SE for this industry were later exported.

A main achievement of INVAP, was the export projects. Out of them are remarkable
the NUR Reactor built in Algeria for research purposes and the MPR a Radioisotope Production
Reactor of 22 MWth, close to be commissioned, build in El Cairo, Egypt for the AEA. Also, as a
main contractor of CNEA, this Nuclear Technology Company developed an inherent safe small
power reactor named CAREM. A prototype of 25 MWe will be install in the country starting its
construction next year.

INVAP SE developed and installed the facilities for the dry storage of irradiated
CANDU fuel in the NPP located at Embalse, Cordoba Province.

Two additional companies of this type were establish:

• Nuclear Mendoza SE, belonging to CNEA and the Government of Mendoza
Province. The aim of this company was the Engineering and eventual operation of Chemical
plants for Uranium refining and conversion. Due to business policy this company is near its
extinction.

• Engineering and Services Neuquen Company (ENSI SE), a joint company between
CNEA and the Government of Neuquen Province, were build for the engineering and operation
of the Heavy Water Industrial Plant (PIAP). The final installation of this Plant of 200 TN per
year of production, the commissioning and the initial operation until the production of the first 50
TN of Heavy Water was the main achievement of the Company. At the present time a contract
for the replacement of 600 TN of heavy water rented to Canada for Embalse NPP is underway.

A fuel manufacturing company, CONUAR SA, was founded in 1981. This stock
company belongs 67 % to private capital (Pecom Nuclear SA) and 33 % to CNEA.

Its main objective is the supply of nuclear fuel for the Argentine NPPs. It is located
in Ezeiza, Buenos Aires Province and up to date has produce 4000 Fuel Assemblies of 6 meters
long for Atucha I PHWR and more than 35.000 bundles for Embalse NPP. The production line
for Atucha II Fuel is also ready for the contract of the first core. Provisions are in progress for the
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production of CAREM slight enriched PWR fuel. Additionally it have participated in services for
theNPPs. " • ~ •

A company named FAE SA (Especial Alloys Manufacturing) was establish in 1985
between CONUAR SA (68 %) and CNEA (32 %) for the production of Zircaloy. FAE SA has
already manufactured more than 2500 kilometers of tubes for the argentine's NPPs and is able to
manufacture Zircaloy tubes for PWRs, titanium tubes for condensers and stainless steel tubes for
the conventional industry.

At the end of 1994 an important change has occurred in the organization of nuclear
energy in Argentina. The previous and new organizations are shown in Figure 1 and 2. The
government made the decision to privatize the construction and operation of NPPs, and as a
results of the reorganization of the Atomic Energy Commission (CNEA) also the front end of the
nuclear fuel cycle.

A new company called Nucleoelectrica SA (NA SA), belonging 100 % to the
Economic Ministry - which will be privatized in the near future - taken over the responsibilities
for the finishing of Atucha IINPP, which is at 85 % of stage of construction, and the operation
of Atucha I, a Pressure Vessel Natural Uranium-Heavy Water Reactor of 340 MWe in operation
since 1974 and Embalse NPP, a CANDU-600 Reactor in operation since 1984.

The regulatory activities were transferred to a new governmental Regulatory
Organization, called Ente Nacional Regulador Nuclear (ENREN) - now ARN (Autoridad
Regulatoria Nuclear) - while CNEA remain as responsible for the Research and Development and
waste management.

At the beginning of 1997 a new Company named DIOXITEC SA was created for the
production of Uranium Dioxide at the present in the Plant of CNEA located in Cordoba City.
This Company belongs 99 % to CNEA and 1 % to Nuclear Mendoza SE. It will be privatize in
the near future.

A law No.24804, named Ley Nacional de la Actividad Nuclear (National Law for the
Nuclear Activities), was approved in April this year, which regulate de Atomic Energy
Commission (CNEA) activities and the one reserved for the Nuclear Regulatory Authority
(ARN).

2. DOMESTIC PHWR FUEL SUPPLY AND PERFORMANCE

The amount and performance of domestic manufactured and foreign supplied fuel is
shown in Table 1 and 2.

The impact on mass production of domestic developed manufacturing technology
for CANDU fuel [1] and production learning factor of the company, which taken over the
production line without any external assistance, explain the difference in the failure rate
compared to Canadian manufactured fuel. However, the failure rates of domestic manufactured
fuel are quite similar to the figures of fuel supplied in Canada in the intermediate stage of the
technology.

A long term contract between CONUAR SA and Nucleoelectrica Argentina SA
support the continuity of the local fuel production and focused the activities of fuel
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manufacturer. However, the future competitiveness of nuclear power plant, required a strong
effort in reducing fuel prices and increasing its operational flexibility and reliability.

In a similar situation is placed DIOXITEC SA which have to face a resiting of the
plant because the urban location of the present Plant, an optimization of the final price of U/UO2
and a possible change of the method of production

To this end we are facing a review of the fuel design, a renewal of production lines
introducing updated production technology and we made an important organizational re-
engineering including administrative services and procurement.

Fifteen years of production and domestic fuel performance experience allow us to
review the design of fuel and manufacturing processes and equipment, in order to improve
reactor operational flexibility, fuel cycle economy and fuel reliability.

The most promising changes for the fuel cycle economy is the Slight Enriched
Uranium (SEU) project which begun in our Atucha I reactor in January 1995 [2] [4]. To day
more than 15 fuel assemblies out of 253 in the core were discharge with an excellent
performance [3]. During 1997, 60 fuel assembly , equivalent to 720 Candu fuel bundles, will be
irradiated.

The SEU fuel with an enrichment of .85 % in U-235 will reach a burnup of 11.5
Mwd/kg U with maximum linear power ranging the 500 W/cm. The main advantages from the
use of SEU in Atucha I core are the extension of fuel discharge burnup, reduction of the spent
fuel volume, reduction in the total fuel cost and reduction in the frequency of on power refuelling
[5].

The benefit of this programme for Embalse (CANDU-600) NPP is under evaluation.

3. RESEARCH AND DEVELOPMENT ACTIVITIES

Basically CNEA has developed the tools for design analysis and a data bank
throughout its own fuel performance evaluation and experimental irradiations.

CNEA has developed the BACO code for the simulation of a fuel rod behavior under
irradiation [6]. The domain of use is for PHWR, but may be extended for particular applications
due to its flexibility. It has been used for simulating PWR, CANDU, and experimental fuel rods.
The new version was developed in connection with the IAEA's Coordinate Research Project
FUMEX (Fuel Modeling at Extended Burnup). A blind-test consisting of a set of experiments in
order to compare fuel performance with code predictions included PIE analysis. The final burnup
reached for the fuels were intermediate (25 MWd/kgU) and high ( 50 MWd/kgU). BACO code
obtain a reasonable good performance with the FUMEX exercises, specially at intermediate
burnup and low power.

Irradiation of fuel rods manufactured in Argentina begun in 1974 in the MzfR Reactor
of Karlsruhe, Germany, a prototype for the Atucha I NPP.

Following this two fuel assemblies of Atucha I was irradiated in the Power Reactor.
A series of Candu elements were irradiated in the NRU in 1980. In 1984 more than

2000 bundles were irradiated for qualification in the Embalse Reactor before the massive
production in CONUAR begun.

In 1986 Argentine MOX fuel started its irradiation in Petten Reactor. Six pins were
manufactured in a Pu facility at CNEA. Those rods has been used for destructive pre irradiation
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analysis, as a pathfinder to adjust systems in the experimental Reactor and two rods include
iodine doped pellets, to simulate a burnup of 15000 MWd/ton(M). The power histories were
defined with the BACO code [7].

All this irradiations were followed by extensive post irradiation examinations or
under water examinations.

The follow up of the irradiations parameters in power reactors and fuel performance
evaluation as well as hot cell inspection are the support of the advance fuel program we are facing
for the present two power stations in operation and the third in construction [8].

The main effort on advance conceptual re-design of fuel for Argentine's Reactors is
the CARA Project which basically evaluated the impact on the reactor economy and fuel
reliability of a 61 fuel rod assembly. In a first stage an homogeneous SEU enrichment, low linear
power rating, advanced pellet design, similar hydraulic pressure drop and better Critical Heat
Flux are the conditions for a low cost-high reliability fuel assembly. The main goal of this project
is to keep the cost of fuel cycle, mainly for Atucha I and IINPP, as lower as possible in relation
to the gas fueled Power Station, with a common production line for all NPP's fuel.

A moderate effort is been foreseen in relation with advance reactors fuel.
Low Void Coefficient Fuel is under evaluation in connection with the SEU fuel

Project [9], using an appropriated combination of enrichment and absorber in the cell.
We have also begun a Project on actinides transmutation.

4. CONCLUSIONS

The new organization of the nuclear activities in Argentina impose a challenging
effort in the particular responsibilities of the participants. A reduction in operation and
maintenance cost of NPP, a reduction in fuel prices and increased fuel reliability for the fuel
suppliers and a set of creative projects for the improvement of the present technologies and the
development of the basis for the future reactor generation for CNEA.

Fuel performance of domestic supplied fuel in Argentina is aceptable for PHWR
international level and is been improved throughout the introduction of updated manufacturing
technology and control.

Today most important Project for the Argentine PHWR is the Slightly Enriched
Uranium (SEU) Fuel Project in progress in the Atucha I Reactor.

A moderated effort is foreseen in advance reactors fuel. Mainly in CARA fuel to
compete with gas fueled PP, in low void coefficient fuel and in actinides transmutation fuel.
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C N E A
SOLD ELECTRICITY, NUCLEAR FUEL, RADIOISOTOPES, SERVICES

NUCLEAR POWER NUCLEAR FUEL RADIOISOTOPES RESEARCH & NUCLEAR
REACTORS CYCLE & RADIATIONS DEVELOPMENT SAFETY &
DIVISION DIVISION DIVISION DIVISION LICENCY

+ CONUAR SA + INVAP SE DIVISION
+ ENACE +FAESA

• CONSTRUCTION AND OPERATION OF NUCLEAR POWER PLANTS.

• FUEL ENGINEERING, FRONT END OF NUCLEAR FUEL CYCLE PRODUCTION
AND WASTE MANAGEMENT.

• RADIOISOTOPES PRODUCTION AND RADIATION APPLICATIONS.

• R & D AND SERVICES TO THE PRODUCTION SYSTEM.

• RADIOLOGICAL PROTECTION, NUCLEAR SAFETY, LICENCY, SAFEGUARDS.

Figure 1. Organization of Nuclear Asctivities in Argentina until the end of 1994.
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Figure 2. Organization of Nuclear Activities in Argentina since 1995.
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SUPPLIER

IRRADIATED
FUEL
ASSEMBLIES

MANUFACTURED
FAILURES
FUEL
ASSEMBLIES

RBU

1974
QTY

3314

(1)
19

SIEMENS

1983
%

45.4

0.57

C N

1978
QTY

240

(2)
2

E A

1981
%

3.3

0.83

C O N U

1982
QTY

3755

(3)
20

AR SA

1996
%

51.3

0.53

T O T

QTY

7309

41

A L

%

100

0.56

Main Cause s of Failures: (1) Hydriding, cladding flaws
(2) Unknown (pilot domestic manufacturing)
(3) Cladding, flaws, hydriding, poor endcap welding

Tabla 1. Amount of fuel supplied and fuel performance in Atucha IPHWR

SUPPLIER

IRRADIATED
FUEL BUNDLES

MANUFACTURING
FAILURES
FUEL BUNDLES

CANADIAN
1984

QTY

16650

(1)

15

SUPPLIERS
1996

%

32.6

.09

C N
1986

QTY

2100

(2)

55

E A
1988

%

4.1

2.6

CON
1988

QTY

32317

(3)

60

UAR
1996

%

63.3

.18

T O T

QTY

51067

75

A L

%

100

.14

Main Cause s of Failures:
(1) Cladding flaws, poor endcap welding
(2) Poor endcap welding, hydriding (Pilot domestic manufacturing)
(3) Endcap porosity, hydriding, poor endcap welding

TABLA 2. Amount of fuel supplied and performance in Embalse HWR
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Development Of The CANDU Reactor

Luncheon Address to the Fifth International Conference on CANDU Fuel

Mr. Chairman, Ladies and Gentlemen, former colleagues, new friends and particularly the
international visitors. It is a great pleasure for me to speak to you today on The Technical History
of the CANDU Reactor.I will highlight some of the achievements in the development of CANDU,
taken from the new book "Canada Enters The Nuclear Age", published in 1997 by McGill/Queens
University Press, which describes 40 years of R&D at AECL.

The history of such a tremendous achievement as the CANDU reactor is a personal feeling;
everyone associated with any part of this project would have their own version of a history—and
what are the most important points that should be discussed. I know that in the preparation of
Canada Enters The Nuclear Age there was extensive information included in the early drafts that
had to be deleted because of lack of space-not because it wasnt important—much to the
consternation of the authors. But editing had to be done—and in retrospect the decisions to delete
were correct.

The CANDU reactor is one of Canada's greatest scientific/engineering achievements, that started
in the 1940s and bore fruit with the reactors of the 60s, 70s, and 80s. Remember though, nuclear
science was not new to Canada. About 100 years ago Sir Ernest Rutherford made some of his
key discoveries while working as a professor at McGill University in Montreal; for example he
showed that radioactivity is, in many cases, a manifestation of the long-sought-after transmutation
of elements. Many Canadian scientists studied under Rutherford, giving Canada a solid nuclear
base. After Rutherford returned to England, nuclear research continued in Canada, mainly at
Queens and Dalhousie Universities. Also the work of G. C. Laurence at the NRC, the discovery
of uranium at Great Bear Lake in 1930, and the setting up of a plant to extract the radium and
later the uranium from the Great Bear Lake ore gave Canada status as a Nuclear Nation.

In the 1930s work in Italy, France and Germany culminated in the demonstration of nuclear
fission early in 1939. Its potential in both peace and war was widely recognized. The French
group at the College de France, led by Fredrick Joliot-Curie included Hans von Halban, an
Austria, and Lew Kowarski, a Russian. Amongst their discoveries this group found that at least
two neutrons are emitted when a fission occurs. But before a chain reaction can be considered
these neutrons must be slowed down; i.e. moderated. And this group knew that heavy water
would be a very efficient moderator.

Joliot-Curie obtained permission to purchase the world's supply of heavy water from Norway [in
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fact the Norwegian Company provided it on loan]. By this time [1940] the .2nd World War was
on, and Germany also had an interest in the D2O. The French agent laid a false trail which misled
the German Air Force into intercepting the wrong flight and forcing it to land at Hamburg, while
the heavy water reached France via Scotland.

The group at the College de France were performing neutron diffusion experiments in D2O when
the Germans broke through the Netherlands and Belgium into France. The Earl of Suffolk, British
scientific attache in Paris, arranged for the escape of about 150 scientists/engineers and technical
personnel from France to Britain. Joliot-Curie did not go, but in 1940 Halban and Kowarski sailed
from Bordeaux in a small ship with the 185.5 kg of heavy water.

Pause for a few seconds to think what might have evolved if the Germans had intercepted the
heavy water during its journey from Norway to France, or from Paris to Britain.

These 150 people joined other staff from Britain and around the world at the Cavendish Labs at
Cambridge where many experiments were done: one of these showed that a mixture of uranium
and D2O could sustain a chain reaction. A monumental discovery, particularly for the future
CANDU Reactor.

The entry of the USA into the war changed the tempo of nuclear development. Military needs
demanded utmost secrecy and security, and relations became strained between the USA and the
European team. Negotiations to relocate the European team were started, and ended with an
agreement between Britain and Canada, with the support of the USA, to move the British heavy
water project from Cambridge to Montreal, in 1942. This was the start of D2O moderated reactor
research in Canada. In 1943/44 the labs were moved from Montreal to the newly established
laboratory at the "remote" location of Chalk River, Ontario.

Professor John Cockroft was appointed Head of the Montreal Labs and moved to be Head of the
Chalk River labs for one year. It was decided to build a research reactor, and when finished NRX
become the backbone of the experimental programs. However, NRX was a very complicated
enterprise and took a long time to design and build; so a very simple reactor ZEEP [zero energy
experimental pile] was built and went critical on 5 September, 1945. It was the first reactor to go
critical outside the USA, and for years was a useful facility for basic lattice experiments. The
construction of NRX continued and it went critical on the 22nd of July, 1947. For several years it
was the most powerful research reactor in the world, as was NRU in the 50s to 80s

In 1947 W. B. Lewis was brought from the UK, where he had been a key participant in radar
development, to head Chalk River's R&D program. He became the main driving force for
CANDU over the next 25 years. J. L. Gray was on the administrative side of the labs, and later
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became President of AECL. Prime Minister W. L. MacKenzie King had appointed C. D. Howe
as Minister of the Department of Munitions and Supply and other posts. Howe was a powerful
person who kept up to date on three important aspects of nuclear matters: uranium supply,
nuclear research and development, and nuclear regulation and control. He was a former professor
of engineering and understood nuclear fission and the potential power of the atom; he and J. L.
Gray became strong allies, and nuclear plans flourished.

On 1 April 1952 the Government of Canada formed Atomic Energy of Canada, Limited, a Crown
Company reporting to Cabinet through a Minister. Other important Organizational events were
the formation of the Atomic Energy Control Board in 1946 and the declaration of the Atomic
Energy Act in 1954.

By the early 50s development of the last major hydro-electric sites on the Niagara, Ottawa, and
Saint Lawrence rivers had been committed. Dr. Percy Dobson, Head of Research for Ontario
Hydro, recognized the need for a new source of power. He got R. L. Hearn, then Chief Engineer
and later Chairman of Hydro, interested in the work going on at CRNL. In 1953 the AECL Board
of Directors agreed to set up a study team [the Nuclear Power Group—NPG] to look at the
possibilities of a small power reactor. H. A. Smith of Ontario Hydro was appointed head of the
team. Members were from Ontario Hydro, Brazilian Traction, Shawinigan Chemicals, Babcock
Wilcox, Montreal Engineering, and B. C. Electric. The formation of this group marked the
beginning of Canada's nuclear power program. After months of calculations and discussions the
NPG decided that a heavy water moderated, natural uranium reactor was feasible. According to
John Foster, if the team had not recommended this, W. B. Lewis would have insisted that another
team be formed.

When the Government decided to proceed with a demonstration nuclear power reactor [NPD]
AECL invited 7 Canadian corporations to bid on a contract to design and construct the NPD
plant. The Board recommended that Canadian General Electric be selected.

Participation by a utility was also essential. Two had presented proposals: Ontario Hydro and
Nova Scotia Light and Power. Ontario Hydro was chosen. Think what it would have been like if
NSL&P had been chosen—we would be meeting in Halifax, and probably eating lobster for lunch.

While NPD was being designed and built the NPG investigated conceptual designs for much
larger reactors. In May 1957 they concluded that the minimum commercial size would be about
200MWe and it should use horizontal pressure tubes to contain the fiiel and pressurized heavy
water coolant. Part of the reason for the recommendation is that a natural uranium reactor must
be larger than an enriched uranium reactor; a pressure vessel would be very large and beyond the
current state-of-the-art of construction. A second reason was that a thirty year amortization
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period was necessary to achieve a low unit energy cost. Because of uncertainties in the design and
longevity of in-reactor components it was considered necessary that the core could be replaced;
that would be possible with a pressure tube design. Another factor in considering a pressure tube
design came from the USA. The General Electric Company had been given a contract to build a
reactor which was to operate at power reactor conditions. They chose a pressure tube design,
using Zircaloy pressure tubes. The likely availability of such tubes introduced another degree of
freedom into the conceptual design for CANDU, and the NPG proposed that future power
reactors use horizontal pressure tubes, not a pressure vessel. This led to a major change in the
NPD program. The original design was for a vertical pressure vessel and the vessel was being
constructed in Scotland. The contract was canceled and a re-design was started. This caused a
delay of about two years in the completion of NPD. But the delay was worth it since NPD played
an important role in understanding the CANDU system, as a test bed for fuel and pressure tubes,
for coolant experiments [including operation with a boiling coolant], in showing that a power
reactor could be used to produce Co-60, and in preparing AECL and the utilities for future
stations.

Another advantage of the pressure tube design was also recognized; the same basic design could
be used as progressively larger units were needed by the utilities—just add a few more pressure
tubes, a bigger pump and a higher power turbine. [Sounds simple-eh!]

The original fuel for NPD was to be Zircaloy-clad uranium metal, with some thoughts of
developing a high-temperature aluminum alloy as sheathing, because of the high cost of
zirconium. However, information from tests by Bettis Atomic Power Labs in the loops of NRX
showed the excellent performance of UO2, even with purposely defected sheathing. This sounds
straight forward, but in fact there was almost an international incident over this: The head of NRX
[Gib James] x-rayed an experimental fuel assembly for the US Nautilus fuel development program
that was to be irradiated in the loop in NRX; and contrary to information supplied by the USAEC,
found that the the fuel was UO2, not uranium metal. The USAEC claimed that we had breached
security, but Gib James told them "no one puts anything in the fuel channels in my reactor without
an x-ray examination; we have done it from the start". AECL survived the ensuing investigation
and the co-operative program went ahead. W. B. Lewis became convinced that UO2 was a better
choice than uranium metal, and at an NPD Technical Committee meeting in October 1955 he told
the meeting that the fuel would be UO2.

It is worthwhile to stress the importance of having the loops in NRX and later NRU. The first
loop was built by Bettis for their experiments on fuel for the Nautilus submarine. The USAEC
finally recognized that some AECL personnel had to be made aware of what the tests were about,
and several of us were given "Q" clearances by the US Military. Gradually AECL was allowed to
incorporate this information into its own program, particularly the use of UO2 and Zircaloy-2, the
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alloy for sheathing material. AECL began to build its own loops in NRX and larger sizes in NRU.
These were extremely important in doing experiments on fuel, on pressure tubes, on safety, on
heat transfer, on in-reactor instrumentation, on coolant flow and vibration, on coolant chemistry,
on the formation of deposits [crud], and on the clean-up of radio-activity after fuel had defected.

Another important, but definitely not planned, source of information arose in December, 1952
when NRX had a loss of regulation accident with irrepairable damage to the inner components
and extensive coolant leakage. The reactor had to be taken apart, the building cleaned, new
equipment built and installed, and the reactor put back together and restarted. It was the first time
such a large radio-active structure had had to decontaminated and rebuilt In retrospect it was a
good experience; the information and experience gained was very important to AECL, the
Canadian military, the AECB, the USAEC [who sent USmUitaiy personnel to help in the
cleanup-including the future president, Jimmy Carter], and the entire nuclear community. When
the leak occurred, and on the basis of a preliminary call from Chalk River, AECL's president told
the press there had been a "pinhole leak". When a group of Americans visited Chalk River to
discuss the accident one of them began his remarks by saying that Canadians must measure
pinholes as they do gallons, because this was certainly an Imperial Pinhole.

In 1959 the Federal Government and Ontario Hydro agreed to commit a program of design,
development, construction, and operation of the Douglas Point Station. At this time the Nuclear
Power Plant Division was formed; this eventually became AECL CANDU. The NPPD consisted
of personnel from AECL, over half a dozen private companies, and attachments from several
utilities. Engineers were recruited from the AVRO Arrow project when it was canceled in 1959.
The establishment of the NPPD was controversial since a private company, CGE, was already
engaged in design and construction of NPD and was actively marketing the concept to possible
foreign clients. However the Division was set up to design Douglas Point, and in cooperation with
the utilities and private businesses, it combined very successfully to produce designs for this and
subsequent reactors.

In the early years of operations Douglas Point was plagued with problems. The main coolant
pump had to be modified and valves required frequent maintenance. Repairs were difficult
because of lack of space and radiation levels were high, due to lack of attention to proper water
chemistry control, which resulted in the formation and subsequent movement of radio-active
corrosion products into the steam generators and other out-reactor components. Processes were
developed to remove the corrosion products and studies defined the proper water chemistry
levels; these were set and rigourously kept.

Early operations showed that many commercially available components were not good enough.
This led to the development of special groups within AECL to study the needs and to set up
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quality assurance programs that would ensure Nuclear Grade products. This was very important
for Canadian industry; many objected, but those that accepted the stricter demands were able to
continue to supply their products to the CANDU program, and also world wide.

For the next part of this talk lets take a look at a few of the components that required special
studies to make them suitable for nuclear use. Firstly there are the standard out-reactor
components such as pumps, valves, steam generators, and piping.

Pump Seals—At startup of NPD in 1962 pump seals lasted typically 200 hours. With 25 years of
development pump seal life has been extended to five years. These studies involved the interaction
of hydrodynamics, vibration, lubrication, flatness of surfaces, clearances, wear, metallurgy,
corrosion, and fabrication techniques. The seal problem was augmented as the size of the pumps
increased when reactor output was raised: shaft diameters were increased to 200mm, and
horsepower increased significantly: 500 hp for NPD compared with 11,000 hp for Bruce. To
achieve success four separate areas were studied: seal design, seal material—the original cobalt
alloy seal faces were replaced with titanium carbide to lower cobalt release to the coolant—,
suppliers' quality control, and maintenance and operating procedures at the power plant. Typical
loss of electrical generation due to pump seal problems is less than 0.05% for CANDU reactors.
AECL became so efficient in designing seals that they were consulted by NASA after the seal
failure on the shuttle program, [the Challenger disaster]

Valves—It is imperative to minimize heavy water leakage and to extend the life of the valve
packing. In the early 70s AECL began a program to address these needs. The result was live-load
packing. This is a spring-loading technique incorporating sufficient energy storage to compensate
for the compression set; [densification of the packing due to compression loads] or wear of the
packing in the stuffing box. The original designs lasted for a few tens of cycles, but application of
the new technology has increased this to many thousands of cycles and on back-fits of existing
valves has reduced leak rates by a factor of 25, and radiation doses to valve maintainers by a
factor of 100.

Steam Generators—Steam generator development concentrated on a complex interaction of
design, water chemistry, materials, and a series of parameter tests. Some of the important aspects
studied include effects of flow rate and erosion, water chemistry, overall and localized corrosion,
build-up of debris, temperature and pressure, vibration, weld integrity and internal stresses. The
size of the problem—think of the surface area involved in a steam generator; for Pickering about
5.5 acres [excuse the non-metric units]. A hole smaller than 1/16th" diameter in this area is
unacceptable. Also think of 7100 tube-to-tube sheet rolled joints, where any crevice can be a
place for debris to accumulate, for accelerated corrosion, and for the occurrence of boiling, which
can result in tube cracking due to chemicals that concentrate in the boiling water. Tests showed i/
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the beneficial effects of adding hydrazine to react with any traces of oxygen [to reduce corrosion]
ii/ additions of sodium hydroxide and sodium phosphate to counteract the effects of impurities
such as sulphates and chlorides, iii/ additions of an organic amine, which is sufficiently volatile
that is does not concentrate in the steam generator, to control alkilinity.

To detect if a leak had occurred in a steam generator tube infrared absorption spectrometry
monitors, which were developed at CRNL, were added on-line. If a defect was detected eddy
current techniques, also developed at CRNL, were used to determine which tube was leaking and
had to be plugged. Another problem that became evident was the accumulation of sludge, which
can restrict heat transfer and reduce the efficiency of the system. Methods to eliminate or at least
reduce such build-up were studied; none was completely successful and sludge build-up is still a
problem

Piping—The engineers felt that stainless steel was not required for the reactor coolant system
piping and associated vessels. This certainly was contrary to the conventional wisdom of the
nuclear industry at that time. Nevertheless Canada went ahead and specified carbon steel for
reactor coolant system use. Carbon steel is lower in cost, immune from intergranular stress
corrosion cracking, and is easier to decontaminate than stainless steel. The decision to use this
material has proven to be correct in that, to date, no problems have arisen from its use.

Now, lets look at a few of the in-reactor components. For this audience the most important of
these is the fuel. At lunch tomorrow you will be getting a full charge of this when Ron Page
speaks to you. However I would like to insert here a couple of items.

Early in the UO2 experimental program potentially devastating news came from General Electric's
Vallecitos, California Labs. Several of their Zircaloy-sheathed elements had disintegrated during
irradiation, and G. E. were contemplating abandoning Zircaloy in favour of stainless steel
sheathing for the BWRs. If there was concern about zirconium-based sheathing in the USA it was
doubtful if there could be a viable industry to supply only Canadian needs; and stainless steel
absorbed too many neutrons to be used with natural uranium fuel in CANDU reactors. AECL had
not experienced such disintegration and questions were raised on material impurities. U. S.
analyses showed a high concentration of fluoride in the UO2, [probably from residual
hexafluoride from the enriching process]. AECL postulated that such concentrations could cause
the disintegrations observed, and they launched a definitive test with two levels of fluoride. Within
Canadian specifications there was no problem, but with high fluoride concentrations disintegration
occurred. This information was quickly made public; Zircaloy was kept as the preferred sheathing
for the US reactors. Without this prompt explanation of the problem and easy solution the entire
CANDU concept could have been in jeopardy.
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And secondly—Initially the determination of fuel burn-up was done by chemical analyses for
fission products. This was a long process. Results were not very accurate, and often were quite
different from burn-ups estimated from calorimetry and measured values of the neutron flux in the
reactor. This meant that calculations of power, fission product production, and percentage of
fission product gas release were suspect. The Research Chemistry Branch had built a mass
spectrometer. The funds for this were partly justified by the need for more accurate burn-up
analyses, by measuring the U-235/U-238 ratio in samples removed from the irradiated specimens;
from such data the burn-up can be calculated to a high degree of accuracy. The first few samples
were done with great enthusiasm by the research scientists, to prove that their system worked.
However, when samples began to be submitted on a frequent basis there was a minor rebellion:
"the mass spectrometer was a research instrument, not a service tool for the fuel group, and we
are research scientists, not assembly line analysts". Heated discussions followed, but managerial
diplomacy prevailed; essential samples would be processed, with the promise that another setup
would be obtained to provide the burn-up analyses needed for a full understanding of fuel
performance. And this was done.

Fuel Channels—The fuel channel consists of the pressure tube, which contains the fuel and hot
primary coolant; the garter springs to keep the pressure tube and calandria tube from touching;
the calandria tube, which keeps the cool moderator from contacting the hot pressure tube; and the
rolled joints, which connect the pressure tube to the out-reactor circuits. In NPD the calandria
and the calandria tubes were made of aluminum, but in the larger reactors more strength and
better corrosion resistance was needed; so the tubes were changed to Zircaloy and the calandria
to stainless steel. The fuel channel must be neutron-economic, corrosion resistant at the operating
temperatures, and have sufficient strength to withstand the pressure of the coolant for short term
exposure and for long term creep and sag. Pioneering work by the U. S. Military, under Admiral
Rickover, developed Zircaloy-2 for fuel sheathing. This alloy had the corrosion resistance and
could give the strength needed for pressure tubes, if some cold work was introduced. The
experimental program to develop the pressure tubes was a huge endeavour, involving hundreds of
people at AECL, Ontario Hydro, and private industry [especially the tube manufacturers]. Items
of interest included alloy composition, strength [including creep and sag], effect of cold work and
heat treatments, corrosion, internal stresses, both uniform and localized, effect of manufacturing
defects, rolled joints, critical crack length and the leak-before-break concept.

It appeared that the design of the pressure tubes was set, but, on 10 August 1974, a traumatic day
in CANDU technology, previous theories had to be re-examined: primary coolant was detected in
the annulus gas in Pickering 3. It was a leaking pressure tube. Instruments showed which tube
was leaking, and when it was removed examination showed that the leak was in the tube, not the
rolled joint. This launched a major investigative program to determine how the leak occurred,
why, how many tubes were affected, and what could be done to remedy the problem. The leaks
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were attributed to what became known as delayed hydride cracking. This was not an isolated
incident; 16 other tubes in Pickering 3 developed leaks, and eventually 52 were replaced in
Pickering 4. Both reactors had Zr-2.5%Nb tubes; no leaks were detected in the longer exposure
but lower tensile strength Zircaloy tubes of Pickering 1 and 2.

An extensive investigative/development program followed to determine the cause of the defects,
and how they could be eliminated. The tests showed that zirconium hydrides built up in an an area
of the pressure tube that was over-stressed due to the misapplication of the procedure to install
the rolled joints. Focus centered on how to eliminate localized stresses, how to reduce the hydride
levels, and why did the hydrides concentrate at the over-stressed areas. These topics are still being
investigated, including renewed efforts on non-destrucrive testing. Changing the tube material
back to Zircaloy was considered—by a narrow margin the decision was to stay with Zr-2.5%Nb,
and has stayed firm. DHC also caused the failure of a Zircaloy pressure tube in Pickering-2 where
the pressure tube and calandria tubes touched because of an out-of-place garter spring. Hydrogen
migrated to the cold spot and hydrided areas formed to cause weak spots which eventually
failed. This proved to be a major problem, that involved a great many of the creative minds of
AECL and Hydro [plus their consultants]. Systems were devised to determine how many other
garter springs were out of place [many] and what were the possibilities of further defects of this
origin. The process [SLARette-for search, locate, and replace] is still being successfully pursued
by AECL and Ontario Hydro.

There are many more important factors in the story of pressure tubes; these are given by C. E.
Ells in Canada Enters The Nuclear Age.

Rolled Joints—What is a rolled joint? No it is not a cigarette of any form; it is where the Zircaloy
pressure tube is rolled into grooves machined into the 403 stainless steel end fittings. 403 stainless
steel was chosen because it had good corrosion, adequate strength, and an expansion coefficient
very close to Zircaloy so that changes in temperature would not put undue stress on the joint.
Some people said these would not work, but the designers had faith, and were correct. There
have been no failures or leaks attributed to rolled joint defects. The Russians were particularly
skeptical, and most Russian visitors questioned this design. It seems they were convinced the
rolled joint would not work and they simply would not believe the answers of "good performance,
no problems, no defects".

Heavy Water—Heavy water is expensive, and the CANDU reactor needs a lot of it. Therefore
programs were put into operation to i/ find the cheapest way to produce it in large quantities, ii/
ensure that components did not leak, iii/ develop instrumentation to detect leaks, and iv/ ensure
the reliability of the D2O production plants. As we heard earlier the first significant amount of
heavy water was produced in Norway. Canadian production started in 1943 at Consolidated
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Mining and Smelting at Trail, BC, under contract to the Manhattan Project D20 was extracted
from a hydrogen stream by a catalyzed vapour-phase exchange reaction between steam and
hydrogen. By 1945 about 8 Mg .of D2O was produced. The USA also produced 21 Mg of D2O
in their distillation plants. Of this 29 Mg of D2O the USA loaned Canada 20 Mg for ZEEP and
NRX. In 1955 an exchange program between The USA and Canada allowed Canada to purchase
enough D2O for the initial phases of the CANDU program, and access to all the American
process D2O production technology. Between 1955 and 1967 Canada purchased about 1000 Mg
of D2O from the USA to satisfy the needs of ZEEP, ZED-2, WR-1, NPD, Douglas Point, and
the first Pickering unit.

A Canadian supply was needed and in 1963 AECL sought bids for a D2O plant to provide 900
Mg over a five-year period. The result was the Glace Bay fiasco! Glace Bay was plagued with
problems: managerial, labour, financial, design, choice of materials, and organizational. Eventually
AECL was called to the rescue, and the plant was extensively revised and began operation ten
years later that the original schedule. A second plant was constructed at Port Hawkesbury in
Nova Scotia; again problems were encountered which limited production to half the rated
capacity. More D2O plants were built at Douglas Point, one by AECL [later purchased by
Ontario Hydro] and one by Ontario Hydro [two others were committed by Hydro but never
completed]. By the end of 1974 Canadian production began to exceed demand, and has done so
ever since.

The development program was wide ranging, including process analysis and control, process
chemistry, analytical chemistry, materials behaviour, mechanical equipment, sieve tray hydraulics
and efficiency, gamma scanning and water distillation. Hundreds of person-years were spent on
this program; for those of you with greater interest I refer you to H. K. Rae's section in Canada
Enters The Nuclear Age.

A few words on the fueling machines, and the bi-directional fueling that they allowed. These
machines are incredibly complicated, having to latch onto the pressure tube while the coolant is at
temperature and pressure, and where any spilt D2O is unacceptable. They have to allow
movement of the new fuel bundles into the channel, and more importantly ensure that the spent
fuel is not mishandled on discharge. Also they have to ensure that the bundles are not subjected to
abnormal stresses during loading or discharge, for example by uneven coolant flow, by being
caught in the latches that make the seal, or by impact where one bundle is rammed into another.
On-power fueling had been shown to be feasible at NRU; the technology was expanded to
provide a system that has worked well for CANDU stations, with very little loss of electric
capacity due to fueling machine outages. The bi-directional fueling with the 50 cm long bundles
gives about twice the burn-up over uni-directional fueling with full length fuel bundles, and with
proper fuel management, reduces the power ramps that might cause fuel failures due to stress
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Finally I would like to mention the incredible technical developments in CANDU maintenance.
There is a full seminar on this topic next November here in Toronto. When I read the program I
was impressed with the high-tech methods that are being used to study and maintain CANDU
reactors. For example: for steam generators— helium leak detection, acoustics, oxiprobe and eddy
current inspections, and electrochemical noise techniques. Others papers include infrared
thermography, predictions and measurements of pressure tube sagging, integrated software for
corrosion control, retrofit of CAN6 seals into Pickering shutdown pumps, and even studies on the
aging of the concrete in the reactors. It is great to see that such a rigourous maintenance program
is in place; without it CANDU reactors would be in trouble.

In this half hour talk there are several topics that could not be covered; for example waste
management, reactor safety, licensing, and operation—particularly the world's first use of
computers to operate the stations. But I hope I have given you a brief glimpse into the complexity
of the development of the CANDU reactor.

What has been the most significant aspect of the development program? I am certain that each of
you would have your own choice; for me I would like to list three 1/ W. B. Lewis' insistence on
neutron economy—this influenced almost every part of the design and operation. 2/ The
tremendous cooperation within AECL, and amongst AECL, the utilities—especially Ontario
Hydro, private industry, other government [federal and provincial] organizations, and several
universities, [a prime example is the COG program] and 3/ The international cooperation that led
to the input of so many ideas in the early part of the program to get it launched, and later to
exchange scientific and technical data, to compare operational experience, and to incorporate
new ideas as they arose. Without such cooperation the CANDU program would be different than
it is today, if it existed at all. It is great to see that there is still international cooperation; I
congratulate all of you for your ongoing efforts and your input to this conference. Best wishes for
the future and HERE'S TO CANDU.
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CA0000060 EARLY DAYS OF CANDU FUEL

R.D.PAGE

AECL Retired
CANDU Origins and Evolution Committee

ABSTRACT

I will briefly describe how the original dimensions of the fuel bundle were defined and how the
early designs of fuel evolved. I will also touch on some of the historical events of the materials
and experiments which effected the fuel programme. Also how I became involved with Canada's
Nuclear Fuel programme

INTRODUCTION

The evolution of fuel in Canada can be traced to Dr. George C. Laurence who tried very hard to
make a nuclear critical mass, called a pile in those days, in 1939-42, when he experimented with a
yellow cake (U3Og) & graphite at National Research Council in Ottawa.. He got very dirty
building a number of piles of graphite and Yellow cake and therefore he was the first to dirty his
hands with natural Uranium fuel. Due to the low of density of Uranium in the yellow cake and
the impurities in the graphite (Calcined coke) plus the absorption effect of the paper bags, he was
not successful in obtaining a critical mass, but did define the start of Canada's nuclear programme.
He was the first person in the world to study neutron multiplication in a large assemblage of
carbon and uranium.

Between then and 1957 Canada had become involved with the design and construction of
Heavy Water research reactors. First with Zero Energy Experimental Pile (ZEEP), the first
reactor in the world to be built outside USA, and then National Research Experiment (NRX) and
National Research Universal (NRU). The power reactor programme was still in its infancy as the
design of NPD-1 had just been halted and turned into a horizontal pressure tube reactor NPD-2
from a vertical pressure vessel type in 1957.

I have always been puzzled where the basic numbers came from which defined the
pressure tube, bundle, element diameters and bundle length. It was not until this year (40 years
later) that I was able to trace the original definition of those numbers and how they were chosen,
via the CANDU Origins and Evolution committee.

FUEL CHANNEL AND PRESSURE TUBE DIAMETER

The early physics studies for the vertical pressure vessel reactor Nuclear Power
Demonstrator (NPD-1) were done at Chalk River by Arthur Ward assisted by Gene Critoph who
suggested an optimum homogenous cell of the fuel, coolant and cladding should have a cross-
section area of 50 cm2. This translated for engineering purposes into a circular fuel channel bore
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of 3.25 ins.(82.55 mm). Thus the resultant bundle diameter was chosen to fit inside this vertical
channel. A 4 metre long rodded fuel assembly of a modified hexagonal array of 19 elements using
Zircaloy clad natural Uranium Dioxide (UO2) was chosen, even though plate and annular designs
of metal uranium fuel looked attractive . Whilst this work was going on, the Nuclear Power
Group at Chalk River were studying concepts utilizing plutonium fuel cycles. In their studies they
looked at the possible use of pressure tubes rather than pressure vessels. The Hanford production
N-reactors were using horizontal pressure tubes and the Hanford experimental Plutonium Recycle
Test Reactor (PRTR) had already adopted vertical pressure tubes with a 3.25 ins.(82.55 mm)
bore with 19 element fuel geometry. Harold Smith suggested that a new concept with pressure
tubes be considered with an enriched thorium oxide fuel cycle. Fortunately Dr. Laurence
presented a convincing argument for staying with natural uranium and the enriched thorium cycle
did not proceed much further. Dr. Lewis favoured this pressure tube approach and directed the
team to stop work on the pressure vessel design and produce a horizontal design with pressure
tubes in March 1957. So the same diameter was chosen for the pressure tube diameter and the
resultant fuel bundle design.

I would like to jump ahead to the larger channel diameter as we know it today. With the larger
reactors like Pickering it was necessary to increase the size of the channels to minimize the
number of channels required, to keep the size of the reactor as small as possible and allow for
even larger reactors in the future. There was a great reluctance on Chalk River's part to go to
bigger pressure tubes, as it would require major modification to the loops to accommodate the
nominal 4 inch pressure tube and require a major development program for a new element
diameter. This problem was resolved by stipulating that the bundles would employ elements of
the same diameter as those for NPD and Douglas Point, thus the Pickering fuel bundle design
using 28 such elements and standard minimum spacing, resulted in a pressure tube diameter of
4.07 inches (103.38 mm) which has been our standard bore every since.

BUNDLE LENGTH

The original NPD-1 core length of 4 metres and a short fuel length or fuel slug of one foot was
adopted for the horizontal study. John Foster thought that the 1 foot bundle was very arbitrary
and seemed unnecessarily short. So he did a number of calculations on the effect of length on the
predicted discharge burnup and came up with the recommendation of dividing the 4 metres by 8,
resulting in 50 cms or 19.685 inches. Dr. Lewis had also done a similar study and agreed. The
length was rounded down to 19.5 inches (49.53 cm) for simple engineering purposes. So that is
how we obtained the magic 19.5 inches bundle length, which has lasted for many years. The
designers evidently added two half bundle lengths to fuel channel to each end so that the latch and
the rolled joints were not directly in the core! Thus we ended up with 9 bundles in the NPD-2
channel.

So the stage was set for Canada's Power Reactor programme, a horizontal pressure-tubed
reactor, cooled and moderated with heavy water (D2O), short natural uranium UO2 fuel bundles
and on-power bi-directional fuelling. Thus the CANDU (CANadian Deuterium natural Uranium)
reactor concept as we know it today was conceived.
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ELEMENT DIAMETER

The original fuel element size or diameter of each rod for NPD-1 was chosen to provide a
minimum inter-spacing of 0.050 ins (1.27 mm) with the 19 elements fitted within the 3.25 in. fuel
channel diameter. It was proposed that the inter-element spacing would be provided by a spiral
wire wrap around each element, mechanically joined at each end of the element or rod. It was
assumed that this spiral pattern would promote sub-channel coolant mixing. The minimum 50
thou's (1.27 mm) inter-element spacing was recommended by Dave Coates at Civilian Atomic
Power Division (CAPD) of Canadian General Electric, Peterborough, based on heat transfer tests
performed at Columbia University and other work which was performed during and after the
Manhattan Project. These dimensions were used in NPD-2, Douglas Point and Pickering
resulting in an element diameter of 0.6 inches (15.5 mm).

MY INTRODUCTION TO AECL

My first contact with Canada's nuclear program was in 1957, when I attended an Engineering
Institute of Canada seminar at Peterborough and was introduced to Dr. W. B. Lewis as "WB and
his boys". The subject was Nuclear Power which they were developing, but at that time, I had no
thought of being involved in this new science, that had evolved from the Manhattan project. I
was employed then by Orenda Engines at their test establishment at Nobel, near Parry Sound,
Ontario. There we were testing and developing components of the Orenda Iroquois jet engine for
the Avro Arrow program.

During 1957 I had experienced the slow down in advanced research. Just before
Christmas 1957,1 was offered a posting to Chalk River, on attachment to Atomic Energy of
Canada Ltd., as Orenda wished to diversify and get in on the ground floor of this budding new
industry and science. My first question was where was the location of Chalk River and what was
there? I was told it was 300 miles to the east on the Ottawa river, where Atomic Energy of
Canada Ltd. had their Nuclear laboratory (CRNL). Even though my wife, Bette was eight and
half months pregnant, we moved to Deep River in early January 1958. The temperature was
minus 30 Centigrade and the roads at that time, many years ago, from Parry Sound to Deep River
via North Bay were just barely passable in the winter.

I reported to work, having settled my family of two and three quarters in the old Staff Hotel. I
was seconded to Dr. Laurence's division in Jack Horsman's branch and given an office in building
145. Some of the members of the branch at that time were John Melvin and John Jennekens, who
later became president of the Atomic Energy Control board. My room mate at that time was
Akira Hirarta on attachment from Japan. His English was extremely limited to "Good Morning".
Bette and I have kept in contact with him over the years and his English is now probably better
than mine. He is now retired but consulting. I was in complete awe of the number of people
working at Chalk River who had either doctorates or masters degrees in a wide range of science
disciplines. I was there with a number of other Orenda personnel, one of whom was Dr. George
Pon. The objective of my attachment was to leam about the fuel loops, so that Orenda could
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design and fabricate these systems and other components for this exciting new program.

To expose myself to all the subjects associated with the nuclear program, I was able to move
myself around the laboratory attaching myself to various units in Operations. These were the
people who operated the research reactors NRX and NRU. They kindly put up with a greenhorn
who had not a clue of what was involved, but they would be the people who would operate
anything we would build in the future. So I put myself on shift with the people who operated the
loops that were then running in NRX. It was here that I met Muts Konyagi and Danny Nishimura
and heard about J. A.L. (Archie) Robertson, Mike Notley, Al Bain and Ross McEwan et al. whom
I was to work with later. After a number of months on shift at both NRX and NRU, I moved
myself into the NRX physics office. It was there I really got my first exposure to reactor physics
under the guidance of Don Milley. Art Passanen was in the NRU physics office at that time.

In trying to understand the effect of the enriched fuel being used in the loops, on the flux of the
reactor and to estimate the power that the fuel would produce, I tried my hand at calculating the
milli-K effect of the fuel on the flux and estimating the individual powers of the fuel elements and
the total power produced. It was an excellent learning exercise in neutron physics. I quickly
found out that all the neutron physics available then was too ideal to be much use in practice, as
they could not give the answers or the data were too coarse for my application. I also found that
many of the constants then in use in the calculations of the physics of the reactors were good
guess-estimations from the early days of design and had never been revised or defined. So with
the kind tutoring of Kushneriuk on the effect of black slabs on neutron flux and Westcott on
nuclear cross sections, I staggered through the development of the equations and laboriously
calculated by hand, my prediction, with only mechanical calculators for assistance. (This was
before the days of microchips and personal computers). In my deliberations I decided to issue a
memorandum on the cross sections to be used for enriched fuel loop calculations. These cross
sections would be different from those being developed for the power reactors because of the
higher neutron velocity in the local area of the flux in the research reactors, due to the light water
coolant and the enriched fuel being used. Unfortunately I did not define the conditions in my
memo as it was only addressed to those people involved in the loop calculations

I had heard in the short time I had been at Chalk River many tales about Dr.W.B.Lewis and
how he read everything that was written at the plant and how at various meetings he could take
any expert in any field apart if he thought that they were glossing over something or had not
thought something out properly before making a pronouncement in his presence. When Dr.
Lewis saw my memo he wanted to know who this Page was, who was recommending nuclear
cross sections to be used in calculations, as this was Dr. Lewis' sole domain and he had never
heard of me. Many memos later written by Kushneriuk and Westcott explaining my presence and
intent, the storm abated. During this period the Avro Arrow and Iroquois engine program had
been cancelled and all the employees of Avro and Orenda had been fired. We, on attachment at
AECL were still on the Orenda payroll but not associated with the Arrow contract. As a
precautionary move, we applied for employment with AECL as insurance against the future. My
application crossed his desk in the middle of the nuclear cross section storm, fortunately we did
not need immediate employment at that time.
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FUEL ENGINEERING

Later in the following year (1959) Dr. A. J. Mooradian asked me to join AECL and to
form the Fuel Engineering group, as he was bringing all fuel associated projects and experiments
under one roof. Dr. A. J. Mooradian was the true godfather of the CANDU fuel program. He
died on October 4, 1996 after a painful battle with cancer, at the age of 74 years. He and Dr.
W.B.Lewis drove the programme with clear and far reaching directives and the type of project
management that mixed science with engineering realties. This programme involved the research
reactor fuels as well as the power reactor fuel bundles J. A. L. (Archie) Robertson was to look
after the scientific and fundamental understanding of fuel and "WE1 in engineering were to direct
the design, development, irradiation, fabrication development and production of all CANDU
power reactor first fuel core loadings.

I was a group of one until George Fanjoy joined me on attachment from CGE, replacing Ray
Fortune (CGE). George had been involved with the design of fuel for NPD and had started the
design of the Douglas Point fuel bundle. It was the blind leading the blind, as we all had limited
knowledge of the fuel and materials that we were developing. At the same time NRU fuel was
going through a bad development period after the fuel jammed in the reactor and fuelling machine
and caught fire when the fuelling machine was dragged off the reactor in 1958. I volunteered to
vacuum some of the spent fuel off the top of the reactor. That was my first taste of protective
clothing and wearing a gas mask in an empty reactor hall (receiving 2.5 R in the process).

Our first office was part of the library in the Met Bldg 456. Al Lane was my first AECL staff
member and he was sent down to Peterborough to decide how we should load the NPD-2 core
with the special dimensioned bundles both 7 & 19 element with both 0.25"(.64 mm) and 0.15"(.38
mm) wall thickness. There was a great debate that went on for a number of months whether we
should load or even try to make 0.15"(.38 mm) sheathed elements for the 19 element bundle.

One of our first major jobs was to commission the new E-20 loop (now U-2). The problem was
to make four 3"(76.2 mm) diameter 19 element bundles to fit the thick pressure tube that had
been installed. Nobody had any faith in this new Zircaloy-2 material and made the pressure tube
with a wall thickness near to a half an inch (12.7 mm)! This resulted in an inside diameter of only
3 inches (76.2 mm). We assembled these special bundles with screws and special thick end plates
which mated into each other. The whole assembly was held together with a birdcage device
designed by Gavin McGregor. The irradiation was a success and the E-20 loop worked well.
With natural UO2 fuel in the bundles, the power from these small elements did not approach that
expected from NPD-2 at full power, but we had made and irradiated 19 element fuel bundles for
the first time in Canada.

Our next task was to test full-scale NPD-2 types of fuel. This required a proper thin walled 3.25
inch (82.55 mm) diameter pressure tube to be installed in E-20. There two fuel designs for NPD-
2, the 19 and the 7 element. The 7 element bundle with larger element diameter 1 inch (25.4 mm)
was designed to increase the amount of Uranium in the core. To ensure that the large diameter
elements in the seven-element fuel bundles would not be overpowered in the high flux of NRU,
we used depleted UO2 fueL When the irradiation of the six NPD bundles had been operating for
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some time we noticed that the overall power of the loop fuel was increasing. After scratching our
heads and consulting the physicists we realized that the seven-element bundles were breeding
plutonium and producing more power than the depletion of the natural uranium U235 in 19 element
bundles. When we examined the fuel in the hot cells we found that the seven element bundle
elements had extensive grain growth with a central void, indicating significant fuel rating. Bettis
for a long time assumed this to be due to central melting but were later convinced by the rest of
the scientific community that it was just grain growth and pore migration.

URANIUM OXIDE AND AMMONIA DI-URINATE (ADU) POWDER

In 1955 Dr. W. B. Lewis finally agreed to the use of Uranium Dioxide UO2 instead of Uranium
metal with it's high density. Even though Bettis had released the information on UO2 at the 1954
Geneva Conference and Les Cook (Head of Chemistry and Metallurgy at Chalk River) and others
had been recommending this fuel material for some time. His reluctance was due to the lower
Uranium density of the oxide which would result in a lower achievable burnup with adverse effect
on the neutron economy of the reactor. But uranium oxide offered two major advantages over
uranium metal, dimensional stability at high burnups and greatly enhanced corrosion resistance in
the case of failures of the Zircaloy cladding. The decision was reenforced by a large number of
small element confirmatory irradiations which were done on UO2 in the period 1955-57 to study
its characteristics by J. A. L. Robertson et al. The final irradiation before bundles was a long
mechanical wire wrapped NPD-1 element in 1957-58 by Bill Morison and Joe Howieson.
Unfortunately it failed when the wire wrap moved in the flow, allowing the element to move
toward the wall of the pressure tube, starving the fuel of coolant with the resultant high
temperature corrosion.

Producing UO2 powder from Yellow-cake was difficult in those days until Mines Branch
working for Energy Mines &Resources (EMR) and Eldorado produced the ADU process. Joe
Howieson reminds me that the Chalk River Metallurgical Branch was a separate organization
reporting to EMR's Mines Branch. It was this connection that led to the development of the
Ammonia Di-Urinate(ADU) process for UO2 powder production. Canada was the pioneer in this
route. Alan Prince, who later became President of the AECB, was in charge of the EMR work.

We had difficulty in producing pellets and NPD fuel had relatively low density compared with
today's production 10.2 vs 10.7 gm/cc. Also, obtaining pellets with U/O > 2.0 was not achieved
until later in the production. The quality of pellets re-chipping and size of dish and shoulder
produced many debates; the pellet chamfer came later. Vibratory compaction and swaging were
also explored as alternative ways to produce elements without pellets. Norton Co. In Niagara
Falls demonstrated UO2 fusion and provided different grades of fused powders for vibratory
compaction work. This small sideline was to come back to haunt them when people started
asking what happened to the waste.

WIRE WRAP

Element spacing was tried with mechanical wire wrap attached to either end of the element but
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was quickly changed to resistance spot-welded to the sheath to prevent movement in the coolant
flow. For Douglas Point, the 19 element bundle the wire wrap pitch was increased to promote
coolant mixing and better spacing along the elements length and extra thick wire was attached to
the outer elements as bearing pads. The end caps were resistance welded as well as the elements
to the end plate thus getting rid of the laborious tungsten inert gas (TIG) welding. The rest of the
nuclear world took a long time to copy our use of resistance welded elements.

SPLIT SPACER DESIGN

During the development of Douglas Point bundles a growing concern of possible significant
element fretting was expressed and a directive was issued to come up with alternative designs
without wire spacing and if possible no end-plates for replacement fuel. This led to a number of
innovative designs, such as the twisted tape, ring spacers, brazed end caps. Some never
graduated beyond the prototype phase, but two distinct programmes did emerge. The Zirconium-
beryllium braze programme and tube-in-shell bundle. The brazing programme was developed at
American Machine & Foundry (AMF), Port Hope, later Westinghouse Canada and now Zircatec.
This technique of joining Zircaloy led to a bundle design without end plates and all the elements
joined together by three planes of spacer to a thick central element. Though it was a very strong
bundle it did not work under irradiation due to the lack of longitudinal expansion of the elements.
Joe Howieson dropped one from the roof at Westinghouse to prove its strength to his staff. So
we replaced the two end planes of spacers with end plates and cut the centre plane of spacers in
half. To prevent inter-locking of the spacers, they were then skewed relative to each other and
thus the split-spacer bundle design as you know it today was born. That is a very simplistic story,
as we went through a long list of methods to produce the spacers until we settled on the beryllium
coated method with induction heating. We looked for other alloys of Zirconium but none work as
well as beryllium. The same wide ranging search occurred with bearing pads of different designs,
such as rollers and graphite to name a few. The design of end plates for the Pickering 28 element
went through many phases until an accountant at Westinghouse Canada came up with the classical
simple design. The simple designs are always the hardest to achieve.

The Tube-in Shell design was an attempt to remove the heat by passing the water through
tubes in a large tube filled with vibratory compacted fused UO2, rather than around elements. The
whole assembly was brazed at both ends. Unfortunately the outer annulus was a weak point with
respect to heat transfer and the low Uranium density and difficulty in manufacture did not allow it
to progress beyond the first irradiation. The UKAEA copied us but were a bit surprised when we
dropped it in favour of the split-spacer bundle. They did the same when we put some Zr-Nb
21/2% fuel elements under irradiation thinking we were developing high strength fuel elements,
whereas we were only getting some early experience with Zr-Nb 2%% until the pressure tubes
could be put into the U-2 loop. A welded bundle was also tried both with flexible wire spacers
and solid spacers, but was dropped, as we saw corrosion and cracks around the spacers after
irradiation, due the coolant chemistry.

Sheath collapse forming longitudinal ridging and into the axial gap during irradiation was
initially a major worry but the choice of diameteral clearance .002 to .005" (0.0508 to 0.127
mm) appeared to be a good guess and the axial clearance was always kept conservative. We
were initially puzzled by circumferential ridges but they never really caused any problems.
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MATERIALS

Various alternative fissile, structural materials and coolants have been used or developed for the
power and research reactor programmes, including high power booster fuel designs. Some of
these fissile materials were due to the search for higher density fuels to improve the neutron
economy and others compatible with organic coolants. In the end UO2 and Zircaloy-4 are still our
standard materials and booster rods are no longer used for xenon poison override.

I did know until recently that Zircaloy-2 was discovered and developed by Bettis for the US
submarine fuel by an accident when they were trying to find an improved alloy compared to
Zircaloy-1. In 1952 by the accidental addition of a small amount of stainless steel to a Zircaloy-1
ingot, Dr. Kroll and his associates found that there were beneficial effects by adding small
amounts of iron, nickel and chromium. This new alloy named Zircaloy-2 had a better corrosion
resistance than Zircaloy-1. Later they found that by replacing the nickel component with iron
produced an alloy which cut the hydrogen absorption in half and had good corrosion resistance.
This was initially called Nickel-free Zircaloy-2 and later became known as Zircaloy-4, as we know
it today. It was not until 1954 that these early Zirconium Alloys were unveiled by WAPD US
Bettis Lab. at the United Nations Atoms for Peace Conference, at Geneva. After this
announcement Zircalloy-2 became the accepted cladding alloy.

Corrosion of Zircaloy and its H2 pickup were a major worry with the early production alloys but
with time it was never a real problem as long as a high degree of cleanliness and good quality
control were maintained. In fact some Russian visitors gave me a hard time when I dropped
autoclaving of the bundles before irradiation. They wanted know why we had done such a radical
thing, when the rest of the world was still autoclaving. It should be remembered that thirteen 7-
element bundles were left in NPD during its whole operating life without failure. They were a bit
white when they came out but none the worse for that exposure to the coolant for such a long
time.

I must record that we observed our first stress corrosion crack sheath failure in a test we did in
the Heavy Water Component Test Reactor (HWCTR) in the US, when we did our first bundle
power shift during the irradiation. We did not recognize what had happened at the time, as the
Americans dropped the string of bundles in the bays. Because Dr. Lewis and Dr. Mooradian
wished to prove that the bundles could achieve the political/scientific target of 10,000 MWd/teU
(240 kWh/kgU), we were prevented from doing any power shifts in our loops until much later.

DRYOUT

We were rough on some of our fuel experiments as we pioneered the first in-reactor heat
transfer tests in the world, when investigating Fog-cooling, a mixture of steam and water coolant.
We defined the word 'Dryout' of the coolant on the sheaths as compared to the departure of
nucleate boiling. From the fog cooling experiments we progressed into a full boiling programme
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for the development of the Boiling Light Water .JBLW) reactor and later Boiling Heavy Water
reactors. The in-reactor heat transfer of tests ended up with full-scale reactor bundle heat transfer
tests in the U-l loop, again first in the world. 37 and 22 element bundles were used with central
element providing space for the instrumentation. The bundles were designed for central melting
using enriched Thoria fuel with a central void and thick sheathing, as we wished to get the
maximum power out of the six bundle string (4.5 MW from six bundles). The tests culminated
with pump rundown experiments, where the pumps were shut off before the reactor was tripped.
During these tests I saw the effect on the reactor neutron flux as the channel voided due to the
large scale boiling and dryout, causing the flux to peak before collapsing due to the reactor shut
down.

FUEL COSTS

The simple design of the fuel with good neutron economy led to one of the objectives of the fuel
programme, which was to demonstrate that fueling costs of less than 1 mill/kWh were achievable
and this was done in the late 60's and early 70's as the production volume grew and the bundle
discharge burnups were obtained.

ORGANIZATION

In one of my early presentations at CRNL, I showed a chart of our fuel organization and team
players and was accused of saying that Fuel Engineering was the centre of the universe. But I
was only trying to show how complex a multi-project fuel programme was, with all the inputs
from the various companies, organizations and scientific disciplines.

CONCLUSION

I have tried to briefly trace the history of the early fuel dimensions and materials and the start of
Fuel Engineering with a very limited description of the problems we faced in those early days of
the programme. It was an exciting time and I was very lucky to have taken part in such a
wonderful team effort, where the members were from all forms of disciplines of science and
engineering.

This successful fuel programme is Dr. A. J. Mooradian's real legacy, as he taught us how to
lead and direct such a complex programme. He and Dr. W.B.Lewis drove the programme with
clear and far reaching directives with a type of project management that mixed science with
engineering realties.
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ABSTRACT

As part of the design verification program for the new fuel bundle, a series of out-reactor tests
was conducted on the CANFLEX143-element fuel bundle design. These tests simulated current
CANDU 6 reactor normal operating conditions of flow, temperature and pressure. This paper
describes the Quality Assurance (QA) Program implemented for the tests that were run at the
testing laboratories of Atomic Energy of Canada Limited (AECL) and Korea Atomic Energy
Research Institute (KAERI).

INTRODUCTION

As part of the qualification of the design of the CANFLEX fuel bundle to be used in CANDU 6
reactors, a series of out-reactor (mechanical flow and thermalhydraulic) tests was performed
under normal-operating conditions that are representative of operating CANDU 6 reactors. The
hydraulic performance, mechanical integrity, strength, resistance to refuelling impacts and cross-
flow, and fretting endurance of the CANFLEX bundle were verified in a series of tests in the
KAERI Hot Test Loop Facility in Korea. The compatibility of the bundle design with the
CANDU 6 fuelling machine was verified in the AECL Sheridan Park Laboratories in Canada.
The mechanical flow tests are the tests that were performed in AECL's Sheridan Park
Laboratories in Canada, and by KAERI in Korea. Thermalhydraulic tests were performed at the
Chalk River Laboratories.

1 CANFLEX™ (CANDU Flexible Fuelling) and CANDU® are registered trademarks of AECL.
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This paper describes two aspects that were considered during the out-reactor testing of the
CANFLEX fuel bundle. The quality assurance (QA) approach is described first. Second, the
methodology that was used for planning, taking of test records, and reporting of the test results is
discussed.

CANFLEX BUNDLE DESIGN

The CANFLEX design is a 43-element fuel-bundle assembly offering improved operating and
safety margins, compared to the standard 37-element fuel bundle, for operating CANDU
reactors. The CANFLEX bundle design includes critical heat flux (CHF) enhancement devices
leading to higher critical channel power (CCP) in a full-length fuel channel, compared to 37-
element fuel bundles. The lower heat rating of the CANFLEX fuel elements at current bundle
powers leads to lower fuel temperatures. Hence less free fission-gas inventory is produced under
normal operating conditions compared with the free fission-gas inventory produced in standard
37-element fuel elements.

The CANFLEX bundle consists of 2 fuel element sizes: small-diameter elements in the outer
and intermediate rings, and larger-diameter elements in the inner and centre rings (see Figure 1).
Special buttons are attached to the elements at 2 planes, to provide improved heat-transfer and
hence critical heat flux enhancement. To maintain compatibility of the new bundle design with
the design of existing CANDU 6 reactor systems, the basic overall dimensions of the CANFLEX
fuel bundle were designed to be the same as those of the 37-element fuel bundle. The small-
diameter elements of the outer ring result in a slightly larger end-plate diameter compared with
end-plate diameter of the standard 37-element bundle. Consequently, the bearing pad heights of
the bundle are designed to be larger than those of the 37-element bundle. This makes the
CANFLEX bundle fully compatible with the sidestop/separator assembly of the CANDU 6
fuelling machine. The sidestop/separator assembly is an important component in the fuelling
machine. The fuel bundle dimensions must be compatible with this assembly.

The fuel bundle, in all other respects, is designed to be equivalent to the 37-element bundle, to
be "transparent" to all reactor systems. To verify this, tests were performed for pressure drop,
bundle strength under a number of situations such as radial cross-flow, and a test of the long-
term fretting performance. The latter test was to be verified in a series of runs, which are
currently approximately half-completed. These tests are described in a companion paper at this
conference [1].

QUALITY ASSURANCE

A fully implemented and effective quality assurance program is an essential requirement for
the design and test activities of any new reactor component. Clearly, a new design of fuel bundle
falls into this category. A poorly planned or ineffective program will add enormous costs to
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qualification of the component, and could ultimately prevent the design qualification from being
completed successfully. - ~

For the CANFLEX program, QA requirements were recognized as an essential part of the
design and test activities. The Canadian Standards Association series of standards, known as the
N286 series [2], were prepared to respond to the need by utilities, the regulators and industries
for standards, and to define and provide guidance for quality throughout the life cycle of a
nuclear plant. The role of the quality program standard is to provide the means by which the
designer and the testing laboratories can be assured that the specified requirements and activities
are accomplished in a planned, systematic and documented fashion. The design and, indeed, the
performance of the new fuel bundle design must be adequately checked and assured at all stages
of the design process. Recognizing this, a well-planned and implemented QA program was
provided for this program according to the CAN3 N286.2 standard [3], with the objective of
ensuring that the design activities were fully compliant with all Canadian regulatory codes and
standards. Following all design and testing activities, the overall QA program will provide
assurance that the design and test activities were fully performed as planned, and that this new
fuel bundle will meet all design and fuel performance requirements.

For the mechanical flow tests, another series of standards, the CAN3 Z299 series of Quality
Program Standards [4] was used. The Z299.3 Quality Verification Program was selected as being
most suitable for performing and reporting on the various tests. This standard was used within
the overall project QA program to supplement the N286.2 standard, where appropriate. Here,
evidence of planning of the tests plus controls on test procedures, the recording and reporting of
data, and instrument calibration, were considered essential elements of a good test.

DESIGN VERIFICATION PLAN

A Design Verification Plan (DVP) is a documented summary of all the design verification
activities that are required to be implemented under N286.2 QA program on an engineering
project such as this. An important part of this document is that it defines what documents such as
specifications, test procedures and reports are required. A series of AECL procedures specifies
how each type of document is to be prepared, what it should contain, and how it is to be
reviewed and approved. These procedures were used in this program.

The DVP for design and development of the CANFLEX bundle calls for design verification
through various tasks that include design analysis and verification through out-reactor and in-
reactor tests. The list of mechanical flow tests is given in Table 1. In addition to the other design
activities such as analyses, these are the tests required to qualify the bundle for use in CANDU 6
reactors. Table 1 also identifies the types of documents needed for the satisfactory
accomplishment of each task.
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LABORATORY REQUIREMENTS

The AECL and KAERI laboratories have adopted quality programs that provide an inspection
and test plan for each laboratory operation. They include, for example, operating procedures and
the design or configuration-control procedure for each test rig. Operations that are repetitive in
nature are covered; these include rig operating instructions such as start-up procedures,
procedures for chemical and oxygen control during shutdowns and normal operation, and for pH
control and its measurement. In addition, instrument calibration and inspection procedures that
are to be used, including those to be used by the metrology laboratory to measure dimensional
changes to the fuel bundles, are included.

The designers of the fuel, as the "users" of the information from the testing program, defined the
tests that were needed in the design verification part of the work. They produced test
requirements documents that defined the test conditions and the criteria to be satisfied in the test.
In turn, the laboratories wrote test procedures that had to be reviewed and approved by the
designers. This was not always an easy task as the designers were anxious that the new fuel
design should be more than adequate to handle the current operating conditions, particularly of
flow, which in this case requires the test rig to operate at or near its design capability. This was
done to take account of the changing conditions as the reactor systems age. For example, the
coolant mass flows in the fuel channels have tended to increase, first because the "design" values
were originally slightly conservative, and second, the pressure-tube diameters are increasing
slightly because of diametral creep, allowing coolant mass flows to increase. Agreement was
reached that tests would indeed consider the increased flows, and hence the acceptance criteria
for the different tests were adjusted to take this into account.

QUALIFICATION TESTING

The manner of recording all details of the test and the data generated during the test is very
important. Planning for the test must be suitably rigorous if the test is an important one in
"qualifying" a component. In our case, this is the fuel bundle design and its capability to operate
satisfactorily under certain specified in-reactor conditions. This planning leads into the details of
how to perform the test, and finally reporting the results. Proving that the test was conducted as
specified and that the results can stand rigorous examination and peer review is an important part
of the final test report.

When planning qualification or proof tests, the details to be recorded must be sufficient to
allow the test to be repeated exactly, even several years later. This means that detailed records
must be kept of the rig design and configuration (the components and instrumentation and
calibrations in the rig). Of course, the personnel doing the work must be adequately trained and
must understand the QA requirements.
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By following a set of procedures that define how to prepare the various documents, and
subjecting each document to rigorous review and comment before approving them, all the above
requirements were met during the out-reactor qualification testing of the CANFLEX bundle.

DOCUMENTATION

Detailed Test Specification documents were prepared by the designers for each proof test of the
CANFLEX fuel bundle and were reviewed and approved by senior designers. The specifications
clearly identified the objectives of the tests. The specifications included a checklist of activities
and items to be covered to make sure that all important activities were covered for each
qualification test. The checklist was derived from CAN3-N286.2-86, Appendix D. Although
Appendix D is not mandatory, the requirements given in the appendix show how a program is to
be run. The checklist was modified to suit each test, to ensure that the test would be fully
repeatable and that the objectives of the test would be met. Additional items on each checklist
defined how and by whom the different steps or checks would be implemented. By using the
checklist all important items would be covered and not left to chance. The specifications
included appropriate acceptance criteria for determining that the test had been satisfactorily
accomplished and that the fuel bundle had met the design targets or set of design requirements.

As required by the test specifications, Test Procedures were prepared by test laboratory
personnel to define tests to demonstrate the capability of the fuel bundle to operate as required
under the conditions specified in the test specifications. The test procedures also described the
test methods, data recording and the instrumentation planned for each test. The test procedures
identified suitable QA check points to ensure independent checking and surveillance of important
items during the test. These test procedures were reviewed and approved by the engineers
responsible for the CANFLEX bundle design. The purpose of this review by the designers was to
verify that they considered the documents adequate for the test. They also had to agree that the
test, as specified, would be sufficient to adequately demonstrate the performance of the bundle.

Finally, Test Reports were prepared by the test engineers to present the data, analyze the results
and give the test conclusions. In other words, the reports documented the evidence that the
bundle design met the specified requirements and acceptance criteria defined in the test
specifications and procedures. These reports were also reviewed and commented on by the
designers before the reports were accepted and approved by the CANFLEX Program Managers
from AECL and KAERI.

TEST RESULTS AND CONCLUSIONS

All CANFLEX mechanical flow tests, with the exception of the fretting endurance test that is
being continued, were performed satisfactorily at the testing laboratories of Atomic Energy of
Canada Limited and Korea Atomic Energy Research Institute. They followed a well-planned,
quality-verification program that demanded and received good quality assurance, fully compliant
with the relevant Canadian Quality Assurance standards.
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Mechanical Flow Qualification Tests

Task Activity - Preparation of Documents

1. Compatibility with CANDU 6 Fuelling
Compatibility Test Specification

Compatibility Test Procedure

Compatibility Test Report

Assessment of Compatibility with Fuel Channe

2. Refuelling Impact Test

Refuelling Impact Test Specification

Refuelling Impact Test Procedure

Refuelling Impact Test Report

3. Endurance / Fretting Wear Test

Endurance Test Specification

Endurance Test Procedure

Endurance Test Report

4. Strength Test

Strength Test Specification

Strength Test Procedure

Strength Test Report

5. Cross-Flow Test

Cross-Flow Test Specification

Cross-Flow Test Procedure

Cross-Flow Test Report

6. Pressure Drop Test

Pressure Drop Test Specification

Pressure Drop Test Procedure

Pressure Drop Test Report

Responsibility

Verification

Verification Activity

Machine and Fuel Channel
AECL

AECL

AECL

I AECL

AECL-KAERI

KAERI

KAERI

AECL-KAERI

KAERI

KAERI

AECL-KAERI

KAERI

KAERI

AECL-KAERI

KAERI

KAERI

AECL-KAERI

KAERI

KAERI

Review of Test Specification

Review of Test Procedure

Review of Test Report

Review of Assessment
Report

Review of Test Specification

Review of Test Procedure

Review of Test Report

Review of Test Specification

Review of Test Procedure

Review of Test Report

Review of Test Specification

Review of Test Procedure

Review of Test Report

Review of Test Specification

Review of Test Procedure

Review of Test Report

Review of Test Specification

Review of Test Procedure

Review of Test Report

Responsibility

AECL-KAERI

AECL-KAERI

AECL-KAERI

AECL-KAERI

KAERI-AECL

KAERI-AECL

KAERI-AECL

AECL-KAERI

KAERI-AECL

KAERI-AECL

AECL-KAERI

KAERI-AECL

KAERI-AECL

AECL-KAERI

KAERI-AECL

KAERI-AECL

AECL-KAERI

KAERI-AECL

KAERI-AECL

TABLE 1. Examples of Documents Needed for Performing the Design Verification Tests
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PERFORMANCE OF THE CANFLEX™ FUEL BUNDLE
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ABSTRACT

CANFLEX1 is a 43-element fuel bundle consisting of two element sizes, to reduce element
ratings, while maintaining the same bundle power, and an uranium content very close to the
uranium content of a standard 37-element bundle. The overall dimensions of the bundle are
designed to be the same as the overall dimensions of the standard 37-element fuel bundle.
Several out-reactor tests were performed, under in-reactor operating conditions of flow,
pressure and temperature, to demonstrate the hydraulic performance and mechanical integrity
of the CANFLEX fuel-bundle design. The hydraulic performance and mechanical integrity of
the CANFLEX fuel-bundle design were verified through various out-reactor tests conducted at
the laboratories of KAERI and AECL to show that the CANFLEX bundle design meets the
design requirements of the CANDU 6 reactor fuel [1] and that it is also compatible with the
CANDU 6 fuelling machine.

INTRODUCTION

The CANFLEX fuel-bundle design is being developed jointly by KAERI and AECL to
facilitate the use of various advanced fuel cycles in CANDU reactors by providing enhanced
fuel behaviour and thermalhydraulic performance in bundle design. As a first stage of the
CANFLEX joint program, the CANFLEX fuel bundle with natural uranium has been
developed. The KAERI effort is focused on fabrication and mechanical flow testing of
prototype CANFLEX bundles; the AECL effort has been concentrated on the thermalhydraulic
optimization of the bundle design and the in-reactor demonstration of the bundles in a research
reactor [1]. There is also a joint AECL-KAERI component focused on establishing those
aspects of fuel design, fuel management and safety analysis that must be in place to support
any CANFLEX bundle demonstration irradiation in a CANDU reactors.

CANFLEX™ and CANDU® are registered trademarks of Atomic Energy of Canada Limited (AECL).
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Several kinds of mechanical flow test were performed, under typical reactor operating
conditions of flow, pressure and temperature, to demonstrate the hydraulic performance and
mechanical integrity of the CANFLEX fuel bundle-design [2]. These tests were conducted in
the KAERI Hot Test Loop facility and at AECL. The hydraulic performance of the bundle
was verified in the fuel-string pressure drop test, and the mechanical integrity of the bundle
was demonstrated in the bundle strength test, refuelling impact test, cross-flow test and
endurance fretting test. The compatibility of the bundle with a CANDU 6 fuelling machine
was tested in a Wolsong CANDU 6 fuelling machine while the machine was at AECL in
Canada, under typical fuel-machine operating conditions. This out-reactor testing is part of the
qualification program to verify the mechanical and hydraulic performance of the CANFLEX
bundle design prior to the irradiation demonstration of 24 bundles in a CANDU 6 reactor.

TEST APPARATUS

Fuel Test Loop Facility

The KAERI Hot Test Loop is a high-temperature/high-pressure fuel test facility in which
heat transport system conditions, including water chemistry of a CANDU reactor, can be
simulated [3]. The loop has a test rig consisting of a prototype CANDU 6 fuel channel and
inlet and outlet feeder pipes as shown in Figure 1. The geometry of the feeders next to the fuel
channel is equivalent to the geometry of L5, which is one of the high-flow channels of the
Wolsong 1 and other CANDU 6 reactors. The fuel-channel closure was achieved by installing
blind flanges on both sides of the end fittings. The garter spring supports were arranged in a
manner similar to the arrangement of a CANDU 6 reactor installation.

The test rig was instrumented to measure test conditions such as pressure, temperature,
flow rate and pressure drop, which are common to each out-reactor test. The temperature and
flow rate of the coolant through the test rig were measured with a resistance temperature
detector and orifice flow meter, respectively. All transmitters were calibrated to offer an
optimized measuring range and accuracy. An HP 3054A data acquisition system was used to
collect and process signals from the transmitters and sensors for test condition measurements.
An high-speed video motion analysing system, Fast Fourier Transform (FFT) and
accelerometers were used for the fuel-bundle out-reactor testings.

CANFLEX Fuel Bundle

The major feature of the CANFLEX bundle is an increase in the number of fuel elements,
from 37-elements in the standard CANDU 6 bundle to 43 elements of two different diameters.
The small-diameter elements are located in the outer two rings of the CANFLEX bundle to
reduce the peak element ratings, and large-diameter elements are located in the centre and
inner ring to produce a flatter power density across the bundle cross-section. The overall
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diameter of the CANFLEX bundle was maintained at the same diameter as the standard 37-
element bundle so that the CANFLEX bundle can be used in the existing CANDU 6 reactors.
Two planes of oblong CHF (Critical Channel Flux) enhancement buttons are located along the
elements of the bundle to produce more flow turbulence downstream of the buttons. The
resulting improved heat transfer gives an increase in critical channel power (CCP), allowing
greater operational flexibility to the reactor operators.

FUEL-BUNDLE MECHANICAL FLOW TESTING

Fuel-String Pressure Drop Tests

A series of fuel-string pressure drop tests was performed to verify that the CANFLEX
bundle meets the acceptance criteria specified for the pressure drop test and to provide relevant
test data to fuel design and safety analysis groups, to evaluate the new fuel design. The fuel-
string pressure drop test was a single-phase, high-pressure, light-water test for a fuel channel
loaded with 12 CANFLEX bundles. The pressure measurements were obtained for both
CANFLEX bundles and reference 37-element bundles to compare the test results under the
same test environment.

The fuel-channel pressure drop is a function of the junction misalignment angles between
the 12 bundles in the fuel channel. A single-junction pressure drop test was performed in a
short test rig to determine the dependence of pressure drop on angular alignment between
bundles, and it was found that the most probable pressure drop and maximum pressure drop of
the 12-CANFLEX-bundle string occurs at 28 and 41 degrees of bundle misalignment angle,
respectively.

The conditions for the fuel-string pressure drop test were flow rates of 12 to 30 kg/s at a
temperature of 266 °C, and fuel channel inlet pressure of 11.2 MPa. The test results for the
CANFLEX and reference 37-element bundle strings are compared in Figure 2. From a
hydraulic point of view, the major difference between the 2 bundle designs is a change in the
flow area and wetted perimeter, and the presence of the CHF enhancement buttons on the
CANFLEX fuel elements. The test results of the CANFLEX bundle string were determined to
be about 15 kPa higher than the test results of the 37-element bundle string at 23.9 kg/s, 266
°C, and 11.2 MPa. The button and wetted perimeter effects on the bundle pressure drop were
dominant compared to the flow area effect.

The acceptance criterion for the test is that the most probable pressure drop over 12
bundles should not exceed 718 kPa at the reference condition (mass flow of 23.9 kg/s and
density of 781 kg/m3) for the CANDU 6 reactor. The measured most probable pressure drop
data were adjusted to the reference condition by a scaling equation, and a pressure drop of 644
kPa was obtained. Thus the CANFLEX bundle satisfied the pressure drop acceptance criterion
set for the CANDU 6 fuel bundle.
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Fuel-Bundle Strength Tests

The main objective of the fuel bundle strength test is to determine whether the bundle
will withstand the normal and abnormal loads imposed during refuelling and whether the
bundle can be discharged from the reactor without difficulty after being exposed to abnormal
refuelling loads. The strength tests simulated normal fuel loading (the double side-stop test)
and abnormal fuel loading (the single side-stop test). The amount of outer element bowing
and general bundle shape distortion of the fuel bundle were determined for each test.

The strength test setup consists of a test rig, a 15 fuel-bundle string and fuelling machine
side-stop simulators, as shown in Figure 3. The side-stop simulators were designed and
fabricated to fit correctly into the outlet end-fitting of the rig. The fuel-bundle string of 3 test
bundles and 12 filler bundles was placed in the fuel channel. The channel flow rate was
adjusted to establish a specified fuel string pressure drop resulting in the desired hydraulic
drag force against the side-stop. The specified pressure drop corresponded to the maximum
(13.1 bundles) number of fuel bundles which reside in the axial flow region of the fuel
channel during refuelling. For each of these tests, the coolant temperature and the inlet
pressure were set to 120 °C and 11.2 MPa, respectively, and held for 15 minutes. After that
the test bundles were unloaded and measured to obtain any dimensional changes due to the
testing.

The double and single side-stop strength tests were performed successfully. The
inspection and measurements of the test bundles showed that the CANFLEX bundle satisfied
the acceptance test criteria as follows: the test bundles maintained their structural integrity
and no significant distortions were observed. The test bundles passed through the kinked
tube gage, which is used as an acceptance check for all bundles at final inspection.

Refulling Impact Test

The CANDU reactor reference refuelling scheme is an eight-bundle shift. During the
normal refuelling sequence, a new bundle is accelerated a short distance by the coolant flow
as it passes through the upstream liner hole region of the fuel channel. The bundle then hits
the stationary bundles that are already in the channel. The objectives of the impact test are to
demonstrate, with proper conservatism, that the fuel bundles can withstand this impact
without significant damage. The severity of the impact increases with bundle velocity, which
depends on the acceleration distance and coolant flow.

The impact test setup is shown in Figure 4. The ram shaft and sensing wire penetrate the
inlet closure flange, the ram shaft is connected to a pneumatic cylinder to push the impacting
bundle into the cross-flow region from an upstream rest position. One end of the sensing wire
is connected to the impacting bundle, and the other end to the velocity transducer, which
measures the velocity of the moving bundle. A ball indicator was also attached on the sensing
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wire to measure displacement of the moving bundle by taking pictures with a high-speed
camera.

The impact test was performed at a temperature of 266 °C and a pressure of 10.2 MPa.
The test flowrate was set to 31 kg/s to allow conservatism because of pressure-tube radial
creep during the lifetime of the reactor. To provide the increased acceleration distance that is
due to pressure-tube axial creep, the number of stationary bundles against the downstream
shield plug were reduced from 12 to 10. Figure 5 shows the measured velocity of the moving
bundle along the pressure tube. The impact velocity at the instant of collision was measured as
2.85 m/s. The velocity of the moving bundle had reached a nearly constant value after
gradually being accelerated at the beginning. After the impact test, the CANFLEX fuel bundle
survived the refuelling impact force, and the dimensional changes of the fuel elements and end
plate profile were all within the specified requirements; visual examination showed no marks
on the pressure tube as a result of the test.

Cross-Flow Test

As part of normal refuelling sequences, both new and irradiated bundles can be parked in
the cross-flow region of the liner tube. The fuel bundle that is subjected to the crossflow
should be capable of withstanding the consequences of the crossflow for normal periods, and
should maintain its mechanical integrity.

The cross-flow test was conducted in the KAERI Hot Test Loop with a new CANFLEX
test bundle and 10 filler bundles, as shown in Figure 6. The inlet cross-flow region was chosen
as the test location because the fuel vibration is more severe there because of less restraint
from adjacent bundles. The test was done at a flow rate of 31 kg/s, temperature of 266 °C
and a pressure of 11 MPa. When the test condition was reached, a set of readings of the test
parameters and rig pressure drop was recorded every 30 minutes for 4 hours.

Upon completion of the testing, the test bundle was inspected and measured. The 4-hour
test showed no visible damage or unusual changes to the test bundle. The wear of the bearing
pads was acceptably small and showed a maximum value of 16 jam. The average wear of the
inter-element spacers was evaluated to be about 5.5% of their original thickness. The
CANFLEX fuel bundle satisfied the acceptance criteria.

Endurance Fretting Test

A 3000-hour fretting-and-vibration endurance test, with 2 intervals at 500 and 1500 hours
for intermediate inspections, is being performed under representative in-reactor flow,
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temperature and pressure conditions. This test is being done to verify that the fretting wear of
the pressure tube and CANFLEX bundle is acceptably low under such conditions.

The endurance test is being performed in the KAERI Hot Test Loop. The fuel channel,
liner tubes and shield plugs are equivalent to those used in the CANDU 6 design. The method
of supporting the end fittings, the arrangement of the feeder pipes, and garter spring supports
are similar to those used in a reactor installation. The feeder geometry represents a worst-case
feeder, i.e., Channel L-5 with elbows located close to the inlet end fitting, giving poor coolant
velocity distributions at the inlet to the liner annulus. During the endurance test, the
mechanical vibration characteristics of the pressure tube and the fuel elements were measured
by accelerometers and magnetic sensors. Two data acquisition systems were used to collect
the basic thermalhydraulic parameters, and to monitor and analyze the mechanical vibration
from the accelerometers and velocity probes. To inspect the pressure tube, a video-scope
system and casting tool were used. Twelve new test bundles were loaded in the test rig with
predetermined alignment angles, to provide the worst turbulence at the bundle junctions, and
hence the worst fretting condition. Great care was taken when loading the bundles, to prevent
sliding wear on the pressure-tube inner surface by using thin shim stock.

The first 500-hour endurance test was completed at the temperature of 266 °C and inlet
pressure of 11.0 MPa, and flow rate of 30 kg/s. After the test, upon opening the fuel channel,
the 3 inlet bundles were visually inspected; no fretting marks or evidence of fretting could be
seen on any bearing pads. Visual inspection of the spacers on the outer elements also showed
no apparent wear. Pressure-tube castings were taken at bearing pad planes of these fuel
bundles; only a few witness marks were found. Vibration measurements showed Root Mean
Square (RMS) displacement of fuel elements were generally less than 6 um peak-to-peak.

Bundle Compatibility with CANDU 6 Fuelling Machine

Dimensional compatibility and grappling tests of 4 CANFLEX fuel bundles were done in a
Wolsong CANDU 6 fuelling machine under the same operating conditions as those used for
the fuelling machine pre-acceptance tests. On completion of two Cold and four Hot tests, the
bundles particularly at the end plates were inspected. This was followed by inspection of the
fuelling machine separator, magazine fuel-bundle stations, guide sleeve bore and ram adaptor
for signs of wear or damage, caused by the CANFLEX bundles. Measurement of the bundles
showed no damage or unusual marking to the bundles or fuelling machine. The grappling test
of the CANFLEX bundles showed that the CANDU 6 grappling tool satisfactorily engaged on
the bundle end plate. These tests confirmed the dimensional compatibility of CANFLEX
bundles with the fuelling machines, fuel channels and with the grappling tool.
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CONCLUSIONS

Several kinds of out-reactor tests were performed under representative in-reactor
conditions to demonstrate the hydraulic performance and mechanical integrity of the
CANFLEX fuel-bundle design. The hydraulic performance of the bundle was verified in the
fuel-string pressure drop test and the mechanical integrity of the bundle was demonstrated in
the bundle strength, refuelling impact, and cross-flow tests. Although the 3000-hour
endurance testing is on-going, it is expected from the 500-hour test results that the CANFLEX
fuel bundle will show acceptably low to no fretting at the completion of the testing. In addition
to these tests, the compatibility of the bundle design with a CANDU 6 fuelling machine was
demonstrated. These out-reactor tests are part of the qualification program to verify the
mechanical and hydraulic performance of the CANFLEX bundle prior to the irradiation
demonstration of the bundle design in a CANDU 6 reactor.
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Figure 1. Schematic of the Test Rig and Pressure Tap Locations
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ABSTRACT

CANFLEX is a 43-element CANDU fuel bundle, which is being jointly developed by AECL and
KAERI, to facilitate the use of various advanced fuel cycles in CANDU reactors through the provision of
enhanced operating margins. The design uses two element diameters (13.5 and 11.5 mm) to reduce
maximum element ratings by 20%, yet maintaining the same bundle power and a uranium content very
close to that of the standard 37-element design. The CANFLEX design also includes the use of critical-
heat-flux (CHF) enhancing appendages, to increase the minimum CHF ratio or dryout margin of the
bundle. The combination of these two features makes the CANFLEX bundle of interest for both
advanced fuel cycles and also for use in existing CANDU reactors where it can compensate lost operating
margin that is due to rising inlet header temperature and pressure tube creep.

The major components of the thermalhydraulic testing are the evaluation of the CHF performance and
the pressure drop with respect to the current 37-element bundle design. In addition, post dryout and
drypatch mapping has been done to assist in the understanding of the performance of the CHF enhancing
appendages, and to provide a baseline for future modifications to further improve the CHF enhancement.
Both the CHF and the pressure drop measurements have been done using Refrigerant-134a, the first with
an electrically heated 6-m-long simulation of a string of 12 CANFLEX fuel bundles, and the second with
a string of 5 actual CANFLEX fuel bundles. The results clearly demonstrate the superior
thermalhydraulic performance of the CANFLEX design compared with the current 37-element design,
and based on this a demonstration irradiation of 24 bundles is planned in a CANDU 6 reactor for 1998.
To allow full advantage to be taken of the improved performance, a water CHF test is planned before any
full-core conversion to CANFLEX.

This paper gives the results from the R-134a program showing an expected minimum critical channel-
power improvement of 4% compared with the current 37-element bundles. It also shows that there is a
similar or possibly slightly less of a reduction in the CHF performance because of pressure tube creep
with a CANFLEX channel, as compared to a 37-element channel. In addition, examples of the detailed
CHF, pressure drop and post dryout measurements are given.

INTRODUCTION

About seven years ago, a joint study was initiated by AECL and KAERI to investigate the use of the
new CANFLEX 43-element fuel bundle as a carrier for advanced fuel cycles in CANDU reactors. In
addition to reducing the fuel ratings and thus allowing more flexibility in fuel material, the CANFLEX
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bundle design resulted in increased operating margins. These increased margins can provide significant
economic benefit to our older CANDU reactors by mitigating aging and extending operating time.

A key limitation on reactor operation is the channel power at which dryout of a fuel sheath (also known
as critical heat flux, CHF) first occurs. The power at which initial dryout occurs is a strong function of
the fuel design, the channel flow and the coolant inlet temperature. As the flow decreases or the inlet
temperature rises, the critical power decreases. Reactor operation is regulated to ensure that dryout will
not occur in the reactor under all normal modes of operation.

Because the reactor channels are connected in parallel to the inlet and outlet headers, the channels
operate under essentially constant pressure drop conditions. Flow is dependent on the friction and
obstruction losses in the channel and also on the steam quality being produced in the channel. Because of
this, as the channel power goes up the channel flow will go down, and both of these tend to precipitate
dryout of the fuel sheath. In design and safety analyses the CHF as a function of flow and other variables
is combined with the channel hydraulic characteristics to determine the critical channel power (CCP) for
constant header to header pressure drop conditions.

During the life of a reactor the pressure tubes slowly increase in diameter (creep), which results in an
increased channel flow for the same header to header pressure drop. However, because the pressure tubes
are horizontal and the fuel bundles sit on the bottom of the tube, creep also results in an increased
distance between the pressure tube and the top of the bundles which can allow a significant amount of the
coolant to bypass the fuel. This reduces the effective flow through the bundle and reduces the CHF for a
given bundle design. An integral part of CANFLEX fuel is the use of CHF enhancing appendages, which
increase dryout margin of the bundle, and makes the CANFLEX bundle of interest for advanced fuel
cycles and also for use in existing CANDU reactors where it can compensate for lost operating margin
that is due to rising inlet header temperature and pressure tube creep.

To quantify the thermalhydraulic performance of the CANFLEX design, pressure drop measurements
were made using CANFLEX bundles, and CHF and post dryout measurements were made using an
electrically heated cluster that simulated a string of twelve aligned CANFLEX bundles. The
measurements were performed in the MR-3 Freon Heat-Transfer-Loop facility which is capable of
performing the tests on full-scale CANDU-6 fuel channels. Freon 134a is used as a modelling fluid which
allows comparison tests to be done at a much lower pressure and temperature than in water. Thus, tests are
done at a lower cost and in a shorter time period. This paper reports the results of these measurements.

PRESSURE DROP MEASUREMENT FACILITY

The pressure drop test section consists of five 43-element CANFLEX fuel bundles (bundles O, A, B, C
and D), placed horizontally in a fibreglass flow channel (liner). The axial pressure gradient along the
bundles is measured with both fixed wall pressure taps and with sliding pressure probes [1]. The probes'
axial position and the bundle misalignment angle can be varied by using a semi-automatic mechanised
system. Each bundle is 50 cm (nominal) long and has 3 bearing pad planes (not shown); the test section
assembly is shown in Figure 1.

The test section inlet and outlet temperatures are measured by an RTD and a thermocouple respectively.
The inlet and outlet pressures are measured by both pressure transducers and Heise gages. Seven
differential pressure transmitters (DP-cells DP-1 through DP-7 in Figure 1) measure the axial pressure
gradients. The DP-cells, DP-5 & DP-6 measure the AP signals from the two probes. Each probe has a
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sensing hole for pressure drop measurement. The remaining five DP-cells are connected to the four pressure
taps drilled in the test section liner as shown in Figure 1. The presence of the probes restricts the
misalignment angle to ±50°. Three angles, 0°, 12° and 24° are chosen for the probe-based profile tests at
fixed misalignments. For the 0° to 360° rotation tests, the probes are withdrawn from the test section; DP-1
and DP-2 are used to measure the junction pressure drops between bundles B and C, and bundles C and D.
DP-cells DP-3 and DP-7 measure the pressure drop across one bundle length each. Two upstream turbine
flow meters measure the flow. The signals from each of these instruments, and from the axial and angular
position detectors, are recorded by the data acquisition computer.

CHF CLUSTER and TEST FACILITY

The CHF test cluster simulates a string of twelve aligned CANFLEX bundles in a pressure tube. It has
a heated length of 6 m and is divided up every 50 cm by simulated end plates, and contains all of the CHF
enhancing appendages, spacers and bearing pads that exist on actual CANFLEX fuel. The cluster is
electrically heated by passing a direct current through the thin walled tubes that make up the cluster, the
wall thickness being chosen such that the axial heat flux profile is uniform and the radial heat flux profile
simulates that expected in a reactor fuelled with natural uranium fuel. A picture of the cluster is shown in
Figure 2. The cluster is mounted eccentrically in a flow tube to simulate the geometry existing in a
reactor, and the flow tube/cluster assembly is mounted vertically in the MR3 test loop. The cluster is
heated by a 165 Volt, 12000 Amp infinitely variable power supply, and cooled by a flow of refrigerant R-
134a from the loop. The loop is capable of providing the flows, temperatures and pressures which
correctly model the conditions of interest in a CANDU reactor.

The cluster is equipped with movable thermocouples inside all of the tubes in the downstream three
segments for CHF detection, measurement of the post dryout wall temperatures, and delineation of the
sizes and shapes of drypatches during post dryout operation.

CHF TESTS

Two series of CHF tests with the CANFLEX cluster were done, the first in an uncrept pressure tube,
and the second in a tube that represented 3.1% diametral creep. In all of the tests initial CHF occurred at
the end of the heated length. The data from the uncrept tests are shown in Figure 3 plotted as cluster
power against inlet subcooling for various flows and pressures. The data are well behaved with a linear
dependence on subcooling which increases with increasing flow. As expected, increasing the pressure
decreases the CHF for a fixed inlet subcooling.

The CHF data taken at one pressure in a flow tube simulating a 3.1% crept pressure tube is compared to
the uncrept data in Figure 4 again as power versus inlet subcooling. The data show the same trends as the
uncrept data but CHF occurs at consistently lower powers. Although not shown, the data for the crept
tube at other pressures behaved similarly. The CHF penalty due to pressure tube creep varies between 10
and 20% with the average reduction of 16.5%. This value of 16.5% can be compared to 25% given by
Leung [2] for a 37 element bundle tested in water with a 3.3% crept pressure tube. Although there were
significant differences between the current tests and those in [2] it does indicate that pressure tube creep
has a smaller effect on CHF in CANFLEX than it does in the 37 element bundle.

The radial location of the initial dryouts for both the uncrept and the crept cases are shown in Figure 5.
The locations varied slightly with different thermalhydraulic conditions but generally initial dryout in the
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uncrept tube occurred on one of the outer rods nearest the pressure tube but in the rod-to-rod gaps or
facing the inner subchannels. This was then followed by elements in the inner 7 Ting. In the crept tube
this was often reversed with initial dryout in the inner ring followed shortly after by the outer ring.

PRESSURE DROP TESTS

Axial Pressure Drop Profile.

Figure 6 presents typical pressure drop profiles along a 43-element and a 37-element bundle obtained
by the pressure probes in the 0° or "fully aligned" bundle configuration. The profiles are obtained by
sliding the probes by a distance of either 5 mm or 10 mm at a time along the bundles through the test
section. On Figure 6 the perturbations in the axial profile due to the bundle junctions and mid-plane
spacers for the 43- and the 37-element bundles can clearly be seen. The overall pressure drop of the 37-
element bundle is somewhat higher than the 43-element bundle and, analysis of all data suggests that the
pressure drop per bundle length for the 43-element bundle (fully aligned) is about 3.1% lower than that
for the 37-element bundle.

Rotation Tests.

The probes are withdrawn completely from the test section to do the rotation tests. Data from the
junction pressure drops (DP-cells DP-1 or DP-2) or single bundle length pressure drops (DP-3 or DP-7)
are used to represent the pressure drop as a function of misalignment angle and give the junction pressure
drop signature. Rotational pressure drop measurements are important to determine both the "most
probable or arithmetic average pressure drop" and also the fully aligned (minimum of the junction
signature). Figure 7 shows typical pressure drop signatures (based on single bundle length
measurements) for the 43- and 37-element bundles. The figure confirms that pressure drop caused by a
43-element bundle is lower than that of a 37-element bundle for the same flow, temperature and pressure
and for the same test rig. Analysis of all data (uncrept and 3% crept channels) shows that all three
measures of pressure drop are lower for the 43-element bundle compared to the 37-element bundle as
follows.

• Minimum (fully aligned) pressure drop is reduced by about 3%,
• Most Probable (randomly aligned) pressure drop is reduced by 1.8%, and
• Maximum (fully misaligned) pressure drop is reduced by 3.4%

POST DRYOUT MEASUREMENTS

During selected CHF runs the power was increased considerably beyond initial CHDF to study the
drypatch spreading characteristics of the bundle. Then, at a fixed overpower, the thermocouples in
selected rods were moved both axially and circumferentially to delineate the extent of the drypatch
around the rod, and the sheath temperatures within the drypatch. An example of the data are shown in
Figure 8 where the temperature contours over 180° for the downstream 30 cm of rod #20 are shown. The
location of the sector within the bundle cross section is shown below the map in Figure 8. At this 20%
overpower the drypatch has spread to cover a significant portion of the sheath both downstream and
upstream of the mid-plane spacers. The effect of the mid-plane spacers and bearing pad in preventing
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dryout just downstream of them is apparent as is the strong effect of the CHF enhancing appendages in
suppressing dryout. - -

DISCUSSION

One of the objectives of the CANFLEX program is to obtain superior thermalhydraulic performance
compared to the 37-element bundle. The uncrept CANFLEX CHF data obtained here are compared to
data taken with a 37-element bundle also in an uncrept tube, but in Freon-12 [3] in Figure 9. To make
this comparison, the Freon-12 data were converted via fluid-to-fluid modelling to refrigerant-134a
equivalent, using Katto's modelling criteria [4]. The comparison shows that on a local conditions basis
and for the same mass flow rate, the CHF for the CANFLEX bundle is between 5 and 15% better than the
37 element bundle over the flow ranges of interest.

As is shown in section 5 the pressure drop across a CANFLEX fuelled channel is also lower than an
equivalent 37-element fuelled channel, and thus the flow through the CANFLEX channel will be higher
for a constant header-to-header pressure drop. This will further increase the CHF compared to the 37-
element channel. When these two factors are combined and for a constant header to header pressure
drop, the critical channel power improvement with CANFLEX fuel is around 4%.

The post dryout measurements showed that the CHF enhancing appendages are very effective in
suppressing dryout. To improve the CHF performance of the CANFLEX bundle still further we have an
ongoing program to study and optimize the locations of these appendages within the bundle. Also, some
uncertainty exists in the 43 to 37 element comparison because of the fluid-to-fluid modelling conversions
required. To eliminate this uncertainty we will be testing a 37-element cluster in refrigerant 134a to
allow direct comparison.

CONCLUSIONS

Pressure drop and CHF tests have been made in refrigerant-134a to characterize the thermalhydraulic
performance of CANFLEX fuel. Under constant channel flow conditions and for the same dryout quality
and pressure, the CHF in the CANFLEX bundle is between 5 and 15% better than the current design 37-
element bundle in an uncrept pressure tube. Indications are that this performance may be further
improved in a crept pressure tube. The drypatch spreading data have shown that the CHF enhancement
features in the CANFLEX bundles are very efficient at suppressing dryout.

The pressure drop measurements show that for the same channel flow the overall channel pressure drop
with a string of CANFLEX bundles will be 1.8 to 3.4% lower than for a corresponding string of 37-
element bundles. With a constant header-to-header pressure drop this will result in a higher channel flow
for the CANFLEX bundles.

Both the improved CHF performance and the increased flow will combine to increase the critical
channel power by about 4% relative to the 37-element bundles. These tests have given us confidence in
the superior performance of the CANFLEX design such that we are taking the next step which is the
demonstration of the irradiation performance in a CANDU-6 reactor. We have an ongoing program in
Refrigerant 134a to optimize the locations of the CHF enhancing appendages and to test a 37-element
cluster to reduce modelling uncertainties. In parallel with these and the demonstration irradiation, we
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will be conducting CHF tests with a water cooled CANFLEX string that will allow us to realize the full
benefit of the increased reactor operating margins on a full core conversion to-CANFLEX fuel.

ACKNOWLEDGEMENTS

This work reported here is the result of considerable effort by a team of people in the Fuel Channel
Thermalhydraulics Branch at Chalk River to whom the authors are indebted. In addition the contribution
of S. Doerffer in the fluid-to-fluid modelling is gratefully acknowledged.

REFERENCES

1. RUMMENS, H.E.C., DIMMICK, G.R. AND BINDNER, P.E., "Measurement of Axial Pressure
Profiles for Nuclear Fuel Assemblies by Using a Sliding Probe", Experimental Thermal and Fluid
Science, 14:213-223, 1997.

2. LEUNG, L.K., GROENEVELD, D.C. AND HOTTE, G., "Prediction Methods to account for the
Effect of Pressure-tube Diametral Creep on Critical Heat Flux and Pressure Drop for a 37-
Element Bundle String", 19*h CNS Simulation Symposium, Hamilton, Ontario, October 16-17,
1995.

3. KALRA, S.P. AND AHMAD, S.Y., "Critical Heat Flux Measurements in a Vertical Multi-
Element Segmented Cluster", AECL report AECL-6625.

4. DOERFFER, S.S. et al., "CHF Modelling of Simple and Complex Geometries using Freon and
Water", University of Ottawa report, Department of Mechanical Engineering, February 1991.



76

REFERENCE

-probe travel - 725

685 mm

U

DP-5

-O-i

-On

upper probe

lower probe

, #1

^ FLOW

FIGURE 1: SCHEMATIC OF PRESSURE DROP MEASUREMENT TEST SECTION

FIGURE 2: PHOTOGRAPH OF CHF TEST CLUSTER



77

I

1400

1200

1000

800

600

400

200

0

0.00

%
n

s
X
+1

i
a
*
1

X

g

»

f

10.00 20.00 30.00 40.00

Inlet Subcooling kJ/kg

50.00 60.00

#1.5 Mpa, 7.2 kg/s

• 1.77 Mpa, 7.2 kg/s

±2.0 Mpa, 7.2 kg/s

Xl-5 Mpa, 12.1 kg/s

-1.77 Mpa, 12.1 kg/s

+2.0 Mpa, 12.1 kg/s

0 1 5 Mpa, 15.9 kg/s

• 1.77 Mpa, 15.9 kg/s

A2.0Mpa, 15.9 kg/s

1.5 Mpa, 19.2 kg/s

I.77 Mpa, 19.2 kg/s

2.0 Mpa, 19.2 kg/s

FIGURE 3: CANFLEX CHF DATA WITH AN UNCREPT PRESSURE
TUBE

1400

1200

1000

I
S 800
I
a.

% 600

o

400

200

. - * '

• - " "

A - - - - ~

* -—

^Ji—
. -"

. . . ^
- ' ,-FI

. - - - •
. - "

•

_ _ _ - • •

•
A

•

•
A

O

7.2 kg/s 3% crept

12.1 kg/s 3% crept

15.9 kg/s 3% crept

19.2 kg/s 3% crept

7.2 kg/s uncrept

12.1 kg/s uncrept

15.9 kg/s uncrept

19.2 kg/s uncrept

-Uncrept data

- Crept data

0
0.00 10.00 20.00 30.00 40.00 50.00 60.00

Inlet Subcooling kJ/kg

FIGURE 4: CANFLEX CHF DATA WITH CREPT AND UNCREPT PRESSURE
TUBES, PRESSURE = 1.77 MPa



78

Flow = 12.0 kg/s
Pressure = 1.77 Mpa
Inlet subcooling = 24 kJ/kg
The numbers adjacent to the thermocouples show the sequence of dryouts

FIGURE 5: LOCATIONS OF INITIAL DRYOUT AND SEQUENCE OF SUBSEQUENT DRYOUTS
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EXPLICIT CORE-FOLLOW SIMULATIONS FOR A CANDU®6 REACTOR FUELLED
WITH RECOVERED-URANIUM CANFLEX® BUNDLES

M.J. D'Antonio and J.V. Donnelly

Atomic Energy of Canada Ltd.
Sheridan Science and Technology Park

Mississauga, Ontario L5K 1B2

ABSTRACT

Recovered uranium (RU) is a by-product of many light-water reactor (LWR) fuel
recycling programs0'. After fission products and plutonium (Pu) have been removed
from spent LWR fuel, RU is left. A fissile content in the RU of 0.9 to 1.0% makes it
impossible for reuse in an LWR without re-enrichment, but CANDU reactors have a
sufficiently high neutron economy to use RU as fuel.

Explicit core-follow simulations were run to analyse the viability of RU as a fuel for
existing CANDU 6 cores. The core follow was performed with RFSP, using WTMS-
AECL lattice properties. During the core follow, channel powers and bundle powers
were tracked to determine the operating envelope for RU in a CANFLEX bundle.

The results show that RU fits the operating criteria of a generic CANDU 6 core and
is a viable fuel option in CANDU reactors.

1 INTRODUCTION

The recovered-uranium (RU) fuel considered in this report is typical of that from reprocessed
spent light-water reactor (LWR) fuel. The isotopic specification used for modeling RU is given
in Table 1. It is very similar to slightly enriched uranium (SEU) fuel, but with higher
concentrations of 234U and 236U than the concentrations found in enriched fuel derived directly
from natural uranium.

The use of RU fuel in CANDU reactors potentially offers economic, environmental and
public acceptance benefits. RU can be used to flatten the channel power across the core to
increase reactor power in new reactor designs or in existing designs where sufficient heat
removal capacity exists. RU fuel will have burnups of about 14000 MW-d/Mg (U), reducing the
quantity of spent fuel. Depending on RU pricing, the annual fuelling costs can be reduced. The
high neutron efficiency of CANDU reactors and the neutronic characteristics of RU make it
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possible to extract twice the energy from RU compared to re-enriching it as a fuel for LWRs.
AECL is collaborating with KAERI and BNFL to develop a CANFLEX bundle with RU fuel and
AECL has had a joint program with COGEMA to study RU. These programs are relatively
recent and definitive results are several years away.

We have completed a 500 full-power day (FPD) core-follow simulation of RU fuel in a
CANFLEX bundle using a 2-bundle-shift refuelling scheme. A core follow is a long series of
simulations of a reactor operating history, modelling successive time steps of a few FPD in each
time step. In each step, a number of channels are refuelled just as the fuelling engineers at a site
would do in their normal production runs. We used the finite-core code RFSP(2) in our core
follow.

The data to model the CANFLEX bundle were extracted from the latest CANFLEX fuel
bundle drawing and are current as of June 1996. The mass of uranium metal per bundle is
18.674 kg.

The analysis shows that RU fuel is expected to perform well in a CANDU 6 core without any
modifications. Our core follow was able to maintain an equilibrium core with acceptable
channel powers, bundle powers, linear-element-power and power-boost envelopes and
reasonable zone fills.

2 METHOD OF ANALYSIS

The first step in simulating this core follow was creating the fuel model. WIMS-AECL(3) with
the ENDF/B-V nuclear data library was used to construct fuel tables for use with RFSP. The
reactor core calculations were then done using RFSP version 2-12HP. To facilitate the decisions
that must be made during refuelling, an automated method was used to do most of the editing
and calculations required to perform the steps described below.

Refuelling started with a quasi-equilibrium core generated with a patterned-random fuel-age
distribution calculated from the time-average irradiation distribution. This unflattened core uses
the same channel power distribution as a natural uranium CANDU 6 core.

Once a generic CANDU 6 model was created in RFSP using RU fuel, the sequence of
calculations used to produce the individual 2-FPD steps of the core follow are

1. A FORTRAN code ranks each channel in the core by its suitability for refuelling,
according to bundle power and bumup data from RFSP for that channel and its
nearest neighbours.

2. Eight channels are selected from the rankings and an RFSP input is created to
refuel those channels over a period of 2 FPD.
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3. RFSP is run with the input from step 2, and the calculated bundle powers and
bumups are saved for later use.

4. The RFSP output is checked against acceptance criteria (defined below) and
channels or groups of channels that fail to meet these criteria are excluded from the
rankings of suitable channels to be refuelled.

5. If the acceptance criteria in step 4 are met, the process is repeated at the next time
step, and steps 1 through 4 are repeated. If the criteria are not met, the channels
excluded from the suitability list are replaced, and steps 3 and 4 are repeated.

Typically this process requires a few iterations at each time step.

In our simulations, typically a few of the initial channel choices from step 2 produced channel
powers that were above the acceptance criterion. It is impossible, with a new fuel type, to predict
with certainty what a refuelled channel's power will be before the simulation is run.

The criteria used to determine whether a given set of refuellings was acceptable are simplified
from those that a refuelling engineer at a site would apply, but still provide a good set of rules for
selecting channels. The acceptance criteria used here include

1. Maximum channel power must be lower than 7100 kW, to provide margin below
the 7300 kW license limit.

2. Maximum bundle power must be comfortably lower than the 37-element bundle
license limit of 935 kW (e.g. <880 kW). Limits for CANFLEX bundles have not
been finalized yet although they are expected to be higher.

3. Average zone controller fill should be in the operating range of 0.3 to 0.7.

4. Individual zone controller fills should be in the range of 0.05 to 0.9.

Fuel performance is a major point of interest in this study. To examine the likelihood of fuel
failure, the individual bundle powers were extracted for each simulation. The power boost that
each bundle sees between successive simulations was calculated. The bundle powers and power
boosts were then converted to linear-element powers and linear-element power boosts using
element power vs. irradiation data given by WTMS-AECL. Graphing the linear-element powers
vs. burnup gives a way of comparing the results to SCC threshold values that would be indicative
of fuel-element failure.

In order to be a non-trivial candidate for fuel failure, a fuel element must exceed both the
stress-corrosion cracking (SCC) linear-element power threshold and the SCC linear-element
power-boost threshold. If a fuel element exceeds both limits, then it is considered to have a 0.1%
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chance of failing. The odds of a failure occurring in an element that does not exceed both SCC
limits are insignificant. ' "

3 RESULTS OF SIMULATIONS

The first and most crucial result of the simulations is that an equilibrium core was able to be
refuelled and maintained for 500 FPD without exceeding the channel-power and bundle-power
targets, or causing uncontrollable tilts. Average zone fills were kept between 0.3 and 0.7 for all
simulations, and individual zone controllers did not reach their minimum or maximum limits.

The average refuelling rate was 7.8 bundles/FPD (3.9 channels/FPD). Knowing the mass of
uranium per bundle and the fission power of the core, this refuelling rate is equivalent to an
average exit burnup of 334.6 MW-h/kg (U) [13940 MW-d/Mg (U)].

Figure 1 shows the power-boost envelope for the entire simulation period. Each dot on the
graph represents the maximum-linear-element power from a bundle. Every bundle that saw a
power boost greater than 20 kW at any time in the core follow is represented.

We do not approach the SCC power-boost threshold until high burnup values are reached. At
these values, the trend of the threshold is unknown.

Figure 2 shows the linear-element powers plotted vs. burnup. The range of concern in
Figure 1 is the burnup interval of 250 to 300 MW-h/kg (U). Figure 2 clearly shows that the
elements in this range do not come close to approaching the SCC element-power threshold limit.
The large margin between the CANLUB element-power threshold and the bundle-maximum
linear-element powers suggests that, even with power boosts occurring at burnups between 250
and 300 MW-h/kg (U), caused by a 2-bundle shift, there is no fuel failure expected.

Of importance is that none of the linear-element powers were above 44 kW/m which suggests
very low fission gas release(4). This will have beneficial implications for both normal operating
conditions (lower chance of fuel-element failure) and under postulated accident scenarios (less
free inventory available for release).

Also of interest is the axial power shape that results from the use of RU fuel. Figure 3 shows
the time-average axial powers for a high-power, inner-core channel and a low-power, outer-core
channel. The power peaking towards the inlet end has positive implications on the critical
channel power (CCP) values.

Comparisons of other core-follow results with time-average results can be found in Table 2,
and Figures 4 through 6 show some of the operating parameters during the core-follow
simulation.
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4 DISCUSSION AND CONCLUSIONS

The results of the 500-FPD core follow show that RU CANFLEX fuel containing 0.96% 235U
by weight used with a 2-bundle-shift refuelling scheme would be a satisfactory fuel in an
equilibrium CANDU 6 core. It would not cause excessive channel or regional overpowers, or
significant risk of fuel element failure in spite of its high burnup and slight enrichment relative to
natural-uranium fuel.

Fuel performance analysis suggests that, while this fuel would experience positive linear-
element power boosts at bumups in the range of 250 to 300 MW-h/kg (U), there is no significant
risk of fuel-element failures. Indeed, the large margin of linear-element powers to the CANLUB
threshold suggests that this fuel will perform well.

Future analysis of recovered uranium is expected to study a 4-bundle-shift refuelling scheme
and to analyze the transition fuelling when converting a natural-uranium core to a recovered-
uranium core.
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TABLE 1. ISOTOPIC CONCENTRATION OF RECOVERED-URANIUM FUEL.
Isotope

234U
235U2 3 6 u2 3 8 u

% by mass
0.016
0.96
0.275

98.75

TABLE 2. COMPARISON OF TIME-AVERAGE AND CORE-FOLLOW VALUES

Exit Burnup
[MW-h/kg]
Feed Rate

[channels/FPD]
Feed Rate

[bundles/FPD]
Max. Channel
Power [kW]

Ave. Max.
Channel Power

[kW]
Max. Bundle
Power [kW]

Time Average
339

4.1

8.2

6820

na

771

Core Follow
335

3.9

7.8

7098

7021

857
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FIGURE 1. POWER BOOST ENVELOPE WITH STRESS-CORROSION CRACKING
THRESHOLD
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FIGURE 2. BUNDLE-MAXIMUM LINEAR-ELEMENT POWERS vs. BURNUP FOR RU
CANFLEX FUEL USING A 2-BUNDLE SHIFT
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ABSTRACT

The status of R & D activities in Indonesia with respect of CANDU-type fuel development is
presented. The activities have been started since the first feasibility study to introduce nuclear
power plants was carried out in 1970s. The early research comprised the in-situ pilot
production of yellow-cake in Kalimantan (Borneo) experimental mining site, uranium
purification and pellet preparation. This program continued to gain a full support from the
Government which culminated in the realisation of the construction by BATAN of a large fuel
development laboratory in Serpong, starting from 1984 in co-operation with NIRA Ansaldo
of Italy. The laboratory, which is called the Power Reactor Experimental Fuel Element
Installation (EFEI) was originally designed as an experimental facility to integrate the acquired
domestic R & D results gained so far on the CANDU-type fuel technology and the additional
know-how received from NIRA Ansaldo which at that time was engaged in developing a
CANDU-type fuel, called the CIRENE fuel design. In the present days the facility houses the
power reactor fuel development activities carried out to build up the national capability on
power reactor fuel fabrication technology in anticipation to embark upon the nuclear energy
era in the near future.

INTRODUCTION

The prospect of nuclear energy in Indonesia

The demand for electricity in Indonesia increases year by year, whose rate reflects the

economic development, the growth of the population and the rapid development in various

sectors, especially in the industrial sector. The Government realises that to fulfil the ever

increasing demand for electricity in the 21st century will become more and more difficult,

especially when Indonesia is still merely relying upon the conventionally existing energy

resources, such as petroleum and natural gas.. They continue diminishing and getting limited
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and at the same time their extensive and increasing use will result in serious environmental

impact. Therefore Indonesia is very determined in seeking other alternative energy resources

by considering various aspects, such as the availability, safety, social aspect, and economic

and environmental aspects. It is expected that the electricity demand fulfilment shall

ultimately lead to the Optimum Energy Mix.

Despite the fact that Indonesia has considerable reserves of primary energy resources,

each being not abundant, the current per capita energy consumption in Indonesia is relatively

lower, even the lowest in the ASEAN community. During the 1st 25-year plan (1969 to

1994), however, the energy consumption had grown very rapidly, whose average growth of

consumption being higher than the average world energy consumption. Yet in the 2nd 25-year

plan (1994 to 2019), the annual energy demand is projected to remain increasing still more

rapidly. There oil will remain an important part of the domestic energy mix, but its relative

contribution is continuously declining. It is forecast that during that period Indonesia will be a

net oil importer, a shift from decades of being an oil exporting country. Coal will be

dominating the domestic energy mix in the 2nd 25-year plan but again its role is limited by

unquestionable detrimental impact on environment.

The above situation becomes more complicated as the geography of Indonesia does

not quite support the distribution of energy. Being an archipelago, Indonesia uniquely has the

energy resources mostly situated outside of the Island of Java, and yet Java, with its large

population and industry, constitutes the major sink for electrical energy supply. Such situation

has led the Government to realise the need to study the prospect of utilising nuclear energy in

Indonesia. The first feasibility study was carried out in 1970s which later was gaining less

priority as the Government was heavily engaged in developing the economy of the country.

Only recently the Government decided again to resume and renew the feasibility study to

introduce nuclear power plants in Indonesia as part of the implementation of the national

energy mix policy in anticipation of the scarcity of energy resources in the beginning of the

21st century. The study commenced in November 1991 and ended in May 1996.

The renewed, updated feasibility study on introducing nuclear power plants (NPP) in

the national grid signalising an energy supply gap of around 7000 MW, for which nuclear

being consider to fill the energy demand gap. The feasibility study also recognises the leading
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NPP designs, namely the western-world PWR, BWR and PHWR as having been proven

world-wide to be technically safe, reliable, clean and environmentally-friendly, offering

economic advantages, thus feasible technically for Indonesia's future NPP. The study also

reiterates the relevance of performing R & D on both natural and enriched fuel technologies.

FUEL DEVELOPMENT FACILITIES

Early fuel development activities

The R & D activities to acquire fuel technology had begun in 1970s: the Nuclear

Mineral Centre in Jakarta performing exploration, experimental mining and ore milling to

produce yellow cake, the Nuclear Research Centre in Yogyakarta performing yellow-cake

purification and conversion to sinterable uranium oxide powder for pellet production and the

Nuclear Research Centre in Bandung conducting UO2 pelletisation. The choice of Candu-

type fuel specification to be followed as guidelines in developing our fuel technology had been

a natural choice since the CANDU fuel technology was considered to be the easiest fuel

technology that we could acquire it without much hurdle and off-shore expert involvement.

In the beginning of 1980s we were already able to process our indigenous yellow cake

from ores taken from West Kalimantan (Borneo) mining site, into pure, sinterable UO2

powder, and produce sintered pellets of UO2 based on CANDU specifications. Such

achievement had convinced us that we could ultimately acquire the natural uranium fuel

technology which we believed would as well be a good basis for developing much more

complicated fuel technology, such as PWR or BWR fuel technology. The historical

background above indicates that Indonesia obviously has long been engaged in the R&D

activities on CANDU-type fuel technology.

Having success in conducting the early stages of R&D activities on fuel, yet timely in

coincidence with the encouraging results of various seminars on future Indonesian nuclear

energy programme during 1970s, BATAN had succeeded in gaining more support from the

Government to further advance in nuclear fuel programme. The nuclear research complex in

Serpong was the result of such Government full support. One of the nuclear laboratories
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constructed in Serpong is the Power Reactor Experimental Fuel Element Installation (EFEI).

The facility was built based on the contract between BATAN and NIRA of Italy, which was

signed on May 3, 1982. The scope of the contract covered the supply by NIRA of a heavy

water type fuel development facility comprising mainly two major laboratories, Le. the yellow-

cake conversion laboratory and the fuel fabrication laboratory, both being supported by a

quality control laboratory. The physical construction commenced in 1985 and completed only

in 1989.

The deliberate introduction of a large scale heavy water-type fuel development

laboratory, which originally was designed to be a pilot plant for producing Italian CIRENE

fuel elements, again clearly indicates our original intention to acquire the natural uranium fuel

technology, firstly in order to provide a good basis for more complex fuel technology and

secondly as an anticipation of possible operation of CANDU reactors in Indonesia.

Since 1986, i.e. during its construction till now the EFEI has been under the

management of the Nuclear Fuel Element Centre and constitutes a division in the Centre. The

Centre has main tasks to develop fuel technology, both for research and power reactors.

Apart from the fuel R&D activities taking place at EFEI in Serpong, various R&D

activities also are taking place currently in Nuclear Research Centre in Yogyakarta pertaining

to concentrate purification and fuel synthesis and in Nuclear Research Centre in Bandung

pertaining to fuel pellet and pin assembling for enriched uranium. Duplication in R&D topics

is minimised by conducting a periodical fuel cycle co-ordination meeting programme.

As the CANDU reactor is one of the candidate reactors for Indonesian NPPs to fulfil

the future national energy program, the R&D activities on CANDU-type fuel still receives

adequate priority as do the other R&D activities on LWR-type fuel.

Description of EFEI
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The EFEI was originally designed as an experimental facility to integrate and utilise

the domestic R & D results gained so far on the CANDU type fuel technology and an

additional know-how received from NIRA Ansaldo which at that time was still engaged in

developing a CANDU-type fuel called CERENE design (18-element bundles developed in Italy

for use in a boiling water vertical prototype reactor).

The EFEI building has a sufficient size to house a pilot plant as originally intended.

The design provided a complete facility for the production of fuel assemblies, starting from

natural uranium yellow-cake. As a consequence, the facility comprises mainly two

laboratories, Le. the yellow-cake conversion laboratory and the fuel fabrication laboratory,

both being supported by a quality control laboratory.

Yellow-cake purification and conversion laboratory

This laboratory is basically a chemical plant in a pilot scale. The designed capacity of

the pilot plant is to produce 100 kg UCVday from yellow cake. The flow-sheet comprises a

series of unit processes and operations.

a. crushing operation performed to yellow-cake incoming feed to get finer powder for

digestion,

b. digestion of yellow cake using nitric acid,

c. solvent-extraction using tri-n-butyl-phosphate solvent diluted with odourless kerosene

which is performed in a series of multistage mixer-settler banks, the stripping part of the

system producing pure but dilute aqueous solution of uranyl nitrate

d. concentration process to reach a 140 g U/l concentration level

e. precipitation of concentrated uranyl nitrate solution by introducing a reaction with

ammonia yielding a precipitate of parent material which is well known as the yellow

ammonium di-uranate (ADU).

f. separation by filtration of the precipitate from the liquor in a high-speed centrifuge

g. drying of wet cake of ADU in a spray drier

h. calcination of ADU to convert it into UO2 powder.
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The current situation in this part of EFEI is not quite encouraging as a result of its

capacity being very large that it is not suitable and flexible as an R&D tool to improve and

develop its process technology. Besides, as the activities on enriched uranium fuel fabrication

increase, the need of using the chemical plant decreases. The feed for enriched fuel

development, i.e. enriched UO2, can be readily made available from a direct purchase.

Fuel fabrication laboratory

This laboratory is the most important part of EFEI in respect to its function to develop

fuel fabrication technology. The originally designed capacity of the laboratory is 3 fuel

assemblies of CERENE design. The laboratory consists basically of four sections, namely:

1. pelletisation section: The pelletisation sub-laboratory prepares UO2 pellets through

premixing UO2 powder and Zn-stearate powder, pre-pressing, granulation and sieving,

final pressing, pellet sintering, surface grinding, ultrasonic cleaning, and pellet drying.

From this end the UO2 pellets are put into fuel tubes. The design of this sub-laboratory

provides a potential capacity of producing 80 kg UCVday. This particular part of the EFEI

is the most utilised for R & D activities since it has been functional since its qualification

for CIRENE type fuel element production.

2. fuel component section: The fuel component section is a workshop to prepare fuel

components such as end-caps, bearing pads, end plates, and spacers. Besides, the

workshop also provides maintenance services to other parts of the EFEI. Almost all

equipment is in function except the beryllium coating device which has problem associated

with its electronic parts.

3. fuel rod manufacturing section: This workshop assembles fuel rods by performing end-

cap welding and pellet filling. There are two magnetic force welding machines, a pellet

filling machine and two-face turning lathe used in this laboratory. This laboratory runs

quite well except one of the magnetic force welding machine which suffers from a defect

in its rectifier.
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4. fuel assembly section: This end workshop assembles several rods into fuel assemblies. A

resistance welding machine is employed here to weld the rods and the end-plates. An

autoclave is also available should passivation of the surface of fuel assembly is required

upon completion of fuel assembling. This laboratory is functional.

The quality control laboratory

The quality control laboratory is capable to perform quality control for intermediate

and final products from the first two sections. This laboratory is equipped with chemical

analytical and physicochemical instruments, non-destructive test devices, mechanical test

devices, etc. required for qualifying the products.

CURRENT R&D ACTIVITIES

As EFEI becomes central in fuel technology development in Indonesia, it has to house

several different R&D activities pertaining thereto, some related to PHWR fuel and the other

related to LWR, specifically PWR fuel technology. To integrate capabilities in different

research centres, research co-operations are instituted, e.g. with the fuel researchers in

Yogyakarta and Bandung, and to some extent with an off-shore institute.

In an effort to qualify the EFEI capability to produce CANDU fuel in the future an

agreement between BAT AN dan AECL was signed in November 1995, immediately executed

by AECL sending an expert to visit EFEI to study the feasibility of EFEI to processing and

fabricating CANDU nuclear fuel. That was meant as a prelude to BATAN acquiring

capability to demonstrate production of commercial CANDU fuel. The most important result

of the study indicates that an upgrading of the present status of EFEI will have to be done to

help it transform to CANDU fuel manufacturing capability, including its certification as a

reactor fuel supplier. The transform to CANDU technology is partly much simplified due to

the fact that there is much similarity between CIRENE and CANDU fuel designs.

Lack of hardware and software as well as infrastructure to support LWR fuel

development has urged us to study the possible modification of EFEI to be able to prepare
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LWR fuel specimens (pins or mini-bundles). The study has been carried out and completed in

the end of 1996 in a co-operation with an Italian company. Based on the study we start now

procuring the most essential parts required to enable EFEI to conduct LWR fuel development.

Researches on power reactor fuel fabrication and performance are carried out.

Regardless the types of reactor fuels, the R&D on fuel fabrication covers quite a wide area. A

group is engaged more in the fuel design through fuel modelling, some other group in pellet

production. The current topics on this line are, among others, the use of a minute amount of

TiC>2 to improve the density and strength of the pellet, the use of excess oxygen in the

sintering process, improvement of weld quality. Another group is more absorbed in

synthesising different alloys of U and Si.

As far as irradiation and post-irradiation tests are concerned, there is not even a single

pin or bundle of fuel prepared by EFEI ever inserted in the reactor core. In fact the 30 MW

multipurpose reactor is equipped with various irradiation positions for fuel irradiation tests,

such as rigs, chauca, rabbits and PRTF (power ramp test facility). Lack of experience in the

irradiation and post-irradiation experiments requires us invite other institutes to co-operate.

CONCLUSIONS

The power reactor fuel development activities in Indonesia are still continuously

performed in anticipation of the future operation of power reactors, whose types may well

include the CANDU PHWR. The advantage of acquiring CIRENE fuel technology is very

obvious that we easily can adopt the CANDU fuel technology. A study on this fact even

suggests that EFEI has a potential to be improved towards commercial production operation

of CANDU fuel in the future.
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ABSTRACT

The Nuclear Fuel Technology Department (NFTD) in CNRTC is a unique unit in Turkey
in charge of performing all activities in nuclear fuel field. It has a pilot plant on uranium refining
and conversion to UO2 since 1986. Presently, its R&D activities are focused on pellet
manufacturing and characterization: UO2, ThO2 and (Th,U)O2. The studies on thorium dioxide
fuel include to obtain ThO2 pellets from thorium nitrate and mixed (Th,U)O2 pellets. A study on
evaluation of different fuel cycle options in accordance with nuclear energy planning in Turkey is
also going on.

BACKGROUND

The works on the nuclear fuel cycle at Cekmece Nuclear Research and Training Center
(CNRTC) were started at the beginning of 1970. At the beginning works were at laboratory scale
and related to uranium ores and compounds. As the volume of work increased and expanded it
became necessary to establish a new department. Thus Nuclear Fuel Technology Department
(NFTD) was established on 12.02.1977 at CNRTC.

In 1985 Turkish Atomic Energy Authority (TAEA) made a decision to have the whole
technology of the front-end of nuclear fuel cycles either by technology transfer and/or technology
development by its own staff. In March 1985, design and construction of a pilot plant on refining
of uranium concentrate, conversion to UO2, and manufacturing of sintered pellets, were started.
The objectives of this pilot plant are to design and develop the necessary processes and
equipment, to install and operate them, to learn and demonstrate the production processes, to
solve the problems encountered, to make the possible improvements, to provide the technological
and economical data which will serve as the basis for the nuclear fuel plant to be constructed in
future, and to provide experienced manpower.

During the laboratory scale experiments many valuable results were obtained. Under the
light of the experimental results obtained during the previous works at the NFTD, by their own
design and using the utilities of CNRTC, the pilot plant was constructed in the period of
1985-1986.The implementation of the design and construction of the pilot plant was realized by
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domestic resources; i.e. most of the equipment and material and all the manpower including
engineering. The pilot plant started operation on 30-Oct-1986. - -

At the beginning, the pilot plant produced sinterable nuclear grade uranium dioxide
powder through refining by solvent extraction, ADU (ammonium diuranate) precipitation, and
reduction in a static furnace. It was expanded to include pellet manufacture through powder
preparation, pressing and sintering at 1700°C in 1990s. Required quality control tests in all the
steps of the process mentioned are being successfully performed by the department staff. The pilot
plant is subjected to IAEA Safeguard since 1994.

PRESENT SITUATION

Presently, Turkey has no nuclear power reactors, but the nuclear power option is under
serious consideration. The Energy Ministry of Turkey has issued an invitation to bid for the
Akkuyu power reactor.

Turkish Atomic Energy Authority (TAEA) is in charge of regulating the nuclear activities,
and performing research and development (R&D) on nuclear field. TAEA has two research
centers: one in Istanbul, and the other in Ankara. The first research center in Istanbul, CNRTC,
has 10 departments (in the R&D area) and two research reactors: TR-1 and TR-2.

The NFTD in CNRTC is a unique unit in Turkey in charge of performing all activities in
nuclear fuel field. It has a pilot plant on uranium refining and conversion to UO2. Presently, its
R&D activities are focused on pellet manufacturing and characterization: UO2, ThO2 and
(Th,U)O2. The UO2 powder produced in the pilot plant is pressed into pellets and sintered under
hydrogen at 1700°C. Densities of sintered pellets reach around 97% of TD (theoretical density).

Up to date the samples taken from several parts of the installation have been analyzed.
Every lot of yellow cake, intermediates and end product have been analyzed successfully for U
content and for the following impurities: Cd, Ni, Mo, Cr, Fe, Co, Cu, Zn, Al, Mn, Na, Mg, Pb, K,
SO4

2*, PO4
3'. Metallurgical quality control tests and characterization are performed on UO2 and

ThO2 powders and pellets.

STUDIES ON URANIUM FUEL

Production Processes of Uranium Refining, Conversion to UO2 and Pellet Manufacturing

The flowsheet of general production process is shown in Figure-1. The main production
steps of the pilot plant are:

• dissolution of yellow cake by nitric acid
• uranium purification by solvent extraction using TBP in sieve-plate pulsed columns
• precipitation of nuclear-grade uranyl nitrate as ADU by ammonia solution
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• filtration using rotary-drum vacuum filter
• reduction of ADU to UO2 powder in static furnaces - -
• calcination at 350°C for IVi-hour in air
• reduction at 600 °C for 4-hour in H2

• stabilization at 100° C for 1-hour in 2%O2 + 98% N2

• UO2 powder preparation for pressing
• milling of powder in ball-mill, and screening to <75um
• Lubricant blending (0.2% zinc stearate) and homogenization
• Pressing with the hydraulic press at a diameter of 15 mm with green density ranges of

50 to 55 percent of TD.
• Sintering

In the sintering process the pellets are sintered in a continuous sintering furnace under
hydrogen atmosphere at 1700°C. Atypical sintering cycle is at 600°C for 3-hour, at 1500°C for
2-hour and at 1700°C for 4-hour, and total residence time of the pellets in the furnace is
approximately 25 hours, allowing for the times the tray travels in the intermediate zones of the
furnace. Required H2 is produced by a hydrogen generator. The densities of the sintered pellets
are in the ranges of 95 to 98 percent of TD.

Quality Control of the Products

Chemical Analysis

Chemical analysis of uranium and the impurities have been carried out in every lot of
yellow cake, product solutions and end products. Samples have been analyzed successfully for U
content and for the following impurities: Cd, Ni, Mo, Cr, Fe, Co, Cu, Zn, Ca, Al, Mn, Na, Mg,
Pb, K and rare earth elements. An automatic titrator is used for uranium analysis; AAS and
ICP-AES for impurities.

Metallurgical Inspections

The following inspections are applied:

UO2 Powder characterization
Particle size distribution
Surface area measurement
Flowability
Bulk density
O/U ratio determination

UO2 pellet characterization for green pellets
Visual inspection
Weighing
Geometrical dimension measurement
Determination of pellet density
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Inspection of Sintered Pellets
Diameter -micrometer - -
Weighing - digital balance
Density - immersion in Xylene
Surface imperfections - visual
Cracks - visual and 100% ultrasonic
Impurities - chemical analysis (AAS and ICP)
O/U ratio - thermogravimetry
Microstructure - ceramography, optical, image analysis
Hourglass - blade micrometer

The sintered pellet densities are given in Figure 2.

The diameter distribution of pellets are given in Figures 3. The statistical values of the
pellets produced in the same production campaign are as follows:

Green Pellets (Count 331)
Length (mm) Weigth (g)

AVG 16.529 17.177
STD 0.2055 0.2046

Sintered Pellets (Count 330)
Diam. (mm) L (mm) Weigth (g)

AVG 12.293 13.395 16.808
STD 0.0212 0.1651 0.252

STUDIES ON THORIUM FUEL

Utilization of thoria-based fuels is possible for some reactor types. A number of possible
fuel cycles exists. There are several processes to manufacture thoria fuel, such as conventional
blended powder, cold-pressed and sintered pellet route; sphere-pac fuel which consists of almost
fully dense mixed-oxide microspheres from sol-gel process vibration-packed into fuel cladding;
extruded sol-gel-derived clays; etc.

The majority of experiments have been performed on fuels with less than 10% UO2. Data
on fuels with UO2 content greater than 20% are almost nonexistent. More work is required to
demonstrate conclusively the performance capability of thoria-based fuels, particularly under off-
normal operating conditions, and to provide quantitative data required for modelling fuel pin
behaviour for design and licensing purposes.

Turkey has thorium resources amounting to 380,000 tonnes (ThO2). The average Th
content of this complex ore is about 0.2%. Other main constituents are rare earth elements.
Recovery of thorium from the ore, and production of thoria powder were studied in the past.

Diameter (mm)
15.125
0.002

GEOMETRIC
Densitv fe/cm3)
10.571
0.024

0
0

Densitv Cg/cm3)
0.528
0.002

IMMERSION
o TD Densitv fa/cm3)
.965 10.679
.002 0.015

%TD
0.974
0.001
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TAEA carried out a project, namely "Thorium Studies", to study the feasibility of the
utilization of thorium in power reactors, options of thorium fuel cycle and manufacturing of
thorium fuel. The department staff were involved in this project. In the conclusion section of this
project's final report, after discussion of availability of fissile material for thorium fuel doping
under NPT regulations, it was stated that "under these conditions, if Turkey wants to assess its
own thorium potential, once-through thorium cycle seems to be the only applicable option for
Turkey". The it was suggested that "It would be realistic to evaluate and implement the thorium
studies such as cycle calculations, reactor design and safety studies, manufacturing of and studies
on fuel and material from this viewpoint.

Studies on thorium in the department are carried out upon the above mentioned
recommendations. The studies on thorium dioxide fuel in the department include precipitation of
thorium nitrate as oxalate and calcination of thorium oxalate to obtain ThO2. The main focus of
these studies is on obtaining homogenous mixture of UO2-ThO2 powders and on sintering of
ThO2-based pellets under different atmospheres.

Mixed (Th,U)O2 pellets are prepared by mechanical blending in various proportions. The
preparation procedure is shown in Figure 5, and X-ray diffraction patterns in Figure 6. The pellets
have reached densities higher than 90% of TD.

The first-stage sintering kinetics of these pellets and high temperature sintering are being
carried out. The apparent activation energy has found 338.9±40.6 kJ/mole for ( l ^Th^^C^ in
75% H2 + 25% N2 at 900-1000°C.

FUTURE OBJECTIVES

The further steps such as design, fabrication, irradiation and PIE of fuel elements and
assemblies containing UO2 and (U,Th)O2, are under planning.

• Automatic process control using computers and PLC
• Designing of an experimental fuel element
• Fabrication of the fuel element
• Inspection of welds
• Irradiation and performance tests of the fuel elements
• Pre- and post-irradiation examinations
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Figure 2 Densities of Sintered Pellets

DENSITY DISTRIB. OF SINTERED PELLETS

10.515 10.530 10.545 10.560 10.575 10.590
GEOMETRIC DENSITY (g/cc)

10.605 10.620

Figure 3 Density Distribution of Sintered Pellets
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ABSTRACT:
Water chemistry may have a major impact on fuel cladding performance in PWRs. If the

saturation temperature on the surface of fuel cladding is exceeded, either because of the thermal
hydraulics of the system, or because of crud deposition, then LiOH concentration can occur
within thick porous oxide films on the cladding. This can degrade the protective film and
accelerate the corrosion rate of the cladding. If sufficient boric acid is also present in the
coolant then these effects may be mitigated. This is normally the case through most of any
reactor fuel cycle. Extensive surface boiling may disrupt this equilibrium because of the
volatility of boric acid in steam. Under such conditions severe cladding corrosion can ensue.
The potential for such effects on high burnup cladding in CANDU reactors, where boric acid is
not present in the primary coolant, is discussed.

INTRODUCTION
CANDU reactors use a standard (i.e. 1.5%Sn) Zircaloy - 4 cladding, without any specific

adjustments to other alloying additions to improve its corrosion resistance and hydrogen uptake.
This cladding had proved eminently satisfactory for the typical lifetime of about one year, and
the relatively low outlet temperature (~ 310°C) compared with PWRs. Hydrogen uptakes have
been sufficiently low that the thin wall (0.4mm) of CANDU cladding compared with PWR
cladding (> 0.6mm) has not resulted in hydrogen embrittlement problems. This has been true
despite observations of locally high hydrogen concentrations in braze and weld heat affected
zones. Proposals to burn plutonium or slightly enriched uranium in CANDU reactors could raise
the burnup at end of life to 20,000 MWd/te or higher. Under these conditions, would we expect
any phenomena that might limit the fuel lifetime to appear?.

The water chemistry in CANDU reactors is ~pH 10.5 LiOD in D2O. If boric acid is needed to
control the overall core reactivity it is added to the moderator and not to the primary coolant. In
this respect, therefore the CANDU fuel cladding sees a very different water chemistry from that
of typical PWR fuel cladding. During a typical fuel cycle in a PWR, depending on the expected
cycle length, the initial boric acid concentration in the primary water can range from 1000-2000
ppm B. To minimise the initial boric acid concentration for long cycles (and thereby minimise
the LiOH concentration that must be added to maintain an alkaline pH) some utilities are now
using enriched 10B [1]. It has been known for a long time that concentrated LiOH solutions
severely degrade the corrosion resistance of Zircaloy cladding [2-6] and the protective effects of
boric acid, against this attack, were demonstrated ten years ago [7,8.].
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Typical reactor water chemistries operate at LiOH concentrations seyeral orders of magnitude
below those where effects of degradation by LiOH begin to appear, so that a major concentrating
mechanism would be necessary before any adverse effect of LiOH might be expected. This
concentration can be most readily achieved by boiling heat-transfer in the presence of thick
porous oxide films on the Zircaloy cladding. The elevation of the boiling point by LiOH is
sufficient that a 5°C temperature rise above the saturation temperature across a porous oxide
film would be sufficient to produce a 1.0 molar LiOH solution at the bottom of the pores [9].
Depending upon the heat flux, and the morphology of the pores in the oxide, this might be
achieved once the oxide film was thicker than about lOyum. However, if the boric acid were
equally concentrated by the same process then it might still protect the oxide on the cladding
from degradation. Boric acid is volatile in steam, unfortunately, so that extensive surface
boiling, particularly in the second half of a fuel cycle when bulk boric acid levels have been
reduced to low values, might deplete the boric acid at the oxide surface to the point where no
protection was provided. Low concentrations of boric acid in concentrated LiOH give worse
corrosion than no boric acid [8].

One situation where serious corrosion may have resulted from concentration of LiOH and
depletion of boric acid may be the high outlet temperature Siemens KONVOI plants, where
extensive subchannel boiling is present [10]. Enhanced corrosion begins at the onset of boiling
at an oxide thickness of - lOyum and a bumup <20,000MWd/te (figure 1). Siemens, however,
have an explanation based on the formation of solid hydride layers at the cladding surface on the
oxidation rate [11]. However, there is no good evidence for a large enough effect of hydride to
explain this or for the presence of solid hydride layers before the acceleration of corrosion.
Could such effects appear in high burnup CANDU fuel?.

MECHANISM OF LiOH AND H3BO, EFFECTS
We have concentrated our efforts on understanding the mechanisms by which LiOH degrades

ZrO2 films (figure 2), and H3BO3 (figure 3) protects them [12-15]. These mechanisms seem to
be very simple, and the basis of them can be readily understood.

• Zirconium oxide films on the Zircaloys consist of a mixture of nanocrystallites of
monoclinic -ZrO2 and tetragonal -ZrO2. The monoclinic-ZrO2 is the stable form at
reactor temperatures; the tetragonal form must be stabilised by compressive stresses,
impurities (eg. Fe) or a combination of the two. Because of the compressive stresses that
develop in zirconia films the oxide crystallites develop a columnar texture with the long
axis normal to the specimen surface. The column diameters remain in the range 20-
50nm at reactor temperature, while the length may 0.5-1.0^m.

• Above a critical LiOH concentration (~ 0.1 Molar) the t-ZrO2 crystallites are almost
completely dissolved at 300-350°C to give pores that penetrate essentially right through
the oxide (figure 4). Below this critical concentration dissolution occurs at the surface to
form an array of superficial pores (figure 5).
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At high concentrations boric acid precipitates a bulky lithium zirconate/borate that plugs
the holes when its solubility product is exceeded (figure 6). Incomplete plugging (at low
boric acid concentrations) can restrict interdiffusion of the solution in the pores with the
bulk solution to give higher LiOH concentrations in the pores, and higher corrosion rates
(figure 7) than when there is no boric acid present.

Other minor phases that may be present in the oxide films (iron and chromium oxides or
silica) are not known at present to play a significant part in the oxide degradation process
in LiOH solutions, but may be more significant in pure water because of their higher
solubility than ZrO2. Niobium oxide crystallites may perform a similar role in oxides on
pressure tubes [16].

IMPORTANCE OF VARIOUS OTHER FACTORS
A number of other factors have been argued to be important in Zircaloy corrosion. Not all of

them now seem to be so important.

Fast Neutron Irradiation. Direct effects of fast neutron irradiation on the corrosion process have
never been found to be large, compared with the effects of concentrated LiOH [17]. They may
become more important in pure water environments (eg. BWR conditions), and local dissolution
of disordered primary knock-on spikes has been suggested as a mechanism for such a direct
effect, but at present it appears to be possibly only a small contributor [18].

Indirect effects of irradiation, for instance by redistributing alloying elements like iron, have
small effects on the post-irradiation corrosion rate [19]. Since Fe appears able to migrate fairly
readily in the oxide anyway, the irradiation induced migration of Fe may not result in a large
factorial increase in oxidation rate in-reactor.

Dissolved Oxygen or Hydrogen in the Water. The big difference in Zircaloy corrosion
behaviour between oxygenated (BWR) and hydrogenated (PWR) water chemistries have often
been blamed on direct effects of radiolytic oxygen species. There is still no well established
explanation for these differences [20], and oxygen or hydrogen overpressures have only minor
effects on corrosion rates in concentrated LiOH solutions [21]. Synergistic effects of LiOH and
F~ on corrosion are present only in hydrogenated solutions and are absent in oxygenated
solutions [22]. Specimens exposed in the laboratory to LiOH + F~ solutions show "blister" type
oxide failures very similar to those reported for PWR cladding [23, 24]. F~ is produced in
reactors in small quantities.

Crud Deposition. Fuel failures as a result of crud deposition do not necessarily require a very
large temperature rise through the crud. Raising the cladding surface temperature above
saturation could concentrate LiOH enough to lead to failures [25, 26].
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SOLUTIONS
Because" excessive corrosion of fuel cladding depends on several factors there are several

possible approaches to ameliorating the situation:-

Improved Zircaloy - 4. Most fuel vendors have adopted an "improved" or "adjusted" version of
Zircaloy-4 to deal with moderately severe operating conditions. This remains within the
Zircaloy-4 specification, thus simplifying regulatory approval. For an "improved" Zircaloy-4 the
tin content is usually held at the low end of the specification (1.3% Sn), Fe and Cr are held at the
upper end of the specification and impurities such as Si and C are controlled in a narrow band.
Cladding of this type does not perform well under severe conditions (figure 1) [11].

New Zirconium Alloys. For severe conditions most vendors have now developed new alloys.
Most experience has been obtained with ZIRLO (1% Sn, 1% Nb, 0.1% Fe) a variant of the
Russian alloy 635 developed by Westinghouse (figure 8) [27]. Siemens have developed an extra
low tin (ELS) alloy with 0.8% Sn and 0.4% Fe, used as a duplex cladding because of its low
mechanical strength [11]. A number of other new alloys are at earlier stages of development
[29].

Change to KOH/Nfl^OH Water Chemistry. The Russians obtain very low oxide thicknesses and
hydrogen contents in W E R 1000 plants with Zr-1% Nb alloy cladding (figure 8) and a
KOH/ammonia water chemistry [30]. Zr-1% Nb often behaves poorly in LiOH chemistry; it is
not known whether low tin Zircaloy-4 will behave better in KOH/ammonia than in LiOH. This
will be tested in the first core of Temelin-1 (Czech Rep.).

Add Boric Acid to CANDU Coolant. If protection by boric acid is a key part of the satisfactory
behaviour in PWRs then separated "B could be used in CANDU.

Don't Boil. This might involve too high an economic penalty, but should be considered an
option.
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SIMULATION OF THE TRANSPORT OF VOLATILE FISSION PRODUCTS
WITHIN THE FUEL-TO-SHEATH GAP OF DEFECTIVE CANDU "REACTOR FUEL RODS

H.W. Bonin and BJ. Lewis

Royal Military College of Canada / College militaire royal du Canada
P.O. Box 17000, Stn FORCES

Kingston, Ontario, Canada K7K 7B4

1. INTRODUCTION

A numerical model has been developed for the prediction of the transport behaviour of volatile
fission products within the gap between the fuel pellets and the sheath of fuel rods of CANDU
Pressurized Heavy Water Reactors (PHWR). In this model, the volatile and radioactive fission
products are produced within the fuel pellet in which they migrate. These fission products are
partially released into the fuel-to-sheath gap with an isotopic production rate per unit volume, q
(x,t), in moles m"3 s"1, at axial position x and time t. This parameter can be determined from results
of in-reactor and out-of-pile annealing experiments carried out at the Chalk River Laboratories. *•2

2. GAP TRANSPORT MODEL

The mathematical equations of the model are based on mass balance equations as follows:

f = D

where c(x,t) is the isotopic concentration, in moles m'3 s'1, in the gap at axial position x and at
time t, A is the radioactive decay constant, and D is the volatile fission product diffusitivity in the
bulk gas. In this model, the fuel rod is assumed to be breached such that, at axial position x = L,
where L is the length of the fuel rod, the end cap is completely missing leaving the gap fully
exposed and in contact with the coolant for all azimuthal positions (Fig. 1). The model also
assumes that the fuel rod is intact at position x = 0. A significant stable gas release qs into the gap
produces a bulk gas velocity profile given by:3

v(x) = qsRTx
h2

(L2 - x2) + P
sys

-1/2

(2)

where R is the gas constant, T is the average bulk gas temperature within the gap, \i the gas
viscosity and P ^ is the bulk system pressure. One initial condition and two boundary conditions
are required for the solution of Equation (1): the initial condition is for t = 0, n (x, 0 ) = 0 (V x
between 0 and L); the boundary condition at x = L (the damaged end) is, for all times, n (L, t )
0, whereas at x = 0 (the intact end), the condition is:

-D -v(0)-0
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Equation (3) implies an absence of flow at the intact end of the fuel rod and, when v (0) = 0,
this condition becomes a simple reflexive condition. At the breached end of the fuel rod, the
condition n ( L , t ) = 0is interpreted as the volatile fission products being swept away into the
primary coolant as soon as they reach the open end. Using Fick's Law, the rate of release of the
fission products into the primary coolant may be given by the following equation:

R =
c

-DA
dc_

dx x=L
(4)

where A is the cross-sectional area of the open gap at x = L. For a constant isotopic production
rate in the gap (q), the release fraction is given by:

F

3. NUMERICAL RESULTS

A one-dimensional numerical model was obtained by solving these equations, assuming a
uniform concentration of the fission products in the azimuthal direction, and neglecting all
variations in the radial direction since the gap thickness is very small. The model was tested for
four different volatile fission products, 138Xe, 85mKr, 133Xe and 137Cs, covering a range of half-lives
from 14.12 minutes to 30.17 years. The model was run for these fission products for normal
operating conditions, with a 50 kW m"1 linear power rating, 700 K average gas temperature, 1.0
x 107 Pa coolant pressure (PSYS), giving an average bulk gas velocity of 1.37 x 10"7 m s'1.3 The
model was also applied for a reactor accident situation for which the linear power rating was 50
kW m"1, the average gas temperature was 1600 K, the coolant pressure was 1.0 * 105 Pa and the
average bulk gas velocity was 1.55 x 10"2 m s"1.3 In addition, for each of the scenarios, the model
was run for the actual bulk gas flow velocity profile as given by Equation (2) and for a constant
value of this velocity as obtained from averaging Equation (2) over the length of the fuel rod.

For normal reactor operation, the release fractions for the shorter lived fission products were
less than unity as this is expected since significant radioactive decay occurs before the nuclei reach
the breached end of the fuel rod. The release fractions gradually increase with time to equilibrium
values, in a matter of few minutes for the short-lived isotopes (138Xe and 85mKr) and in about 120
hours for the other two fission products (Fig. 2a). The equilibrium release fractions for 138Xe,
85mKr, 133Xe and 137Cs are 6.9%, 30.9%, 88.7% and 99.4% respectively. For the accident scenario
(Fig. 2b), the kinetics are much more rapid and the release fractions saturate within 180 seconds
as follows: 91. Wo for 138Xe and 98.3% for the other three isotopes. With this very rapid release
due to the combination of high temperature and large pressure gradients, there is little time for
radioactive decay which explains why even the shortest-lived fission product is essentially all
released.

The two numerical approaches, using the variable, v(x), and constant, v, velocity distribution
produced results which were in good agreement with each other: the largest discrepancies
observed were for 137Cs for which the release fractions differed by at most 0.4% for normal
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reactor operation case and by a maximum of 2.5% for the reactor accident case. When the
average value v was used for the bulk gas flow velocity, the numerical results could also be
compared with an analytical solution for normal reactor operation.3 Again, very good agreement
was obtained as the largest discrepancy observed between methods was - 3 % for the release
fraction of 85mKr.

With the numerical modeling well established, the research continued on a sensitivity study
aimed at determining the most important parameters of the model. For this analysis, the shortest-
lived fission product (138Xe) and the longest-lived one (137Cs) were studied. The following
parameters were varied in turn by ±10%: qs, T, D, u, PSYS, q and h. For the normal reactor
operation (Fig. 3), it was found that, for 138Xe, the diffusivity (D) was the most sensitive of the
parameters, producing a ±5.4% variation of the release fraction at 720 minutes. Similar variations
of the other parameters produced variations of the release fraction of only about ±0.05%, and as
little as ±0.002% for parameters such as q and h. The results for 137Cs were even less pronounced,
with the largest variation of the release fraction (at 600 h) obtained as about ±0.03% for T, PSYS

and qs. The importance of the diffusivity D for the shortest-lived fission product in normal
operation conditions is readily explained considering that the nuclei remain within the gap for a
longer period of time relative to their half-life as they diffuse in the gap since bulk flow is no
longer important.

For reactor accident conditions (Fig. 4), all parameters for 138Xe have a comparable
sensitivity, producing variations in the release fraction of about ±0.15%, except for the parameter
q which produces variations of only ±0.01%. For 137Cs, again, all parameters, except for q, have
comparable effects, producing variations of ±0.25% on the average, only slightly higher than for
138Xe. In this case, the variations of the isotopic production rate q are almost not detected in the
model, yielding variations of the release fraction of only ±0.005%. This analysis leads to the
conclusion that none of the parameters are especially sensitive and that the model appears quite
sound.

4. OXYGEN POTENTIAL IN THE FUEL-TO-SHEATH GAP

As shown in Section 3, during a reactor transient an enhanced fission-gas release can lead to
an important convective contribution for transport in the fUel-to-sheath gap. In order for fuel
oxidation to occur, steam must diffuse into the breached element against any counter-current flow
of non-condensable fission gases, and out-flowing hydrogen that is produced from the internal
reaction of the in-coming steam with the Zircaloy sheathing or urania. As such, it is important to
determine the local hydrogen-to-steam molar ratio (i.e., oxygen potential) along the gap as this
ratio directly affects the fuel oxidation state. The fuel oxidation state, in turn, significantly
influences the rate of fission-product diffusion in the fuel matrix and the subsequent release into
the gap. 2 In addition, the oxygen potential in the gap will affect the chemical form of the fission
product, which will dictate the amount of vaporization of low-volatile products from the fuel
surface.4> s For instance, the fission product release kinetics were observed to differ in annealing
experiments conducted at high temperature in steam with bare fuel fragments versus mini-
elements (i.e., short-length Zircaloy-sheathed fuel specimens), even after the Zircaloy sheath had
been completely oxidized.6 This observation can be attributable to a reduced transport in the gap
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and a lower oxygen potential as a result of inhibited steam penetration into the mini-elements.

4.1 Development of the gap transport equations.

The one-dimensional transport equations for the multi-component flow of steam, hydrogen
and stable fission gases in the thin, annular, fuel-to-sheath gap are developed as follows. Consider
a species / with molar concentration c, (mol m"3) in which one applies a conservation of mass
through the volume element AV(= SAx) in the gap (see Fig. 1):

dc.
time rate of change of number of moles of i in volume element = S A x (6)

dt

input of i across face at x = Njx\x S (7)

output of i across face at x + Ax = N^^ S (8)

rate of production of species i = qt S Ax (9)

rate of loss of species i - ri S Ax MO)

where S is the (constant) cross sectional area of the gap, N^ is the molar flux of species / in the x-
direction (mol m"2 s'1) (resulting from diffusion and a total bulk molar flow), qt is the production
rate of species / (mol m"3 s'1) and r{ is the loss rate of species i (mol m"3 s"1). Hence, applying a
mass balance:

dc
Tt

i (j, . f rate of moles \ _ \ rate of moles \ j rate of production I _ / rate 0/ /OM 1
[of species i in \ \ of species i out \ \ of species i { \ of species i \

— 6 Ax - JVte |x A ^ |x+Ax ^ ^ ^ r, A Ax (11)

Thus, dividing Eq. (11) by S Ax, and taking the limit as Ax goes to zero, yields

dct dN^

a/ ax v '

For a flux resulting from both diffusion and a total molar bulk flow in a multi-component mixture
of n components.7

E Nj (13)
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where c is the total molar concentration

c = (14)

The parameter xt is the mole fraction of species i (= c, I c), and Nj = c} v, where v, is the velocity of
species j (m s"1). The parameter Dim is an "effective" binary diffusivity (m2 s"1) for the diffusion of

- » , ) -
y=i

(15)

species i in a mixture /w. This quantity can be derived from the Stefan-Maxwell equations:7

Hence, solving for Vx( in Eq. (13) and equating this to Eq. (15) gives:

(16)

If/ = 1, Eq. (16) can therefore be written as

cD\m
xj vj E

j-2

(17)

where the second relation follows since the numerator will equal zero whenj = 1. Now if the
components 2, 3 , . . . n move with the same velocity, i.e., v2 = v̂  = ... = vn = V, Eq. (17) yields

1
cD

E
lm

V l ~

v (18)

XJ

Since
x , •

~ xi »Eq. (18) reduces to

1 -*i = y (_Ji
cD,. fee

(19)
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Hence, in the present case, if all components move with a bulk velocity V(x):

1 - x.

c D '- - £ -L
im

(20)

The simple binary difiusivities D& (cm2 s"1) in Eq. (20) can be calculated from the Chapman-
Enskog kinetic theory:7

cDM = 2.2646 x 10"5

1 1
+iA MB (21)

a2 QAB a"D'AB

where Tis the temperature (K), Mis the molecular weight (g mol'1) and o ^ is the collision
diameter (A). The collision integral Q^ is a function of the Lennard-Jones force constant
( inK) : 5 -us

Q
1

'DM 0.7049 + 0.2910 In (TK I (22)

The combined quantities for the force constants can be evaluated as

°AB =
°A + °B

K \ K K
(23)

where the individual quantities for the gas components are given in Table 1.

Finally, substituting Eq. (13) into Eq. (12) yields the one-dimensional transport equation in the
x-direction for species /

dt
JL
dx dx

(24)

In the particular case that all components move with the same velocity V(x) so that
n C "

x.J2 N: = — J2 c.v-c. V(x),Bq. (24) becomes

3/ dx
cD,.

d(c/c)

dx dx - r , (25)
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where cDim is calculated from Eq. (20). The bulk flow velocity V(x) follows from a Hagen-
Poiseuille law:2

12u (dx
(26)

where R is the ideal gas constant, P is the pressure, and h is the radial gap thickness. For a gas
mixture the gas viscosity u in Eq. (26) can be determined from4> 7

xt

(27)

in which

-1/2

/̂8"

1/4

M,
(28)

The individual viscosity U; (in g cm'1 s"1) for each component can be calculated from

u. = 2.6693 x 10"5 Jt—' (29)

where T is in K, Mj is in g mol'1 and a-, is in A. The parameter Q^ can similarly be calculated from

1
Q.. =

0.6641 + 0.2581 (30)

Using the ideal gas law:

c =
RT

(31)

Eq. (26) becomes



V(x) = -
12 u { dx

(32)

Thus, as follows from Eqs. (14) and (25), the corresponding system of equations for the
stable fission gas (e.g., Xe), steam (H2O) and hydrogen (Hj) is:

= — cD

dCH2O

dt

dcH
2

dt

d°Xe

dt

a
ax

u

dx

d
dx

CDH2O

cD H2

Xe,m

d(cXe/c)

dx

3 (WO

d(cHJc)
H-m dx

_a_
dx

- r.
Zrox Fuelox

rH-,0

(33)

(34)

Zrox Fuelox (35)

where

C = CXe + C + C, (36)

The source and loss terms in Eqs. (33) to (35) are known from physical models developed
elsewhere (see discussion below). The effective diffusivity Dim can also be evaluated from Eq.
(20) for each gas constituent (i.e., / = Xe, H2O and H^). Hence, given that there are five unknows
(cXe> cw& CH» c> V) md five equations (Eqs. (32) to (36)), the system of equations can be uniquely
solved by standard numerical methods.The parameter qXe in Eq. (33) is simply equal to the stable
fission gas release qs from Section 2. The production rate of hydrogen and the loss rate of steam

i , i i r - • t • i • Zrox Zrox < Fuelox Fuelox

are equal to one another for a given chemical process, i.e., qH = rH o and qH = rH 0 .
This result arises since the molar quantities of hydrogen and steam are balanced in each oxidation
reaction for the Zircaloy and fuel:

Zr + 2H2O « ZrO2+ 2H2 (37)

xH20 + UO2 xH2 (38)
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where x is the stoichiometry deviation in UO2+x. The hydrogen production rate for the Zircaloy
oxidation process is:2

Zrox 1

M7r \ MZrh \
Zr

"- 09)

where S& (m2) is the internal surface area of the sheath, Vgap is the gap volume (m3), M^ is the
molecular weight of zirconium (= 0.091 kg mol"1) and / is the time (s). The parameter

kw (kg2 m"4 s) is the parabolic rate constant:

K = *wOexP " ^ (40)

where, from the experiments of Baker and Just, k^ = 3.33><103 kg2 m"4 s and Q = 190 kJ mol"1.8

The hydrogen production rate for the fuel oxidation process is :2

gap
(41)

where cv is the molar density of uranium (mol of uranium m'3), S^ is the fuel surface area (m2), a
is a surface exchange coefficient (= 0.365 exp{-23500/T(K) m s*1}), and xe is the equilibrium
stoichiometry deviation (as determined with the methodology in Ref. 5).

In order to solve the system of equations, one requires three initial conditions and six
boundary conditions for Eqs. (33) to (35). For example, typical conditions for the defect
geometry shown in Fig. 1, which can arise in accident situations, can be mathematically
represented as follows:

(i) initial conditions:

cXe = 0, t = 0, 0<x<L (42)

P
= -2i t = 0 0 < x <L

RT
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cH = 0 , t = 0, 0 <x < L

(ii) boundary conditions:

^ = 0, x = 0, t> 0 cXe = 0 , x = I , f > 0 (43)
C7X

= 0, x = 0, t > 0
RT

—-2- = 0, x = 0, / > 0 cH = 0, x = L, t > 0

The initial conditions in Eq. (42) assume that only steam is present in the gap at the start of
the transient (t = 0), with a molar concentration resulting from the given system pressure P^ At
the intact end of the rod (x = 0), a simple reflexive condition is assumed in Eq. (43) where no flow
occurs (i.e., the bulk flow velocity in Eq. (32) is also equal to zero in this situation). Finally, at
the defect end of the rod (x = L), the fission gas and hydrogen concentrations are zero since these
products are continually being swept away by the bulk-gas atmosphere flowing past the fuel
element. On the other hand, there is a constant supply of steam as this exposed end from the bulk
atmosphere in the reactor coolant system (RCS) (i.e., this condition implicitly assumes that there
is no hydrogen in the RCS, i.e., xmo = 1).

Thus, solving the system of equations, one is able to obtain the hydrogen-to-steam partial
pressure ratio pm I pH2o (= cml cmo) ^ a function of distance and time along the gap. It is
important to realize for this solution that there is a feedback effect where the source term (qXe) in
Eq. (33) depends on the state of fuel oxidation which, in turn, is affected by the ratio cH21 cmo

(see Refs. 2, 4 and 5). These equations are presently being solved for analysis of the mini-element
experiments. Other future developments of this model include the use of variable isotopic
production rates and the investigation of the effects of gap collapse and swelling. Multi-
dimensional models to consider azimuthal effects will also be developed for more realistic
modelling of actual defect cases.
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TABLE 1 : INTERMOLECULAR PARAMETERS FOR VARIOUS GAS
CONSTITUENTS00

Gas Component

H2

He
H2O
Xe

Molecular Weight,
M (g mor1)

2.016
4.003
18.015
131.3

Lennard-Jones Parameters

a (A)

2.915
2.576
2.65

4.055

€/K(K)

38.0
10.2
380
229

(a) Taken from Refs. 2 and 7.

Zircaloy Sheath

Fuel AV=SAx h

x=Q x x+Ax

Fuel-to-Sheath Gap

x=L

Defect End

Gap Cross-Sectional Area (S)

FIGURE 1 : SCHEMATIC OF A DEFECTIVE FUEL ROD.
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ABSTRACT

An artificial neural network (ANN) model has been developed to predict the release of
volatile fission products from CANDU fuel under severe accident conditions. The model was
based on data for the release of Cs measured during three annealing experiments (Hot Cell
Experiments 1 and 2, or HCE-1, HCE-2 and Metallurgical Cell Experiment 1, or MCE-1) at
Chalk River Laboratories. These experiments were comprised of a total of 30 separate tests. The
ANN established a correlation among 14 separate input variables and predicted the cumulative
fractional release for a set of 386 data points drawn from 29 tests to a normalized error, En, of
0.104 and an average absolute error, Eabs, of 0.064. Predictions for a blind validation set (test
HCE2-CM6) had an En of 0.064 and an Eabs of 0.054. A methodology is presented for deploying
the ANN model by providing the connection weights. Finally, the performance of an ANN model
was compared to a fuel oxidation model developed by Lewis et al. and to the U.S. Nuclear
Regulatory Commission's CORSOR-M.

INTRODUCTION

The need to define nuclear power reactor source terms for fission products released during
severe accident conditions has been underscored by the accidents at Three Mile Island and
Chernobyl. In the United States, tests have been conducted involving the heating, or annealing, of
fuel fragments and short segments of Light Water Reactor (LWR) fuel rods under varying
environmental conditions, such as steam and hydrogen. Analysis of early annealing experiments
performed at the Oak Ridge National Laboratory (ORNL) has provided a correlation of the
cumulative release of volatile fission products with temperature and time in a steam environment.
This correlation, called CORSOR-M, is used by the United States Nuclear Regulatory
Commission for LWR source term prediction.2 Its applicability to CANDU pressurized heavy
water reactor (PHWR) fuel has yet to be established. Further, it only considers two variables
(temperature and time) in one environment (steam).
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Corresponding annealing experiments have been conducted at the Chalk River
Laboratories (CRL) on fuel fragments and mini-elements of CANDU fuel. In fact, the Hot Cell
Experiments 1 and 2 (HCE-1 and HCE-2)3'4 and the Metallurgical Cell Experiment (MCE-1)5

include a total of 30 separate tests conducted under a wide variety of sample sizes, conditions and
environments. The resulting large data base has yet to be analyzed to the point that an overall
comprehensive model could predict experimental results with any degree of confidence.

The physical mechanisms involved in the release of volatile fission products under severe
accident conditions are felt to be extremely complex. In the U.S., the FASTGRASS code has been
developed to model such phenomena as fission gas bubble nucleation, migration, interlinking and
resolution,6 while in Canada, SOURCE-2 is a mechanistic model for CANDU fuel.7 Both of these
codes, however, are computationally intensive and thus do not run in real time. As a result, work
continues on simpler, semi-empirical models which are based on the controlling physical
phenomena. Examples of this are recent work by Osborne and Lorenz at ORNL and by Lewis et
al. in Canada. This notwithstanding, the comprehensive model of fission product release
considering the full spectrum of conditions of the annealing tests and able to run in real time has
not appeared yet. This paper will outline a novel approach to empirically modelling the results of
29 CRL tests with the use of an artificial neural network (ANN) in order to predict the cumulative
fission product release of volatile fission products (specifically 34Cs).

ARTIFICIAL NEURAL NETWORKS

Neural network development began in the mid 1940's, but went into a hiatus due to a lack
of discernible applications and sufficiently powerful computers. The most widely-used paradigm,
back propagation, emerged in the mid 1980's from the work of two psychologists, McClelland
and Rumelhart, in their efforts to model the functioning of the brain. ° Neural networks are
composed of simple nodes (neurons) which take inputs, sum them, perform a simple mathematical
operation on this sum via a transfer function and pass the result on to other nodes. Before the
output arrives at a subsequent node, however, a weight is applied to it. As a consequence, nodes
receive outputs of preceding nodes which have been modified by these weights.

Current practice in back propagation networks is to use three layers of neurons, with
interconnections as shown in Figure 1. (Recent usage also exhibits some degree of connection
directly between the input and output nodes, in addition to the connections indicated in Figure 1.)
These layers are usually named input (X), hidden (Y) and output (Z). The input layer contains the
values of the variables and parameters considered for correlation. In this application, each node
would correspond to a value from the list in Table 1. These inputs are mapped into the range -1.0
to +1.0 using the mapping function

where Xi is the scaled or mapped i* input value, corresponding to Vi, the unsealed or raw input
value. Mi and mi are the maximum and minimum values of Vi, respectively. Each input node is
connected to each node in the hidden layer. It is also usual to connect a bias node (with a set
value of unity [1]) to all hidden and output nodes. The bias node serves to offset the origin of the
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transfer function and tends to cause the network to converge more quicklyr

Each connection to a hidden layer node contains the normalized input value leaving the
input layer or bias node, modified by a connection weight. Thus, the i scaled input value, Xi,
connected to the j * hidden node has a weight, WJJ, applied to it. Consequently, the hidden node
receives as an input from the 1th node, the value WjiXi. Also, as noted above, each node receiving
inputs sums these inputs. In Figure 2, Ij is the sum of i inputs, each multiplied by its own
connection weight, so that

(2)
i=0

When optimized, this is the equation of a linear regression, with the intercept being the weight
associated with the bias node, WJO.

Non-linearity is introduced into the model by the transfer function, which is applied to the
summed inputs, Ij. Several different functions are available (sinusoidal, sigmoidal), but the one
most widely used is the hyperbolic tangent, which is the smooth version of the step function from
-1 to +1. The application of the tanh transfer function yields an output, yj, from the j hidden
node, such that

=tanh/ , . (3)
+e

This same process is repeated between the hidden layer and the output layer, with the
transfer function again applied to the summed inputs to produce the output. Thus

where Ik is the sum of the weighted inputs to the k output node and Wkj is the connecting weight
between the kft output node and the j hidden node (or the bias node).The scaled output from the
k* output node is given by

z = tanh Ik. (5)

This output value z must then be mapped back to provide a real value for the cumulative
fractional release f. This process is similar to but the reverse of the input mapping. Thus

, (M - m)z + (Rm - rM)
/ = ITr • (6)

where M and m are the measured maximum and minimum values of the output variable f and R
and r are the maximum and minimum values of the network output z (here 0.8 and -0.8
respectively).
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When the network is initialized, the values of the weights are randomly assigned. The
"knowledge" or "artificial intelligence" within the network, however, resides in the distribution of
these weights which must be adjusted to be able to produce an output as close as possible to the
desired output. This process of adjusting the weights is called supervised learning and is
conducted during the training phase of the network development.

To effect training, the network is not only presented with a full array of inputs, but also
with known (measured) outputs for each input set. When the initial pass through the network for
a given set of data is complete, an output, z, is determined. This value is then compared to the
desired output value, d (the scaled measured value of the cumulative fractional release), to arrive
at a global error E:

E = O.S{d-zf, (7)

The global error is then propagated backwards through the network to adjust the individual
connecting weights. This back and forth iterative process is continued until the global error is
minimized. At this point, another set of input data (vector) is introduced into the network and the
process is repeated. Generally, the connecting weights are adjusted after an "epoch" of up to
about 500 different inputs (this can be adjusted to facilitate learning, but updates are rarely done
after each input set, in order to prevent oscillations in weight values).

Once training is complete, the network is tested against data which had not been seen
during training. Like the training set, the test set should represent, to the greatest extent possible,
the whole range of the input space. Also, like the training set, the test set must have known output
values available for comparison with the network predicted values. Finally, the network should be
validated by predicting results for a data set representative of a likely application.

Essentially, then, a trained neural network is an n-dimensional correlation, and provides a
result similar to a non-linear regression. The link with the physical phenomena it is modelling is
through the choice of variables or parameters. Any relationship among these inputs is established
by the learning rule itself, and not by any real or postulated physical relationships.

Neural networks have a number of advantages over other types of models or correlations:

1. With the "knowledge" or "intelligence" distributed throughout the network, a
reasonable response is possible when the input space contains incomplete, noisy or
previously unseen values.

2. A careful analysis of the weights throughout the network permits the various
parameters or variables in the input space to be ranked in order of influence on the
output.

3. A trained neural network model operates in real time, making it suitable for being
embedded in much more complex computer codes, such as modelling the progression of
a severe reactor accident.



137

EXPERIMENTAL

The data base used to construct the model comprised 9 tests of HCE-1, 12 of HCE-2 and
8 of MCE-1, with the tests conducted between 1350 and 2100°C and in steam, air or
argon/hydrogen atmospheres. Each annealing test involved placing a fragment or mini-element in
an induction furnace, and introducing the appropriate environment (steam, air or argon/hydrogen)
into the furnace. The release of fission products from the sample was determined by measuring the
change in fission product activity by using gamma ray spectrometry. As well as environment,
other factors varied included temperature, time at temperature, heating ramp rate, sample size,
amount of zircaloy cladding and sample burnup. The fission products measured included Cs and
137Cs, 103Ru and ' !L although the model reported on in this paper was developed for 134Cs, as the
cumulative release values showed minimal randomness and the cesium behaviour was felt to be
representative of volatile fission products in general.

ANALYSIS

The neural net used to model the CRL tests was based on NeuralWorks Professional
II/Plus by NeuralWare and featured 14 different inputs, as listed in Table 1. Related to Figure 1,
the input space would extend from xi to xu. A single hidden layer was used with differing
numbers of nodes (from 2 to 15). All the architectures returned comparable results, except the
networks with only 2 hidden nodes, which provided poor correlations. The output layer contained
a single node and represented the cumulative fractional release of 134Cs.

Much of the effort needed to train a neural network must be invested in creating the data
base to provide the input vectors. Each test contained values for temperature and cumulative
fractional release measured at intervals of 100 to 300 s. Most tests exhibited a characteristic
response of an initial plateau on the Time/Fractional Release curve (Figure 3) displaying an initial
low release rate (typically as a result of non-oxidizing conditions), a fairly steep climb due to an
increased release rate from diffusion and grain boundary release (particularly during oxidizing
conditions and a final plateau, indicating some trapping in the fuel porosity. Most of the data
provided, then, were confined to the initial and final plateaus, with little available from the high
release rate portion. Further, more tests were conducted at 1600°C than at any other temperature,
although the isothermal test temperatures ranged from 1350 to 2100°C. In order for the model to
be able to interpolate with any degree of confidence, the input space had to be as balanced as
possible. Without this, inadvertent biases would be introduced and trained into the network. In
other words, the network would tend to provide better predictions for conditions approximating
the preponderance of training data and provide poorer predictions for other areas in the input
space. To redress this imbalance, the data available for each test were expanded significantly by
interpolation, so that the available number of training vectors was increased from 1371 to 4049.
Any inaccuracies introduced by this approach were felt to be well within the actual noise of the
data itself.

The expanded data base was separated into two portions, with 90% of the data provided
for the training set and the remaining 10% for the test set. In order to achieve balance, data from
some tests were repeated, so that the total input space contained 12,516 vectors. Further, the
results from a complete test, HCE2-CM6, were withheld from both the above sets to provide a
validation by exposing the trained network to conditions it had not been trained on.
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Model effectiveness was gauged in three ways:

1. Network predicted cumulative fractional releases (outputs) were plotted against the
corresponding values actually determined by CRL. A perfect correlation would have all
points fall along the diagonal with a slope of 1 and an intercept of 0. The corresponding
values from the linear regression through the data were then computed, including the
slope and the correlation coefficient, r, which is the covariance divided by the product
of the sample standard deviations.12

2. The normalized error, En, is the ratio of the average sum-squared error to the average
of the squared deviations. This value is felt to be particularly useful for back
propagation, as networks learn the average or smoothed target values. The normalized
error, then, can be considered as reflecting the proportion of the output variance that is
due to error, rather than the network architecture itself.

3. The average absolute error, Eabs, is the average difference (in absolute terms) between
the measured and predicted values for a test or validation set.

As noted already, networks of differing numbers of hidden nodes had comparable r values
for the test set. An example of the scatter plot for a network having 5 hidden nodes in one hidden
layer can be seen in Figure 4. The solid dots show a perfect correlation, which can be compared
with the actual linear regression through the points. Most of the 386 test vectors provide points
very close or on the regression lines. Overall, the slope of .899 and intercept of .080 are fairly
close to the optimal values of 1 and 0 respectively. The r value of .946 shows that the regression
itself accounts for 94.6% of the dispersion in the data, with the remainder attributable to the data
itself.

The validation of the network involved using the vectors of a complete test, HCE2-CM6,
with the results contained in Figure 5. For this particular test, the network provides a good linear
correlation (r is very good at .99), although it slightly underpredicts in the steam portion of the
test and overpredicts in the inert portion. As shown in Table 2, the En value is 0.064, while Eabs is
0.054 over the whole test. Returning to Figure 4, however, it can be seen that some tests are
underpredicted while others are overpredicted, while the vast majority of vectors are well
predicted.

Figure 6 shows the measured and predicted cumulative fractional releases plotted against
time that the sample is above 1000°C. Two points are of note here. The neural network model
provides a smoothing of the data, with the exception of the discontinuity at about 4000 s (the
point at which the environment changed from inert to steam). The second point is that the model
is able to reproduce the non-linearity of the relationship between fractional release and time, due
to varying release rates. In this particular test, though, the model values diverge from the
measured at less than 4000 s and beyond about 7500 s.

A sensitivity analysis and an examination of the distribution of connection weights was
conducted (the most significant inputs should have the highest connecting weights). The results
can be seen in Table 3. The fuel temperature was found to be the predominant influence in
predicting the cumulative fractional release of Cs, while time was second to temperature but
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more important than all other factors. The weight of Zircaloy followed time and reflected the
presence or absence of a physical barrier (cladding) as well as its chemical influence (due to
hydrogen production from metal-water reactions), which affect the fuel oxidation kinetics as a
result of a lower oxidation potential. The hierarchy of the remaining influences is felt to be
somewhat ambiguous, with these variables being second order influences, at best. The relatively
minor role of closed cladding may also suggest that the cladding on the fuel samples was never
really closed, as the end caps were only held loosely by wires. This, plus evidence of double sided
oxidation13 indicates that the cladding may never have provided a significant physical barrier to
the release of cesium. The relative importance of time suggests that much of the inventory was
intragranular, with diffusion to the grain boundary surface and interconnected pore network.
Further, the relatively modest influence of the fuel weight (varying over two orders of magnitude),
and thus the surface-to-weight ratio, reinforces the significance of the intragranular inventory.

In addition, there was relatively little range of values in the linear power and burnup of the
fuel samples. Not surprisingly, then, these variables had relatively little influence on the
cumulative fractional release of cesium from the range of test samples.

Finally, the ANN model was compared to CORSOR-M and to the Lewis et al. fission
product release model.9 The results can be seen graphically in Figures 5 and 6 applied to the same
validation set used in the ANN development, HCE2-CM6. The models are compared statistically
in Table 2. It can be seen that the CORSOR-M model greatly underestimated the release fraction.
This may be attributable to the different experimental conditions upon which CORSOR-M was
developed, i.e., higher temperatures and larger fuel samples. The performance of the Lewis model
is quite good, although it must be borne in mind that the model is fixed at the experimentally
measured release fraction at the introduction of steam. In contrast, the ANN model is a pure or
blind prediction of the HCE2-CM6 measured releases in both inert and steam environments. It
should be noted, however, that the model depicted in Figures 5 and 6 is not the same as the one in
Figure 4. Both models were trained from the same data set and had comparable architectures, but
one (shown in Figure 4) provided the best overall predictions of all the ANN models developed
across the whole set of 29 tests. The other ANN model, shown in Figures 5 and 6, provided a
better prediction for the specific validation set chosen, HCE2-CM6. Of the two models, it is felt
the one with the better general behaviour (Figure 4) is the more useful, so this was the one chosen
for deployment.

The overall relative closeness of the ANN model predictions to the values measured by
CRL indicates that a trained neural network model has been able to establish a good correlation
between a number of disparate parameters representative of possible severe reactor accident
conditions and the cumulative fractional release of fission product cesium. A similar ANN model
was developed to predict the release of volatile fission products from LWR fuel based on the VI
series of experiments at Oak Ridge National Laboratory.1 A more full explanation of ANN
models developed for the release of fission products from both CANDU and LWR fuel is
available.

ANN MODEL DEPLOYMENT

The ANN models were developed from an input space of 14 variables, as shown in Table
1. In order to use a trained model to predict the cumulative fractional release of cesium under
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conditions within the range of input values, the appropriate variable valuesinust be scaled
according to Eq. (1). The appropriate maximum and minimum values are contained in Table 1.
The connection weights for the 14-5-1 (bias node 0, input nodes 1-14, hidden nodes 15-19 and
output node 20) network shown in Figure 4 are contained in Table 4. The output values from
each input node must then be multiplied by the appropriate connection weight and summed at
each hidden node (Eq. (2)). A hyperbolic tangent transfer function is then applied at each hidden
node to determine the appropriate output (Eq. (3)). This process is repeated at the output node
(Eqs. (5) and (6)). The output fom the output node must then be scaled back to a real world
value, according to Eq. (7), with the respective values of M and m being 1.023 and 0. This series
of operations can easily be performed by a spreadsheet calculation or written into a short code in
a programming language, e.g., Basic. The series of simple calculations allows the computations to
be performed in real time.

CONCLUSIONS

A back propagation neural network model with a modified delta learning rule has been
trained to predict the cumulative fractional release of the volatile fission product cesium from
CANDU fuel fragments and mini-elements under a variety of simulated severe accident
conditions. The model was able to reproduce the non-linearities inherent in the relationship
between fractional release and time, and provided a smoothing of the data. Finally, the model was
able to predict the general trend of the release kinetics for a validation set which was not used for
training, and to predict the cumulative fractional release to within an average absolute error of
0.054.
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TABLE 1. VARIABLES AND PARAMETERS USED IN INPUT SPACE FOR DEVELOPING ANN,
INCLUDING MAXIMUM AND MINIMUM VALUES. NODES ARE DEPICTED IN FIGURE 1.

Node
Number

(i)
0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Variable
(v.)

Bias (value fixed at 1)

Time above 1000°C (s)

Fuel Temperature (°C)

Time at Temperature (s)

Time in Steam (s)

Time in Air (s)

Rate of Temperature Change (°C/s)

Weight of Zircaloy (g)

Cladding closed (y or n)

Rate of Steam Flow (mL/min)

Rate of Air Flow (mL/min)

Rate of Inert Gas Flow (mL/min)

Peak Linear Power (kW/m)

Burnup (MWh/kgU)

Weight of Fuel (g)

Minimum
Value (mi)

-3320

435

0

0

0

-0.2

0

0

0

0

0

43

257

.191

Maximum
Value (MO

22507

2090

22195

10892

11490

0.5

8.9

1

200

400

800

58

570

45.761

TABLE 2. STATISTICAL ATTRIBUTES OF MODELS APPLIED TO VALIDATION SET (HCE2-CM6).
MODELS ARE DEPICTED GRAPHICALLY IN FIGURES 5 AND 6.

Model

ANN
Lewis (steam)
CORSOR-M

Correlation
Coefficient

r
0.995
0.992
0.979

Normalized
Error

E.
0.064
0.056
1.523

Average Absolute
Error
Eabs

0.054
0.038
0.270

TABLE 3. RANKING OF RELATIVE IMPORTANCE OF INPUT VARIABLES BASED ON SENSITIVITY
AND WEIGHT SPACE ANALYSIS

VARIABLE
Temperature
Time Sample above 1000°C
Time in Air
Time at Temperature
Time in Steam
Zircaloy Weight
Steam Flow Rate
Cladding open
Fuel weight
Linear power
Burnup
Temperature change rate
Air flow rate
Inert gas flow rate
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Source
Node

0
1
2
3
4
5
6
7
8
9
10

n
12
13
14
15
16
17
18
19

TABLE 4. CONNECTION WEIGHTS w* AND w* FOR A 14-5-1

15

-0.4305
-1.5001
0.0521
-0.2716
-0.5602
-1.8507
1.1470
1.2937

-0.6041
-0.3888
-0.8062
0.6468
-0.9383
0.8866
0.4028

16

0.2578
0.8345
-2.0045
-0.5367
-0.6749
0.1387
-0.4846
-0.4971
0.4703
0.4718
-0.0842
-0.1865
-0.8495
1.0589

-0.2117

Destination Node
17

0.0018
-0.6655
-1.0748
-0.0451
-0.2416
-0.4572
1.1114
0.1895
-0.0633
-0.1081
0.1111
-0.0033
-0.6413
0.5407
-0.1219

18

0.0606
-1.2945
-2.2791
0.2944
-1.9599
-0.0618
2.5243
0.7858
-0.4438
-0.7703
0.4438
0.2545
-0.5259
1.1923
-0.2636

TRAINED ANN

19

-0.1546
-0.1987
-0.9801
0.09358
-0.0978
-0.0943
0.5328
0.2406
0.3048
-0.0689
-0.1239
-0.0193
-0.1234
0.3248
-0.0983

20

0.4668

-0.5391
-0.4932
-0.0579
-0.3824
0.2102

INPUT LAYER HIDDEN LAYER OUTPUT LAYER

FIGURE 1. ARCHITECTURE OF A BACK
PROPAGATION ARTIFICIAL NEURAL NETWORK.
DESCRIPTION OF INPUT VARIABLES IN TABLE 1
AND CONNECTION WEIGHTS IN TABLE 4.

FIGURE 2. ARCHITECTURE OF J* NEURON IN
THE HIDDEN LAYER
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ABSTRACT

An analytical model has been developed to describe the release behaviour of low-volatile fission products from
uranium dioxide fuel under severe reactor accident conditions. The effect of the oxygen potential on the chemical
form and volatility of fission products is determined by Gibbs-energy minimization. The release kinetics are
calculated according to the rate-controlling step of diffusional transport in the fuel matrix or fission product
vaporization from the fuel surface. The effect of fuel volatilization (i.e., matrix stripping) on the release behaviour
is also considered. The model has been compared to data from an out-of-pile annealing experiment performed in
steam at the Chalk River Laboratories.

1. INTRODUCTION

During a severe reactor accident, fission products (FPs) will be released from the degraded core. The release
behaviour will depend on the various physical and chemical processes that occur in the fuel matrix and in the
surrounding gaseous atmosphere. The release kinetics of the more volatile FPs have been shown to depend on a
rate-limiting process of solid-state diffusion through the UO2 fuel matrix.12 On the other hand, the release of the
low-volatile ones will more likely depend on the FP partial pressure,3"7 which is dependent on the chemical form of
the FP. The FP speciation will be influenced by the oxygen potential of the gas environment, the relative quantities
of fuel-to-gas at the site of the reaction, temperature and total hydrostatic pressure. Release from the fuel matrix
will also occur by "matrix stripping" for those FPs previously contained in the volatilized portion of the fuel that
has undergone oxidation to UO3.

8'9'10

In this work, an analytical model is developed to describe the low-volatile fission-product release behaviour and
fuel volatilization kinetics in accordance with equilibrium thermodynamics and mass transfer considerations.4

Chemical equilibrium is assumed for the determination of the FP chemical form and partial pressure using a Gibbs-
energy minimization technique based on the Facility for the Analysis of Chemical Thermodynamics (FACT)." The
FACT database12'15 has been supplemented with additional thermodynamic data on 150 chemical species following
an extensive literature re view.s'7'16'21 A closed-form algorithm, based on a method of chemical potentials, is also
developed to rapidly re-construct all partial compound pressures for the vaporization calculation.

The model has been developed for both CANDU and pressurized water reactor fuel types.4'22 This paper will
focus on the application of the model to CANDU fuel and provide a comparison of the model to data from a
separate-effects experiment at the Chalk River Laboratories (CRL) using a fuel fragment from a spent CANDU fuel
element.

•Present address: Atomic Energy Control Board, P.O. Box 1046, Station B, Ottawa, Canada KIP 5S9.
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2. MODEL DEVELOPMENT

The release of fission products from the damaged fuel rod occurs as a multi-step process, consisting of: (i)
transport through the fuel matrix and/or release due to volatilization of the fuel matrix, and (ii) fission-product
vaporization into the gas stream flowing past the rod. The release kinetics are therefore controlled by the rate-
limiting step. These mechanisms are described mathematically in the following sections.

2.1 Fission-product transport through the fuel matrix.

Fission-product transport in the uranium dioxide fuel matrix can be described by a generalized diffusional
release process. The release fraction is given by:

Fd=Nd(r)/Ng0 ( ]

where jVd(x) is the number of atoms which have diffused through the solid matrix and Ngc is the original inventory in
the fuel at time t = 0. The function Fd(x) is given by a transformed Booth relation:24

6.1- -3T, for T< 0.1, ( 2 )

Fd
•—7-exp{-^- T}, forT>0.1.

The dimensionless variable x is evaluated from the integral relation

•= \D'(t)dt, (3)T-

0

where D' = D/a2, D is the diffusion coefficient (in m2/s) and a is the grain radius (in m). Equation (3) accounts for a
time-variable diffusivity that depends directly on the temperature T and on the stoichiometry deviation x in UO2+X as
the fuel is oxidized. The diffusion coefficient for the volatile cesium species is given by the composite
expression:223

D{x,T) = 1 D j QB\ + 2D e j ^ 41 + Fm — 1 Din exp j - QB\ + x2Dox expj- ^
'" dt '" 1 RTI ox I RT

where Fm = 178 s/K, Dm = 7.6 x 10"'0 m2/s, Qin = 70 kcal/mol, Z)ox = 2.22 x 10"8 m2/s, Qm = 40.2 kcal/mol. The
diffusivity in Eq. (4) is an "effective" quantity. The first term accounts for intrinsic diffusion (including any
augmented release during temperature ramps as a consequence of fuel cracking, and bubble precipitation and
release), whereas the second term describes accelerated diffusion from fuel-matrix oxidation (due to enhanced
uranium vacancy production).

For the evaluation of the diffusivity in Eq. (4), the fuel oxidation kinetics must be determined. The
stoichiometry deviation x can be evaluated as a function of time according to the expression:2

dx/dt = -a(S/V)[x-xe(t)l
 (

where a = 0.365 exp{-23500/T} (m/s) and S/Vis the effective surface-to-volume ratio of the fuel (m"1). This
effective ratio is equal to ~3 times the geometrical one in order to account for surface roughness and microcracking
of the fuel.2 The equilibrium stoichiometry deviation, xe, in Eq. (5) can be evaluated by equating the oxygen
potential in the fuel to that in the atmosphere. The oxygen potential (in kJ/mol O2) for hyperstoichiometric fuel
(UO2+X) can be calculated from the Blackbum thermochemical model:24

02 = RT\n( poj = RT\n{{x(2 + x)l(l-x)Y k\

where In k = lOSx2 - 32700/r+ 9.92, R is the ideal gas constant (= 8.314 x 10"3 kJ mol'1 K"1), Tis the temperature (in
K) and p02 is the oxygen partial pressure (in atm). The oxygen potential for an ideal gas mixture in the atmosphere
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consisting of H2O, H2 (produced from the Zircaloy/steam reaction), O2 and inert gas (due to the possible presence of
air in the reactor channel) can be evaluated as:2525 - ~

Pi1 Plot =nillani '
7=1

where p-t is the partial pressure of component /, pm is the total pressure of all gases (atm), h, is the instantaneous
molar flow rate of component i, and N is the total number of component gases in the system. For the H2O
decomposition reaction:

K ( 8 )

H2O <=> H2+\O2,

:27the equilibrium constant, KH 0 , is:

If the rate of H2O dissociation required to maintain equilibrium is P, the molar flow rates after dissociation are:25

»Hl0 = *tf,0 - A »H2 = "k + P, "o2 ="o2+PI1 ( 1 0 )

where the superscript "o" refers to the initial input gas quantities. Hence, the conditions for equilibrium can be
described by combining Eqs. (7), (9) and (10):

(11)

KH n = —: x . —: : ; : :—

Equation (11) can be solved for p, and knowing the input molar flows, the partial pressures of the individual
components are determined as follows:

PHl

PlM t»J ' PW' t»J ' P'°' 1"J ' P'°l t»j'
7=1 7=1 7=1 7=1

A'
where Vrij = h"H^0 + nHi + h°o^ + n°nerl +\P • This methodology can also be developed further to include the

7=1

measurement of the oxygen content of the flowing gas mixture with the use of solid-state oxygen sensors at
upstream and downstream locations of the fuel specimen.25 Thus, equating the oxygen partial pressures in Eqs. (6)
and (12), one can obtain xe as a function of time for the changing atmospheric conditions. In turn, x(t) can be
evaluated with Eq. (5) for use in the diffusion coefficient of Eq. (4).

2.2 Fission-product release from fuel volatilization.

Fission-product release from the fuel matrix can also arise from a matrix-stripping process as a consequence of
fuel volatilization. Fuel volatilization in oxidizing conditions can be described by the following reaction:'0

(13)
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The equilibrium partial pressure of U03 will depend on the exposure time:10

RT

x(l)

AG(13)(O = AG}(UO3(g))-AG}(UO2)-± JAGOidx.
o

The partial molar Gibbs energy of oxygen in UO2+X can be integrated using the Blackbum thermochemical model in
Eq. (6) such that:

2i
In addition, the UO2 and UO3 formation energies (in kJ mol"1) in Eq. (15) are given by:28-29

(17)
AGf(UO3(g) - AGf(UO2) = 253.33 - 0.095237".

For the evaluation of Eq. (14), the oxygen partial pressure and instantaneous stoichiometry deviation x(t) is
determined in accordance with the analysis of Section 2.1.

The rate of volatilization of the fuel matrix is controlled by UO3 mass transport through a boundary layer at the
surface of the fuel. Thus, the fuel volatilization rate depends on the partial pressure of the UO3 (Eq. (14)) and the
mass transfer from the fuel surface into the carrier gas stream. From mass transfer theory, the volatilization rate Rml

(in molecule s"1) from an exposed surface areaS (m2) is given by:3410-30

(18)

where NA is Avogadro's number (= 6.022 x 1023 molecule mol'1), Muo is the molecular weight of UO2+X (kg

mol"'), dm/dt is the vaporization mass flux of UO2+X (kg m"2 s"'), km is the mass transfer coefficient (mol m'2 s"') (see

Section 2.3.1), pyO is the equilibrium partial pressure ofUO3 at the fuel surface (Eq. (14))and/?y0 is the UO3

partial pressure in the bulk gas stream which is assumed to be negligible in most cases. The fraction of fission
products released from the fuel matrix, assuming a constant fission-product distribution within the fuel, is simply
given by the mass fraction of volatilized fuel material:

(19)
Fm! =Amlm0

where m0 is the initial mass of fuel (in kg) and Am is the mass of volatilized UO2+X:
(20)

The fission products released by matrix stripping are no longer available for diffusional transport in the fuel
matrix. Hence, using Eqs. (1) and (19), mass conservation implies that the number of atoms which reach the fuel
surface by either diffusion or matrix stripping (N{s) are:

(21)
Nfi={(l-Fml)Fd+Fvol}Nso.

Equivalently, the combined release fraction (Ffs) for the two release processes from the matrix to the fuel surface is:

F/s = N/S/Ngo = {(1 - FY0l)Fd + Fvo,}. ( 2 2 )



1 4 9

2.3 Fission-product vaponzation.

The vaporization release of low-volatile fission products from the fuel depends on the partial pressure of the
species and the mass transfer from the fuel surface into the carrier gas stream. Analogous to Eq. (18), the release
rate (/?iv) (in atom/s) of a fission product species i, vaporized from an exposed fuel surface area S (in m2) is:

(23)
Riv-^YjN Akim\Xjs- Xia>),

where km is the mass transfer coefficient (see Section 2.3.1) (mol m'2 s"'), xis is the mole fraction of fission product i
at the surface of the fuel, xix is the mole fraction of fission product / in the bulk gas stream, y, is the number of atoms
per molecule of fission product /, and 7VA is Avogadro's number (= 6.022 x 1023 mol"1). The mole fraction of fission
product at the surface of the fuel is

xls = Pivl P,ol,

where piv is the partial pressure (in atm) of the fission product / in the vapor phase (see Section 2.3.2), and/>tot is the
total system pressure. For the small quantities of low-volatile fission products anticipated in the bulk stream, it can
again be assumed that *ix « 0.

The number of atoms of a given fission product which are released by vaporization from the fuel surface (NT) is
given by:

(25)

Nr = \R,v(t)dt,
o

thereby yielding a release fraction for vaporization (Fv) of:
(26)

Finally, the overall release fraction (F) for a given fission product is taken as the smaller of the two release
fractions for release to the fuel surface (Ffs) (Eq. (22)) versus vaporization from that surface (Fv) (Eq. (26)):4

(27)
F=rmn(Ffi,Fv).

The smaller fractional release value indicates the rate-controlling step.4

If the fuel is surrounded by a Zircaloy cladding, some fission products can be chemically-trapped in the
cladding until it becomes oxidized. For example, tellurium will be released when the clad is ~60% oxidized, while
antimony will remain trapped until the oxidation process is complete.4 The effect of fission-product trapping for
these species can be empirically modelled as a reduced overall fractional release where the result of Eq. (27) is
multiplied by the fraction (1-Q. Here C, is a trapping fraction which can be correlated with the oxidation state of the
cladding and the temperature as shown in Ref. 4.

2.3.1 Mass Transfer Coefficient.

The mass transfer coefficient can be evaluated for a given geometry based on a heat/mass transfer analogy. For
example, in the case of a forced-convective flow around a cylindrical fuel specimen (in the laminar flow regime)
(dropping the subscript J):4

km = 4cDABld (28)
where c is the molar concentration of gas around the fuel specimen (= pl0/{RT)), D^ is the binary diffusion
coefficient of a FP (for the dominant chemical form) or UO3 compound (A) in a carrier gas atmosphere (B), and d is
the equivalent diameter. The mass transfer coefficient for other flow conditions are given in Ref. 4. From the
Chapman-Enskog kinetic theory, the quantity cD^ (in mol cm'1 s"1) in Eq. (28) is given by30
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where Tis in K, Mis the molecular weight in g mol"1 and a ^ is the collision diameter in A. The collision integral
QAB is a function of the Lennard-Jones force constant EAB/K:4

J (30)

0.7049 + 0.29101n(7x- I£AB)

The combining laws for the parameters a ^ and S^/K are based on the individual quantities:

which can be obtained from Ref. 21 where data exist. Unfortunately, these quantities are not known for many
compounds. In this case, within the uncertainty of the present analysis, it can be assumed that Q ^ ~ 1.
Furthermore, the collision diameter aA (in A) can be estimated from the liquid molar volume at the normal boiling
point Vb (in cm3 mol"1):30

*A = l.l66y'b'
3. (33)

For a given fission product or actinide compound, Vb can be obtained by a summation of the additive contributions
of the individual atoms making up the compound.3132'33 For instance, a periodic relation exists where the atomic
volume can be correlated with the atomic weight (and to a lesser extent with the periodic grouping, i.e., valence
state).31 Hence, using the structural data of Le Bas as shown in Fig. I,3132 an empirical correlation can be developed
as a function of the atomic weight A (g mol'1) for the prediction of the atomic volume contributions AVb (cm3 mol"1):

In summary, using the available Le Bas structural data in Table 1, or Eq. (34) for any missing data, Vb can
be determined additively for the fission product compound of interest (which exists as either a metal, oxide,
hydroxide, etc.) or actinide compound (e.g., UO3). In turn, CTA can then be predicted from Eq. (33). This additive
methodology yields an average error difference for aA of 17% as compared to the measured data in Ref. 21.

2.3.2 Equilibrium partial pressure calculations.

The FACT computer program EQUILIB was used to determine the thermodynamic equilibrium state of the
FPs, including a calculation of the partial pressure of the gaseous compounds." In the thermodynamic model, it is
implicitly assumed that there is a closed system consisting of both fuel and FPs in a specific proportion, and a
gaseous atmosphere of hydrogen/steam at a given system (hydrostatic) pressure and temperature. It is further
assumed that all vapor species form an ideal solution. The condensed compounds are considered to be
stoichiometric except for the liquid metallic elements which are treated as an ideal solution.

For the CANDU reactor analysis, the FP inventory is assumed to be present in a single fuel channel (13
bundles), as calculated with the ORIGEN code for a Bruce A reactor (with an equilibrium bumup of 100
MWh/kgU) (see Table 2). Within the limitations of the FACT architecture, 23 elements were considered for a given
calculation which included: the actinides (U, Np, Pu, Am), FPs (Ce, Y, Te, La, Zr, Ba, Ru, Mo, Pr, Sr, I, Nd, Nb,
Cs, Rh, Sb, Eu), and atmospheric constituents (H2, H2O).

In order to cover various accident scenarios, the calculations were performed over a wide range of input
parameters. The matrix parameters included: (i) temperatures from 1000 to 2000 K (in steps of 50 K) and 2000 to
3000 K (in steps of 100 K); (ii) total system pressure of 1 atm (typical of annealing tests), 3 arm and 10 arm; (iii)
hydrogen-to-steam ratios (i.e., H2/H2O) of 100 000, 10 000, 1 000, 100, 10, 1, 0.1 and 0.01; and (iv) FP-to-gas
atmosphere ratios (i.e., Cs/(H2+H2O)) of 10"6, 10"5 and 10"4. This matrix yields a total of 2232 cases.
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The present treatment includes a total of 451 different compounds, with the corresponding distribution of 23
elements over 174 gaseous species and 277 possible condensed phases. The partial pressures of the various FP
compounds calculated for each set of conditions of H2/H2O ratio and Cs/(H2+H2O) ratio can be summed for each of
the 4 actinide and 17 FP elements. Several calculations are shown as a function of temperature for various H2/H2O
and Cs/(H2+H2O) ratios in Fig. 2.

2.3.3 Analytical representation: Method of Chemical Potentials (MOCP).

The partial pressure of an individual compound can also be analytically extracted from the FACT analysis in
terms of a stand-alone algorithm.34 For example, for the general reaction for formation of a compound from the
elements:

K (35)
xA + yB + zCo Ax By C:

it follows that

j r . >*•**• -

Here R is the ideal gas constant, Tis the temperature, K is the equilibrium constant for Eq. (35) and AG° is the
standard Gibbs energy change of the reaction which can be computed from the standard ("absolute") Gibbs energy
equations for the elements and compounds:

These ("absolute") Gibbs energy equations represent the combination of enthalpy change (AH°) and absolute
entropy (5°) by the relation

G" = AH°-TS° = A + BT + CT2 ' + DT~l + ETIn 7+ FT2 + GTm + HT~2 +1 In 7" + JT4 (38)

The apparent mixing of enthalpy change and absolute entropy combines in Eq. (38) to yield the correct AG° for the
process in Eq. (35). The use of Eq. (38) is simply a convenience in computing AG°. The coefficients for the Gibbs
energy data (for G° given in J mol'1) in the second relation of Eq. (38) are taken from the FACT database. Equation
(36) can therefore be equivalently written as:

^fp (39)

The partial pressures of individual elemental species / at equilibrium, pb (for i = A, B, C...) can be represented from
the FACT results using a Legendre-Fourier series representation for a given H2/H,0 and Cs/(H2+H2O) situation:

m=0

where Pm is a Legendre Polynomial of order m and Tr = 273000. A reduced temperature (Tt) is required so that Eq.
(40) is an orthogonal series over the given temperature range. To provide an accurate evaluation of Eq. (40),
without the need to carry a large number of significant figures, the Legendre polynomials can be evaluated from the
specific values of the two lower-order ones at a given temperature using the recursive relation:35

Po^P^Tr and P.+1crr)crr) t ( ^J)
m + \

The coefficients (am) in Eq. (40) covering the full range of matrix conditions, plus those for the Gibbs energy data of
the compounds, total about 18,000. The complete set coefficients are stored in an electronic database form
(Microsoft Access program), for efficient use in a computer code,36 and are available from the authors. Thus, using
Eq. (40) for the fitted partial pressure functions of the individual elements, with the Gibbs energy data for Eq. (37),
the partial pressures of all the individual compounds can be explicitly recalculated from Eq. (39).36 On summing the
partial pressures for a compound containing a common element /, one also obtains an evaluation of the total
elemental partial pressure as depicted in Fig. 2:
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Pelement 7 . P j '
(42)

j=compound
containing
element!

The average percent difference between FACT and the total pressure reconstitution of Eq. (42) is typically ~ 3 %
over the full range of temperature for the 17 FP elements. The inability to refit the data more precisely is due to the
change in condensed phase assemblage as temperature alters, which causes small kinks in an otherwise monotonic
function (see Fig. 3). Thus, Eqs. (39) and (42) provide a closed-form algorithm to rapidly re-construct the total
pressure of an element and all partial pressures of the various compounds containing the element, including the
dominant chemical form (i.e., the maximum pj for a given element i) for a particular reactor accident condition of
temperature, H2/H2O ratio and Cs/(H2+H2O) ratio. The purpose of this procedure is to provide a simple algorithm
for compaction of the extensive FACT results with the ability for interpolation over the full range of temperature
without the necessity of the time-consuming, Gibbs-energy minimization.36 The proposed function in Eq. (40) is
well-behaved, as shown for example in Fig. 3, and therefore the given algorithm also yields an accurate
interpolation between the stated temperatures as compared to actual FACT calculations (see Table 3). This means
that the full consideration of the basic premise of low-volatile FP release, based on the assumption of local
equilibrium at the point of origin, can be fully explored where the source partial pressure and dominant chemical
form of the fission products are quickly retrievable in a more complex model which deals with mass transfer from
the source to the environment (see Section 2.3).

3. COMPARISON OF MODEL TO EXPERIMENT

3.1. CRL Experiment Description.

In the CRL experiment (MCE2-T19), the fuel specimen was obtained by cutting a section of a spent element of
a Bruce-type design. The fuel fragment was roughly cylindrical in shape (~2.2 mm diameter and 5 mm length),
with a weight of 0.200 g and a burnup of 457 MWh/kgU. The sample was introduced into a flowing mixture of
argon/2% H2 (40 ml/min at STP) and ramped in temperature at a rate of ~ 0.15 K/s to 2300 K. After the
temperature plateau had been reached, the fuel was exposed to an oxidizing mixture of steam (15 g/h) and argon (40
ml/min at STP) for 7 min. The atmosphere was then replaced by an argon/2% H2 flow (40 ml/min at STP) and the
temperature decreased at the same ramp rate as during the heating period. The oxygen partial pressure of the
atmospheric composition was continuously monitored with yttria-stabilized zirconia oxygen sensors at upstream and
downstream locations from the fuel specimen.25 Fission products released from the fuel specimen were swept away
such that a gamma-ray spectrometer, collimated at the sample location, provided information on the kinetic release
behavior.

3.2 Model Application.

For the given atmospheric and temperature conditions, the model of Eqs. (5), (6), (9), (11) and (12) yields the
oxygen partial pressure, hydrogen-to-steam partial pressure ratio and stoichiometry deviation kinetics as shown in
Fig. 4.36 Using the fission-product diffusion model (Section 2.1), the fuel volatilization/matrix stripping model
(Section 2.2), the fission-product vaporization model (Section 2.3), and the fission product inventories (Ng0) of
Table 4, the predicted release fractions were calculated for the various release processes (see Table 5).36 For this
analysis, the geometrical surface area 5 = 3.46 x 10'5 m2, the effective surface-to-volume ratio S/V= 5670 m"1, the
grain radius a = 11.8 urn, and the equivalent diameter d (i.e., the channel diameter (4.75 mm) - fuel diameter (2.2
mm)) = 2.6 mm. The binary diffusion coefficient required for Eq. (28) was evaluated for the case of a trace fission-
product species diffusing in the carrier gas mixture according to the combining law:4

(43)
1

7
j*A

where y refers to the components of the gas mixture, and x-t and xA are the mole fractions of the gas components and
fission products, respectively. Equation (43) results from the Stefan-Maxwell equations for multi-component
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diffusion in which the various gas constituents move with the same velocity.30

The equilibrium partial pressures (p'elemenl) were derived as described in Section 2.3.3 for the hydrogen-to-steam
partial pressure ratio in Fig. 4 and a fixed Cs/(H2+H2O+inert) molar ratio. The Cs/(H2+H2O+inert) ratio was
determined by dividing the "exposed" molar inventory of cesium by the integrated gas flow rate, where the
integration starts at a time when the volatile release is first observed to occur. The "exposed" cesium inventory is
estimated as the total quantity (Ay in Table 4 times the diffusive release fraction (Fd) in Table 5, i.e., this
calculation accounts for the fact that not all of the fission product inventory is in contact with the gas atmosphere,
where it is implicitly assumed that all fission product species have roughly the same diffusion coefficient in the fuel
matrix.4 The molar ratio Cs/(H2+H2O+inert) is therefore taken as 4.9 x 10'6 for the MCE2-T19 test. Model
parameters, representative of the high-temperature plateau region (2300 K) are shown in Table 6, including: the
dominant chemical form of the fission-product compound (calculated by MOCP), the liquid molar volume of the
fission-product compound (Fb), the collision diameter (<jA) and Lennard-Jones force constant (SA/K) of the fission-
product compound, the binary diffusion coefficient parameter (cD^), the mass transfer coefficient (km) and the total
partial pressure of all fission products containing a given element (p'eicment).

3.3 Discussion.

As shown in Table 5, the overall release fractions (/•) that are predicted for most of the observed fission
products are in good agreement (typically within a factor of two) with the measured results. The release behaviour
of the low-volatile species are controlled by the rate-limiting step of fission-product vaporization from the fuel
surface (Fv). On the other hand, the release behaviour of the more volatile species (e.g., cesium) are determined by
the slower matrix diffusion step (Fd). The release fractions for the various release mechanisms were evaluated at
each time step of ~ 1 min, in which the corresponding rate-limiting step was determined.36

The measured release fractions of 144Ce and IO6Ru have been inferred from the release behaviour of their short-
lived daughter products (144Pr and 106Rh). Due to the very short half-life of 29.8 s for !06Rh, the measured release
fraction of this isotope is directly indicative of the parent fraction. No significant release of 144Pr (half-life of 17.3
min) was observed within the measurement uncertainty up to the end of the high-temperature steam period.
Consequently, it is believed that the cumulative release of this isotope is attributable solely to the release of its
parent (which would therefore affect the parent-daughter equilibrium). However, if some release of l44Pr did in fact
occur, the stated value in Table 5 would be an overestimate of the measured release of !44Ce (i.e., some release of
l44Pr is expected on thermodynamic grounds as a consequence of a finite partial pressure for this species). In this
case, the model prediction would be in better agreement with experiment.

The europium release is overestimated where a hydroxide compound (EuOH) predominates in Table 6. In fact,
the original thermodynamic data of Ref. 21 yielded an unrealistically high vapor pressure for the europium
hydroxide compounds, EuOH and Eu(OH)2. The thermodynamic data from the Victoria code21 for these
compounds are not consistent with the enthalpy change and absolute entropy data for the hydroxides of the other
lanthanide series elements taken from Cubicciotti.6 Instead, a new set of thermodynamic quantities were estimated
for the europium hydroxides for use in the present FACT analysis, based on an extrapolation of the trends in the
lanthanide series data. However, this extrapolated set still results in an overprediction of the partial pressure for
europium, as shown in Table 5, indicating a need for better thermochemical data for the hydroxide forms of
europium.

In the MCE2-T19 test, which was conducted in steam, significant fuel volatilization occurred. The fuel
volatilization fraction predicted with the thermodynamic/mass transfer model of Section 2.2 (i.e., Fm] = 70% in
Table 5) was in excellent agreement with observation, as inferred from the measured pre- and post-test sample
masses, i.e., Am/m = (0.200 - 0.046 g)/(0.200 g) -77%.

The fuel volatilization model can also be compared to that developed in Ref. 9. For instance, Eqs. (18), (28)
and (29) predict for the fuel volatilization rate a dependency on temperature and system pressure of TV2 and/?lot"',
whereas the Alexander and Ogden model yield a quite different result of TL2S and/^,"273. This difference arises
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because of the questionable assumption of effusive flow (i.e., a Knudsen relation) in the Alexander and Ogden
model for the-calculation of the sublimation flux of the UO3 vapor. On the other hand, the model of Section 2.2 is
self-consistent with the formalism for fission product vaporization (Section 2.3) and is in excellent agreement with
the CRL test results. In addition, contrary to the Alexander and Ogden model, no adjustable constants have been
used, i.e., the present model is based on thermochemical data and a well established heat (mass) transfer coefficient
(for annular flow).

4. CONCLUSIONS

A model has been developed to describe the release behaviour of low-volatile fission products from uranium
dioxide fuel during severe CANDU reactor accident conditions. The vaporization model is based on the
equilibrium partial pressures of the fission products and mass transport theory. The equilibrium partial pressures
were determined by Gibbs-energy minimization with the FACT thermodynamics package for a system consisting of
a condensed phase (UO2 plus fission products) and a gas phase (H2O and H2 plus gaseous fission products). The
extensive FACT results were recast into an analytical form, using the method of chemical potentials, for model
implementation into a stand-alone computer code.

A theoretical treatment has also been used to describe the effect of fuel volatilization on the fission-product
release behaviour. The model includes the effects of the fuel oxidation kinetics on the production of UO3 vapor and
the subsequent mass transfer of this gaseous phase through a boundary layer at the surface of the fuel. This matrix-
stripping process competes with that of solid-state diffusion as a mechanism of fission-product release to the fuel
surface.

The model is in good agreement with the fission-product release data obtained in the CRL test, MCE2-T19,
performed with a fuel-fragment specimen at 2300 K in steam. This model is also able to predict the observed fuel
volatilization in the CRL test.
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TABLE 1: VOLUME INCREMENTS FOR THE CALCULATION OF MOLAR VOLUMES

Element
As
Br
I

Sb
Sn
H
0

Le Bas Atomic Volume Increment, AF^ (cm-* moH)
30.5
27.0
37.0
34.2
42.3
3.7

7.4 (12.0 in acids)

TABLE 2: MOLES OF ACTINIDES AND FISSION PRODUCT ELEMENTS USED IN THE FACT ANALYSIS

Actinides

Uranium (a)
Neptunium
Plutonium
Americium

Moles

1015
0.096
2.754
0.0064

Fission Products

Cerium
Yttrium

Tellurium
Lanthanum
Zirconium

Barium
Ruthenium

Molybdenum
Praseodymium

Moles

0.824
0.215
0.138
0.332
1.442
0.389
0.899
1.150
0.265

Fission Products

Strontium
Iodine

Neodymium
Niobium
Cesium

Rhodium
Antimony
Europium

Moles

0.421
0.077
0.859
0.043
0.745
0.166
0.006
0.025

(a) Assumed chemical form for FACT analysis is UO2.
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TABLE 3: COMPARISON OF MOCP (INTERPOLATED) WITH FACT'CALCULATIONS(i)

Temperature (K)

1225
1725
2250
2750

Vapor Pressure of BaMoO4 (atm)

FACT

2.86 x 10-"
4.17 x 10-8

3.25 x 10-*
3.84 x 10-'

MOCP

2.60x 10-13

4.39x 10-8

3.61x W-6

4.27x 10"'

A%

9.2
-5.1
-11.0
-11.3

(a) For H2/H2O = 1 and Cs/(H2+H2O) = 10"*.

TABLE 4: INITIAL FISSION PRODUCT INVENTORIES IN THE MCE2-T19 TEST

Element

Cerium
Cesium

Europium
Niobium

Inventory, A^ (atom)

8.17x 10"
8.71 x 10"
4.52 x 10'°
1.61 x 10"

Element

Praseodymium
Rhodium

Ruthenium
Zirconium

Inventory, A^ (atom)

3.28 x 10"
2.39 x 10"
1.14x 1018

1.56 x 1018

TABLE 5: COMPARISON BETWEEN MEASURED AND PREDICTED RELEASE FRACTIONS

Chemical Species

(Isotope)

Ce (144)
Cs(137)
Eu(154)
Nb (95)
Ru(106)
Zr(95)

Fractional Release (%)

Predicted^

RLS

V
D/MS
D/MS
D/MS

V
V

F*

96
96
96
96
96

96

70
70
70
70
70
70

4.6
100
100
100
39

0.08

F

5
99
99
99
39

0.08

Measured

F

~25(°)
98
0

46
8l(b)

0

(a) RLS = rate-limiting step (V = Vaporization, D = Diffusion, MS = Matrix Stripping); Fd = diffusion release fraction (all species are
assumed to have the same diffusion coefficient as cesium); Fm) = fuel volatilization release fraction (the matrix stripping release
fraction is assumed to be the same as the volatilization release fraction); Fr = fission-product vaporization release fraction; F= overall
release fraction.

(b) Inferred from the release behaviour of the daughter isotopes '"Pr and l06Rh.

TABLE 6: CALCULATION OF VAPORIZATION MODEL PARAMETERS FOR THE MCE2-T19 TEST™

Fission Product

Dominant
Compound

CeO
CsOH
EuOH
NbO2

RuOH
ZrO2

Liquid
Molar

Volume, Fb

(cm3 mo!'1)
46.1
49.2
51.1
48.6
45.7
48.4

Collision
Diameter,

SA(A)

4.18
4.08
4.33
4.25
4.17
3.21

Lennard-Jones
Force Constant,

6A/K (K)

(b)

1046
fl>)

o»
ft)

10146

Combined Quantities

Binary Diffusivity,
cDABtxlO-'molnr's-')

2.66
2.96
2.33
2.64
2.71
2.90

Mass Transfer
Coefficient, km

(mol nv2 s"1)

4.17
4.64
3.66
4.14
4.26
4.55

Total Element
Vapor Pressure

P'cicmcm (atm)

3.03x10''
4.70x10*
1.84x10-'
1.94x10-'
3.86x10*
1.51xl0-s

(a) The parameters correspond to the high-temperature plateau at 2300 K.
(b) Not available. Since this parameter is needed for the calculation of Q, it is therefore assumed that Q is approximately unity.
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ABSTRACT

Nuclear fuel fabricated in Romania before June 1990 was stored and was not licensed for the
use in reactor. A preliminary appraisal performed by AECL and Zircatec experts in 1990,
considered this fuel as being of suspect quality.

Taking into consideration that Nuclear Fuel Plant was qualified to produce CANDU-6 fuel,
only after 1990, RENEL-GEN authorized FCN to evaluate the actual quality of the stock fuel, in
1996.

A documented evaluation program was developed and implemented. Stock production of
each year was considered as one fuel bundle lot. Quality verification was done on statistical basis.
Random sampling was applied, with the condition that each production week was represented in
the sample.

The results show that the fuel quality is not acceptable for in-reactor use. Recovery solutions
for the stock fuel were established and already applied. An independent review of the program,
results and recovery solutions, made by AECL confirmed the consistency of the work performed
by FCN for stock fuel quality evaluation.

1. INTRODUCTION

CANDU-6 nuclear fuel fabrication started in Romania in 1983. Preparatory activities were
performed in a logical sequence, including both in pile and out of pile tests on fuel similar to
standard power reactor fuel [1].

The start of the production was decided at that time, by the former Romanian authority
without any involvement neither by AECL nor by an experienced Canadian fuel manufacturer.
Before June 1990, more than 31,000 Candu-6 fuel bundles were fabricated and stored for
subsequent use.

In 1990, RENEL - the new authority for the Romanian CANDU reactor program, requested
that AECL perform an evaluation of the fuel fabrication at the Romanian plant. The approach was
focused on the technology, quality assurance system and the quality of the fuel produced.
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The evaluation performed by AECL and Zircatec Precision Industries Inc., concluded that
the fuel already fabricated should be considered as being of suspect quality for the in-reactor use.
As a result of this analysis, fabrication was stopped in June 1990, and the fuel manufactured up to
that date quarantined.

AECL - ANSALDO Consortium, the partner for the Cernavoda Unit 1 Project Management
Contract, including the first stage of reactor operation, decided not to use the fuel manufactured
before June 1990.

Since February 1992, fuel manufacturing has been organized as an independent RENEL's
subsidiary, named Nuclear Fuel Plant (FCN).

* Nuclear Fuel Plant was upgraded and qualified in the frame of a contract between RENEL,
AECL and Zircatec. Industrial production was resumed in January 1995. Plant qualification was
described in two papers, presented previously at CANDU fuel conferences [2], [3].

On the basis of the new status of the plant, Nuclear Power Group (GEN), requested FCN to
perform detailed evaluation of the stock fuel quality.

The paper describes the program strategy, main steps of the evaluation, and the way how the
results are used for the best possible recovery of the stock fuel.

So far, the evaluation has already been concluded for the production years 1983, 1984, 1985,
1986, and this activity has continued with the depleted fuel, fabricated in January 1989.

The paper also describes the fuel recovery procedure adopted.

2. EVALUATION PROGRAM

Starting with the findings of the first exploration of the stock fuel, done by an AECL-
Zircatec team, in 1990, FCN continued to evaluate the possibility to obtain the best achievable
view regarding the effective quality of the stock fuel.

Two important conclusions were drawn after the evaluation done by the Canadian experts :
- A number of characteristics, especially related to the assembling processes, ask for a special
attention. It is the case of the fuel element end cap welds, end plate welds torque resistance
and braze joints quality;
- Pellet fabrication was found to be acceptable, pellets being found having an acceptable
quality. This fact was later confirmed during the plant qualification, the pellet fabrication
practically remaining unchanged.

Having in view the volume of stock production, RENEL-GEN asked for a careful quality
evaluation, aiming to identify the best possible recovery solution for the fuel produced before June
1990.
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A very comprehensive feasibility study was prepared by FCN, -with the objective to enable
GEN to take a well founded, technical and economical decision, regarding the strategy to be
followed for the fuel stock recovery. This documentation included all imaginable situations
regarding the quality status for fuel bundles and components, and for each situation a technical
and economical assessment was made.

Once the feasibility of quality evaluation of the stock fuel was accepted, GEN decided that
this program should be implemented by FCN. The final details of the strategy were established by
FCN in February 1996 . The evaluation strategy was described in an Evaluation Plan approved by
GEN.

Even if the first appraisal made by AECL-Zircatec team, revealed only a number of essential
deficiencies, FCN made provisions in the evaluation plan for the thoroughly verification of all
quality features listed in Appendix E of TS-XX-37000-4.

The documentation package prepared for this program includes:
- Comparison Between CANDU-6 Fuel Design Documents Used for Stock Fuel and for
Actual FCN Manufacturing Versus AECL Design Requirements, ACPC-01;
- Evaluation Strategy of the Nuclear Fuel Manufactured in 1983-1990, ECNS-01;
- Stock Fuel Evaluation Plan, PE-001;
- Inspection and Test Plan for Stock Fuel, PCCVI-E;
- Evaluation Verification Instructions:

- Evaluation of Pellets, IC-05-E;
- Evaluation of Fuel Elements, IC-06-E;
- Evaluation of Fuel Bundles, IC-07-E.

Some specific procedures were necessary to be elaborated in order to ensure proper material
control during this activity.

In designing the evaluation plan, of great help was the fact that the original fabrication used
an acceptable system for material identification and traceability. Quality records were also
maintained in a good manner.

The main problem was how to define the lot volume for verification. For the assembling
processes, it was evident from the beginning that there was not enough support to delineate
homogenous fabrication lots. We found that the most reasonable way to obtain a realistic view of
the quality of the fuel stock, was to sample representative items from the entire period of
production.

The evaluation is based on statistical methods. Each year of manufacturing, 1983 to 1990, is
treated as one lot and evaluated separately. The size of fuel bundle samples taken for verification,
was generated according to the MIL-STD 105D, Nc=n (See Table 1). Samples for the parts,
obviously resulted in the same way, depending of the total part volume, being higher than bundle
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sample. Sample items were distributed randomly along the year, ensuring investigation of fuel
bundles from each week, weighed to the week production. - - -

As a consequence of the verification standard, all inspection data were treated as attributes.

Evaluation criteria were established to be similar to the actual acceptance criteria for the
current production. This was possible due to the fact that the design of the stock fuel is similar to
the present FCN design.

The verification plan was documented in a manner similar to an Inspection and Test Plan
(ITP). This plan defined the sample sizes for each characteristic and specific acceptance criteria.

Except for visual and dimensional features, the verification was based on destructive
inspection. Verification was performed using the methods implemented at FCN during the Fuel
Plant qualification program. The sequence for evaluation is presented in Figure 1.

The activity was governed by the quality assurance system in operation for current CANDU-
6 fuel production, in place now at FCN.

3. RESULTS

The evaluation results for 1983-1986 and the 1989 depleted fuel, are collected in separate
Quality Evaluation Reports (RCS-83, RCS-84, RCS-85, RCS-86 and RCS-89S) and Evaluation
History Dockets.

The situation is very similar regarding the fuel quality of the evaluated lots. Some variation
exists from lot to lot, but the results show the same kind of deficiencies. There is no trend of
improvement from year to year.

The most important aspects found to be unacceptable are grouped in the following
categories:

- Fuel bundle dimensions out of specification, the most important being those affecting the
compatibility with the fueling system;

- Fuel assembling welds with a high spread in torque resistance;
- Incomplete fuel element closure welds. Frequency of nonconforming welds is so high that

even for an AQL ~ 2,5 the lot should be rejected. This fact is caused by the geometry of the
weld interface and inadequate acceptance criteria with respect to weld integrity above the
sheath;
- Sheaths with graphite layer thickness out of specification;
- Hydrogen content in fuel elements presenting values much higher than the specified value.

We found unacceptable high hydrogen content both by extraction at 200°C (hydrogen in
moisture), and by extraction at 550°C (hydrogen in the graphite layer). As a consequence, it is
obvious that in a significant number of samples, the total hydrogen content was higher than
the specified value;
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- Poor braze joint quality, especially for marginal voids and grain size in the heat affected
zone. The number of reject samples for metallography is high and -the equivalent AQL is not
acceptable.

Regarding the pellet quality, for each pellet lot, an investigation of initial records was made,
including UO2 powder. We compared the original data against the acceptance criteria. There are
few cases with powder lots presenting small deviations from the chemical composition but the
final pellet chemical composition was found to be in the specification limits.

We also took into consideration the new provision for powder chemical composition,
especially for phosphorus according to last revision of the specification for UO2 powder, issued
by AECL after 1990. The intention was to obtain relevant data to ensure recovery of the material
in accordance with the actual limits.

Discharged UO2 pellets have been found in a good condition. Roughly, the verification
scheme permitted us to re-inspect about one third of pellet lots. The results obtained showed that
recovery of a big part of the lots was possible in the form of pellets. Pellet geometry is similar to
the actual design.

Chemical composition of the pellets is according to the applicable specification.
Microstructure was acceptable. Density measurements for re-inspection show that about 70% of
pellet lots are fully in specification limits, the balance presenting minor deviations.

4. RECOVERY SOLUTIONS

In establishing the recovery solutions, the following information proved to be essential:
- Bundle dimensions and end plate welds torque resistance were found to be not acceptable;
- Element end cap welds had a poor quality;
- Hydrogen content in elements was over the specified limits, this representing in fact, the key
reason for the adopted recovery solution.

As a result, the best recovery solution was decided to be the dismantling of all the stock fuel
bundles and recovery of all acceptable pellets. Unacceptable pellets are recovered by recycling to
powder and fabrication of new pellets. The fabrication of the new fuel bundles with recovered
pellets is governed by specific manufacturing, inspection and test plans. The recovery flow sheet is
presented in Fig. 2.

Both solutions were already applied. New fabricated fuel bundles, containing accepted pellets
after dismantling, started to be loaded in Cernavoda Unit 1 reactor starting with the middle of
May 1997.

Parts of the components could also be recovered, e.g., sheaths. To do this, two
characteristics shall be verified : braze quality and graphite coating properties.
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It is normal to look for a 100% nondestructive inspection of braze quality, due to the

process features. For graphite coating, it is possible to apply a statistical verification.

In any case, the use of the dismantled sheaths needs a special design to compensate the
shorter lengths. Such a new design raises new problems, e.g., reactor physics and reactor
operation assessments.

The recovery solutions adopted by FCN for the stock fuel have been accepted by RENEL-
GEN and the Customer.

5. PROGRAM ASSESSMENT

In December 1996, after the completion of the fuel quality evaluation for the lots from 1983,
1984 and 1985, RENEL-GEN requested that AECL, as design authority for the CANDU system,
perform a qualified appraisal of the evaluation program developed and implemented by FCN.
Verification at that moment was practically completed for all characteristics, except for the
hydrogen content in the 1985 fuel element lot.

The task was performed by Dr. Roman Sejnoha, AECL Fuel Design Branch, who was deeply
involved in the qualification program of the Romanian fuel plant.

The detailed findings, conclusions and recommendations made by Dr. Roman Sejnoha are
summarized in a report [4], distributed to RENEL, FCN and AECL.

The main conclusions in [4] are that the evaluation strategy was well conceived, the effective
work was well done, and the data were collected and recorded in a proper manner. This
assessment report also confirms the FCN solutions for the best possible recovery of the stock
fuel.

We appreciate that the successful completion of this quality evaluation program, proved that
FCN, once qualified for CANDU-6 fuel manufacturing, is also able to conceive and implement
projects having such a complex objective. This represents a great satisfaction for the FCN
personnel who was deeply dedicated in the fuel plant qualification program. By performing in a
very satisfactory manner this evaluation program they demonstrated that the cooperation with
AECL and Zircatec brought FCN capability to a level beyond the manufacturing activities.

A great benefit of the successful completion of this evaluation program is the increased
confidence of the Customer (Cernavoda Unit 1) with respect to FCN's capability to manage
activities related to nuclear fuel.

6. CONCLUSIONS

The special program used for quality evaluation of the CANDU-6 stock fuel, produced
before June 1990, was well documented and conducted, and it should be emphasized that this
activity was performed in parallel with the normal fuel manufacturing.
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FCN was able to put in practice and complete the work for thelots 1983-1986 and the
depleted fuel lot, produced in January 1989, in less than one year.

The results obtained show, without any doubt, that stock fuel was not suitable for in reactor
use.

It is very probable that for the remaining lots, no additional verification will be requested by
RENEL-GEN but a simpler verification plan could be applied, e.g., only hydrogen content in the
fuel elements can be enough to draw the decision for recovery. This was also suggested by Dr.
Roman Sejnoha.

Recovery solutions were adopted depending on the effective quality. Pellets were recovered
to a higher extent after the re-verification as required by the actual FTP. Rejected pellet lots or
sorted pellets were recycled to powder.
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TABLE 1. STOCK FUEL - LOTS AND SAMPLES

LOT LOT SIZE (BUNDLES) SAMPLE SIZE (BUNDLES)

1983 65 65

80

80

315

315

315

315

80

TOTAL 31,644 1,565

1984

1985

1986

1987

1988

1989

1990

1,577

2,505

4,509

6,605

7,071

7,338

1,974
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NUCLEAR FUEL FABRICATION - DEVELOPING INDIGENOUS CAPABILITY
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ABSTRACT

Nuclear Fuel Complex (NFC), established in early 70's for production of fuel for PHWRs and
BWRs in India, has made several improvements in different areas of fuel manufacturing.
Starting with wire-wrap type of fuel bundles, NFC had switched over to split spacer type fuel
bundle production in mid 80's. On the upstream side slurry extraction was introduced to prepare
the pure uranyl nitrate solution directly from the MDU cake. Applying a thin layer of graphite
to the inside of the tube was another modification. The Complex has developed cost effective
and innovative techniques for these processes, especially for resistance welding of appendages
on the fuel elements which has been a unique feature of the Indian PHWR fuel assemblies.

Initially, the fuel fabrication plants were set-up with imported process equipment for most of
the pelletisation and assembly operations. Gradually with design and development of
indigenous equipment both for production and quality control, NFC has demonstrated total self-
reliance in fuel production by getting these special purpose machines manufactured indigenously.
With the expertise gained in different areas of process development and equipment
manufacturing, today NFC is in a position to offer know-how and process equipment at very
attractive prices.

The paper discusses some of the new processes that are developed/introduced in this field and
describes different features of a few PLC based automatic equipment developed. Salient features
of innovative techniques being adopted in the area of UO2 powder production are also briefly
indicated.

1.0. INTRODUCTION:

Nuclear Fuel Complex was established in early 70's as an integrated facility to cater to the
requirements of nuclear fuel for Indian nuclear power reactors. During the past 25 years, the
Complex has been engaged in the production of fuel bundles and zircaloy structurals and their
supply to reactor sites. Apart from developing innovative processes, design and fabrication of
some special equipment was also undertaken by the engineers of NFC for manufacture of the fuel
and related components.
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The following sections of the paper highlight these aspects with reference to development of
process technologies, equipment manufacture and future plans.

2.0. PROCESS DEVELOPMENT

2.1. UO2 Powder Production:

A number of investigative studies were carried out at the powder production plant which led to
the following major process changes in the plant:

To obtain nuclear grade UO2 powder, the plant was employing pulsed column solvent
extraction system for purification which was suitable for filtered solution resulting in
considerable amount of uranium bearing silicious cake. Uranium recovery from this cake
required repeated filtration. A slurry extraction system was therefore designed and incorporated
in place of pulsed columns. For solvent extraction, crude solution is taken directly in slurry
extractor instead of leached and filtered solution as is the case in pulsed perforated columns. The
present processing of slurry extraction offers several advantages like elimination of cumbersome
filtration operation, reduction in consumables & energy, ease of operation and lower
maintenance. Similarly for stripping operation, pulsed column has been replaced with multi-
stage mixer settler. In view of the satisfactory achievement with respect to the purity of the
uranium solution, the scrubbing operation has been totally eliminated.

For better process control and output, tunnel type furnaces were replaced with high capacity
rotary furnaces for calcination, reduction and stabilization. These equipment have moving beds
which keep the charge agitated causing better heat transfer thus rendering more uniform product.
The off gases from the rotary furnaces are let out through electrostatic precipitator.

In addition to the above process changes, the plant has introduced adequate instrumentation to
closely control the process parameters at different stages which has resulted in eliminating hard
particles in the powder and thereby avoiding milling and blending operations.

2.2. Fuel Assembly:

To keep in tune with the requirements of nuclear power stations and the changes taking place
the world over, several process improvements were incorporated in Fuel Assembly plant. Note-
worthy among them are — switching over from wire-wrap design to split spacer design and
introduction of graphite coated fuel tubes.

Towards the split spacer fuel manufacturing, extensive studies were carried out to select and
standardize suitable processes for attachment of appendages onto the fuel sheath. In view of the
requirement to attach large number of spacer / bearing pads, it was essential to select a joining
process that is simple, rapid, cost-effective and yet meet stringent nuclear standards. Beryllium
brazing technique, employed by other Candu fuel manufacturers in the world, was not chosen
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owing to its hazardous nature, high equipment cost and possible in-reactor problems associated
with brazed joints (1,2).

Resistance welding process for attachment of appendages was opted for this purpose, which
is the unique feature of Indian PHWR fuel bundles. The standardization of the process included
design & fabrication methods of specially coined components; design and manufacture of
special purpose equipment; standardization of process parameters and testing & qualification
procedures. Since 1986 NFC has been continuously manufacturing split-spacer fuel bundles
through resistance welding route. All the bundles have performed well in the reactors and till
date no fuel failure is attributed to resistance welded appendage joints.

hi order to reduce the chances of pellet clad interaction there was a need for introducing
graphite coating on the inside surface of the fuel tubes. After carrying out considerable
developmental work, the production process for graphite coating by employing simple gravity-
flow technique was standardized. To ensure required adherence of the coating, vacuum baking is
done for which the process parameters were optimized.

3.0. EQUIPMENT DEVELOPMENT:

The decision of Department of Atomic Energy, India, to install more nuclear power reactors
of PHWR type laid greater emphasis on augmenting the fuel fabrication facilities at NFC. This
in turn has posed the challenge to indigenously design and manufacture the required machinery
for critical operations as it became known that India could not import these equipment easily.
Also, certain processes unique to Indian PHWR fuel like resistance welding of spacer and
bearing pads, necessitated building of equipment entirely on our own. Bestowed with vast shop-
floor experience gained over the years, NFC successfully met the challenge of designing and
fabricating the sophisticated highly productive equipment, both in-house and with the
participation of Indian industries.

3.1. Equipment for UO2 Powder Production:

All the process equipment required for UO2 powder production were designed and fabricated
indigenously by incorporating the necessary technical modifications to suit the process
developments mentioned at para 2.1. Some of the critical equipment manufactured and
employed for regular production are:

* Uranium Slurry Extraction and Purification System.
* Batch type Equilibrium Precipitation Units.
* Turbo Drier with 'Stirred-bed' concept.
* Rotary furnaces for Calcination/Reduction/Stabilization.
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These equipment are operated through a dedicated microprocessor controller specially
designed and built for the purpose.

3.2. Equipment for Pelletisation:

An integrated pre-compaction - granulation - vibro-sieving equipment consisting of pneumatic
transfer arrangement for transferring virgin powder to the press is built. The combined system
offers good quality granules such that high-integrity green compacts at final compaction stage
can be obtained.

Large capacity sintering furnaces with several heating zones are built indigenously. The
important features of these furnaces are —

* Individual heating zone controls to suitably adjust the temperature profiles
depending on powder characteristics.

* Microprocessor controlled totally automatic charging /discharging of boats.

A general view of the furnace is shown in Fig - 1.

3.3. Equipment for Assembly Operations:

End Cap Welding Machine: One of the major import-substitute equipment successfully
manufactured and operated is for — "end closure welding", the most critical operation in fuel
manufacture. The expertise gained over the years in understanding of the process has helped
in incorporating sensitive systems in the machine. Some special features of the equipment are —

* Automatic feeding of zircaloy tubes and end-caps to the welding station via
linear conveyor and bowl feeder/magazine respectively.

* Twin welding head arrangement to carry out welding on both ends of the tube
simultaneously.

* Programmable weld controllers with on-line feedback and correction facilities.
* Data logging for important weld parameters.
* Positive arrangements for filling helium gas to desired pressure.

One such indigenously developed end-cap welding machine is shown in Fig - 2.

Spacer Pad Welding Machine: The first set of equipment to be developed right from the
conceptual stage are the spacer-pad welding, bearing-pad welding and weld strength testing
machines. Several concepts for feeding the spacers, precision indexing methods and welding
parameters were tried and perfected. All the machine operations have been automated by
utilizing micro-processor based control systems. Fig - 3 is a photograph of the spacer welding
machine. The special features of the machine are —

* The template and feeding unit for positioning spacer pads on the fuel element
is made up of metallic parts for reducing wear.
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* Simultaneous welding of projections of the spacer pads in a transparent shroud
which permits operator's view of welding.

* Specially designed pneumatic chuck for rotating the fuel element by a precise
amount, to index it for welding of spacers at different angles.

Bearing Pad Welding Machine: The bearing-pad welding equipment has been developed to
give high rate of production while maintaining consistently high quality of welds. A general
view of one of the machine is shown in Fig - 4. These equipment have the following special
features ~

* Simultaneous welding at all the required number of projections on the three
bearing pads.

* The template and feeding units for positioning three bearing pads on the fuel
element are made up of metallic parts for avoiding wear.

* Direct-energy, AC synchronous type indigenously available welding power
source

* Microcomputer controller developed in-house at NFC for automating the
machine operations.

Weld Strength Testing Machine: These equipment are meant for determining the shear
strength of individual welds of spacers and bearing pads of fuel elements by the destructive
method. Fig - 5 depicts a view of the full-fledged testing machine. They have the following
special features —

* Electro-pneumatically actuated element clamping and tool actuation.
* Built-in force transducer for dynamic strength measurement.
* Easy change-over between spacer pad testing and bearing pad testing.
* Automated machine operation.
* Computerized data logging and statistical analysis system.

Graphite Coating and Baking Equipment: This set of equipment is successfully designed in-
house. Fig - 6 shows the graphite coating machine while Fig - 7 is a view of the baking unit.
Some important features of the graphite coating and baking equipment are —

* Batch coating of 20 tubes at a time with ease of working.
* Batch size of 3,500 tubes for baking.
* Electronically controlled automatic operation.
* Facilities in the equipment to consistently maintain high degree of cleanliness.
* Adequate safety interlocks.

End Plate Welding Machine: Another important area of indigenization is for assembling and
welding of end-plates to the cluster of fuel elements. The equipment is robust in construction
and as shown in Fig - 8 has the following important arrangements:

* Auto indexing of fuel element cluster and end-plate.
* Automatic reversing of fuel bundle for welding second end.
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* Sophisticated instrumentation for weld parameter monitoring and data logging.
* The same machine can take up welding of 19-element and 37-element fuel

bundles.

3.4. Equipment Performance:

The equipment that were built in-house at NFC and those that were developed in
collaboration with other Indian manufacturers are performing well. They have proved to demand
less maintenance . The availability figures of some important equipment during the previous
year are depicted in Fig - 9. As can be seen from the figure, the consistently high availability
indicates the reliable performance and robust design of the equipment.

3.5. Cost-effectiveness of the Equipment:

A comparison of the cost of typical equipment when imported and when developed
indigenously is indicated in the set of bar-charts shown in Fig -10. The successful development
of many special purpose equipment for nuclear fuel fabrication had resulted in considerable
reduction in capital investment and running costs for our new plants.

4.0. CONCLUSIONS:

In order to meet the increased fuel demand in India, Nuclear Fuel Complex has embarked on
expansion programmes, while simultaneously aiming its efforts towards upgrading the
production processes and in developing capability for equipment building. The concerted efforts
put in have yielded fruits in developing innovative processes and in manufacturing of all the
equipment required for fuel production indigenously. Backed by 25 years of experience in
PHWR fuel manufacturing, today NFC is in a position to offer process know-how and can set up
fuel fabrication facilities on turn-key basis at competetive prices.
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I;IG - 1 : SINTERING FURNACE

FIG -2: END-CAP WELDING MACHINE
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FIG - 3: SPACER PAD WELDING MACHINE

FIG - 4 : BEARING PAD WELDING MACHINE
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FIG-5 : WELD STRENGTH TESTING MACHINE

FIG - 6 : GRAPHITE COATING MACHINE.
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FIG - 7 : VACUUM BAKING OVEN

FIG-8 : END PLATE WELDING MACHINE.
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ABSTRACT

Quality Surveillance activities are being carried out for PHWR fuel for over 25 years in India. A
large number of fuel bundles of 19 element design have been produced and successfully irradiated.
The quality surveillance practices follow the guidelines given in various Quality Assurance Codes
and Guides. An independent third party surveillance is provided to cover major manufacturing
and quality control operations. A system of design basis review periodic quality audit and
regulatory safety review is in place. Over the years there have been modifications in the quality
assurance procedures to comply with changing requirements. Also many innovative improvements
have been introduced in the manufacturing procedures. Similarly quality control activities are also
modified.

Developments in fuel has remained a continuous activity. The paper summarizes the experience
gathered over many years in this exciting process of innovation and improvement.

1.0 INTRODUCTION

Third party Quality Surveillance (QS) of PHWR fuel is an important activity in the overall
quality assurance programme of manufacture of nuclear fuel in India. This QS activity is carried
out by the Atomic Fuels Division (AFD) of Bhabha Atomic Research Centre (BARC) for over 25
years. Thus there is now considerable accumulated experience of QS during manufacturing
process of fuel. Over the years, QS procedure is evolved which is modified to meet the variations
in requirements. The initial half charge for the first PHWR was manufactured in AFD.
Subsequently, the Nuclear Fuel Complex (NFC) was established in Hyderabad where integrated
fuel manufacturing facilities were set up. The NFC has two streams of manufacturing lines. One
is to produce zircaloy components for PHWR fuel starting from indigenous zircon sand.
The other stream produces uranium dioxide fuel pellets starting from magnesium diuranate (MDU)
supplied by Uranium Corporation of India Ltd (UCIL). UCIL produces MDU from indigenous
ore. The QS covers processes for final products for both the zircaloy components and fuel pellets
and their final assembly into finished fuel bundles.
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2.0 ORGANIZATION

In India, the PHWRs are constructed and operated by Nuclear Power-Corporation of India Ltd
(NPCIL). NPCIL are buyers of nuclear fuel and NFC is the supplier. Atomic Fuels Division of
BARC carry out third party QS of nuclear fuel manufactured by NFC on behalf of NPCEL Thus
the QS activity of AFD is a constituent part of the overall QA programme of NPCIL. The overall
QA programme of NPCIL follows the guidelines of IAEA Safety Code on QA. It also meets the
requirements of the QA Code of Atomic Energy Regulatory Board of India (AERB). The QS
activity is in line with the QA guide on manufacture of fuel published by IAEA under NUSS
Programme.

AERB, through its various committees at different tiers, exercises control by monitoring fuel
performance so as to keep any release of radioactivity in PHT system within acceptable limits.

3.O OTHER INTERFACES OF QS ACTIVITY

The NPCIL has fuel development committees. The fuel development committee has
representatives from fuel design groups, fuel management and fuel handling groups from various
NPPs, fuel manufacturers, fuel development group, materials group, PIE group etc. The QS
group participates in this committee and assists their deliberations by providing information on
trends in manufacturing processes. The QS group interacts with fuel development and materials
groups whenever improvements are incorporated in manufacturing processes.

The QS group interacts with fuel design group whenever revisions are incorporated in fuel
specifications. Fuel specifications are revised based on fuel performance experience and
development activity results of various R&D groups.

4.0 QS PROCEDURE

Quality surveillance of the nuclear fuel and its components is executed on the basis of three
primary documents.

i) The fuel specifications including relevant material specifications and drawings are issued by
NPCIL. NPCIL also issue test procedures for various tests such as mechanical tests, corrosion
tests, NDT etc. The acceptance standards are also covered by the NPCIL procedures.

ii) Based on these documents, the NFC formulates Manufacturing Engineering Instructions
(MEIs) and Quality Control Instructions (QCIs).

(iii) The specifications, procedures, materials standards, MEIs, and QCIs constitute the basic
documents on which QS procedures are established.
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(iv) Further, NFC have a QA Manual detailing the QA policy, organisation, personnel

requirements, control regime, records etc. QS group ensures that the QA requirements are adhered
to in practice. Periodically there is external QA audit by NPC and AERB.

5.O QS PRACTICE

During a QS visit at the fuel manufacturer's plant following activities are carried out by QS
engineer.

5.1 Scrutiny of Material Certificates :

Material evaluation reports on uranium oxide pellets, zircaloy fuel tubes, end plug material and
sheet materials with regard to their chemical composition, physical properties, mechanical
properties, corrosion properties, micro-structure.

5.2 Scrutiny of NDT Certificates

The certificates and recorder charts are scrutinised to assess integrity of the product.

5.3 Calibration System for Quality Control Equipment:

Checks are made to ensure that the inspection, and test equipment used are functioning properly
in the required range and give adequate accuracy. If deviations beyond prescribed limits are
observed, an evaluation is made of the validity of previous measurements and tests.Acceptance of
such items is re-assessed. Records are checked to assure proper handling, storing and use of
calibrated equipment. Calibration check is being witnessed and certified at regular intervals.

5.4 Basic Quality Control Tests/inspections :

To verify compliance with the documented procedures, specifications and drawings, the
following tests and inspections are carried out.

A. Tests

i) Visual examination of UO2 pellets during loading to assess handling/storage damages on
pellets.

ii) Density measurement of uranium oxide pellets.
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iii) Weld qualification

between sheath and end plug : weld metallography on set up-and process control weld
samples

between spacers and sheath: weld shear strength test on set up and process control weld
samples.

between end cap and end plate : weld torque strength test on set up and process control
weld samples.

iv) Helium leak testing of fuel element and fuel assembly. This is done within prescribed time
limit after welding.

v) Gross leak testing : On certain batches nitrogen-acetone bubble test is carried out.
Sometimes assemblies are backfilled with He and He leak testing is done.

vi) Tensile properties of zircaloy fuel tubes, bar stock and plate materials.

vii) Ultrasonic examination of end cap to sheath weld as screening test for defect prone lots.

viii) Autoclaving is sometimes done as a QA measure and it is subsequently followed by He leak
testing.

B. Inspections

Checks on random fuel assemblies for dimensions and visual quality :
- Envelope dimensions
- Correct positioning of fuel elements
- Inter-element spacing and proper orientation of end plate.
- End plate squareness.
- Absence of inter-locking

5.5 Design document control:

The manufacturer has a system for control of documents essential to the performance and
verification of work. Random checks are done to ensure that the system is effective for following

i) Complete and current lists of design documents, which are applicable for the manufactured
items is maintained.

ii) Quality plans, procedures and work instructions are reviewed and approved before issue
and latest revisions are in use.
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iii) Changes in any document are subjected to the same procedures as for original documents.

iv) Information concerning the changes is transmitted to all concerned persons and
organisations.

5.6 Process Document Control:

QS check at regular interval ensures that QC/QA records on following test/inspection are
maintained properly.

i) Sinterability test
ii) Densification test
iii) Pellet batch inspection records
iv) Fuel element manufacturing history
v) Fuel assembly inspection reports.

All the above records are basic manufacturing documents in accordance with
specifications/drawings/ QCI and duly signed by responsible officers.

6.0 IDENTIFICATION

Identification of items is maintained throughout the fabrication by batch or lot number, serial
number etc. These identifications and control measures are designed to prevent the use of
incorrect or defective items. Any concessional items if present in the process, are clearly identified
and recorded in the final document.

7.0 SHIPPING, HANDLING AND STORAGE

All the fuel assemblies subjected to and satisfactorily passing all inspection and tests are certified
for shipment by QS engineer. Fuel assemblies are sealed in polythene bags firmly held in suitable
thermocole containers and encased in metal containers to avoid deleterious effects of humidity,
shocks and vibrations during transit. Checks are made for any physical damage, distortion,
interlocking identification etc., at site for any transit or storage damage.

8.O NON-CONFORMANCE CONTROL

Components not meeting the product specification are not allowed to continue through the
manufacturing process until a Design Concession Request (DCR) is raised. DCR has description
of deviation by manufacturer, comments from QS engineer and disposition by the designer. Any
recommended preventive action is also sometimes indicated in DCR.
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9.0 REPORTING

After every visit a comprehensive QS report is prepared covering all the aspects of the QS plan
and submitted to the designers, manufacturers, operators and other concerned agencies.

10 .0 EXPERIENCE IN THE QUALITY FUNCTION

In the last twenty five years, over 1,30,000 nos. of natural uranium fuel assemblies for
PHWRs, have been fabricated and subjected to QC and QS. Assemblies conforming to the
stringent quality requirements have been supplied to different power stations.

1O.1 UO2 Pellets

Uranium oxide powder is compacted into pellets which are sintered and ground and checked at
different stages to meet the final specified requirements like density, chemical composition,
metallographic structure, grain size and dimensions. Some pellets with variations in grain size,
chemical composition and dish depth have been used in documented fuel bundles and irradiated in
reactors. Presently, pellets with a grain size on higher side are made. This is achieved by
time/temperature control in hydrogen sintering furnace. Density measuring near upper limit is
achieved by processing powder with specific surface are and particle size and control of green
density by optimizing compacting pressure.

1O.2 Cladding Tubes

Zircaloy 2 is used as cladding material. Tubes with some deviations in chemical impurities like
Al, N, O have been irradiated. Graphite coating of tubes has been used for a long time now. To
avoid any weld contamination, the end preparation on tubes is visually checked. Graphite coating
has contributed significantly to improved performance of fuel. The mechanical properties of tube
are controlled in a narrow band.

1O.3 Fuel Element

Two very sensitive fabrication steps are fuel pellet drying and end cap welding. QS engineer
ensures that enough care is taken to avoid any possible humidity pick up by the fuel at any
manufacturing steps Drying of the pellets is done immediately before loading into dry cladding
tubes. Ultrasonic testing procedure is being established for end plug welding. Pickling and
autoclaving procedures are eliminated from the process route. They are occasionally used as QA
measure.

In spite of rigid non-conformance control procedures, occasionally it is observed that defective
end plugs or fuel sheaths are used in fuel manufacturing processes. Such lots are quarantined till
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causes of such occurrence are established and it is ensured that corrective action is recorded and
implemented.

l l .O CONCLUSIONS

The fabrication processes for PHWR fuel are now well established and the strict QC/QS/QA
procedures have contributed significantly to the high reliability and satisfactory performance of
present fuel. Further the deliberations in the fuel development committee, which works in task
force mode have generated continuous interaction of various groups. This has contributed
significantly to very low failure rate of fuel.
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ABSTRACT

This presentation covers the various aspects of ceramic grade uranium dioxide (UO2) powder
production at Cameco Corporation and its use as fuel and blanket fuel for heavy-water and light-
water reactors, respectively.

In addition, it discusses the significant production variables that affect production and product
quality. It also provides an insight into how various support groups such as Quality Assurance,
Analytical Services, and Technology Development fit into the quality cycle and contribute to a
successful operation. The ability of Cameco to identify, measure and control the physical and
chemical properties of ceramic grade UO2 has resulted in the production of uniform quality
powder. This has meant that 100% of Cameco's ceramic grade UO2 powder produced since mid-
1989 has been accepted by the fuel manufacturers.

1.0 INTRODUCTION

Cameco Corporation is the world's largest publicly traded uranium company and a growing
gold producer. Currently, Cameco conducts an aggressive exploration program in Canada, the
United States, Central Asia and Australia to support the corporation's long term objective of
maintaining its status as an integrated leader in the nuclear industry and a recognized gold
producer.

Cameco's Canadian Operations include the world's two largest high-grade uranium mines,
Rabbit Lake and Key Lake, in Saskatchewan, and uranium refining and conversion facilities in
Ontario. It has uranium and gold mining operations in Saskatchewan, uranium processing
facilities in Ontario and a gold mine in Kyrgyzstan in Central Asia. Through its wholly owned
producing subsidiaries, Cameco obtains uranium from operations in Wyoming and Nebraska.

Cameco plays a major role in the nuclear fuel cycle by supplying fuel for both heavy-water and
light-water reactors. It has a modern refining facility in Blind River, a small community in
Northern Ontario and a modern conversion complex in Port Hope, a small town on the north
shore of Lake Ontario and approximately 100 km east of Toronto. In the Blind River Refinery,
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uranium mine concentrates are converted to pure uranium trioxide (U03) powder, used as feed
material for the Port Hope Conversion Facility. The UO3 produced is packaged in tote bins for
shipping. In the Port Hope Conversion Facility, approximately 80% of the UO3 is converted to
uranium hexafluoride (UF6) which is exported to enrichment plants abroad and subsequently used
to fuel light-water reactors. The remaining 20% is converted to ceramic grade UO2 powder as
fuel for CANDU reactors and as blanket fuel for light-water reactors.

Ceramic grade UO2 powder has been produced at the Port Hope Conversion Facility since
1958. Production in the early days was batchwise, limited to a few tonnes per year and the
original UO2 technology has gone through numerous significant changes. The current ceramic
UO2 plant is modernized with computer monitoring and control which allows plant operations
personnel to view real time and historical data using a fully integrated control system. Today,
Cameco has positioned itself with the ability to supply ceramic grade UO2 powder to fulfill
customer needs in terms of quality and quantity for domestic and international use as CANDU or
blanket fuel.

2.0 URANIUM PRODUCTION

Cameco's uranium business consists of exploration, mining, refining and conversion of uranium
for sale as an intermediate and final product in the manufacturing of nuclear fuel.

2.1 Mining

Cameco owns the world's two largest high-grade uranium mines, Rabbit Lake and Key Lake in
Saskatchewan. Its total 1996 Canadian triuranium octoxide (U3O8) production was 16.6 million
lbs (7.5 million kg) or 18% of the world's production. In addition to its Canadian mines, Cameco
also obtains uranium from its wholly owned American subsidiaries in Wyoming and Nebraska,
Power Resources Inc. and Pathfinder Mines Corporation. Cameco's total US production of U3Og

is now more than 1.7 million lbs (0.7 million kg).

Cameco has recently received approval from the Atomic Energy Control Board of Canada to
operate the McArthur River Project and is seeking approval for the Cigar Lake Operation. In
both sites, Cameco is the majority stake holder and operator. The grade of ore at these two sites
will exceed those of Rabbit Lake and Key Lake operations by a factor of 10. For example, the
typical grade of ore produced at Rabbit Lake and Key Lake is 1.5% U3Og while the typical grade
of ore produced at McArthur River is expected to be 12 -18% U3O8.

2.2 UO3 Production

Cameco has the world's most modern uranium refining facility in Blind River, Ontario. It
receives drums of uranium ore concentrate from mines in Canada, Australia, the United States,
Africa and many other countries. Uranium is separated from impurities contained in the mine
concentrates in a refining process using digestion, solvent extraction, denitration and other
processes. The result is a nuclear grade uranium product known as UO3. All UO3 produced at
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the Blind River Refinery is shipped to the Port Hope Conversion Facility in Jote bins where it is
converted to UF6 and ceramic grade UO2 powder.

2.3 UF6 Production

In the Port Hope Conversion Facility, approximately 80% of the UO3 produced in Blind River is
converted to UF6 which is exported to enrichment plants abroad. Currently, Cameco supplies
approximately 25% of the global UF6 market. The remaining 20% of UO3 is converted to ceramic
grade UO2 powder.

The production of UF6 involves several process steps:

(a) Reduction: Pulverized UO3 powder is reduced to UO2 in a two stage fluidized bed reactor
with hydrogen.

(b) Hydrofluorination: UO2 powder is converted to uranium tetrafluoride (UF4) slurry in a
series of stirred tank reactors with anhydrous and aqueous hydrofluoric acid. The UF4

slurry is then dried and calcined in a double drum dryer and calciner to remove all free and
hydrated water.

(c) Fluorination: UF4 powder is reacted with fluorine in a flame reactor to produce gaseous
UF6. The UF6 gas is filtered, condensed, liquefied and then fed into shipping cylinders.

3.0 CERAMIC UO2 POWDER PRODUCTION

Cameco is an industry leader in the production of ceramic grade UO2 powder for both natural
and depleted. With almost forty years operating experience, Cameco has refined its ceramic UO2

technology and optimized its production facilities to position itself with the ability to fulfill its
customers' requirements in terms of quality and quantity for both CANDU and blanket fuel.

3.1 Ammonium Diuranate (ADU) Process

The production ceramic grade UO2 powder consists of five processing steps as presented in the
following sections. A schematic process flow diagram for ceramic UO2 powder production is
given in Figure 1.

Dissolution: UO3 powder is dissolved in an agitated tank with nitric acid to form uranyl nitrate
(UN) solution. The specific gravity, free acid strength and temperature of the UN solution are
controlled to specific set points to ensure all UO3 particles are dissolved. Fume collection is
provided at the tank to prevent nitric acid vapours from escaping into the plant. When the batch
has met the specific gravity and free acid control points, it is manually pumped to a storage tank.

Precipitation: In this process step, concentrated UN is transferred to a dilution tank where it is
automatically diluted with process water to a controlled specific gravity and temperature. The
diluted UN solution is transferred to a precipitation tank where it reacts with aqueous ammonia to
form ADU precipitate. After the reaction is complete, the ADU is allowed to settle and the
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ammonium nitrate (NH4NO3) solution is decanted to a treatment circuit. The ADU slurry is
drained to a storage tank for the next processing step. In the treatment circuit, the NH4NO3 is
concentrated, purified and sold to a local fertilizer manufacturer.

Drying: The ADU slurry in the storage tank is maintained at a predetermined temperature and
pumped to two centrifuges for liquid-solid separation. The centrate, mostly dilute NH4NO3

solution is sent to the NH4NO3 treatment circuit and the ADU cake is discharged to a tray dryer
where the moisture is removed. The dry ADU powder is transferred to a surge bin via a screw
conveyor and a bucket elevator.

Reduction: Dry ADU powder is fed to rotary kilns, operating in parallel, where it is reduced to
UO2 powder by reaction with hydrogen in a counter current flow. The rotary kilns are heated
with natural gas and kiln temperatures are automatically controlled to allow proper and complete
reduction . The reduced UO2 powder is passed through a conditioner where it is stabilized and
cooled to a predetermined temperature before discharging into 45 gallon drums.

The UO2 powder produced is homogenized in a double cone blender, sampled and certified
prior to shipping to fuel manufacturers.

NH4NO3 Treatment: NH4NO3 solution is a by-product in the production of ammonium
diuranate and is sold to a fertilizer manufacturer after going through a treatment circuit which
consists of the following steps:

(a) Filtration: To remove particulates.
(b) Concentration: To evaporate the dilute NH4NO3 solution to a predetermined specific

gravity to provide sufficient nitrogen content for fertilizer manufacturing.
(c) pH Adjustment: To precipitate all uranium from solution by the addition of aqueous

ammonia and a coagulant.
(d) Final Filtration: To remove particulates from the NH4NO3 solution.
(e) Certification: After a storage tank is filled, the NH4NO3 solution is sampled, analysed and

certified prior to shipment. The last annual average uranium concentration in the NH4NO3

reported, August 1996, to Agriculture and Agri-food Canada was < 2.0 mg/L.

3.2 Process Control

The physical characteristics of ceramic grade UO2 powder depend on, to a large extent, the
precipitation conditions of ADU and, to a lesser degree, the reduction conditions. Therefore,
there has been much effort spent on controlling the following operating parameters:

(a) Concentration of ammonium hydroxide solution;
(b) Specific gravity, free acid and temperature of the UN solution;
(c) Consistency of ADU cake after solid-liquid separation;
(d) Reduction Temperature.

The dissolution of anhydrous ammonia is controlled automatically with a density meter.
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However, difficulties in controlling the aqueous ammonia strength to a narrow range are
frequently experienced. It is believed that the strength of aqueous ammonia directly affects the
particle size of ADU and consequently the sintered density and specific surface area of ceramic
UO2 powder. It is because of the slight variations of aqueous ammonia strength, the physical
characteristics of UO2 powder, e.g. sintered density, specific surface area and bulk density, differ
slightly from day to day.

The specific gravity and temperature of the uranyl nitrate solution also influences the filterability
of ADU slurry, and the sintered density and specific surface area of the resulting UO2 powder. It
has been observed that an elevated uranium concentration and temperature condition during the
precipitation process may produce an ADU slurry with poor filterability characteristics. This
condition may produce UO2 powder with low specific surface area and sintered density
characteristics. The ADU precipitation process was automated in the early 90's to eliminate the
variability of those process parameters. Since then the results have been excellent and consistent
as indicated in Figure 2.

The consistency of ADU cake after solid-liquid separation has a direct impact on the specific
surface area and sintered density of UO2. Normally, a drier ADU cake will result in higher
specific surface area and sintered density UO2 powder. The consistency or dryness of the ADU
cake is manually controlled by the operator. When the ADU dryer temperature starts to fall, the
operator will initiate actions such as cleaning the centrifuge cloth and increasing the monitoring of
the ADU slurry temperature, ADU dryer heaters and ADU precipitation conditions. Since the
automation of the ADU precipitation process, the dryness of the ADU cake has been consistent
due to the steady conditions of the ADU slurry feed to the centrifuge.

Reduction temperature has a minor influence on UO2 powder characteristics when it is
controlled within a range of 35°C. Abnormal elevated temperatures over 750°C will reduce the
specific surface area and sintered density. On the other extreme, with temperatures below 600CC,
incomplete reduction will occur. The bed temperature of the reduction kilns is controlled
automatically and monitored closely by the operators.

3.3 Production Specifications

As stated earlier, Cameco supplies ceramic grade UO2 powder for use in domestic and offshore
CANDU reactors and for use as blanket fuel in light water reactors. Cameco has two
specifications for its natural ceramic grade UO2 powder production, namely Cameco Specification
(CS)-l for CANDU fuel and CS-2 for blanket fuel. Moreover, because of its advanced ceramic
UO2 technology and its production capability, Cameco can tailor-make ceramic grade UO2

powder to meet a customer's unique requirements. In addition to the production of natural
ceramic UCs powder, Cameco also produces depleted ceramic grade UO2 powder to specification
CS-3.
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3.3.1 Cameco Specification (CS)-l

CS-1 was developed specifically to meet the needs of the CANDU fUel customers and the
Atomic Energy of Canada Limited's TS-XX-37032-00I. A list of the impurities and the
corresponding maximum levels is given in Table 1. Cameco's ceramic grade UO2 powder has not
only consistently met the CS-1 specification, but has been significantly below the maximum
allowable levels. Referenced Table 1 for 1996 average production results. Figure 2 also
illustrates the average UO2 sintered density and specific surface area from 1985 to 1996.

3.3.2 Cameco Specification (CS)-2

CS-2 was developed to meet the needs of blanket fuel customers. The significant difference
between CS-1 and CS-2 is the maximum impurity level for thorium has been reduced from 500
ppm to 10 ppm uranium basis. The other minor differences include the reporting of several other
elements such as nitrogen, lead, tin, vanadium, tungsten, zinc, and thorium 230. A list of the
impurities and the corresponding maximum levels are given in Table 1.

4.0 TECHNICAL SUPPORT

Cameco is committed to producing consistent and superior quality products in a most cost
effective manner. The production of ceramic grade UO2 powder is a good example of this firm
commitment.

The production of ceramic grade UO2 powder involves a team of professionals from various
departments working closely to ensure quality assurance programs are strictly followed and
product qualities meet or surpass customer specifications. Production processes are continually
reviewed to identify potential areas for improvement in safety, environment, quality and
production practices. The following paragraphs describe briefly the support groups involved and
their corresponding roles and capabilities.

The Analytical Services group provides analysis and certification of UO2 powder prior to
shipment. It also carries out periodic analysis of chemicals to ensure suppliers are in conformance
to Cameco specifications. A wide range of analytical instrumentation is used, namely, Inductively
Coupled Plasma - Mass Spectrum (ICP-MS); a Wavelength Dispersive X-ray Fluorescence
Spectrometer (WDXRF); and, an Atomic Absorption Spectrophotometer (AAS). Chemically, the
Analytical Services group is able to analyse impurities down to sub ppm levels. It has a laboratory
in the UO2 plant to provide daily determinations of UO2 particle size, specific surface area, bulk,
green and sintered density.

The Quality Assurance Group is responsible for the maintenance of Cameco's Quality
Assurance program. It conducts periodic audits of the production operation to ensure the Quality
Program is strictly adhered to. The Quality Program is designed to ensure that the customer's
quality requirements are recognized and met. It is also designed to satisfy the requirements of
CSA Standard Z299.2 (1985) and other equivalent standards. It is also located in the UO2 plant,
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which permits easy discussions for matters that may arise pertaining to the quality of the UO2

powder.

Technology Development, formerly Research and Development, consists of a group of highly
qualified scientists, engineers and technologists. In addition to people resources, it has a well
equipped diagnostic facility containing a wide spectrum of scientific instruments. This group is
involved in the characterization of ceramic UO2 powder and the correlating of production
conditions to UO2 powder characteristics. In addition, it is involved in the development of new
processing technologies as well as providing technical support to customers.

In conclusion, Cameco is the industry leader in the production of ceramic grade UO2 powder.
It has the most advanced UO2 technology and production capabilities. In addition, Cameco is a
very progressive company and is fully committed to providing, on a long-term basis, outstanding
value to our customers.
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TABLE 1

SUMMARY OF CAMECO UO2 SPECIFICATIONS

ELEMENT

Aluminum
Boron

Carbon
Calcium

Cadmium
Chromium

Copper
Dysprosium

Fluorine
Iron

Gadolinium
Magnesium
Manganese

Molybdenum
Nickel
Silicon

Thorium
Phosphorus

Sodium
Potassium

Silver

Chlorine

Cobalt
Nitrogen

Lead

Tin
Thorium 230

Vanadium
Tungsten

Zinc

SYMBOL

Al
B
C
Ca
Cd
Cr

Cu
Dy
F

Fe
Gd
Mg
Mn
Mo
Ni
Si
Th
P

Na
K

Ag
Cl

Co

N

Pb

Sn
Th230

V

w
Zn

CAMECO
SPECIFICATIONS

CS-1

25

.3

200

50

0.2

15

10

0.15
30

75

0.1

10

5

2

20

30

500

35

20

20

N/S

N/S

CS-2

25
.3

100

50

0.2

15

10

0.15
30

70

0.1

10

5

2

20

30

10

35

20

N/S
1

15

35

75

50

50

0.001
50

50

50

TYPICAL
SPECIFICATION

FOR BLANKET FUEL

30

0.5

150

25
0.5

100

25

0.1

50

100

0.1

50

25

25

100

100

50

50

100

N/S

0.3

15

75

75

10

10

N/S
10

50

50

CS-1 '96
AVERAGE

< 5

0.1

80

5

<0.2
9

1

<0.05
5

40

0.02
1

1

0.6

5

< 1 0

< 5

20

5
10

N/A

N/A

NOTE: Impurity concentration identified as mg/gU.
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FIGURE 2
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Abstract

It is widely recognized that operational performance in product manufacturing is
largely determined by understanding and maintaining process capability. By definition,
Six Sigma is a statistical unit of measure reflecting process capability that yields less than
6.8 defects per million product produced. Statistically, this translates into obtaining a
long term manufacturing process capability of ± 4.5 standard deviations about the mean
within specification limits.

The heart of the Six Sigma program developed by the Six Sigma Academy is what we
refer to as the Breakthrough Strategy. This rigorous analytical methodology is the driving
force in obtaining world class performance of Six Sigma. The methodology applies
statistical and practical tools in resolving a problem or improving a product or process.

The application of Six Sigma focuses on attacking process input variables (independent)
rather than the output variables. Focusing on these independent variables (temperature,
power, force, etc.) and the variation in the end product they create, enables us to get to the
root of the problem rather than react to the symptoms of the problem. In this manner we
prevent defects from occurring rather than inspecting and monitoring the product.

Why the need for such an ambitious program? It is estimated that the cost of failure
(rework, scrap, warranties, etc.) can be as high as 15% of sales for companies typically
operating at 3-4 sigma. In achieving Six Sigma, costs of failure are typically less than 5%.
The thought of reducing business costs while achieving the recognition of being our
customer's premier choice provides enormous incentive to reach such status.

Introduction

The essential elements of customer satisfaction are price, quality and on time delivery.
This is becoming more evident as market globalization and deregulation takes place. In
today's market companies must find improved ways to do business. Fierce competition
now provides customers with more options regarding terms and conditions on the product
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or service they are rendering. For GE, the undertaking of Six Sigma will open new market
opportunities while leading to the development of new and exciting approaches for the
improvement of business, engineering and manufacturing, service and administrative
performance.

The purpose of this paper will be to present the Six Sigma strategies, tactics and tools
as they apply to fuel product manufacturing at GE Canada.

First Six Sigma is defined in statistical and numerical terms. Then the need for Six
Sigma is discussed in terms of customer satisfaction, competition advantages, cost
savings and business culture. The paper then moves on to elaborate on the heart of the
program called " Six Sigma breakthrough strategy". It discusses the statistical tools and
leadership skills comprising the breakthrough strategy to attain the level of performance a
business should be able to achieve given the investments already made.

The paper ends by discussing what the critical drivers are for the program to remain on
track in achieving Six Sigma performance. It talks about how upper management
commitment, employee training, employee empowerment and team work play an integral
part of Six Sigma success.

What Is Six Sigma ?

Six Sigma is a statistical unit of measurement that reflects process capability. As
variation in a process decreases, the sigma rating increases, This translates into improved
process capability and a decrease in non-conformances produced.

The sigma scale of measure correlates to such characteristics as defects-per-unit, parts -
per-million defective, probability of a failure/error. Figure 1 summarizes how the sigma
scale relates to these various measurement indices along with corresponding statistical
formulas. All these units of measure focus on characterizing process variation and
centering about the specification limits. When we refer to Six Sigma capability it is
important to understand that we really mean short term capability and not long term
capability. Short term capability is the capability as measured in any instance in time,
while long term capability is the performance of a process over extended periods. For
example the automotive industry defines short term capability as 300 consecutive parts
produced while long term as a week or more of production. The difference between the
two, referred to as the sigma shift, reflects how well a process is controlled. Empirically,
this shift difference amounts to 1.5a over time. Figure 2 illustrates the differences in
short and long term capability.

In philosophical terms, Six Sigma can be defined as a program that makes people work
smarter, not harder. Six sigma is a problem solving philosophy aimed at identifying and
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reducing variation in a process. This problem solving approach utilizes a rigorous four
phase breakthrough Strategy as depicted below:

Measure! -> f Analyze! -*( Improve] -> ( Control

In each of these phases, statistical and practical tools are employed when confronting a
process problem to solve. One of the important aspects of this methodology is that each
phase is designed such that closure must be obtained before movement to the next phase.
Elaboration on the details of these phases is further explained under the sub heading "the
heart of Six Sigma".

Six Sigma can also be considered a business strategy in which a competitive advantage
is realized. The reason for this is simple - as the sigma rating increases in a process,
product quality improves (i.e. less defects, rework, non-conformances) and costs go
down.

The Driving Need for Six Sigma Quality

The cost of quality for companies operating at 3-4 sigma is estimated to be 15 % of
gross sales. Achieving six sigma means these costs are reduced to less than 5% of sales.
This is a huge opportunity for a company to capitalize on in terms of bottomline revenue,
excellence in quality and customer satisfaction.

In the world of Six Sigma, the "paradigm shift" is often referred to. This shift
corresponds to a change in mind-set away from quality through appraisal. Quality
through appraisal means inspection, testing, quality audits and test equipment. In this
context, increased quality means higher cost. Six Sigma philosophy changes the mind-set
to quality through prevention. Upfront quality planning, process planning, process control
and training are utilized such that increased quality reduces cost. This concept is further
explained by the charts in Figure 3. The ability of a company to manufacture products
under a state of increased quality at reduced costs, certainly reinforces the why of Six
Sigma.

Six Sigma is designed to focus on process input variables rather than output variables.
In this way, causes rather than effects, problems rather than symptoms, control rather than
monitoring are addressed. Employing this kind of business strategy avoids defects in
products from ever occurring because the input variables that are responsible are
controlled and fixed before product is affected. This means less excursions, rework, and
product scrap, another good reason why implementation of six sigma is important.
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The Heart of Six Sigma

The heart of Six Sigma is what we refer to as the Breakthrough Strategy - Measure,
Analyze, Improve, Control. This is a rigorous process through which we start with
baselining our current level of performance or process capability and then move towards
entitlement - the level of performance a business should be able to achieve given the
investments already made. The ultimate goal in this process is to achieve benchmark
status - world class or Six Sigma performance. The phases that allow us to achieve these
ambitious performance standards are explained below:

Measure:

The measure phase of the Breakthrough strategy consists of a series of steps required
before the process you are trying to improve can be baselined in terms of performance
capability. This phase provides the foundation for the project and sets the stage for the
Analyze phase where process capability and performance objectives are defined. The
steps involved in this phase typically include:

- Identification of Critical To Quality characteristics (CTQs) for the
process under consideration for improvement.

- Identification of Technical requirements/performance Standards
- Process Mapping
- Validation of the Measurement System to ensure variation is

measurement system is quantified

Before the capability of the process can be determined, it is important to understand
what is critical to quality (i.e. customer technical requirements - internal manufacturing
process requirements). For example, in our fuel manufacturing process we are required to
coat the inner diameter of the tubes with graphite. The elements of this process that would
be considered critical to quality include the thickness of the graphite, adhesion, and
graphite coverage. Once these CTQs are identified, the capability of the process can then
be determined by sampling and measuring these variables and comparing them to the
technical requirements.

If the process being worked on is of a complex nature, we will graphically outline the
sequence in the process . This allows us to understand how the steps in the process relate
to each other which makes the task of identifying the CTQs much easier. This mapping
tool also aids in identifying process bottlenecks, and redundancies.
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A very important step in the measure phase is verification of the system used to
measure the CTQs. In any Six Sigma project, it is a requirement that the measurement
system be validated to ensure that instrument variation is quantified due to such things as
human factors, equipment accuracy, and precision, and physical considerations. The
measurement system is validated by characterizing the variability in terms of repeatability
and reproducibility. The technique employed is a designed experiment.

The measure phase ends when we are in a position to statistically baseline the process
capability . This means that we understand what is critical to quality in the process and
understand how this relates to the technical requirements as set by our customer.

Analyze

The next phase of Six Sigma involves establishing baseline process capability,
benchmarking, and identification and ranking of the sources of variation bridging the gap
between baseline process capability and world class process capability of Six Sigma.

The baseline process capability is established using the CTQs of the process that were
identified in the measure phase. For example, in our graphite coating operation, the
capability of the process would be measured by compliance to thickness of the graphite,
adhesion, and graphite coverage of the product in terms of sigma or equivalent capability
indices.

In referring to Figure 4, the process of benchmarking positions a company to define the
performance objectives required to eliminate the Gap between baseline process capability
and Six Sigma status. However, before this gap can be closed, the gap between baseline
and entitlement called "Best in Class" must be addressed. Entitlement is the level of
performance a business should be able to achieve given the investments already made.
Attainment of Six Sigma status requires design for Six Sigma or manufacturability which
often involves additional investment to achieve this desired state.

Six Sigma provides a statistical analysis roadmap in achieving "Best in Class"
performance. This roadmap identifies and analyzes the major sources of variation that
bridge the performance gap. An example of a basic tool employed is a pareto chart which
illustrates what key CTQs typically govern process variability. The function of the pareto
chart is to help the team involved in the process improvement to focus on the vital few
causing the variation and ignore the trivial many.

Once the vital few CTQs have been earmarked as sources where variation constantly
surfaces, the stage is set to identify what the variation sources are. A common tool
utilized is the Cause & Effect diagram also called a Fishbone diagram. In keeping with
our previous example, lets suppose the pareto chart revealed that most of the defects from
our graphite coating process were a result of failure to meet graphite thickness on the ID



203

of the sheath. Figure 5 shows how a Fishbone diagram can be utilized to aid in focusing
on whatthe major sources of variation could be causing the thickness problem.

To quantify in statistical terms the major sources of variation, tools such as capability
indices, Student t-tests, ANOVA, Regression analysis, hypothesis testing and
homogeneity of variance are employed.

The analyze phase is said to be complete once the process is baselined in terms of Six
Sigma and the major sources of variation are identified bridging the gap between baseline
process capability and entitlement capability.

The first two phases of Six Sigma - Measure and Analyze are referred to as process
characterization. These are by far the most important phases, because in the tradition of
Six Sigma, if we can't quantify the problem, we cannot understand it.

The last two phases of Six Sigma are what we refer to as the optimization phases. It is
these phases that will allow us to move toward achieving entitlement while revealing
what is required to achieve world class capability or Six Sigma process capability.

Improve:

The Improve phase is used to diagnose the input variables identified in the analyze
phase that cause the major source of product variation. The Statistical tool used to
accomplish this task is Design of Experiments. The purpose of this tool is to define the
relationship between the input variables (independent) and response or output variables
(dependent). Design of experiment allows the experimenter to quantify the effects of the
input variables on the response variable. For example, in the case of graphite thickness
(response variable), design of experiment will analyze the input variables (graphite
viscosity, temperature, time etc.) and any interactions that cause inconsistency in the
graphite thickness.

At the completion of the design of experiment phase, the most influential variables that
affect center and spread (i.e. temperature change, viscosity) on the response variable are
identified and quantified. It is at this point in the improvement process that we are ready
to brainstorm solutions that target reducing process variation and centering. In identifying
the solutions, testing should be completed for real improvement after a process change is
done. Validation of process improvement is done using statistical tools such as T-tests or
ANOVA for centering and F-tests for process spread.

The improve phase is complete when the key sources causing variation to the response
variables are quantified with a validated process improvement in place, keeping in mind
that the improvement made should reflect entitlement capability - the maximum level that
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the process can perform at without introducing design for Six Sigma capability or
manufacturability.

Control

In the final phase of Six Sigma we maintain production within the acceptable ranges
and monitor the improved process by utilizing statistical tools such as Statistical Process
Control and Capability Indices (Cp and Cpk). The tolerances on the key input variables
identified in the improve phase are set. The process capability of the vital variables are
determined and further controlled for variation and centering by use of statistical process
control. Although additional controls have been added to the process, recall, Six Sigma
focuses on prevention rather than appraisal as a means to improve process capability
which means a net decrease in cost of quality.

This phase never ends in the sense that we implement these statistical measurements to
ensure that the process remains on the Six Sigma track.

What Drives Six Sigma to Work

Our Six Sigma program requires three aspects of culture to succeed. To begin, we
require a deeply rooted commitment to the program; its philosophy and its resources.
Next, we develop a pool of skills through the training of Six Sigma leaders, the general
work force and management. As Six Sigma begins to succeed, a new culture of teams
empowered to complete challenging projects develops.

The necessary commitment starts at our most senior levels of management. Six Sigma
has become part of our long term business plans. A five year goal has been set, with
support for Six Sigma staffing, work force training and team resources. GE created a new
position of process improvement team leaders. Our team leaders are trained to lead work
force teams through the Breakthrough strategy described previously. They are the ones to
lead teams through the successful application of, among other tools, problem solving,
design of experiments and application of statistical process control. The team leaders are
coached by a group of Six Sigma leaders devoted to training, mentoring, project
management, coordination and goal setting. We count on our operating management to
commit team resources, supply production or testing resources and facilitate project
completion where they can. Setting financial and schedule targets for the overall program
and individual project completion is shared by our Six Sigma leaders and operating
management.

Our crucial training program starts with our Six Sigma leaders and team leaders. A
twelve day formal education introduces them to problem solving, team leadership and
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facilitation tools, statistics, design of experiments, statistical process control and cost
saving strategies. We provide the training in installments, one for each" phase of the
Breakthrough strategy. Each leader takes on his or her first project along with the
training. Our management takes an in-depth awareness program sufficient to understand
project phases, the tools of Six Sigma and the philosophy of Six Sigma. This prepares
them to understand what makes a good Six Sigma project, direct project selection,
provide appropriate resources and review progress. General employee awareness training
follows. Our work force becomes aware of the role of Six Sigma project leaders and the
methodology of our problem solving projects. They come to understand the goal of Six
Sigma and the role of statistics, experiments and statistical process control. When they
participate on a project team, they learn first hand how to apply the Six Sigma tools,
primarily the success that is achievable through team problem solving methods and the
proper use of basic statistical tools.

Effective teamwork, empowerment and accountability of the teams to put their
recommendations in place is how our Six Sigma program succeeds at the practical level.
An effective team will often comprise of operators, technicians and staff as members. The
team leaders coach the team through the entire project cycle which goes beyond the study
and recommendation phase. We expect them to prove that their recommendations work
during the Improve stage of a project. They are given the goal to permanently implement
a practicable version of their recommendations and demonstrate that they have made a
beneficial impact. Once they have obtained these goals, the team's success is advertised
and celebrated.

As Six Sigma succeeds, it fosters a culture of smarter problem solvers and intolerance
to second best practices. Eventually every one assists Six Sigma projects by being a team
leader or team member, by helping team members acquire information, by helping team
members with experiments, or by benefiting from the process improvements in their work
area. Through training and rising through the Six Sigma leadership ranks, all of our
operating and business leaders will eventually have Six Sigma experience. The use of
problem solving methodology, basic statistics, process critique methods then filter down
to everyone and become standard practice. This is the key to making a deep rooted
change in our company, with long term implications.
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Abstract

The relations between Technical Specifications and fuel performance are discussed in terms of
design limits and margins. The excellent performance record of CANDU® reactor fuel
demonstrates that the fuel design defined in the Technical Specifications (and with it other
components of the procurement cycle, such as fuel manufacturing), satisfy the requirements.

New requirements, changing conditions of fuel application, and accumulating experience make
periodic updates of the Technical Specifications necessary. Under the CANDU Owners Group
(COG) Working Party 9, a Work Package has been conducted to support the review of the
Specifications and the documentation of the rationales for their requirements. So far, the
review has been completed for 4 Specifications: 1 for Zircaloy tubing, and 3 for uranium
dioxide powder. It is planned to complete the review of all 11 currently used specifications
by 1999. The paper summarizes the results achieved to mid 1997.

Introduction

AECL-issued Technical Specifications for fuel bundles, subassemblies, parts and materials, have been
used in the procurement of CANDU fuel for about 40 years. The documents evolved to their current
shape gradually, together with the development of the CANDU system. References [1-5] describe
their history.

The performance of CANDU fuel has been excellent, and in recent years there have been no incidents
of systematic fuel defects attributable to fuel design. Also, during recent years, there seemed to be little
change in the specifications of fuel materials and in the design of the fuel element, with the effort being
concentrated more in the area of bundle configuration.

This may lead to an impression that for the CANDU system, the development of fuel materials or of
the fuel element design is no longer required. Such an impression, however, is not correct. New
requirements are being formulated that will have their effect on fuel design, new fuel applications and
conditions of use are under consideration, and accumulated experience with fuel manufacturing and
performance has resulted in a number of fuel parameter changes. Fuel Technical Specifications have to
keep pace with this, and therefore require periodic reviews and updates.

To update a specification requirement in a technically justified manner, we first have to understand the
background of the parameter and the rationale of the requirement. There are links between fuel design
parameters and fuel performance, and changes that are done without adequate knowledge of the
technical implications, may lead to undesirable consequences, such as in-reactor defects.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
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Because there was little change in Technical Specifications during recent years, it is sometimes difficult
today to find the relevant information on the technical background and the -rationales of existing
parameters and limits. This is why the COG Working Party 9 initiated Work Package 0908, "Fuel
Specification Review", with the objective to review and document the rationales for the requirements in
fuel design documents, and to analyze selected topics. At present, there are 11 important specifications
that are currently used for power reactor fuel. It is planned to complete the review of all of them by
1999. To date, 4 Technical Specifications have been reviewed: 1 for Zircaloy tubing, and 3 for
uranium dioxide powder. This paper summarizes the results.

Limits and Margins

A fuel Technical Specification should reflect the needs of all steps in the fuel supply chain. This
includes factors such as availability of materials, manufacturability, fuel handling, disposal of spent fuel,
and, of course, defect-free performance in-reactor.

Figure 1 shows the relations between the main parts of the CANDU fuel supply chain. The parameters
that govern performance in-reactor, are related to the "fuel design requirements", i.e. to the design of
the reactor and systems that interact with fuel. The operation of the fuel and the interacting systems
impose loads on fuel. Fuel is able to withstand the loads up to critical levels, "defect thresholds" or
"performance limits". Under normal conditions, the loads should be at a safe distance ("margin")
below the limits - there should be no fuel defects.

Figure 2 schematically illustrates the concept of limits and margins developed by the International
Atomic Energy Agency (IAEA) [6], with the terminology adjusted for the application to fuel.

Design defines the minimum values of defect thresholds - either directly or indirectly, e.g. by specifying
the minimum thickness of CANLUB. Manufacturing conforms to the design-related limits and yields
products with defect threshold distributions of the type shown in Figure 2, satisfying the design
requirement at a predetermined Acceptable Quality Level (AQL). Similarly, there is a distribution of
loads from operational conditions, also shown schematically in Figure 2.

A deviation ("excursion") of manufacturing conditions may cause changes in product properties,
leading to lower values of a defect threshold. Similarly, a deviation of operational conditions may
result in higher loads on fuel. Figure 2 shows schematically the effect of a manufacturing deviation on
the distribution of defect thresholds, and of an operational deviation on the distribution of loads.

If the margins are sufficient, a small deviation causes non-conformance only, i.e. violates the limits
without producing defects. Eventually, it may reach an extent that does result in defects
("manufacturing defects" and "operational defects", respectively). Each of the two excursions,
schematically shown in Figure 2, would lead to some defects, as the corresponding distribution curves
for defect thresholds and loads overlap.

If the margins are too small or absent, the fuel will suffer "design defects" - the distributions of loads
and defect thresholds will overlap even for normal manufacturing and operating conditions. On the
other hand, the design-defined margins may be very large. In this case, there will be no "design
defects", but the product will likely be expensive, difficult to manufacture, or inefficient in use.

Large margins imposed by design and not matched by proper programs in manufacturing or reactor
operation, do not necessarily provide a 100% guarantee of defect-free performance. A joint approach
that balances the role of design, manufacturing and operation, is needed. CANDU fuel procurement
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uses such a joint approach, with the result of a very low defect rate. In addition, the CANDU system is
prepared in case fuel defects occur. If a fuel defect develops in a CANDU reactor, it can be promptly
detected and removed.

Insufficient margins are usually corrected promptly, because they tend to be accompanied by defects,
and therefore are highly "visible". When the margins are excessive, relaxing the limits is often more
difficult. Some of the margins, in particular their components attributable to single parameters, have
not been positively determined, and so the "excess margin" should first be identified and a justified new
limit should be confirmed. It is a design change, and as such should be properly verified and validated.

Review of Technical Specifications for Zircaloy Tubing and Uranium Dioxide Powder

All sectors of the CANDU fuel community in Canada were involved in the review, starting with the
manufacturer of UCh powder and 2 manufacturers of Zircaloy tubing, continuing with fuel
development and design, fuel manufacturing (2 manufacturers), fUel use (3 utilities), and ending with
specialists in the disposal of spent fuel. Overseas manufacturers and users of CANDU fuel are
welcome to join the review. Among other reasons, their input is valuable also because they use
different sources of materials, in particular of UO2 powder.

a. Zircaloy Tubing for Fuel Sheaths

The CANDU fuel sheaths are different from those of other reactor types (for example, fuel cladding for
pressurized water reactors). There are two major differences:

- Appendages are brazed to the sheaths during their manufacture, and this significantly affects their
microstructure, texture and properties. To control the changes, there are some CANDU-specific
requirements for the chemical composition of the tubing.

- CANDU fuel sheaths are designed to operate beyond their yield strength ("collapsible sheaths").

Initially, there was uncertainty as to which tubing parameters are important for such conditions of use,
and the requirements underwent several dramatic changes [3].

In our review, the rationales were formulated for all existing requirements. In several cases, we
recommend analysis and further work on the requirements, mainly with respect to possible application
of CANDU fiiel to extended burnups, and in connection with disposal of spent fuel. Table 1 provides a
summary of the review.

b. Uranium Dioxide Powder

Three Technical Specifications for UCh powder (natural, depleted and enriched) have been reviewed.
The requirements on the natural powder, the basic material for pellets in CANDU power reactor fuel,
are again different from those for LWR fiiel. The important factor is the need to achieve criticality and
economically viable discharge burnup with natural uranium. This imposes strict limitations on the level
of the "equivalent boron content" (EBC), i.e. on the limits of impurities. Chalder et al. [4] and Hastings
et al. [5] describe the development of the uranium dioxide powder and pellets for CANDU fuel.

The summary of our review can be found in Table 2. Again, the rationales have been formulated for all
requirements. Need for further work is seen in connection with several impurities in the powder,
important for pellet/sheath interaction or for disposal of spent fuel.
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Conclusions

Technical Specifications for CANDU fuel need periodic reviews and updates to reflect lessons learned
and new requirements under the changing conditions. Understanding of the rationales of the
Specification requirements is a necessary condition for a successful update of the documents.

Although spearheaded by AECL under the auspices of COG, the review has benefited from the
involvement of all sectors of the CANDU fuel community in Canada. Participation of CANDU fuel
manufacturers and users from overseas is encouraged.

Four Specifications (Zircaloy tubing and UCh powder) have been reviewed. The rationales of all
requirements have been formulated, and several recommendations have been made for modification
and analysis. Other specification reviews are in progress or planned, with the intent to review all
important specifications within the next 2 years.
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Table 1 - Review of TS for Zircalov Tubing

Parameters Reviewed
(Concerns and Rationales)

Chemical Composition
Neutronic properties
Basic physical properties
Mechanical strength
Heat transfer
Corrosion resistance
Hydriding characteristics
Equivalent boron content,

buraup
Isotopes in sheaths of
discharged fuel

Mechanical Properties
Sheath strength
Failure-free straining of

the collapsible sheath
Containment of fission
products

Corrosion Resistance
Sheath residual thickness
and strength

Sheath integrity in-reactor
and after discharge

Microstructure and Texture
Mechanical properties and

their uniformity
Anisotropy of mechanical

properties
Resistance to crack
growth across the wall

Comments

Alloying elements may need modifications (lower Sn, addition of
Nb, increased Fe+Cr), if CANDU fuel is used at high burnups
(enriched uranium).

The existing low limit for H in the tubing is justified, as this
hydrogen may aggravate the effect of hydrogen gas from fuel
element interior.

For several of the "unlisted impurities" (e.g., Cl) limits lower than
50 ppm should be considered. A minimum concentration of
some impurities helps to prevent excessive grain growth in the
braze HAZ - they should be considered as "alloying elements".

Yield strength of the tubing is affected by brazing of appendages;
statistical formulation of the requirement may be revised.

Total circumferential elongation characterizes both the ductility
and wall thickness uniformity; statistical formulation of the
requirement is justified.

The requirement for maximum grain size comes from the time
when annealed condition was also specified for the tubing. For
the currently specified cold-worked and stress-relieved condition,
the grain is much finer, and the requirement should be revised.

Improved texture would increase the resistance to crack growth
across the wall. However, present limit is adequate, as the
texture is affected by brazing during sheath manufacture.
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Table 2 - Review of Technical Specifications for Uranium Dioxide Powder

Parameters Reviewed
(Concerns and Rationales)

Chemical Composition
Criticality
Achievable bumup
Powder reactivity
Powder processing
Corrosion of the sheath
Stress-corrosion cracking of the sheath
Density and micro structure of sintered pellets

Particle Size
Microstructure after sintering
Powder processing

Bulk Density
Powder processing

Sintering Performance
Powder processing

Comments
Formulate limits for the "unlisted impurities".
Identify impurities from the "unlisted" category
that should have the requirements specified
separately.

Determine the distribution of chlorine and
nitrogen in powder and pellet lots, and specify
limits for them.
Unify the requirements in the Specifications for
natural, depleted and enriched powder.

Unify the requirements in the Specifications for
natural, depleted and enriched j>owder.
Add a reference to the "Advance Processing
Test".
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ABSTRACT

Wolsong Unit 1 had experienced a number of fuel failures from September 1995 until August
1996. There was a rapid increase in the primary heat transport system (PHTS) activity during that
period. 1-131 and Xe-133 levels of up to 290 and 80,000 pCi/kg, respectively, were recorded. The
investigation concluded that the root cause was high hydrogen content within the fuel elements
resulting from insufficient baking of the CANLUB graphite coatings. After the manufacturing
process and hydrogen analyses procedures were improved, the total amount of hydrogen within a
fuel element now remains below 0.6 mg. Fuel manufactured with the improved process is
performing well and the coolant activity levels have slowly returned to normal as the defects were
discharged from the core.

1. INTRODUCTION

The Wolsong Unit 1 NGS, located in Korea, is a CANDU 6 reactor designed by Atomic
Energy of Canada Limited (AECL). It is owned and operated by Korea Electric Power
Corporation (KEPCO). Since it was declared in service in 1983, the unit has performed
exceptionally well with a lifetime capacity factor of 85%. Since 1987, Wolsong Unit 1 has been
fueled with fuel bundles manufactured by a domestic vendor, Korea Atomic Energy Research
Institute (KAERI). Until the end of 1994, the fuel has performed well with an overall bundle
defect rate of about 0.1%. Table 1 shows the defect rate of KAERI fuel classified by production
year. The fission product levels in the primary heat transport system have remained low, generally
below 100 pCi/kg for both 1-131 and Xe-133.
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After the annual maintenance outage in September 1995, the fission product activities in the
PHTS began to increase slightly, and in December 1995 the activities continued to increase
substantially indicating the presence of many defective fuel elements in the core. Figure 1 and 2
show the 1-131 and Xe-133 activity concentration trend in the PHTS, respectively, from April
1995 to September 1996. This paper summarizes the investigation and actions taken by KEPCO,
KAERI and AECL to reduce the activity level at the station and to determine the root cause of
the fuel failures.

2. ACTIONS TAKEN TO REDUCE ACTIVITY LEVELS

In late 1995, KEPCO took the following actions in an attempt to lower the fission product
activity levels at the station.

• The coolant purification flow rate was increased from 10 kg/sec to 12 kg/sec initially, and
later to 24 kg/sec to lower the radioiodine levels.

• The frequency of calibration and scanning of the Delayed Neutron (DN) system (or the failed
fuel location system) was increased from once per month to once per week to improve the
search for defective fuel.

• To reduce the rate of fuel failures, refueling operations were switched from fuel bundles from
the 1994 batch to ones from the 1995 batch only. At the time, the defect rate of the 1994
production bundles was observed to be higher than normal. As a follow-up, two 1994
bundles stored in the new fuel room were sent to KAERI for destructive examination to
identify the root cause of failure.

In spite of these efforts, the fission product levels in the coolant continued to increase and the
failure cause remained unknown. Defective fuel bundles were visually inspected in the spent fuel
bay. Table 2 summarizes the inspection results of the 1994 and 1995 batch fuels. The visually
confirmed fuel defects had visible holes or spots(light colored patches) along the fuel element
cladding. Although not conclusive, these spots were considered to be regions of secondary
deuteriding or primary hydriding damage. In addition to the visually confirmed fuel defects in
Table 2, there were indications of more defects based on the DN data from the failed fuel location
system and on the number of incidents involving high levels of airborne activity released during
the transfer of discharged bundles to the bay.

The 1-131 activity concentration peaked to 290 pCi/kg in February 1996. Again, it was
decided to suspend refueling of the 1995 batch and to refuel with a Canadian built bundles only.
Two 1995 bundles stored in the new fuel room were also sent to KAERI for destructive
examination. Fuel bundles from a Canadian supplier were loaded into Wolsong Unit 1 core from
April 1996. Due to the presence of fuel failures in the core, "iodine spikes" were observed during
reactor trips.
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3. ASSESSMENT OF FUEL FAILURES

In February 1996, a more detailed assessment of failed fuel situation was performed jointly by
KEPCO staff and a specialist from AECL. After reviewing the station data that included visual
inspection results, DN system data and power histories of the known failures, the following
observations and recommendations were recorded:

• Since the fuel element is designed and tested to operate above 60 kW/m, the bundle power
histories of the known failures were not considered to be excessive, indicating that the cause
was not likely related to operations.

• The known failures at Wolsong Unit 1 generally operated about 700 kW which correspond to
an outer element linear power of at least 45 kW/m indicating that the failure mechanism has a
power dependent threshold. The onset of failure was not associated with a power ramp.

• Almost 80% of all channels having fuel failures or suspected to have fuel failures belonged to
the region of the core called "high power annulus"(See Figure 3). This is the region where
the channel powers are the highest.

• With the exception of a small number of channels, all fuel failures seemed to have occurred in
one of the center four bundles in the channel. As a result, it was recommended that four
bundle shifts be avoided and all refueling operation for suspect channels be performed with
eight bundle shifts to ensure that the center four bundle were discharged.

• Although very few of the 1995 bundles had been discharged by early 1996, the fuel defect
rate for this batch appeared to be higher than the 1994 batch that was previously quarantined.
The observations that led to these findings are listed below:

• Multiple fuel element failures were observed on one of the 1995 discharged bundles while
all previously inspected bundles from the 1994 batch had only single element failures.

• The iodine spikes observed during the refueling of the suspect channel containing 1995
bundles was significantly higher than those observed during the refuelings of the suspect
channels containing 1994 bundles, and

• Many of the suspect channels in the core contained 1995 batch fuel in the center four
positions where the defects were occurring.

• Due to the high levels of Xe-133 activity in the coolant and the difficulty experienced in
locating the fuel failures in the core with the DN system, it was concluded that most of the
fuel failures in the core were pinhole type failures operating at high linear powers. The
failures in the core were considered to be hydrided and without any significant cracking. To
avoid additional cracking of the hydrided regions of the failures, it was recommended that the
reactor power ramp down rate be limited to less than 1%/hr.

The characteristics of the Wolsong Unit 1 fuel failures were very similar to those observed for
fuel failures experienced at the Point Lepreau NGS in 1992 (Ref. 1). At the time, the failure cause
at Lepreau was attributed to excess hydrogen gas within the fuel element due to underbaking of
the CANLUB graphite coatings.
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4. ROOT CAUSE EXAMINATION

In order to identify the root cause of failure, a review of fuel manufacturing processes was
performed jointly by KAERI and AECL. This review included a detailed review of manufacturing
system and processes with emphasis on possible failure scenarios, and Reverse Engineering by
destructive examination of fuel bundles from inventory. Current fuel inventories were assessed
and manufacturing process was reviewed to:

• evaluate the quality of the fuel waiting for shipment by Reverse Engineering

• evaluate the quality of the delivered fiiel by Reverse Engineering.

• identify any contributing factors in manufacturing that could cause failures in Wolsong Unit 1
by looking for deviations from normal in the processes and other manufacturing operational
factors that are known to have contributed to the development of fuel failures in the past, in
other CANDU reactors.

Manufacturing Review

The manufacturing review consisted of an inspection of the manufacturing facilities, a review
of the confirmed failed bundles to identify higher risk batches or common characteristics, and a
review of the documentation and records. The document review included a comparison of
manufacturing drawings, product specifications and purchasing specifications to design
requirements and how the requirements of the Inspection and Test Plan were met through
inspection and manufacturing instructions. Manufacturing records were examined, including
process qualifications, process record sheets, inspection records, chemical and physical test data,
process control charts, and non-conforming material reports. The primary focus of the
manufacturing review was to identify any change in the system or processes that could account
for possible defect scenarios, such as contamination, sources of excessive hydrogen or possible
incomplete end cap welds. The manufacturing review was able to reduce some possible causes to
improbable failure scenarios.

• The confirmed failed bundles are not specific to a high humidity season.

• Incoming material inspection reports show that all purchased materials have met specifications.

• In-process material storage has been consistent and delay times are not a factor.

• Element internal dimensions have not changed. Axial gaps and diametral clearances have
remained consistent since the production prior to the failures.

• End cap welding has been consistent with no evidence of deterioration in the process. The
fuel failures were equally distributed on product from the two end cap welders.

Process and inspection records showed only two areas where changes in the product have
occurred with relevance to the time period of fuel failures in Wolsong Unit 1. In early 1993, a
change in the UO2 powder source resulted in higher sintered pellet densities and higher bundle
Uranium masses. Due to the powder changes from AUC to ADU, the bundle mass increased from
about 18.8 kgU (10.56 tonne/m3) to about 19.15 kgU (tonne/m3).
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Pellet dimensions, stack lengths and tubing inside diameters have not changed. However,
considering a Canadian CANDU 6 has operated with fuel averaging 19.3 kgU per bundle for the
past 4 years with no failures, these higher bundle masses are not a contributor to the failures.

The second, more significant change noted in the review was an increase in the CANLUB
coating thickness coinciding with the fuel failures. The decision to increase the coating thickness
was done as a reaction to knowledge that there was a consideration by AECL to increase the
minimum coating thickness to 6 um. Coating thickness was achieved through increased graphite
slurry viscosities. The change was accomplished within the allowable process parameter range.
The overall average thickness has increased from 6.4 um in 1993, to 6.9 um in 1994, and to 7.8
um in 1995. More significantly, the maximum thickness values have increased since 1993 in the
lower sections of the coated sheaths, while the coating thickness on the top sections has not
changed. In the flood coating process, the draining of the graphite slurry with the tubes held
vertically results in a thickness differential in the CANLUB layer between the top and bottom ends
of the tube. The average maximum values in 1993 ranged from 8 to 9 um, in 1994 from 9 to 11
um, and in 1995 from 10 to 14 um. This data has been taken from the QC records listing coating
thicknesses per batch. About 32 sheaths are sampled for every 1000 sheaths baked and three
measurements are taken on each; top, middle and lower section CANLUB coatings are measured.

In order to quantitatively evaluate the correlation between coating thickness and hydrogen
content, hydrogen contents in several test samples having various coating layer thicknesses were
analyzed. As a result of the analyses, it was shown that hydrogen content increased from 1.3 ug/g
in a 3 um thick layer to 10.0 ug/g in a 12 um thick layer. The analyses results are shown in Table 3.
The general increase in hydrogen gas content with coating thickness is an indication of
undertaking. Hydrogen gas content for fully baked coatings should not have a strong dependence
on coating thickness. Another significant finding from the review of manufacturing system was
that non-uniform temperature distribution exists in the baking oven. The time-temperature cycle
of the facility's baking oven is controlled by thermocouple readings from the back center of the
oven. A characteristic of this baking oven is that the baking times and temperature may vary in
different regions inside the oven. According to the manufacturing instructions, temperature in the
baking oven should be greater than 320 V for more than two hours. However, time-temperature
profile measurements have shown that complete baking conditions are not being met close to the
bottom of the oven, particularly in the region close to the door. Figure 4 shows the results from 9
separate measurements at various locations in the oven.

Moreover, it was revealed that the sheaths are preferentially loaded into the baking oven, that
is, the bottoms of the sheaths are always oriented to the front of the oven, at least since mid 1994.
This presents a worst case scenario where the thickest coating receives the lowest temperature
and shortest times in the baking cycle for sheaths located in the bottom of oven. Relative
measurements have shown that hydrogen content is about three times higher for sheaths baked in
oven bottom locations compared to sheaths baked in other areas in the oven chamber (See Table
4). This method of loading was done by operator preference. Previously, the loading had been
random.
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Reverse Engineering - -

Specific bundles in inventory were selected based on date of manufacture, baking cycle data,
and delay times between CANLUB baking and end cap welding. Fourteen bundles were selected,
including eight manufactured in the worst baking condition in terms of temperature and time, two
sent back from Wolsong site, and four chosen by random sampling from each group. These fuel
bundles were evaluated for conformance to requirements as well as to identify any shift in process
or product variables. The destructive examinations were performed for a total of 76 fuel elements
selected from 14 bundles.

The examined items are weld strength at end-plate, dimensional, metallographic and chemical
analysis for fuel element, sheath with brazed appendages, graphite coating, and fuel pellets. In
particular, a major concern was the hydrogen gas content in the fuel elements. All of the inspected
items were within the design criteria. However, although all measurements appeared to satisfy the
design criteria of 1 mg per element, the total hydrogen in a fuel element snowed quite a wide
variation from 0.07 to 0.758 mg. Based on the manufacturing review results, this variation was
believed to be caused by the underbaking of the CANLUB and the increase in coating thickness.
It was also verified that, due to the difference in baking temperature and the CANLUB coating,
the hydrogen content can vary along the element cladding. For fully baked coatings no variation in
hydrogen gas content would be expected.

Estimation of Maximum Hydrogen Content in Fuel Element

Since the fuel elements having higher hydrogen content might not be included in the test
samples for the destructive examination, it was decided to estimate the maximum hydrogen gas
content in a fuel element. Test samples for the estimation were made as follows:

• As the CANLUB coating thickness increases, the hydrogen content in the coating also
increases. Therefore, in order to achieve a thick graphite coating, a test sheath was made
using a graphite solution of 87 cps which is close to the maximum viscosity limit of 90 cps.

• The test sheath having the thick graphite coating was loaded into the baking oven at about
2801; in order to simulate the worst underbaking condition.

A total of 4 test sheaths were made and analyses of hydrogen content were then performed for
three specimens from each test sheath. The residual hydrogen content maximized when a sheath
having the thickest graphite coating is baked under the worst baking condition. Therefore, using
the conservative values of the hydrogen content in fuel pellet and helium gas, the hypothetical
maximum hydrogen content in a fiiel element was calculated as follows:

H2,max = Gsh X (Gptmax/Gst) X Msh + Gpe^nax +
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where, H2,max = estimated maximum hydrogen content in a fuel element

Gsh = (average analyzed hydrogen content in specimens, ppm)

- 0.41 ppm (average hydrogen content in Zircaloy-4)

Gptmax = max. graphite coating thickness in manufacturing record, 14.87 pun

Gst = measured graphite coating thickness of the test sheath

Msh = weight of sheath, 51.3 g

Gpe,max = maximum hydrogen content in fuel pellet, 105 ug

= maximum hydrogen content in helium gas, 20 ug

This equation is based on a linear relationship between hydrogen content and the CANLUB
coating thickness. The maximum hydrogen content in a fuel element was calculated for the worst
case in the test sheaths. In this case, Gsh = 9.06 ppm and Gst = 8.0um, therefore, it gives

H2,max = 9.06 x (14.87/8.0) x 51.3 + 105 + 20 = 988.9 (ug),

which is very close to the specification limit of 1.0 mg.

Root Cause Conclusion

• The root cause of the fuel failures in Wolsong Unit 1 is most likely hydriding due to localized
elevated hydrogen gas content in the lower sections of some sheaths.

• This localized elevated hydrogen content was caused by the combination of an increase in the
CANLUB graphite coating thickness and localized underbaking in the lower section of some
fuel sheaths.

• The analyzed hydrogen content in the selected fuel elements for analyses satisfied the design
specification, however, the hydrogen levels in the CANLUB graphite coating were shown to
vary by about a factor of 3 depending on location in the baking oven. This was believed to be
caused by an increase in the CANLUB graphite coating thickness and localized underbaking
in the lower section of fuel sheaths.

• Based on the hydrogen analyses of the test samples made in the simulated worst conditions
and on conservative values for hydrogen gas content in the fuel pellets and helium rilling gas,
the maximum hydrogen gas content in a fuel element having a 14.87 urn CANLUB coating
was calculated to be 0.989 mg. However, since the sample size was very limited, the
hydrogen content in some fuel elements might have exceeded the design limit of 1.0 mg.

5. CORRECTIVE ACTIONS

Improvement of Manufacturing Process
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Based on the results of the manufacturing review and the "reverse engineering, the
manufacturing process was improved as follows:

• Changing graphite solution temperature from 23 'C to 20 "C.

Variation of the CANLUB graphite coating thickness is very sensitive to the graphite
solution temperature. As the solution temperature decreases, the isopropyl alcohol contained
in the solution is vaporized more slowly, thus, the solution is drained enough before the
graphite solution coagulates. This can contribute to a more uniform distribution of the
CANLUB coating.

• Reducing temperature difference in baking chamber

In order to reduce the temperature difference in baking chamber, the thickness of thermal
barrier in the entrance of the baking chamber was increased. Also, the operation program of
the baking oven was modified and local heating rates were adjusted.

• Routine hydrogen analysis

In the original process qualification tests, the routine hydrogen analysis in the manufacturing
process was determined to be unnecessary as long as baking time and baking temperatures
were met. Manufacturing procedures were revised as follows:

• Hydrogen analysis for CANLUB graphite coatings should be performed for one cladding
out of one batch of baking oven. Hydrogen gas content in graphite coating is aimed to be
less than 0.5 mg.

• Hydrogen analysis for fuel elements should be performed for one element per month. The
total hydrogen gas contents in a fuel element should be less than a conservative new limit
of 0.6 mg to ensure that the product remains well within the design limit of 1.0 mg.

Requalification of Process

Hydrogen analyses were performed for the test fuel elements manufactured under the
improved process. As a result of the analyses, it was shown that the hydrogen gas content in
CANLUB graphite coating were remarkably reduced to 40-60 |ig. Also, it was observed that
there was no particular correlation between coating thickness and hydrogen gas content, and the
hydrogen gas content in the cladding was uniformly distributed. The total hydrogen gas content in
a fuel element was found to be decreased to 50-70 jag, therefore, it was concluded that the
hydriding failures will be prevented by the improved manufacturing process. Fuel bundles
manufactured under the improved process are being loaded into Wolsong Unit 1 core since June
1996. Due to the continuous discharge of the defective fuel bundles from the core and the loading
of fuel bundles manufactured under the improved procedure, the fission product activities in the
PHTS steadily decreased to the same level as it was before the failure occurred.

The fuel performance feedback from Wolsong Unit 1 confirms that the root cause of failure
has been eliminated.
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TABLE 1. FAILURE RATES OF KAERI BUNDLES

Production Year
No. of Loaded Bundles
No. of Failed Bundles
Failure Rate (%)

1986
363
0
0

1987
2674

0
0

1988
5137

8
0.16

1989
5222

6
0.11

1990
1428

5
0.35

1991
4949

2
0.04

1992
5177

4
0.08

1993
529
2

0.04

1994
5070

12
03

1995
2S7X

93
3 *

*1996
3302

0
0

Total
36422

132
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TABLE 2. VISUAL INSPECTION RESULTS

Production
Year

1994
1995
Total

Number of
Inspected Bundles

71
188
259

Number of
Confirmed Failed

Bundles
12
93

105

Visual Signs

Holes
6

61
67

Discolored
3

22
25

Spots
3

10
13

TABLE 3. HYDROGEN ANALYSES FOR DIFFERENT CANLUB THICKNESSES

Thickness (m)
Hydrogen Content (ppm)

3.2
1.271

4.8
1.249

5.3
2.406

5.6
1.372

6.9
1.866

8.7
6.540

10.3
10.480

11.1
7.609

12.1
10.090

TABLE 4. RELATIVE HYDROGEN CONTENT IN THE GRAPHITE COATING
LAYER AT VARIOUS POSITIONS IN BAKING CHAMBER

Oven
Position

Bottom 1
Bottom 2
Bottom 3
Bottom 4

Center
Upper

LeftSide
Right Side

Oven Front (ppm)
Sect. 1

7.936
4.842
9.235
5.268
2.634
2.023
2.422
1.703

Sect2

5.331
5.427
6.996
6.619
2.569
1.789
2.077
1.639

Oven Back (ppm)
Sectl.

1.901
2.228
2.191
1.999
1.503
1.351
1.771
1.107

Sect 2.

1.880
2.181
1.992
2.034
1.494
1.272
1.767
1.067

Average
(ppm)

4.262
3.670
5.104
3.980
2.050
1.609
2.010
1.379

Total Hydrogen Content
in the Graphite Sheath

(52gXAvg.,Rg)

221.6
190.8
265.4
207.0
106.6
83.7

104.5
71.7

FIGURE 3. CHANNEL LOCATIONS OF DEFECTIVE
FUEL DISCHARGED FROM WOLSONG
UNIT 1 (1995/%)

Back

365

365

360

t;

t:

r

365

350

320

r

350

350

280

•c

r

•c

Front

FIGURE 4. TEMPERATURE DISTRIBUTION
IN BAKING OVEN



SESSION 4B:

FUEL SAFETY



229

THE EFFECT OF ELEMENT BOW ON DRYOUT POWER AND
POST-DRYOUT HEAT TRANSFER IN CANDU FUEL BUNDLES

S.C. SUTRADHAR and J.R. SCHENK

Fuel Channel Thermalhydraulics Branch
AECL, Chalk River Laboratories
Chalk River, Ontario KOJ 1J0

ABSTRACT

Dryout and post-dryout tests were performed in a modified 37-element simulated CANDU
fuel bundle, with one outer element of the last bundle bowed at gradual but controlled steps
toward the pressure-tube wall. The dryout power decreased moderately as the gap size was
reduced from nominal to about 40%. For smaller-than-40%-gap sizes, however, the dryout
power increased in most cases; this resulted in almost equal dryout powers at the nominal and
zero gap sizes. The maximum surface temperature of the bowed element at up to 20%
overpower increased with decreasing gap sizes; however, for gap sizes smaller than 35% of
the nominal gap, the surface temperature fluctuated moderately.

INTRODUCTION

Individual elements within a fuel bundle may distort because of a number of mechanisms,
either within the fuel element or external to it. One mode of distortion is element bowing,
either toward an adjacent element or toward the pressure tube. Bowing may occur because of
the differential thermal expansion caused by large circumferential temperature gradients
(because of neutron-flux variation) across an element, inadequate fuel-to-coolant heat transfer,
irregular subchannel geometries, etc.

During small break loss-of-coolant accidents (LOCAs) in a CANDU reactor, non-uniform
fuel heatup at or near nominal element powers over an extended period of time may lead to a
distortion of a fuel element. A severely distorted element can cause (i) localized pressure-
tube overheating, (ii) sheath failure or (iii) permanent element deformation or both (ii) and
(iii).

As an element distorts, coolant circulation around it can vary significantly. The heat-
transfer coefficient may deteriorate locally, leading to an escalation in circumferential
temperature gradient across the element. If the element is exposed to the significant
temperature gradient in the post-dryout condition, permanent deformation or damage may
occur. The permanently deformed element could potentially affect the bundle critical heat flux
(CHF) during subsequent reactor operation.

To improve our knowledge of dryout behaviour and variation in surface temperature around
a severely distorted element, several tests were performed at the Chalk River Laboratories
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(CRL) first in water using annular test sections. Because these tests in a simple geometry do
not represent the complex flow phenomena in real bundles, CHF and PDO tests in a modified
37-element simulated CANDU fuel string were performed at CRL. One outer element of the
last bundle was bowed at gradual but controlled steps toward the pressure-tube wall. Both
dryout power and PDO surface-temperature data were obtained using Freon-134a refrigerant
as the coolant.

This paper presents the effect of a bowed outer element on CHF of a modified 37-element
simulated CANDU fuel bundle, as well as the effect of bow on element surface-temperature
distributions at PDO conditions. The data from this and subsequent tests will be used to
validate relevant prediction techniques applicable to CANDU fuel bundles. Since the
experiments were performed in a modified bundle geometry, the conclusions from this test are
not directly applicable to a regular CANDU fuel bundle.

EXPERIMENTAL APPARATUS AND PROCEDURE

Loop Facility

The MR-3 Freon Heat-Transfer Loop at CRL allows heat-transfer tests to be performed on
a string of 12 full-scale CANDU fuel bundles. Freon-134a (DuPont tradename for tetra-
fluoroethane) cools the test section at a much lower pressure, temperature and power, thus
reducing cost and time relative to water tests. Liquid refrigerant circulates at a measured and
controlled rate, temperature and pressure through the vertical test section. The test section is
heated by a continuously adjustable dc power supply (maximum 1 200 kW).

Test Section

The test section was a 37-element, 12-bundle CANDU fuel string, including end plates,
bearing pads and inter-element spacings. One outer element (# 8 in Figure 1) of the last
bundle was modified for the test. The element had 8% higher heat flux, over 1.5-m length,
than did the other elements in the outer ring, and this modification ensured initial dryout to
occur on the intended element. The element was slightly prebowed and the location of
maximum bow was 80 mm from the downstream end of the bundle. This location was also
the point of closest approach to the tube wall. The bearing pads on the bowed element were
removed to facilitate a radial travel of the element. The bundle string, otherwise, had a
uniform axial heat-flux distribution, and a natural-uranium (NU) radial heat-flux profile.

The desired gap size between the bowed element and the pressure-tube wall was obtained
by moving the element in radial direction, using a cam-drive mechanism. The mechanism
was positioned downstream of the bundle string to circumvent any interference with the
thermalhydraulic phenomena around the bowed element. The accurately calibrated smooth
cam was mounted on the central element and downstream of the last end plate. A solid rod
through the copper extension tube above the central element connected the cam to an electric
motor, and the motor was positioned outside of the test section.
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A transverse push rod, attached to the upstream end of the copper extension rod of the

bowed element, glided smoothly over the cam. As the cam was rotated, the push rod moved
the bowed element out and in, depending on the direction of cam rotation. Once the element
moved close to the tube wall, an electrically activated small brass disc, mounted flushed with
the tube wall, indicated its contact with the wall. At this point, further bowing of the bowed
element was halted.

Before inserting the bundle string along with the bowed element mounted on the last
bundle, the radial movement of the bowed element was calibrated against the angular rotation
of the cam. The bundle string was then inserted fully inside the flow tube and the bowed
element was slowly brought in contact with the tube wall. The contact signal went off when
the element touched the brass disc on the tube wall. The nominal gap between the bowed
element and the pressure-tube wall, corresponding to the angular rotation of the cam, was read
from the calibration chart. The nominal gap was also the maximum travel of the bowed
element during experiment. All gap sizes were measured at the maximum bow location

Sliding thermocouples in the bowed and in 4 surrounding elements (7, 9, 23 and 24 in
Figure 1) of the last bundle recorded their surface temperatures. Axial travel of thermo-
couples in each element was from 16.0 mm, measured from the end of the bundle, up to
about half-bundle length, and their angular rotation was 180° (for two diagonally opposing
thermocouples in each element). The zero-degree line on the elements was radially outward
and closest to the tube wall. The direction of thermocouple rotation was clockwise, looking
upstream along individual elements.

Test Procedure

Six equally spaced gap sizes, including the nominal (1.07 mm or 100% gap) and zero gaps,
were tested for dry out power at 1.65 MPa pressure, 10 to 16 kg/s flow rate and 40 to 54°C
inlet temperature. The PDO tests were performed at 20% overpower, 10.5 kg/s flow rate,
54°C inlet temperature and for 4 equally spaced gap sizes.

Initial dryout power: For the nominal gap size and a selected test condition, the test-
section power was increased in small steps to the anticipated dryout power. The bowed
element and 4 of its neighbouring elements were scanned thoroughly for the initial dryout at
each power increment. The initial dryout power was recorded corresponding to a 5 to 7°C
jump in surface temperature of an element. Then the test-section power was reduced slightly
(2 to 5 kW). Any variations in the loop conditions from the selected test conditions were re-
set, and the power was raised slowly to confirm the initial dryout. At this point, the on-line
data acquisition system recorded the pre-assigned test parameters. Then, the gap size was
changed and the procedure was repeated.

PDO temperature distribution: For the nominal gap size and a selected flow condition, the
test-section power was raised to the initial dryout power. Then the power was increased by
20% beyond the initial dryout power. Thermocouple readings of the bowed element and its
surrounding 4 elements were recorded at 40-mm-axial and 30°-angular intervals. Next, the
gap size was changed and the surface temperatures were recorded at the same axial and
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angular intervals.

Several video terminals in the control room displayed various test parameters such as
operating pressure, coolant temperature, flow and test-section power. Test-section
thermocouple readings, element-to-pressure-tube gap, axial and angular positions of
thermocouples, etc., were monitored on separate video terminals.

Additionally, the information about cam rotation, gap size, contact indication, thermocouple
positioning, etc., was recorded. Three scans (1 scan per second) were recorded, as well as
printed during dryout tests. For PDO tests, however, 1 scan for each thermocouple position
was recorded.

RESULTS AND DISCUSSION

Effect of Nominal Gap on Initial Dryout Power

For the nominal (1.07 mm or 100%) gap between the bowed element and the pressure-tube
wall, the initial dryout occurred mostly in the vicinity of maximum bow. This was due to the
fact that (i) the bowed element had about 8% higher heat flux than did the remaining outer
elements, (ii) it had no bearing pads, and (iii) 1.07-mm gap was the smallest gap in the
bundle. The extra 8% heat flux was considered to be the dominant factor among the others.

The initial dryout for the nominal gap size was detected along a narrow strip of ±5° angular
and 50-mm (30 to 80 mm from the downstream end of the bundle) axial spread on the bowed
element. The initial dryout power of the bundle string varied linearly with the coolant inlet
temperature. High-mass-flow runs required high powers at dryout. Similarly, the initial
dryout power decreased almost linearly with the increasing dryout quality (about 12 to 25%)
of the bundle string.

Effect of Bowing on Initial Dryout Power

As the gap was reduced progressively from the nominal gap size, the location of dryout
moved along the narrow strip, facing the wall, on the bowed element. For the nominal to
40% gap size, dryout occurred usually at and downstream of the point of closest approach for
all the runs. The angular spread of the strip was ±15°.

A further reduction of the gap size (from 40% to zero or contact condition) caused the
onset of dryout location to shift upstream of the point of closest approach. The shift was
again along the narrow strip facing the flow tube. The axial spread was about 120 mm (80 to
200 mm upstream of the last endplate) for all the runs. The angular spread was the same as
in the large gap (nominal to 40%) runs. For either the large or small gap size, no other
region of the bowed element, or any other element of the bundle, experienced dryout.

The variation in dryout power with changing gap sizes is shown in Figures 2, 3 and 4,
respectively, for 40°C, 47°C and 54°C inlet temperatures. The results for 3 flow rates are
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plotted in each figure. The figures show that the dryout power decreased for the nominal and
up to about 40% gap sizes. This trend, however, reversed as the gap was reduced further.

The minimum dryout power was only 3% (average) lower than the nominal-gap dryout
power. But the zero-gap dryout power was almost equal to the nominal-gap dryout power
(only - 1 % average change). This implies that there is no significant change in dryout power
of the bundle with decreasing element-to-pressure-tube gap sizes. (Note: Analysis of the test
results is continuing and will be published separately.)

Effect of Bowing on PDO Temperature Distribution

Post dryout tests were performed at 20% higher power than that needed to cause the initial
dryout on the bowed element at the nominal gap size, and at the test conditions of 10.5 kg/s
flow rate, 54°C inlet temperature and 1.65 MPa outlet pressure. The PDO surface
temperatures for the bowed element and 4 of its surrounding elements were recorded at 4 gap
sizes between the bowed element and the pressure-tube wall.

The temperature contours for the bowed element at different axial locations are plotted in
Figures 5 to 8. The dry patch enlarged with increasing overpower. The angular spread was
about 180°, and the axial spread was approximately 230 mm. The hottest spot was located
along the 0/360° line.

For the nominal gap size, a temperature of 100°C was recorded at 65 mm from the last
endplate (Figure 5). Surface temperature reached 120cC as the gap size was reduced further
(Figures 6 and 7). The location of the maximum temperature also moved upstream for 65%
and 35% gap sizes. As the element was brought very close to the wall (5% gap), the
temperature decreased (Figure 8). The location of the maximum temperature moved slightly
downstream, from that shown in the previous figures, for the near-wall gap size case. In
Figures 5 to 8, the temperature profiles are slightly asymmetric about 180° angular position.
This is because of the slight asymmetry in element 8 which was fabricated from commercial
tubing.

The surface temperature for small gap sizes (35% and 5% gap sizes) fluctuated mildly
along a narrow strip (±30° angular spread) facing the pressure-tube wall. The different points
along the 0/360° line for these gaps (in Figures 7 and 8) indicate the fluctuations. The
fluctuations could be due to alternating dryout and rewetting at the narrow gap region.

At about 18% overpower, dryout spread to a neighbouring element (# 7 in Figure 1) and
the maximum temperature on that element occurred at 65 mm upstream of the last end plate,
almost at the same axial location as on the bowed element, for the nominal gap size. The
dryout on element 7 occurred on the surface facing the wall subchannel formed by this
element, the bowed element and the tube wall. Dry patch on element 7 was smaller
compared to that on the bowed element. As the bowed element progressively moved toward
the tube wall, the gap between this element and element 7 changed. However, the surface
temperature of element 7 did not change significantly with changing gap sizes.
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FINAL REMARKS AND CONCLUSIONS

Dryout and PDO tests were performed in a modified 37-element simulated CANDU fuel
string cooled by Freon-134a. One outer element (# 8) of the last bundle was bowed at
gradual but controlled steps toward the pressure-tube wall. That element, devoid of bearing
pads, had 8% higher heat flux than did the remaining outer elements. The element was
slightly prebowed, maximum bow was 80 mm upstream of the last end plate. The
conclusions are

(a) For the nominal (1.07 mm) gap size, dryout occurred on the bowed element along a
narrow strip in the vicinity of maximum bow. The axial spread of dryout was from 30 to 80
mm upstream of the last end plate, and the angular spread was ±5°. The dryout power
decreased linearly with increasing inlet temperature as well as with increasing dryout quality.

(b) The initial dryout for all gap sizes occurred along the narrow strip, facing the flow tube,
on the bowed element. For nominal to about 40% gap sizes, the initial dryout appeared
downstream of the maximum bow location, whereas dryout moved upstream for 40% to zero
gap sizes.

(c) Element bow did not significantly affect initial dryout power of the bundle. The dryout
power decreased moderately (3% average decrease) for nominal to 40% gap sizes; it,
however, increased for small gap sizes (40% to contact). The increase was small, so that the
dryout powers were almost equal (-1% average change) at the nominal and zero gap sizes.

(d) For PDO runs, the dry patch appeared on the surface, facing the tube wall, on the
bowed element (# 8). The dry-patch area increased with increasing overpower. About 18%
overpower caused a neighbouring element (# 7) to dry out. No other element dried out at or
below this overpower.

(e) The maximum surface temperature of the bowed element at PDO conditions increased
proportionately with decreasing gap sizes; however, for gap sizes smaller than 35% of the
nominal gap, the surface temperature fluctuated moderately. The bowing of an outer element
did not significantly affect the temperature distribution of the neighbouring elements.
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ABSTRACT

The BTF-105A test, performed in 1996 March, was the first of a pair of in-reactor tests planned
to investigate fuel behaviour and fission-product release from CANDU-type fuel for the high-
temperature conditions expected following large-break loss-of-coolant accidents (LOCA) with
coincident loss-of-emergency-core-cooling (LOECC). The BTF-105A test assembly consisted of
an instrumented fuel stringer containing a single, unirradiated, fuel element; while the second
test, denoted BTF-105B, will use a similarly instrumented assembly containing a single,
previously irradiated, fuel element. As the first of these two tests, the primary objectives of
BTF-105A were to test instrumentation and procedures planned for use in BTF-105B, and to
obtain data on the relationship between fuel-centreline and sheath temperatures under transient
conditions with steam cooling. This paper describes the conduct and preliminary results of the
BTF-105A test, and also indicates improvements to be made for the upcoming BTF-105B test.
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1.0 INTRODUCTION

The objective of the Blowdown Test Facility (BTF) experimental program is to obtain fuel
behaviour, and fission-product release and transport data from in-reactor tests of CANDU-type
fuel under representative accident conditions.1'2 Data from these tests are used in developing and
validating computer codes3 used in the safety analysis and licensing of CANDU reactors.

The BTF is located in the NRU reactor at AECL's Chalk River Laboratories. As shown in
Figure 1, instrumented fuel stringers are installed in the central channel of a reentrant test
section, where they can be cooled by pressurized water or saturated steam provided by the U-l
loop. A test is initiated by isolating the test section from the U-l loop cooling circuit and then
opening the blowdown valve to depressurize the coolant through an instrumented blowdown line
into a sealed blowdown tank. As the test section depressurizes, separate steam and/or inert gas
purge systems are used to cool the fuel and to sweep fission products through the blowdown line.
The blowdown line is instrumented to measure coolant thermalhydraulic parameters and, using
an extensive collection of gamma spectrometers, fission-product gamma emissions. Steam
and/or inert gas purge flows and the NRU reactor power level are controlled to obtain the target
temperatures.

With the experience gained from the previous BTF-1074'5 and BTF-1046 tests, the BTF-105
experiment was divided in two to provide a separate test of instrumentation and procedures using
an unirradiated fuel element (BTF-105 A), before focusing on measuring fission-product releases
from a previously irradiated fuel element (BTF-105B) at 1800-2000°C. This strategy, which also
permitted the collection of fuel-centreline temperatures for validating fuel behaviour codes,3 was
designed to increase the quality of fuel temperature measurements and to provide more assurance
that the overall objectives of the BTF-105 experiment are met.

This paper describes the conduct and preliminary results of the BTF-105 A test. Conclusions and
recommendations are summarized, along with changes to instrumentation and test procedures
designed to improve data quality and ensure a successful BTF-105B test.

2.0 THE BTF-105A TEST

A cross-section through the BTF-105A test assembly at the fuel element midplane is shown in
Figure 2. The unirradiated 3.3% enriched, Bruce-geometry, fuel element was instrumented with
two C-type fuel-centreline thermocouples, designated TFC01 and TFC02, located at the top
bearing pad elevation and midway between the middle and bottom bearing pads, respectively.
External fuel element instrumentation included three C-type, rhenium-clad thermocouples
(TFS01, TFS02, and TFS03) attached with small Zircaloy clamps at the top, middle, and bottom
bearing pads respectively (the TFS02 clamp can be seen in Figure 2); and three K-type,
zirconium-clad thermocouples attached by laser welding at the top bearing pad elevation
(TFS06), midway between the top and middle bearing pads (TFS04), and midway between the
middle and bottom bearing pads (TFS05).
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The fuel element was installed inside a multi-layered thermal shroud to protect the facility from
the high fuel temperatures. The central flow tube in the shroud was madeirom NILCRA (100%
TD+ ZrO2), and was instrumented with a combination of C and K-type thermocouples
(designated TSTL01 - 06) installed in grooves in the outside of the NILCRA. The surrounding
Zircaloy-clad shroud was filled with a lower-density ZIRCAR (21% TD+ ZrO2), which was back-
filled with krypton to reduce thermal conductivity. The outside surface of the shroud was
grooved to accommodate two longitudinally-wound hot spot detectors. Larger grooves on
opposite sides of the shroud contained five outer wall thermocouples (designated TSTO01 - 05),
and a self-powered rhodium flux detector (RR02).

Other components built into the fuel stringer were a pair of turbine fiowmeters to measure flow
over the fuel and a steam preheater located above the thermal shroud, and a NILCRA-lined
debris retainer and an instrumented tube containing deposition coupons located below the
thermal shroud. Evacuated chambers were mounted on the hanger bar to capture fission product
samples from the grap sample tubes.

The most significant changes made to the facility were the addition of an aerosol sampling
system, which draws samples from the blowdown line a few metres upstream of the sampling
stations, and a cross-correlation flowmeter (also located just upstream of the sampling stations).
Using a series of thermocouples at known positions along the centreline of a length of the
blowdown line, the new flowmeter measures temperature perturbations within the coolant.
Hence, by determining the time required for the perturbations to traverse the distance between
thermocouples, a flow rate is calculated. Another facility change was the addition of separate
trace heating to each sample line to prevent condensation in the sample lines, while sampling,
and the resulting thermalhydraulic surging seen in the BTF-104 test.

2.1 Conduct of the Test and Observations

The test assembly was irradiated in pressurized water coolant at a linear power of about 50 kW/m
for 10 days to establish an inventory of short-lived fission products. Following this irradiation,
the stringer was subjected to a blowdown and a controlled high-temperature transient.

To simplify facility thermalhydraulic behaviour, the NRU reactor was shut down and the U-l
loop was converted to saturated steam cooling. The reactor was restarted, and a stepped startup
was performed. At the completion of the startup in steam, reactor power was held at 55%
demand power* for about 20 minutes, after which the power was quickly reduced to 2% demand
prior to performing the blowdown. The blowdown was initiated and a steam purge flow was
established as the test section depressurized. Inlet and outlet test section pressures (PIE 12 and
POE12, respectively) during the transient are shown in Figure 3. About a minute after
blowdown, the signal from the remaining functional turbine flowmeter (FTM4) dropped to zero.
(The FTM5 turbine had failed during the soak irradiation.) At this time, turbine failure was

+ TD: Theoretical Density
* 85% demand power is full reactor power for NRU
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assumed and it was decided to proceed with the test section inlet steam purge flow (FSPSH) set
to a flow rate of—10 g/s. - - •

Figure 4 presents the response of fuel-centreline thermocouples TFC01 and TFC02, and the
relative reactor neutron level (RRNL). A rapid drop in the centreline temperatures can be seen
starting at 120 s, in response to the decrease to 2% demand power. The response of the fuel to
the blowdown and subsequent power increases throughout the transient can be seen in the
significant increases in the centreline temperatures and the development of a larger axial
temperature gradient after the blowdown at 510.8 s.

The supplied steam and inert gas purge flows are shown in Figure 5. About five minutes after
blowdown, the inert gas purge was activated to supply inert gas (0.1% H2 in He) to the
blowdown tank for hydrogen dilution purposes, and to confirm operation of the system for its use
in post-test cooling. Liquid water from the gas supply line entered the test section, and resulted
in the significant drop in fuel-centreline temperatures to less than 300°C from about 850 to 950 s
in Figure 4. By 950 s the water was cleared from the supply line, and the inert gas purge flow
was established at about 1.1 L/s. This gas flow was maintained for about another four minutes
(until 1307 s) and then shut off until the end of the test, when it was re-established for post-test
cooling. Figure 5 also shows that the steam purge flow decreased to about 7 to 8 g/s before the
inert gas flow was shut off, and was maintained at this level for the remainder of the test.

As shown on the RRNL curve in Figure 4, reactor power was increased and held at plateaus of 3,
4, 8, 10, 13 and -15% demand power during the transient. The final brief reduction to -12%
demand was in response to the outer wall temperatures of the thermal shroud approaching the
reactor trip limit. It was noticed during the test that fuel temperatures sometimes declined
significantly. The first time this happened, at about 1700 s, fuel temperatures dropped by about
200°C while the reactor power was constant at 3% demand. A more significant reduction
occurred at about 2400 s, while the reactor power was being raised to 10% demand. The cause
of these decreases in measured fuel temperature were later diagnosed to be the result of periods
of higher steam flow through the test section (see Section 3.1).

Approximately 48 minutes into the test (at 2905 s), the target fuel-centreline temperature of
1900°C was reached. After about three minutes of operation within the target fuel temperature
range (at about 3100 s) the thermal shroud failed. (Evidence of this failure was the rapid increase
in the shroud internal pressure to the local coolant pressure.) Immediately following the shroud
failure, a rapid increase in the outside shroud temperatures was observed. The outer shroud
temperature adjacent to the bottom bearing pad of the fuel element (TSTO04) came within 100°C
of the 875°C trip threshold; consequently, a power setback to 12% demand was requested.

Twenty seconds after the requested power setback, fuel, coolant, and shroud temperatures
plunged suddenly. A few seconds later fuel failure was detected by the blowdown line gamma
monitors (at 3177.3 s). The target fuel temperatures had been maintained for more than 4.5
minutes. Following the rapid drop in temperatures, fuel-centreline temperatures increased to a
new steady-state value of 400 to 600°C. It became apparent that the increased cooling in the test
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section, due to the presence of liquid water, would not be overcome easily, and the decision was
made to activate the stringer grab samples and to switch the aerosol sampling system from its
initial thimble filter to one of the cascade impactors before requesting a reactor shutdown.

After the test, it was hypothesized that the sudden drop in temperatures was the result of a build-
up of condensed water at the bottom of the re-entrant test section which swept through the test
section. Evidence of condensation running down the walls of the pressure tube and pooling at
the entrance to the test section is seen in the drop to saturation temperature (~150°C) of the
lowermost pressure tube thermocouple (TPT01) beginning at about 1500 s in Figure 3. It is also
believed that the drop in power from 15 to 12% demand during a period when the test section
pressure was unusually high (> 1 MPa) could have initiated the reflux of liquid through the test
section by producing a situation where condensation briefly increased.

Post-test analyses focused on qualifying instrument performance and determining the fuel power
and steam flow over the fuel during the transient (see Sections 2.2 and 3.1). Initial post-
irradiation examinations focused on investigating the thermal shroud failure and determining the
status of the turbine flowmeters (see Section 3.2).

2.2 Selected Instrument Performance

As can be seen in Figure 6, the fuel sheath thermocouples TFSOl, TFS05 and TFS06 did not
respond similarly to the other sheath thermocouples. This was first noted during the soak
irradiation, where it was determined that the cladding of the TFS05 and TFS06 (K-type)
thermocouples had failed (with subsequent water ingress causing the temperature offsets), and
the electrical connections to the TFSOl (C-type) thermocouple had shorted in the top closure area
during the first startup of the reactor. Data from the remaining sheath thermocouples were
consistent with the fuel-centreline thermocouples, with the exception that the TFS04
thermocouple and the faulty TFS05 (K-type) thermocouple were driven off-scale during the
highest-temperature period. The main instrumentation lessons learned were that K-type sheath
thermocouples could not be expected to survive these high-temperature conditions, and that
attaching spaded tip thermocouples by laser welding was prone to causing thermocouple
cladding failures. The good performance of the remaining TFS02 and TFS03 (C-type)
thermocouples attached with Zircaloy clamps has led to this technology being adopted for the
BTF-105Btest.

The overall performance of the thermocouples used behind the NILCRA liner was good, with no
cladding failures observed during the soak irradiation. However, two of the three K-type
thermocouples were driven off-scale during the highest-temperature period. As a result, it was
recommended that K-type thermocouples not be used below the top bearing pad elevation in the
BTF-105B test.

3.0 PRELIMINARY POST-TEST ANALYSES

Thermalhydraulic analyses and preliminary in-cell PIE have been performed. Detailed fission
product release analysis has not yet been done. The low fission product releases and the flow
fluctuations during BTF-105A reduced the value of data from the aerosol collection system.
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Releases are expected to be much larger and steps will be taken to regulate the flow better during
BTF-105B: This should lead to better performance of the aerosol system."

3.1 Fuel Power and Flow

The power history for the fuel element was determined from test assembly calorimetry under
pressurized water cooling conditions coupled with neutron flux measurements from the RR02
flux detector. The power history for the water-soak irradiation (where power was assumed to be
proportional to the RR02 measurement) and the ORIGEN computer code were utilized to
estimate the y and p sources for decay heat at the time chosen for normalizing to the RR02
readings. An MCNP transport calculation was used to assess the y heating distribution within the
test assembly components, where it was assumed that all of the p energy is deposited in the fuel.
These MCNP transport calculations, and separate criticality calculations for water- and steam-
cooled conditions, provided an estimate of how much the test element power increased relative to
the rhodium flux detector reading when the cooling was changed from water to steam (1.08).

Decay heat within the fuel at every point during the irradiation was estimated using the
DECAYHEAT computer code. This was combined with the above analyses to determine the
total power (prompt plus decayed) and partition it to either the fuel plus sheath or coolant plus
shroud. Figure 7 presents the results of the fuel power analyses for the test transient, showing the
calculated powers deposited in the fuel and sheath, and coolant and shroud, respectively. Note
that although higher temperatures were reached in BTF-105A than in BTF-104, the maximum
fuel power was actually higher in BTF-1046 than in BTF-105A. This strongly suggested that the
steam flow over the fuel was generally lower during the BTF-105A transient than during the
BTF-104 transient.

The FTM5 flowmeter failed during the soak irradiation and flow through the FTM4 flowmeter
fell below its stall limit (see Section 3.2). As a result the flow over the fuel was estimated from
the flow into the blowdown tank (from blowdown tank level measurements) and the flow
through the blowdown line cross-correlation flowmeter (CCFM). As seen in Figure 8, the
integrated flow as measured by the CCFM and by blowdown tank mass gain are in better
agreement with each other than they are with the integrated steam purge supply flow (FSPSH).
CCFM data were updated on a 60 s interval, hence the comparatively slow response of this
measurement. At about 1000 s after blowdown the flow into the blowdown tank, calculated by
both methods, was about 2 kg more than supplied (because of the injection of water through the
inert gas purge line), but then decreased significantly between 1000 and 3100 s due to
condensation. These calculations also show a significant increase in the blowdown tank weight
from 3200 to 3500 s, which represents the built-up condensate flushing through to the blowdown
tank. Because the CCFM was designed to measure steam flow, condensed water could have
passed undetected beneath the CCFM thermocouples, resulting in the observed 4 kg shortfall
relative to the total mass-gain at the blowdown tank.

The flow rate into the tank, obtained by differentiating the blowdown tank level data is also
provided in Figure 8. This curve shows that the test section flow rate was non-uniform, with
periods of near-zero flow interspersed with periods of flow of up to a few grams per second. The



245

periods of higher flows correlate well with the observed periods of decreased fuel and sheath
temperatures (see Figures 4 and 6, respectively). Flow data derived fronrthe blowdown tank
mass gain have been used in simulations of the test3.

3.2 Post-Irradiation Examination (PIE) of the Test Assembly

Immediately after the test, a gamma scan of the stringer inside its storage can was performed.
This scan revealed that the low-volatile fission products associated with the fuel (e.g., La-140)
were present almost exclusively at the original fuel location, indicating that the fuel pellet stack
was largely intact. As a result of this finding, and recognizing that it would simplify examination
of the instrumentation and the thermal shroud, the initial PIE of the fuel stringer was performed
without first encasing it in epoxy.

The fuel stringer was cut into three pieces to isolate the fuelled section from sections containing
the turbine flowmeters and deposition coupons. The two flowmeters were both found to be
electrically functional. A calibrated nitrogen flow was passed through the assembly to examine
the response of the two flowmeters. The upstream turbine (containing carbide bearings) was
functional, while the downstream turbine (which contained alumina bearings) remained stalled.
Further testing showed that the start and stall flow values of the upstream (FTM4) flowmeter
were unchanged from its original calibration. It was concluded that the FTM4 flowmeter was
fully functional during the test; but the steam flow fell below the turbine stall flow-rate and
remained below the startup flow-rate throughout the transient. The flow-rate calculated from the
blowdown tank mass gain and from the cross-correlation flow meter support this conclusion.

The shroud had no external damage (other than the development of a thin black oxide), and there
was no evidence of creep deformation of the outer shroud wall. The debris retainer, when
sectioned longitudinally, was free of any visible debris. Any debris that entered the retainer
during the transient was probably smaller than the 3 mm holes in the retainer sieve plate and was
simply swept through the retainer.

The thermal shroud was cut open longitudinally, and was opened by removing the upper half of
the outer shroud wall with its enclosed low-density ZIRCAR still attached. The inner Zircaloy
wall of the thermal shroud was found to be heavily oxidized and broken up in a 50 mm wide
zone near the elevation of the lower bearing pad of the fuel element. Evidence of steam ingress
into the ZIRCAR could also be seen in the mating half of the shroud. The ZIRCAR insulation
was intact except for some minor spalling on its interior surface and a 3 mm wide through-wall
crack that lined up with the zone of heaviest damage on the inner Zircaloy wall. It was
concluded that the rapid injection of steam into the shroud following failure of the inner wall
caused the through-wall crack in the ZIRCAR insulation. This crack then provided a path for the
hot steam to heat the outer wall of the shroud directly, which in turn caused the rapid rise in
temperature recorded by the TSTO04 thermocouple.

4.0 CONCLUSIONS AND RECOMMENDATIONS

The BTF appears to be susceptible to upstream condensation, leading to reduced flow over the
fuel, and the build up of a pool of liquid which can unexpectedly flush through the test section.
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Changes have been made to permit using a mixture of He and C02 in the annulus between the
pressure tube and its surrounding liner tube. The use of a gas mixture should provide better
control of pressure-tube temperatures and prevent the formation of condensation. As a further
improvement, the steam condensate drain system (which was not used previously due to
calibration problems) will be used during the BTF-105B test. To extend the lower limit of flow-
rate measurement, improved turbine flowmeters will be used and a cross-correlation flow meter
will measure the flow just above the fuel element.

Of the many lessons learned about instrument performance, the most important was that the
high-temperature rhenium-clad thermocouples attached with Zircaloy clamps remained
functional and stayed in contact with the sheath throughout the test. As a result, this technology
will be used in the BTF-105B test.

While more fuel PIE work remains to be done, some preliminary conclusions are:

1) The fuel failure came much later and at higher temperatures in the BTF-105 A test than in
previous tests employing higher burnup fuel. It appears that low burnup CANDU fuel
(where the internal gas pressure remains below the coolant pressure) is fairly robust and may
not fail until the oxidized sheath is challenged by the thermal stresses associated with rewet.

2) Low burnup CANDU-type fuel quenched from high temperatures appears to remain in a
coolable geometry. This finding, based on post-test gamma scans of the BTF-105A fuel
element, suggests that, although the fuel may be relatively fragile when cold, it must retain
significant mechanical strength during quenching.

3) Initial calculations show that the integral releases in the BTF-105A test were significantly
lower than in BTF-104. The lack of a large inventory of fission products at the grain
boundaries may contribute to lower releases from the fuel during hearup and quench.
Therefore, models that track the location of fission products within the fuel are needed to be
able to predict the differences in release under accident conditions between relatively fresh
and higher burnup fuel.

4) Experimental data were acquired that are being used in the validation of computer codes used
in the safety analysis and licensing of CANDU reactors3.
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ABSTRACT

Over the course of the years, a conceptual highly advanced core (HAC) reactor has been designed for Japan's
Electric Power Development Company Limited (EPDC). The HAC reactor, which is capable of generating
1326 MW of electrical power, consists of 640 CANDU^-type fuel channels with each fuel channel containing
twelve 61-element fuel bundles. As part of the conceptual design study, the performance of the HAC reactor
during a large loss-of-coolant accident (LOCA) was assessed with the use of several computer codes. The SOPHT,
C ATHENA, ELOCA and ELESTRES computer codes were used to predict the thermalhydraulic behaviour of the
circuit, thermalhydraulic behaviour of a single high-power channel, thermal-mechanical behaviour of the outer fuel
elements contained in the high-powered channel, and the steady-state fuel-element conditions respectively, "*Qie
LOCAs that were analyzed include 100% reactor outlet header (ROH) break, and a survey of reactor inlet header
(RIH) breaks ranging from 5% to 25%. The conceptual feasibility of the HAC design was evaluated against two
criteria; namely, maximum sheath temperature less than 1200°C and AECL's 5% sheath straining criterion to
assess failure by excessive straining. For the cases analyzed, the analysis predicted a maximum sheath temperature
of 820°C and a maximum sheath strain of 1.5% (the tnpxinnwn pressure-tube temperature was 515°C).

Although the maximum element-burnup of the HAC design is extended beyond the CANDU 6 burnup, the
maximum linear power of HAC (40 kW/m) is significantly lower than the maximum linear power of a CANDU 6
reactor (60 kW/m). The reduced element-power level in conjunction with internal design modification for the
HAC design has resulted in significantly lower internal gas pressures under steady-state conditions, as compared
with the CANDU 6 design. During a LOCA, the low linear powers and zero-void reactivity associated with the
HAC design has increased the safety margin. In addition, the cases analyzed indicate that the reactor conditions
(reactor power transient and flow conditions) during the transient do not lead to any significant increase in fuel
volumetric-average temperature relative to the steady-state.

1. HIGHLY ADVANCED CORE DESIGN

The highly advanced core (HAC) design1 involves a number of design modifications that have
increased the safety margin. The following provides a brief summary of the HAC design:

• The bundle consists of 61 elements, contained in a 5-ring configuration.

• The outer 3 fuel rings contain low enriched uranium-235, and the inner 2 rings contain
depleted uranium-235 and burnable poison. The amount of burnable poison in the inner 7 fuel
elements is chosen to give an essentially zero-void reactivity.

• The pellet design has been optimized with the intent of minimizing the internal gas pressure.

• Graphite disks have been inserted between fuel pellets to provide low-resistance heat

CANDU® : Canada Deuterium Uranium is a registered trademark of Atomic Energy of Canada Limited.
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conductive pathways away from the fuel and reduce fuel temperatures during normal
operating conditions.

• The average bundle discharge burnup, maximum bundle discharge burnup and maximum
element discharge burnup are 984 MW»h/kg U, 1200 MW«h/kg U and 1320 MW»h/kg U
respectively.

• The maximum bundle power, maximum channel power and maximum element linear power
are 975 kW, 7370 kW and 40 kW/m respectively.

2. DISCIPLINE INTERACTION

The SOPHT2, CATHENA3'4, ELOCA5'6 and ELESTRES7 computer codes are used to predict
the behaviour of the HAC design during a loss-of-coolant accident (LOCA). The SOPHT circuit
model predicts the primary heat transport system behaviour following a postulated reactor header
break, including transient header conditions. Some of the important variables determined are core
refilling time, break discharge rate and enthalpy, timing of safety system actions, coolant flow,
pressure, temperature and inventory. The CATHENA single-channel simulation uses the SOPHT
transient header conditions (pressure, enthalpy and void) and power transient as boundary
conditions8 to assess the single-channel thermalhydraulics in extensive detail. In order to assess
the fuel behaviour during the transient, ELESTRES calculations are performed to estimate steady-
state fuel-element conditions at the onset of the accident. Then, after the onset of the accident,
the fuel and fuel-sheath behaviour of the outer fuel elements residing in the core pass downstream
of the break (i.e., critical core pass) are evaluated by the ELOCA code. The ELOCA code
requires information regarding the fuel-element state during normal operating conditions, which is
obtained from ELESTRES. It also requires the power transient (obtained from SOPHT), coolant
temperature, coolant pressure and sheath-to-coolant heat transfer coefficients (obtained from
CATHENA) as transient boundary conditions. The interaction between the various disciplines is
provided in Figure 1. The objective of this paper is to describe the methodology and provide the
key results related to the single-channel assessment (i.e., CATHENA, ELESTRES and ELOCA
simulations).

3. CATHENA SINGLE-CHANNEL ANALYSIS METHODOLOGY

The single-channel analysis is performed using the CATHENA thermalhydraulic computer
code. CATHENA is a one-dimensional, two-fluid non-equilibrium thermalhydraulic computer
code designed for the analysis of two-phase flow and heat transfer in piping networks. The
model consists of individual mass, momentum, and energy equations for the gas and liquid phases,
together with flow-regime dependent constitutive relations that describe mass, momentum, and
energy transfers across the interface and between each phase and piping walls. The heat transfer
process models available include wall and fuel heat conduction, heat generation through the
zirconium metal-water reaction, thermal radiation heat transfer, wall-to-fluid heat transfer, and
the heat transfer phenomena in a horizontal fuel channel during stratified flow conditions.

The CATHENA nodalization, which consists of the reactor inlet header, inlet feeders, inlet
end-fittings, fuel channel, outlet end-fitting, outlet feeders, and reactor outlet header, is shown in
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Figure 2. The inlet and outlet feeder is divided into 7 sections, the inlet and outlet end-fittings are
divided into 4 sections, and the fuel channel is divided into 12 sections (ie.., 12 bundles residing
within the channel). A detailed nodalization of the fuel elements, pressure tube, and calandria
tube is provided in Figure 3. The nodalization considers that the fuel bundle, pressure tube and
calandria tube are symmetrical across the vertical plane. Each fuel element is divided into 4 radial
regions: fuel, gap, Zircaloy sheath and oxide layer. The fuel element model consists of a detailed
radial nodalization with 6 radial nodes in the fuel pellet region, 2 radial nodes in the gap region, 2
radial nodes in the sheath region, and 2 radial nodes in the oxide region. The thermal radiation
among the fuel elements, between the fuel elements and the pressure tube, and between the
pressure tube and calandria tube is modelled in the CATHENA single-channel analysis; therefore,
a view factor matrix associated with the HAC 61-element bundle design was generated. The heat
transfer associated with a particular surface under flow stratification in the channel has been
modelled by incorporating the appropriate channel void fractions used to calculate the heat
transfer from surfaces submerged in liquid and the heat transfer from surfaces exposed to steam
conditions.

A detailed physics calculation was performed to determine the axial power profile for the high-
powered channel. The axial power profile for the channel was determined at the state of highest
channel power observed in the physics 1000 full-power days (FPD) simulation (i.e., the maximum
channel power of 7.4 MW occurs at 840 FPDs). Since each ring of fuel elements was simulated
in CATHENA, the axial power profile of each ring was applied in the simulation. The maximum
channel power was arbitrarily increased from 7.4 MW to 7.7 MW to account for uncertainties.

4. FUEL ANALYSIS METHODOLOGY
In order to assess the fuel behaviour during the transient, the dynamic response of the fuel

element must be considered. That is, phenomena such as sheath deformation, fuel-to-sheath heat
transfer coefficient and internal gas pressure should be recognized in the analysis. Since a detailed
fuel model is not available in CATHENA, the ELESTRES and ELOCA code were used to
simulate the fuel behaviour for the 100% reactor outlet header (ROH) and 5 reactor inlet header
(RIH) break cases. For some breaks, the coolant flow in the core pass downstream of the break is
significantly reduced for a short period of time. The reduced flow rate results in a decreased fuel-
to-coolant convective heat transfer and subsequent increase in sheath temperatures. A rise in
sheath temperatures reduces the sheath strength, and the pressure gradient across the sheath
increases the stress applied to the fuel sheath. The increased fuel-sheath stress and decreased
fuel-sheath strength may result in sheath straining in the critical core pass.

4.1 Fuel-Element Steady-State Conditions

The ELESTRES code models the behaviour of CANDU fuel elements under normal operating
conditions. The code requires the geometrical data of the fuel element, coolant boundary
conditions and a power-burnup history as input. Some of the important performance parameters
include fission-gas release, internal and interfacial pressures, temperature and pellet ridge strains.
A single element is modelled by accounting for the radial and axial variations in stresses and
displacements. The constituent equations are physically based and include such phenomena as
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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.

Fuel-element initial conditions are determined by using a modified version of the ELESTRES
computer code, which accounts for the presence of the HAC inter-pellet graphite disc by allowing
heat flow to be conducted in the radial, axial and circumferential directions. In order to determine
the pre-transient fuel conditions for the 100% ROH and the five RIH breaks, a total of 12
ELESTRES cases that simulate the outer elements of the 12 bundles residing within the high-
powered channel were completed.

The ELESTRES cases simulated the fuel behaviour during normal operating conditions using
the high-powered envelope and the outer-element burnups obtained for the highest powered
channel. A high-power envelope is a hypothetical power/buraup history that has a higher power
history than the power history of any bundle in the core. For design assessments, a bundle will
meet the continuous high-power requirements of the core for a particular refuelling scheme if it
can be shown that a bundle will successfully operate along a power history outlined by the
envelope. Based on results obtained from the 1000-FPD refuelling simulations, the maximum
linear power of the HAC element is «40 kW/m at a burnup of «240 MW-h/kg U. For assessing
the fuel performance during normal operating conditions, the high-power envelope was arbitrarily
pro-rated to a maximum linear power of 47 kW/m to account for simulation uncertainties and the
axial flux peaking factor.

4.2 Transient Fuel and Sheath Behaviour

Analysis of the fuel and fuel-sheath behaviour during the LOCA was performed with the
ELOCA.MK5 computer code. ELOCA.MK5 is used to simulate the transient thermo-mechanical
response of a single fuel element following an accident. The model treats a single Zircaloy-
sheathed UO2 fuel element and assumes axisymmetrical properties. Physical effects considered in
the ELOCA code are as follows: thermal, elastic and plastic sheath deformation; variation of
internal gas pressure during the transient; variation of the fuel-to-sheath heat transfer coefficient
and the fuel-to-sheath radial gap during the transient; fuel expansion, cracking and melting;
beryllium-assisted crack penetration of the sheath; and sheath oxidation.

The ELOCA.MK5 analysis is used to evaluate the fuel performance against the fuel-sheath
integrity requirements of maximum sheath temperature less than 1200°C, and AECL's 5% sheath
straining criterion.
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5. RESULTS OF THE 15% Rffl ANALYSIS

Since the analysis indicates that the 15% RIH case results in the highest temperatures, detailed
analysis results associated with this case are presented.

5.1 CATHENA Simulation

The boundary conditions (pressure, fluid enthalpy, vapour enthalpy and void) for the broken
pass of the broken loop, which have been determined from the SOPHT circuit analysis, are
applied in the CATHENA single-channel analysis. Since the broken reactor inlet header is RIH 4,
the critical pass contains the channels between RIH 4 and ROH 1. The mass flow rate for channel
R17, which is a channel in the critical pass, drops rapidly as a result of depressurizing RIH 4, and
the mass flow rate in the broken pass reverses.

The maximum sheath temperatures calculated for each ring of elements of the HAC bundle
indicate that the outer-element temperatures are the maximum in the channel (Figure 4).
Furthermore, due to flow stratification in the channel, the maximum sheath temperature occurs in
the element located at the top of the bundle. The CATHENA single-channel analysis indicates
that the maximum sheath temperature during the transient is 769°C. A detailed ELOCA analysis
of the fuel element is provided in Section 5.3.

The pressure-tube temperatures and radial stresses for each channel location are predicted by
CATHENA. The pressure-tube temperatures during the transient closely follow the profile of the
fluid temperatures, with a maximum pressure-tube temperature of 515°C.

5.2 Fuel-Element Initial Conditions (ELESTRES Simulations)

The power-burnup histories, which are based on the 1000-FPD physics simulation, are shown
in Figure 5. The power level for each of the bundles is close to the power levels determined for
the high-powered envelope, which is based on the element power levels of the entire core during
the 1000-FPD physics simulation. Therefore, the power levels of each bundle are assumed to be
represented by the power level associated with the high-powered envelope. Since the LOCA is
assumed to occur at the time of highest channel power, the outer-element burnups of the bundles
residing within channel R17 at 840-FPD are applied in the ELESTRES simulations. As the fuel
burnup increases, the fission gas released to the gap is increased and the peak internal gas
pressure increases (Table 1).

5.3 Fuel-Element Transient Behaviour (ELOCA Simulations)

The CATHENA single-channel simulations indicate that the top element of the outer ring in
each bundle achieves the maximum fuel temperature; therefore, ELOCA simulations used the
predicted CATHENA coolant pressure, coolant temperature and sheath-to-coolant heat transfer
coefficient corresponding to these top elements in the outer ring of the 12 bundles residing in
channel R17. The sheath temperatures predicted by ELOCA are provided in Figure 6. The
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maximum sheath temperature predicted by ELOCA is 815°C; therefore, the 1200°C peak-sheath-
temperature criterion has been satisfied. The fuel centreline temperature, fuel volumetric
averaged temperature, fuel surface temperature, and the sheath temperature for the top elements
in the outer ring of bundle 4 are provided in Figure 7. Early in the transient, the flow in the
channel approaches stagnation and the sheath-to-coolant heat transfer is significantly reduced,
resulting in an increase in the net heat flow into the sheath. The heat content within the fuel is
rapidly redistributed (i.e., a decrease in the fuel centerline temperature with an increase in the fuel
surface temperature) and therefore the sheath experiences a significant temperature rise. The
increase in sheath temperature reduces the net influx, since the temperature gradient between the
fuel surface and the sheath is reduced. The coolant flow moves away from the stagnation point
and a reverse flow rate is established. The reverse flow results in an increase in heat removal from
the sheath and the sheath temperature decreases. Later in the transient («20 s), the sheath
experiences a second heat-up period resulting from near stagnation conditions. However, at this
time the heat content within the fuel has been significantly reduced by the heat removal associated
with the previous off-stagnation periods. At this point, the relatively slow heat-up indicates that
the decay heat generated is slightly greater than the heat removed by convection and radiation.

An important parameter in determining the transient response of a sheath during a LOCA is the
stored energy in the fuel element at the time of stagnation. To maximize the sheath temperature,
the stored heat contained within the fuel element should be maximized at the time stagnation
occurs. The maximum sheath temperature is limited to the fuel surface temperature, which is
related to the volumetric-averaged fuel temperature. If there is significant cooling before
stagnation occurs (i.e., energy removed from the element is greater than the energy generated),
then the volumetric-averaged fuel temperature will decrease. Then, once near-stagnation
conditions occur in the channel, the sheath temperature will increase and the fuel centreline
temperature will decrease to this reduced volumetric-averaged fuel temperature (Figure 7).

5.3.1 Sheath Strains

The sheath strains predicted by ELOCA (Figure 8) are significantly below the 5% failure
criterion; therefore, sheath failure caused by excessive straining is precluded. The sheath straining
behaviour may be understood by identifying the underlying principles that govern the deformation
of the sheath. In ELOCA, the total sheath strain is composed of three components: elastic
straining (dependent on Young's modulus, hoop stress and axial stress), thermal expansion
straining (dependent on the sheath temperature), and plastic/creep straining (based on
experimental determined parameters for Zircaloy sheath material, hoop stress, axial stress, and the
creeping behaviour of the sheath). The stresses and temperatures occurring during a LOCA
transient may result in significant changes in the Zircaloy microstructure (grain size, dislocation
density and phase changes from alpha-to-beta).5 The creep behaviour of the Zircaloy sheath
during a LOCA is dependent on these micro structural changes. The pre-transient analysis
predicts that the sheath is in contact with the fuel pellet at the onset of the accident; however, a
radial gap develops during the LOCA transient. In some elements, a rapid reduction in sheath
strain at high sheath temperatures (i.e., sheath collapse onto the fuel pellet at «5 s) occurs and is
related to the creep behaviour of the sheath (i.e., high sheath temperatures with the external
coolant pressure being greater than the internal gas pressure).
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6. REACTOR HEADER BREAK SUMMARY

The depressurization transient associated with the RIH of the critical pass illustrates the
relative depressurization for the various breaks analyzed and effectively shows that the larger
break sizes result in a faster depressurization of the header (Figure 9). The channel flow rates in
the early portion of the transient indicate a rapid flow reversal for large breaks such as 25% RIH
and 100% ROH, sustained forward flow for smaller breaks such as the 5% RIH, and near
stagnation conditions for intermediate breaks such as 15%, 10% and 8% RIH (Figure 10). The
profile of the maximum sheath temperatures, which correspond to bundle position 4 for all of the
LOCA cases, are in direct response to the channel flow conditions (Figure 11).

An important parameter in the analysis is the "stored heat" within the fuel at the "time of
stagnation". If the stagnation occurs early in the transient, then the stored heat is quite high, close
to the steady-state value. If the stagnation occurs later in the transient, then the stored heat
would have been reduced from the normal operating condition. However, if the stagnation period
persists in the later portion of the transient, then the stored heat will increase as a function of
duration of channel stagnation and heat generated by the fuel. The volumetric-averaged fuel
temperature during the transient, which is a good indicator of stored heat, and the timing of the
maximum sheath temperature are plotted for each of the LOCA cases in Figure 12. For each of
the cases, the maximum sheath temperature is limited by the volumetric-averaged fuel
temperature. It is interesting to compare the results for the 10% RIH and 8% RIH breaks. The
smaller break size of 8% RIH, as compared with 10% RIH, results in a slower depressurization of
the inlet header and therefore, the positive flow rate for the 8% break requires more time, as
compared with the 10% break to reach the near-stagnation condition («10 s for 8% RIH, «5 s for
10% RIH). As shown in Figure 12, the additional cooling associated with the 8% RIH case, as
compared with the 10% case, results in a lower volumetric-averaged temperature before
stagnation. In both the 8% and 10% RIH cases, the volumetric-averaged fuel temperatures begin
to increase following stagnation, which indicates that the heat removal is less than the heat
generated by the fuel. Even though the stagnation period for the 8% RIH case («15 s of
stagnation) is greater than the 10% RIH (a few seconds), the maximum volumetric-averaged fuel
temperature following stagnation is lower for the 8% RIH, as compared to the 10% RIH. This is
due to the initial reduction in volumetric-averaged temperature that resulted from convective
cooling. For the range of break sizes considered, the stagnation period is insufficient to increase
the sheath temperature beyond the 1200°C threshold. For all the reactor header breaks analyzed,
the maximum sheath strain is less than «1.5% and the maximum pressure-tube temperature
remains relatively low (less than «515°C).

7. CONCLUSIONS

The computer codes SOPHT, CATHENA, ELESTRES and ELOCA were used to predict the
HAC performance during a LOCA. The LOCAs that were analyzed include 100% ROH, 25%
RIH, 10% RIH, 5% RIH, 8% RIH and 15% RIH. The conceptual feasibility of the HAC design
was evaluated against two criteria; namely, maximum sheath temperature less than 1200°C and
AECL's 5% sheath straining criterion. The maximum sheath temperature for the cases analyzed
is 816°C. The maximum sheath strain is less than «1.5% and the maximum pressure tube
temperature remains relatively low (less than «515°C). The relatively low pressure tube
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temperature in conjunction with the predicted pressure-tube stress (with the maximum stress
occurring at the onset of the accident) is insufficient to result in pressure tube straining.

Although the maximum element-burnup of the HAC design is extended beyond the CANDU 6
burnup, the maximum linear power of HAC (40 kW/m) is significantly lower than the maximum
linear power of a CANDU 6 reactor (60 kW/m). The reduced element-power level in conjunction
with internal design modification for the HAC design has resulted in significantly lower internal
gas pressures under steady-state conditions, as compared with the CANDU 6 design. During a
LOCA, the low linear powers and zero-void reactivity associated with the HAC design has
increased the safety margin. In order to violate the maximum sheath temperature criterion, then
the volumetric-averaged fuel temperature would have to approach «1200°C. In all of the cases
analyzed, the maximum volumetric-averaged fuel temperature at the onset of the accident is
«1000°C. More importantly, the cases analyzed indicate that the reactor conditions (reactor
power and flow conditions) during the transient do not result in any significant increase in fuel
volumetric-averaged temperature relative to the steady-state fuel volumetric-averaged
temperature.
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Table 1: ELESTRES Predictions for Channel R17

PARAMETER

Peak Element Power (kW/m)
Maximum Burnup
(MW»h/kg U)
Element Power at Maximum
Burnup (kW/m)
Peak Fuel Centreline
Temperature (K)
Fuel Temperature at
Maximum Burnup (K)
Gas Release at Maximum
Burnup (mm3)
Peak Internal Pressure (MPa)

Bundle Position
1

46.5
4

46.5

1813

1810

0

0.37

2
46.6
59

46.6

1813

1792

84

0.38

3
47
166

47

1901

1900

1061

0.65

4
47
282

44.8

2039

2039

6398

2.09

5
47
409

38.3

2041

1936

12211

3.85

6
47
518

33.9

2041

1799

14539

4.27

7
47
586

31.9

2041

1750

15797

4.44

S
47
666

28.9

2041

1661

16975

4.75

9
47
745

26.6

2041

1590

18175

5.2

10
47
818

25.4

2041

1562

19025

5.49

11
47
898

23.6

2041

1509

20225

5.97

12
47
958

22.5

2041

1479

21068

6.42 to
o
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Figure 1: Interaction between Disciplines for the LOCA Analysis
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Figure 3: Fuel Channel Representation in the CATHENA Single-Channel Model
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Figure 4: CATHENA Maximum Sheath Temperatures in the Channel (15% RlH)
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Between 1994 and 1996, AECL in cooperation with Ontario Hydro and Zircatec Precision
Industries undertook a series of studies funded by the United States Department of Energy to
determine the feasibility of utilizing weapons Plutonium, surplus to military needs, as Mixed
OXide (MOX) fuel in Canadian CANDU reactors. The Bruce A N.G.S. was used as the
reference station for the study. One of the conclusions of these studies was that the CANDU
option allowed for the possibility to also utilize Russian surplus plutonium and thus offered the
two nuclear powers the possibility of symmetric drawdown of their surplus stockpiles.

Starting in the spring of 1996, the Canadian Government funded a similar study on the
feasibility of manufacturing CANDU MOX fuel in Russia and safely transporting this fuel to the
Bruce site. The study was undertaken by a joint Canadian/Russian team comprised of AECL,
Ontario Hydro, Zircatec Precision Industries, the Ministry for Atomic Energy of the Russian
Federation (MINATOM) and several of its institutes and was concluded in the spring of 1997.

This paper presents some of the key findings of the joint Russian/Canadian study.

1. INTRODUCTION

In the wake of the increased mutual commitment to nuclear arms reduction, Russia and the
United States have been conducting a broad range of studies designed to provide the information
necessary to evaluate methods for the long-term disposal of excess plutonium from military
stockpiles. The U.S. Department of Energy (DOE) has conducted an in-depth evaluation of all
credible options, and announced a Record of Decision in January 1997 indicating preferred
directions for eliminating important stockpiles of plutonium. One of the main options is the
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conversion of plutonium into mixed-oxide (MOX) fuel for consumption in commercial nuclear
reactors. " ~ "

Canada participated in this evaluation process by conducting a full-scale feasibility study for
DOE that demonstrated the attractiveness of converting the excess plutonium from US warheads
into MOX fuel for Canadian CANDU reactors. The 1994 DOE study has shown that the
CANDU MOX fuel variant is essentially similar to the natural uranium fuel currently used, and
that a large scale program to consume up to 100 tonnes of plutonium in 25 years can be
implemented rapidly at Ontario Hydro's Bruce A nuclear power station without changes to the
reactor core design and only minor changes to the fuel handling systems.

As a complement to an extension of the DOE study, Canada and Russia undertook in 1996 a
joint Plutonium Utilization Study to provide information to Canadian and Russian decision
makers on the technical, environmental and economical feasibility of fabricating CANDU MOX
fuel in Russia using Russian weapons plutonium and transporting it safely to Bruce A for
consumption there.

The results of the Russia/Canada Study are important for supporting the CANDU option in the
overall evaluation program. The CANDU option's attractiveness stems partly from the fact that
it offers a unique opportunity for both Russia and the United States to contribute in equal
measures to a parallel plutonium consumption program hosted by a third, non-nuclear weapons
state with a strong non-proliferation policy.

Joining the Canadian team of AECL, Ontario Hydro and Zircatec Precision Industries was the
Russian Ministry for Atomic Energy (Minatom). Its main Nuclear Department acted as the
coordinator for the institutions listed below:

• The Specialized State Design Institute (SSDI) is the designer of all types of reactors and fuel
production facilities in Russia; it provided its expertise for studying modifications to an
existing fuel fabrication building at PO Mayak which it originally designed, and for the
conceptual design of a new building /and plant, also at PO Mayak.

• The Bochvar Institute (VNIINM) has been responsible for all new fuel developments in
Russia and has extensive MOX expertise; it is participating in the initial CANDU MOX fuel
testing program (Parallex program) and would be involved in the design of the new MOX
manufacturing facility with SSDI, especially with regard to processing conditions.

• The Machinery Plant, Electrostal, is a large-scale manufacturer of nuclear fuel in the Russian
Federation. Their involvement in the production of CANDU MOX fuel components will
include all the required depleted UO2, and the natural uranium and poison fuel pellets which
will be supplied to the fuel manufacturing facility.

• The Production Association, PO Mayak is the production complex that will supply the
plutonium oxide for this MOX program. The proposed CANDU MOX fuel fabrication
facility would be located at Mayak to eliminate the problems associated with transportation
of the plutonium oxide. The Study assessed the suitability of upgrading an existing building
at Mayak or erecting a new building on the same site.

• The All-Russian Design and Scientific Research Institute of Complex Power Technology
(VNTPIET) contributed its expertise in the design of shipping containers, nuclear fuel
transportation and national and international regulatory issues.
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2.0 SCOPE OF THE STUDY

The study focused on the following aspects:

• MOX fuel supply: sources of feedstock materials and the design of the MOX facility to be
located in Russia;

• Safeguards, Security, Packaging and Transportation;

• Safety, Licensing and Environmental Assessment: the team studied the impact of Russian
MOX fuel on Bruce A operations and identified the Russian regulatory agencies responsible
for the environmental impact assessment;

• Bruce A station modifications;

• Disposal of spent MOX fuel;

• Implementation scenarios.

This paper will present the key results in the areas of MOX fuel supply and packaging and
transportation to Canada.

3.0 REFERENCE FUEL DESIGN

The basic CANDU MOX fuel design based on the Bruce A 37-element bundle configuration
was developed in the course of the 1994 study for DOE. A CANFLEX MOX bundle was also
developed in 1994. These designs were subsequently revised in 1996 to allow for enhanced
throughput of plutonium and thus reduce the Pu utilization mission time. This feasibility study
used the 1994 fuel design as a reference.

Table 3-1 compares the nuclear characteristics of the 37-element bundle MOX fuel design with
those for the standard 37-element natural fuel design. In CANDU reactors, fission is caused by
thermal neutrons entering the fuel channel from the moderator. Fuel elements in the third ring
are shielded from these thermal neutrons by the elements in the outermost ring, i.e., ring 4. This
reduced neutron flux level results in a much lower power output in ring 3 as compared to that in
ring 4. The power output of the entire fuel bundle is often limited by the maximum allowable
power rating for an individual fuel element. Therefore, it is desirable to design a fuel bundle such
that all fuel elements operate at comparable power ratings.

In the 37-element MOX Fuel Design, the Pu content of the elements in the third ring is 2%,
which is higher than the 1.2% Pu content in the fuel elements of the fourth ring. The higher
enrichment level in ring 3 is designed to compensate for the reduced neutron flux level. This
enrichment grading scheme enables the elements in ring 3 to operate at a power level
comparable to that in ring 4 in spite of the reduced neutron flux level. This allows the fuel bundle
to operate at a high power level without exceeding the maximum allowable power rating for
individual fuel elements.

The neutron flux level in the central seven elements, which contains 0.2% depleted uranium,
5% dysprosium and no plutonium, is so low that these elements do not produce any significant
amount of power as compared to the MOX elements in the two outer rings. Hence, all the power
in the MOX bundle is effectively produced by 30 fuel elements instead of 37. This requires the
MOX fuel bundles to operate at a lower maximum bundle power limit than that for natural fuel
bundles. The 2-bundle shift fuelling scheme chosen for the MOX core flattens the radial and
axial power distributions such that the maximum channel and bundle powers in the MOX core,
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7000 kW and 780 kW respectively, are lower than those in the natural uranium core, 7200 kW
and 950 kW respectively. ~ - "

The maximum fuel element burnup of the MOX fuel is calculated to be 15,500 MWd/te, which
is essentially the same as the maximum fuel burnup attained by natural fuel elements in Bruce A.
The MOX fuelling rate is 15.5 bundles per full power day, which is lower than the present
fuelling rate of 18 bundles per full power day with natural uranium fuel.

The major difference between the natural uranium fuelled reactor and the MOX fuelled reactor
is the reactivity effect during a hypothetical Loss of Coolant Accident. Full core LOCA reactivity
in Bruce A is estimated to be +11 mk for the natural uranium reactor and -4.7 mk for the MOX
reactor. The transition from a natural uranium CANDU reactor to a MOX reactor can be
achieved without hardware modifications to the existing control and safety systems.

Table 3-2 compares the uranium and plutonium content in the natural fuel with that in the
Reference MOX fuel. Fresh natural fuel contains 133 g of U-235 per bundle. At discharge, each
bundle contains 38.7 g of U-235 and 51.1 g of fissile plutonium ( Pu-239 and Pu-241). Each
fresh MOX fuel bundle contains 36.8 g of U-235 and 218.3 g of fissile plutonium. At discharge,
each MOX bundle contains 17.4 g of U-235 and 92.0 g of fissile plutonium. Although the
nuclear characteristics of the MOX fuel are different from those of natural uranium fuel, a fuel
management scheme has been devised for the MOX fuel to ensure that the performance of the
MOX core is comparable to that of the natural uranium core in the areas of fuel power rating,
control and safety.

4.0 CANDU MOX PLANT IN RUSSIA

The complete fabrication of CANDU MOX fuel at the Mayak site, starting from metallic
plutonium processing, is to be divided between two plants.

Plutonium Conversion Facility (Facility No. 1)

Facility No. 1 will be a new building for the metallic plutonium conversion facility. It will be
located on the territory of an existing fuel fabrication plant in the military zone of the Mayak
complex; its proposed dimensions are equal to 75 x 30 x 20.4 metres.

The following operations are to be carried out at Facility No. 1:

• metallic Pu dissolution in a mixture of nitric and hydrofluoric acids;

• purification of plutonium nitrate solution by extraction;

• Pu oxalate precipitation from nitrate solution, drying and calcining to Pu dioxide;

• completion of batches and packaging of Pu dioxide;

• reprocessing of "rich" solid wastes;

• reprocessing of raffinate and washing solutions and their transfer for further reprocessing at
other existing fuel fabrication facilities;

• collection of Al- and F-containing solid wastes and their transfer for cementation; shipment
of Am- and Pu-containing solid wastes for storage.
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A flowsheet of the process proposed for facility No. 1 is shown in Figure 4-1.

CANDU MOXFuel Fabrication Facility (Facility No. 2)

Fabrication of CANDU MOX fuel elements and fuel assemblies is to take place at Facility No. 2,
a newly designed building to be located on the undeveloped territory adjacent to Building 300 (or
in an unoccupied area of the operating RT plant). Its proposed dimensions are equal to 120 x 45
x 15.3 m.

The following operations are to be carried out at Facility No. 2:

• line for formation of plutonium oxide and depleted uranium oxide master blend (20% mass
Pu);

• line for pellet fabrication and fuel element fabrication with 1.2% mass Pu enrichment;

• line for pellet fabrication and fuel element fabrication with 2% mass Pu enrichment;

• line for fuel element sets completion;

• section for fuel bundle assembly, inspection and storage;

• facility for liquid and solid radioactive wastes cementation and transfer for disposal.

A flowsheet of the process to be used in Facility No. 2 is shown in Figure 4-2.

Figure 4-3 shows schematically the process for manufacturing CANDU MOX fuel and its
utilization in the Bruce A reactors as compared to an equivalent throughput of natural uranium
fuel.

5.0 PACKAGING AND TRANSPORTATION

Both the air and the sea shipment options were considered in the study. In the case of air
transport, the new 1996 IAEA regulations require a type C (air crash resistant) package to
transport more than four fuel bundles, or the fuel itself must be qualified as Low Dispersible
Material. A thorough review of available packages was conducted and it was concluded that
there is no existing package suitable to transport large shipments of CANDU MOX fuel bundles
in a cost-effective manner.

A new package design was proposed that can satisfy the above regulations. It would be a
double walled cylindrical container designed to transport 18 CANDU MOX fuel bundles stored
in two stacking baskets. Individual tubes separated by spacer plates receive one fuel bundle
each. Shielding would be provided first by 5 to 6 cm of concrete poured between the steel walls
of the container, and also by individual shielding sleeves surrounding each fuel bundle. Leak
tightness would be provided by a seal and verified by a verification device provided on the
container cover. A schematic of the package proposed by VNIPIET appears in Figure 5-1.

The possible modes of transportation from Russia to Canada are by sea or by air. The Russian
study assessed the respective advantages of each transportation mode, and more precisely of
specific transportation routes that were ranked by a weighted comparison of all relevant criteria.

The transportation route analysis considered for example costs, which are higher for air than
for sea, while transportation time is shorter. The shorter transportation time would minimize
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security and safeguard concerns. Direct air shipment from Russia to Canada would also
eliminate jurisdictional interfaces of other countries. From a security of supply point of view, the
sea shipments could be considered the primary option with air transport as the back-up option.

Examples of the various transport modes and routes are as follows:

i) Mayak to "Izotop" storage facility in St-Petersburg by rail; to St-Petersburg seaport by truck;
to Canadian seaport by sea vessel; to Bruce by truck.

ii) Mayak to "Izotop" storage facility in St-Petersburg by rail; to "Pulkovo" airport, St-
Petersburg by truck; to Canadian airport (civilian or military) by chartered air cargo plane; to
Bruce by truck.

iii) Mayak to "Koltsovo" airport, Ekaterinburg by truck; to Canadian airport by chartered air
cargo plane; to Bruce by truck.

The team concluded that transportation of CANDU MOX fuel from the manufacturing facility at
Mayak to the Bruce site is feasible and cost-effective.

6.0 IMPLEMENTATION SCENARIOS

The study team evaluated the time frame within which such a program could be implemented.
A level 1 schedule is presented as Figure 6-1. The concept presented is one under which some of
the Bruce A units begin operation with the 37-element CANDU MOX fuel design and then
switch to the CANFLEX design once the fuel qualification program for the latter is completed.
Basically, a first Bruce A unit could be in operation with MOX fuel from a Russian facility
within about 6 years of the start of the program.

7.0 CONCLUSIONS

The joint Russian/Canadian feasibility study on the utilization of Russian weapons plutonium
surplus to defense requirements concluded that it is feasible to manufacture CANDU MOX fuel
in Russia to Canadian specifications and to safely and reliably transport this fuel to Canada for
use in the Bruce A reactors. The considerable capacity of the Bruce reactors to consume
plutonium offers a unique opportunity for the United States and Russia to simultaneously draw
down their stockpiles of surplus plutonium in a relatively short period of time by using only the
Bruce reactors.

Alternatively, the CANDU option could complement other initiatives and still offer the
possibility of significantly reducing the mission time. For example, Canada and Russia are in the
process of completing a study on the feasibility of expanding the scope of a proposed
French/German/Russian MOX project designed to manufacture MOX fuel for VVER 1000 PWR
reactors and BN-600 fast reactors in Russia to also manufacture CANDU MOX fuel.
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TABLE 3-1 COMPARISON OF NATURAL FUEL AND MOX FUEL CHARACTERISTICS

Fuel Bundle Dimension

Pellet Material
Composition (% based on
weight of heavy metal in

fuel)

Bundle Material
Composition (fuel

material only)

Average Burnup

Maximum Bumup

Bundle/FPD

Fuel Management
Scheme

Maximum Channel
Power

Maximum Bundle Power

LOCA Void Reactivity

Existing 37-element NU

Bruce-A Station

102 mm (4.02") dia.

495 mm (19.5") long

Natural UO2 in all rings
(37 pins)

U235 0.13 kg

U238 18.67 kg

O2 2.53 kg

TOTAL: 21.33 kg

8,300 MWd/te

15,000 MWD/te

18

2,4, 8 mixed bundle
shift

7,200 kW

950 kW

11 mk

37-element MOX-Fuelled

Bruce A Station

Same as existing Natural UO2 fuel
bundle

Ring 4 (18 pins) 1.2% Pu

Ring 3 (12 pins) 2%Pu

Ring 2 ( 6 pins) 5% Dy

Ring 1 ( 1 pin) 5% Dy

All rings have 0.2% U235

Pu 0.23 kg

U235 0.04 kg

U238 18.36 kg

Dy 0.17 kg

O2 2.53 kg

TOTAL: 21.33 kg

9,700 MWd/te

15,500 MWd/te

15.5

2 bundle
shift

7,000 kW

780 kW

-4.7 mk

TABLE 3-2
ACTINIDE INVENTORY FOR NATURAL U AND REFERENCE MOX FUEL BUNDLE (G/BUNDLE)

235u

238u

239pu

240Pu

2 4 1 ^

2 4 2 ^

*M.A.

*F.P.

TOTAL

Fresh

Natural U

133

18,670

0

0

18,803

MOX

36.8

18,360

218

13.5

0.317

0.051

0

0

18,629

Natural U
8300 MWd/teHE

38.7

18,534

46.8

20.6

4.32

1.28

2.5

155

18,803

Exit-Burnup

MOX
9700 MWd/teHE

17.4

18,276

78.8

57.6

13.2

3.75

1.6

181

18,629

Minor Actinides and Fission Products calculated with ORIGEN-S
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QUANTITATIVE WDS ANALYSIS TO DETERMINE PLUTONIUM HOMOGENEITY
IN CANDU MIXED-OXIDE FUEL

Z. HE, D. ROSE, F. SZOSTAK, F.C. DIMAYUGA AND M.H. SCHANKULA

Atomic Energy of Canada Limited
Chalk River Laboratories

Chalk River, Ontario, Canada KOJ 1 JO

ABSTRACT

As part of AECL's mixed-oxide (MOX) fuel development program, a quantitative X-ray
wavelength dispersive spectrometric (WDS) analysis was conducted to determine plutonium
homogeneity in as-fabricated MOX fuel, using a shielded analytical scanning electron microscope.
This paper describes the technique and some results of the analysis.

The as-fabricated fuel exhibited a duplex microstructure: a matrix with randomly distributed
plutonium-rich particles. The particle size ranged from 10 to 30 (im. To conduct the WDS
analysis, PuO2 and UO2 standards were used; plutonium Mp and uranium M« lines were
monitored. Point analysis with a 2-\im interval was conducted diametrally across the particles to
obtain uranium and plutonium distribution profiles. The profiles all exhibited a similar shape; a
compositional transition band was observed around each particle, indicating the occurrence of
plutonium and uranium interdiffusion. Uncertainty and consistency of the determinations were
examined, and the results are satisfactory.

1. INTRODUCTION

(U,Pu)O2-type mixed-oxide (MOX) fuel, manufactured by mechanical blending, has a
duplex microstructure: a uranium-rich matrix mixed with dispersed plutonium-rich particles.
Compared to natural UO2, the fuel exhibits some unique irradiation features, which are directly
associated with the compositional and microstractural inhomogeneity. For example, local
burnup, temperature, pore density and fission-product (e.g., Xe and Cs) concentrations are
higher in the particles than in the matrix [ 1-4]. This can have a significant effect on fuel
irradiation performance. For optimum fuel performance, the extent of plutonium homogeneity in
the as-fabricated fuel should be as high as possible. To assist in achieving this goal, a method to
quantitatively determine plutonium homogeneity in the fuel is required. Ideally, the same method
should also be applied during post-irradiation examination of MOX fuel to determine any
redistribution of plutonium.

As part of the CANDU® MOX fuel development program, a method using alpha

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
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autoradiography combined with image analysis is being applied to determine plutonium
homogeneity in the fuel. This method provides a quick and practical means of quantitatively
determining the extent of plutonium homogeneity of MOX fuel in a production environment. To
properly benchmark and qualify the method, a quantitative X-ray dispersive spectrometric (WDS)
analysis was also conducted. The analysis used a WDS spectrometer attached to the shielded
JEOL-840 scanning electron microscope (SEM) at the Chalk River Laboratories (CRL).

This paper describes the technique and results of the WDS analysis; uncertainty and
consistency of the determinations are also discussed.

2. SAMPLE PREPARATION

Two samples were cross-sectioned from a MOX fuel pellet fabricated by the Recycle Fuel
and Fabrication Lab (RFFL) in CRL. The pellet consists of 99.65 wt % UO2, 0.30 wt % PuO2

and 0.05 wt % Dy2O3; density of the pellet is 10.63 g/cm3. One sample was mechanically polished
and the other was polished and etched. The etchant was a mixture of H2S04and H2O2 (1:9 in
volume). The samples were carbon coated to improve electrical conductivity before examination
in the SEM.

3. RESULTS

3.1 Microstructure

In the etched condition, the particles were observed to be surrounded by an annular light
band (Figure la). The band was ~8 to 10 fim in width; fine grains (~1 p.m) were observed within
the band. The particles are distributed randomly in the matrix, their size ranging from 10 to
30 (im. Pores and cracks were observed inside the particles and along the interphase boundaries.
Some porous regions (Figure la) were observed in the matrix which had a grain size of 5 to

Because of the significant difference in composition, good contrast between the particle and
matrix was obtained using the back-scattered electron image (BSI) mode. The particles appeared
lighter than the matrix (Figure lb) because they contain more plutonium, which has a higher
atomic number (94) than does uranium (92).

Initially, the band was not readily observable in the polished sample, making it difficult to
identify the particles. However, after careful examination, the particles were discernible in both
the secondary electron image (SEI) and BSI modes (Figures lc and Id). This made it practical to
use the polished sample for composition analysis and avoid any measurement error that might be
induced by etching.
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3.2 The WDS Quantitative Analysis

The major M-family of X-ray lines produced by elements plutonium and uranium have
higher intensity and less overlap than other lines do [3,4], and therefore, were selected for the
analysis. The lines fall in a wavelength range of 3.8 to 4.0 A, which is covered by the
spectrometer's PET diffraction crystal (1 A = 0.1 nm.).

3.2.1 Spectrometer Calibration

The spectrometer was calibrated using a metal-uranium standard provided by SPI Supplies.
Three characteristic uranium X-ray lines (M«, Mp and M r) were detected (Figure 2). The
wavelength (X) of the lines is determined by

X = dL/Rn (1)

where n is the order of diffraction; R is the radius of Roland Circle of the spectrometer (140 mm);
d is the lattice spacing of the crystal PET (4.371 A); and L is the measured distance of each X-ray
line from the detector.

Standard wavelength, relative intensity, energy and PET detection distance of these lines are
listed in Table 1 [5]. Because the Ma line is strong, it was used to initialize the spectrometer.

It should be noted that the Mp line appeared stronger than the H* line in the spectrum
(Figure 2), which seems not to be consistent with the reported intensity ratio (Mp: Ma = 60 : 100)
listed in Table 1. The reason for this is the usage of an argon-filled proportional counter in the
spectrometer [6]. Argon has an absorption edge located at L = 124.9 mm (Figure 2) and
significantly reduces the intensity of the spectrum on the right side of the edge, causing the M«
line to appear weaker than would otherwise be expected.

3.2.2 Determination of Plutonium Homogeneity

As seen in Figure 2, other lines do not interfere with the uranium M«line, and the extent of the
interference between the plutonium Mp (dotted line) and the uranium My lines is less than the
interference between the plutonium M« (dotted line) and the uranium Mp lines. Therefore, the
intensity of the plutonium Mp and uranium Ma lines was monitored to determine the plutonium
and uranium concentration in the sample. An accelerating voltage of 25 kV and a beam current of
50 nA were applied.

Twenty-five spots were analyzed along a line crossing the diameter of the particle shown in
Figure lc; the particle size was -20 |im. The interval between two neighbouring spots was 2 |u.m,
and every spot was analyzed once.

The uranium and plutonium concentrations (Q) of each local spot can be calculated by [6]
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(2)

where Ijandlsare X-ray intensities of the sample and the standards respectively; csis the known
concentration of the element in the standard. In equation (2), Z is a factor associated with
difference in the mean atomic number between sample and standard; A is related to internal
absorption of the X-ray generated in the sample; F is a correction factor for X-rays generated in
the sample by other X-rays. Sintered PuO2 and UO2 pellets prepared by the RFFL were used as
the standards; it is assumed that the density of the standards is similar to the density of the pellet
and that the standards are stoichiometric. The calculated ZAF factors for both uranium and
plutonium are very close to 1, which simplifies the calculation and reduces measurement
uncertainty.

The measured uranium and plutonium concentration profiles are shown in Figure 3. They
are bell-shaped and symmetrical with respect to the particle centre. The average concentrations
of uranium in the matrix and plutonium in the central region of the particle are 87.6 wt % and
87.1 wt % respectively. The stoichiometric weight percentages of Pu in PuO2 and U in U02are
88.4 and 88.2 respectively, indicating that the matrix is essentially UO2 and the particle PuO2.
There is a compositional transition band about 10 um wide around each particle, indicating that
interdiffusion of uranium and plutonium has occurred in this region. As seen in Figures 1 a and
lb, this region is easily etched, making it identifiable as a light annular band in the etched
sample.

Figures 4a and 4b are uranium and plutonium X-ray maps of the particle and matrix
respectively, confirming that plutonium is concentrated in the particle and uranium is uniformly
distributed in the matrix.

Determination of plutonium and uranium distributions of particles ranging in size from 15
to 30 pm exhibited similar concentration profiles.

4. DISCUSSION

4.1 Measurement Uncertainty

In alpha autoradiography, the plutonium-rich particles appear dark and the matrix light.
The transition band around the particles also has a certain contrast with respect to the matrix,
depending on the local composition. The task of an image analyzer is to convert the contrast
into gray-levels. If a relationship between the gray-level and composition can be established,
plutonium and uranium distributions can be determined directly by image analysis, making it
practical and economical for a MOX pellet-fabrication facility. In the previous section,
plutonium and uranium distribution profiles across a particle were determined. The highest
plutonium and uranium concentration measurements can be correlated with the darkest and
lightest gray-levels identified by the image analyzer to establish a calibration procedure.

To ensure that the calibration can be qualified, uncertainty of the WDS measurements must be
estimated. The uncertainty range determines the concentration interval corresponding to each
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step between two neighbouring gray-levels. Assuming the uncertainty range is ± W (wt %), the
number of distinguishable gray-levels (N) can be determined by

N = 88 (wt %) / 2W (wt %) (3)

Because X-ray production is statistical in nature, a number of independent measurements
should be taken and averaged to determine local composition. Statistically, the variation range
( W u ) of each determination at 1 - a degree of confidence level can be estimated by [6]

where n is the number of measurements; £*~" is the Student t value for a 1-a confidence level and

for n - 1 degrees of freedom; S (7 ) is the standard deviation of the measurement average, which
is determined by

(5)

In Equation (5), X, is the value of each individual measurement and x is the average of all
the measurements respectively. The calculated values of S(x) and Wi_aat a 90% level of
confidence (a = 0.1) for the plutonium and uranium concentration measurements in the particle
and the matrix are listed in Table 2. The table shows that the variation range (W9o) for uranium
and plutonium determinations at a 90% level of confidence is ±0.8 and ±0.6 wt % respectively.
Therefore, the number of distinguishable gray-levels for the uranium and plutonium
determinations is 55 (Nu = 88/(2 x 0.8)) and 73 (Npu = 88/(2 x 0.6)) respectively.

4.2 Consistency of the Plutonium and Uranium Concentration Measurements

As seen in Equation (2), to determine plutonium and uranium local concentrations, the X-
ray intensity of plutonium and uranium measured at each local point was directly compared with
the intensity of the plutonium and uranium standards. In this way, the local uranium and
plutonium concentrations are determined independently. On the other hand, the total uranium and
plutonium weight percentage in MOX fuel should be in a range from 88.2 to 88.4 wt %,
depending on the U/Pu ratio in the fuel. Therefore, it is possible to check the consistency of the
two independent plutonium and uranium determinations by comparing the measured uranium and
plutonium total concentration at each local point with the expected total of 88 wt %.

Figure 5 shows a comparison between the plutonium measurements and the normalized
plutonium values, which are calculated by subtracting the uranium measurements from 88 wt %.
Similarly, the figure also compares the measured and normalized uranium data. The figure shows
that the measured and normalized values match well, especially inside the particle and in the
matrix to the left of the particle. A small discrepancy between the measured and normalized data
was observed in the transition region around the particle. Porosity in this region may account for
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it. Overall, the data indicate that the individual measurements are consistent and that accuracy is
satisfactory.

5. SUMMARY

The as-fabricated MOX fuel exhibits a duplex microstructure with P11O2 particles distributed
randomly in the UO2 matrix. The particles were revealed in the SEM using SEI and BSI modes
and by X-ray mapping; their size ranged from 10 to 30 Jim. To conduct quantitative WDS
analysis, PuQz and UO2 standards prepared by the RFFL were used, which simplified the
calculation to determine plutonium and uranium local concentrations. The plutonium Mp and
uranium M« lines were monitored for analysis. Point analysis with a 2-(im interval was conducted
diametrally across the particles to obtain the uranium and plutonium distribution profiles, which all
exhibited a similar shape. A compositional transition band, -10 |im in width, was observed
between the particle and the matrix, indicating plutonium and uranium interdiffusion had
occurred. Uncertainty (at a 90% confidence level) of the uranium concentration in the matrix
(87.6 wt %) and plutonium in the particle centre (87.1 wt %) was estimated to be ±0.8 wt % and
±0.6 wt %, respectively. The individual measurements are consistent and accuracy is satisfactory.
Further work is planned to compare uranium and plutonium concentrations in particles with
corresponding alpha autoradiographic images to provide a bench mark for routine alpha
autoradiographic analysis.
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TABLE 1: PARAMETERS OF THREE URANIUM X-RAY LINES

Peak

Ma
MB

MY

Wavelength
(A)

3.91000
3.71600
3.47900

Relative Intensity
(%)
100
60
5

Energy
(keV)
3.170
3.336
3.563

PET Detection Distance
(mm)

125.23
119.02
111.43

TABLE 2: UNCERTAINTY ESTIMATION FOR THE MEASUREMENTS

Element

U
Pu

Number of measurements
(n)
7
4

Average Concentration
(wt%)

87.6
87.1

S(x)

0.43
0.25

t9°

1.943
2.353

w 9 0
(wt%)

0.8
0.6
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FIGURE 1: TYPICAL MICROSTMJCTURE OF THE MOX FUEL UNDER ETCHED (a: SEI, b: BSD AND POLISHED (c: SHI,
d: BSI) CONDITIONS.
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FIGURE 2: PLUTONIUM AND URANIUM X-RAY LINES.
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FIGURE 3: PLUTONIUM AND URANIUM DISTRIBUTIONS ACROSS A PARTICLE.
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FIGURE 4: URANIUM (a) AND PLUTONIUM (b) X-RAY MAPS.
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FIGURE 5: COMPARISON OF MEASURED AND NORMALIZED DATA.
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FABRICATION OF SIMULATED MID-BURNUP CANDU FUEL IN THE RFFL

F.C. DIMAYUGA
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ABSTRACT

Prediction of the coefficient of void reactivity for CANDU® reactor cores is key to modeling
postulated loss-of-coolant scenarios to support safety analyses. To reduce the uncertainty in
these predictions, computer codes used to generate the predictions have to be well validated for
cores at equilibrium burnup. To this end, a COG'-funded project was launched to resume mixed
oxide (MOX) fuel fabrication operations in the mothballed Recycle Fuel Fabrication Laboratory
(RFFL) at CRL, and produce (U,Pu)O2 fuel simulating mid-burnup CANDU fuel for physics
testing in the ZED-2 reactor.

In August 1996, rehabilitation of the RFFL was completed, and MOX operations were
resumed in the facility. An up-to-date description of the RFFL, including the upgraded safety
systems and process equipment, is presented. An overview of the fabrication campaign to
produce 37 MOX fuel bundles for ZED-2 tests is given. The fabrication process used to
manufacture the fuel from the starting powders to the finished elements and bundles is
summarized. Fabrication data including production throughputs and inspection results is
discussed.

1. INTRODUCTION

Prediction of the void reactivity for CANDU lattices is key to modeling postulated loss-of-
coolant scenarios to support safety analyses. Good validation of the computer-code prediction of
void reactivity exists for cold, clean lattices, but not for cores at equilibrium burnup.

The experimental difficulty and cost of conducting tests on highly radioactive fuel bundles in
ZED-2 have so far precluded code validation on mid-burnup fuel. However, the option of
simulating the neutronic characteristics of mid-burnup fuel without the intense radioactivity,

® CANDU: Canada Deuterium Uranium, a registered trademark.
* COG: CANDU Owners Group, consists of AECL, Ontario Hydro, Hydro Quebec and New Brunswick Electric
Power Corporation.



290

coupled with the recent development of substitution techniques in reactor physics testing make
such experiments practical and cost-effective. • ~~

During in-reactor service, the U-235 in natural uranium CANDU fuel is burned, while Pu and
fission products are produced. Accordingly, the simulation of mid-burnup natural uranium
CANDU fuel required MOX fuel consisting of 0.30% Pu in depleted U (0.37% U-235) plus
0.05% dysprosium to simulate the fission products. The ZED-2 experimental set-up requires a
sufficient number of MOX fuel bundles to assemble a 7-channel array, each channel consisting
of 5 fuel bundles.

Based on the results of a feasibility study in 1993, COG Working Party 25 (Radiation and
Reactor Physics) recommended that the batch of MOX fuel bundles be fabricated in the Recycle
Fuel Fabrication Laboratory (RFFL) at CRL. The RFFL, a facility designed to fabricate various
types of MOX fuel, was operational from 1979 to 1988 [1]. However, since 1988, it had been in
a state of active standby, a condition where no fuel fabrication activities were conducted, but the
monitoring and ventilation systems in the facility were maintained. Following endorsement by
the Technical Committee, a COG-funded project was launched in November 1993 with the
following objectives:

• Rehabilitate the RFFL and secure regulatory approval to resume MOX operations, and

• Fabricate 37 MOX fuel bundles for ZED-2 tests.

2. RFFL REHABILITATION

2.1 Scope of Rehabilitation

A series of Fitness-for-Service studies and a Hazards and Operability (HAZOP) analysis were
conducted to define the scope of the rehabilitation of the RFFL. These assessments generated
numerous recommendations for specific action. Major "hardware" actions included bracing the
building to meet the most current (1990) National Building Code of Canada seismic standards,
replacement and upgrade of the Radiation Protection (RP) systems, addition of an alpha-in-air
sampling system between the primary and secondary High-Efficiency Particulate Air (HEPA)
filters in the ventilation exhaust train, and extension of the alarm display system.

The rehabilitation project also included a considerable "software" component, including
extensive new and revised documentation with particular emphasis on safety and licensing, and
staffing and training activities to re-staff the facility. All activities were done with extensive
liaison with AECL's internal safety body (the Safety Review Committee, SRC) and with the
Atomic Energy Control Board (AECB).

2.2 Laboratory Services and Process Equipment

As identified in the fitness-for-service assessments, renovations and upgrades required in the
structural, electrical, mechanical services, and security areas were completed. Several structural
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braces were installed in the facility and the surrounding building to upgrade the facility's seismic
qualification to meet the National Building Code of Canada 1990 standards. Modifications to the
ventilation system (due mostly to the new glove boxes) were installed. In addition, all HEPA
filters in the facility were replaced as part of the re-balancing of the ventilation system.

All of the equipment in the process line were tested for functionality, and repairs and
overhauls were done as required. Some components were identified as needing replacement
including dies for the final press, controllers for the sintering furnaces, and several balances. The
Fitness-for-Service review indicated that some equipment should be replaced, such as those for
metallographic preparation and examination (i.e., cut-off saw, grinding and polishing equipment,
and microscope). Chemical analytical capability was re-acquired, and two new glove boxes were
installed housing dissolution equipment, a furnace, and a high precision balance. In addition, a
coulometer to measure Pu concentrations in samples was installed in one of the fume hoods.

New components were also brought in to update the capabilities of the facility. A new PuC«2
reception glove box was installed housing the can opener, which is used to de-can welded PuC»2
containers both for the production line and for purposes of sampling and re-packaging. A
mastermix high-intensity blender was acquired to enable a double-stage blending operation for
homogeneous mixtures containing dilute concentrations of MOX fuel. A new helium leak
detector was procured for quality inspection of welds.

2.3 Radiation Protection

Radiation protection in the RFFL is based on the following principles:
• Division of the facility into zones of progressively greater contamination hazard with

personnel monitoring at each boundary on exit,
• Operation of a system of alpha continuous air monitors (CAMs), distributed through the

facility and set to alarm at a pre-determined level of airborne alpha activity, and
• Operation with Personal Air Samplers (PAS) for all staff doing work in the facility. The PAS

filters are analyzed daily as a routine, and as required (e.g., if an alpha CAM alarms).

The distributed alpha CAM system that had been used in the facility during previous operation
was replaced with a state-of-the-art commercial system. To optimize the number and location of
the sampling heads, particularly in terms of response time to activity release, a quantitative air-
flow study was conducted in the main fabrication room. Other radiation protection equipment
that were replaced include the hand and foot monitors for personnel monitoring and the criticality
monitor.

2.4 Operations Quality Assurance

The RFFL is a licensed nuclear facility that comes under the AECL Nuclear Operations
Quality Management Program. The RFFL Conduct of Operations Manual complements the
AECL Nuclear Operations Quality Manual, and, together with the operating procedures,
comprises the QA documents that describe the system for assuring the quality of operations in
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the RFFL. The Manual describes the RFFL organization, responsibilities, processes and controls
that demonstrate application of the principles and practices specified in the standard, CAN/CSA-
N286.5-M87 Operations Quality Assurance for Nuclear Power Plants. It also describes how
MOX fuel is fabricated to the requirements of the CAN/CSA Z299.2 QA program standard.
Thus, the Manual, comprising of 40 procedures, describes the measures implemented in the
RFFL to ensure both operational safety and product quality.

2.5 Nuclear Materials Accountability

As part of the Rehabilitation Project, a new system was developed to meet International
Atomic Energy Agency (IAEA), AECB and AECL requirements for nuclear material inventory
control, and to support Operations' responsibility for criticality avoidance. This system, RFFL
Nuclear Materials Accountability System (RNMAS), was developed in Microsoft Access® V2.0
in accordance with the software QA provisions of CAN/CSA-N286.7. The system runs on a
dedicated Pentium-based PC with dedicated data backup, and features graphical point-and-click
operations, and predefined pick-lists to optimize user-friendliness. RNMAS was developed,
tested and commissioned during the Rehabilitation Project, and was successfully implemented in
the ZED-2 fabrication campaign.

2.6 Staffing and Training

RFFL staff involved in its previous operations are no longer with AECL, and new technical
staff were recruited, evaluated and trained for the facility. This process followed a
comprehensive training plan, which was developed in accordance with AECB-approved
Company policies and practices. As part of the plan, an extensive job/task analysis and personal
needs analyses for the job candidates were conducted to determine training requirements. This
was followed by the development of facility-specific training materials to complement existing
company generic courses.

Implementation of the training plan involved Nuclear Operations Training School (NOTS) for
science fundamentals, equipment principles, and AECL generic policies and procedures;
Radiation Protection Training for Group 3, Group 2 and Group 1 training requirements; facility-
specific classroom training for job-specific knowledge; and on-the-job training (OJT) to develop
and evaluate operational skills.

2.7 Documentation

Many documents were prepared and issued during the rehabilitation project, which could be
categorized into the following general areas:

• Safety and Licensing - Examples include the Safety Analysis Report, the updated Principles
and General Rules for the RFFL, the Facility Authorization, the Facility Authorization Basis
Document, Fitness-for-Service Reports, HAZOPs report, the Criticality Safety Document,
Technical Basis for Internal Dosimetry in Pu Handling Facilities, Environmental Assessment
Report, Security Plan, and the Safeguards Design Information Document.
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• Quality Assurance - including the Project QA Plan, Conduct of Operations Procedures, the

Commissioning QA Plan, and the Software QA Plan. • ~
• Staffing and Training - including the Training Plan, Job/Task Analysis Summary, RFFL

Organizational Analysis Report, RFFL Training Objectives, Training Course Materials, and
the Manual of OJT Guides.

• Nuclear Materials Control - including the Statement of Requirements for Fissionable
Material Accountability in the RFFL, the Software Development Plan, System Requirement
and Design Document, General Test Plan, Unit Testing Procedures, Integration Testing
Procedures, User Acceptance Testing Procedures, and the Technical/User Manual.

• Commissioning - including the Commissioning Plan and the Commissioning Procedures for
each of the seven systems.

• Operations - including the Emergency Procedures, the Manual of Operating Procedures, the
Maintenance Plan, the Waste Management Plan, and the Post-Campaign Plan.

2.8 Commissioning

For the commissioning phase of the project, the Commissioning Plan was prepared to define
the systems to be commissioned and the objectives for each. The Commissioning QA Plan
defined the roles and responsibilities for each member of the project, and provided the link
between AECL's Commissioning QA Program and the RFFL activities.

The task of commissioning the RFFL proved to be much more extensive than anticipated.
Preparation of commissioning procedures and completion of remaining field work on the
systems and equipment that would be commissioned (e.g., the distributed alpha CAM system and
the ventilation system) took longer than originally estimated. It should be noted that while there
are only seven systems that needed to be commissioned, each system consists of several sub-
systems and equipment as follows:

• Electrical services - Class I (telephone system), Class III and Class IV power.

• Mechanical services - service air, breathing air, fire water, service water, service steam, storm
drains, sanitary drains, active drains, communications system, and waste management.

• Heating, ventilation and air conditioning - supply, recirculation, exhaust, and integrated
systems.

• Manual fire suppression - portable fire extinguishers, manual mode of the built-in Halon
system, manual alarm stations, and fire hoses.

• Confinement - perimeter walls and doors, and glove boxes.

• Instrumentation and Control - fire detection and alarm systems, alpha-in-air alarms, criticality
alarm, flood alarms in glove boxes and working rooms, glove box differential pressure
alarms, exhaust fan failure alarm, low hazard gamma radiation alarm, and their interfaces
with the integrated graphic display panel and the various slave panels.

• Fuel Fabrication - from powder reception and blending through welding and alpha scanning
of the finished elements.
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To illustrate the extensive nature of the commissioning activities, the commissioning
procedure for the Instrumentation and Control system alone, including checklists and datasheets,
was 61 pages long. This was one of the first applications of the Company's commissioning QA
program. In addition, non-conformances discovered during commissioning needed to be
resolved. Some non-conformances were minor, e.g., related to procedures, but some were quite
significant and safety-related. One notable example is the ventilation system. During the
commissioning activities, it became obvious that the ventilation system was not operating
according to design intent, and in essence, this was the very first time this system was being
commissioned. Overall, it was found that a much larger scope of work was involved in the
commissioning activities.

Commencement of commissioning of the fuel fabrication line was conditional on completion
of the commissioning of the other facility services, and resolution of safety-related action items
from both the Fitness-for-Service Assessments and HAZOPS. Any unresolved safety-related
item on any system affecting the equipment in the process line was identified, and the affected
equipment tagged out until the item was dispositioned. Two 10-kg commissioning batches of
depleted UO2 (without any Pu) were processed through the whole fabrication line, and the
finished fuel elements were used to assemble a commissioning bundle.

All facility operating procedures, including normal, special and maintenance operating
procedures, were reviewed and approved for use. Modifications made during commissioning
were incorporated as revisions, which were issued for MOX operations. These procedures were
also used during OJT sessions on the process line. Following this successful commissioning
phase, the Rehabilitation Project was declared complete, and the facility ready for the
introduction of Pu and resumption of MOX fuel operations.

3. ZED-2 FABRICATION CAMPAIGN

3.1 Fabrication Process in the RFFL

Subject to special precautions because of the presence of Pu (e.g., essentially all operations are
done inside glove boxes), the processes employed in the RFFL follow conventional natural UO2
practice. The fabrication line was designed for the production of sealed individual fuel elements,
starting from UO2 or ThO2 powders as the major component and PuO2 as the minor component.

The fabrication process adopted in the RFFL is outlined in Figure 1. The starting PuO2 is first
sieved through a 44-micron screen, and the appropriate amount corresponding to the MOX batch
size is weighed. The PuO2 (and the Dy2O3 for this particular campaign) is then blended with the
UO2 using a high-intensity mixer to produce a mastermix containing about 3 wt.% Pu. This
mastermix is then blended with more UO2 to arrive at the final concentration of the MOX
powders. Final blending is done using a Turbula blender. This two-stage blending helps achieve
better homogeneity in the finished fuel.
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After final blending, the MOX powder is pre-pressed using an isostatic press, to convert the
mixed powder into compacts, which are, in turn, fed into a granulator. • Zmc stearate (for die
lubrication) is mixed in with the resulting free-flowing granules, which are then suitable for final
pressing into green pellets using a single-cavity hydraulic press.

The green pellets are placed into molybdenum trays, and loaded into one of two batch
furnaces, where sintering is done in a dilute hydrogen cover gas (10% H2 in N2) at a temperature
of 1700°C. Sintered pellets are then centreless ground to a specified diameter and surface finish.
The pellets are washed and then dried in warm air. Acceptable pellets are formed into specified
stack lengths, and loaded into empty sheaths that already have one end cap welded and all
appendages brazed in place (these sub-assemblies are supplied by commercial fabricators). The
second end cap is welded to the loaded sheath using a tungsten inert gas (TIG) welding system.
The sealed elements are then helium leak-tested, scanned for surface alpha contamination,
weighed and visually and dimensionally inspected prior to bundle assembly.

3.2 Production Throughput

The fabrication campaign to produce thirty-seven (U,Pu)O2 bundles for reactor physics tests in
ZED-2 was started in August 1996, and it was successfully completed in March 1997. In the
RFFL, the batch-type fabrication process was originally designed to have a throughput of one 15
kg-batch of MOX fuel per day. During the recently concluded fabrication campaign, production
throughput averaged 0.6 batch (each batch weighing 11 kg MOX) per day, with a peak
throughput of 1.2 batches (about 13 kg MOX) per day. Overall, 77 batches of MOX fuel totaling
about 820 kg of finished MOX fuel pellets were fabricated into more than 1370 finished fuel
elements over a period of 26 weeks.

3.3 Fabrication Data

In accordance with the Manufacture, Inspection and Test Plan (MITP), several in-process
inspections were conducted during the ZED-2-96 campaign. An important parameter to monitor
is the immersion density of sintered pellets; this is indicative of the consistency of pressing and
sintering operations. Also, to simulate the fuel weights contained in actual CANDU fuel
bundles, the sintered density of the pellets must be as close as possible to the specifications. As
shown in Figure 2, pressing and sintering was quite consistent resulting in sintered densities
between 95 and 98% of the theoretical value (10.96 g/cc).

Of prime importance in this fabrication campaign is the fuel composition - its actual value and
the batch-to-batch consistency. To maintain control over this parameter, weights of the starting
powders were strictly monitored and recorded. Chemical analysis (coulometry for Pu content;
high performance liquid chomatography for Dy content) of the finished pellets was used to
confirm the accuracy of the batch components. As shown in Figure 3, the fuel composition was
maintained at 0.30 wt.% Pu and 0.05 wt.% Dy in H.E. with very little variability. These
calculated concentrations were confirmed by the measured values from chemical analyses of
finished pellets. In most cases, the calculated value was within the precision of the chemical
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analysis. When the calculated and measured concentrations are compared, the average difference
for the Pu and Dy contents is about 1% and 3%, respectively. Of the 77 batches processed, there
is one batch whose chemical analysis indicated a difference of about 8-9% from the calculated
values of Pu and Dy contents - Batch 30. Further repeats of the chemical analysis confirmed the
low Pu and Dy contents. A non-conformance was raised against this batch, and an investigation
identified the cause. This information was relayed to the customer.

One inspection technique of interest is alpha autoradiography used in combination with image
analysis to determine Pu particle size and distribution. Preliminary data analysis indicates that
the average Pu particle size was about 20 microns, with a maximum of about 50 microns.
Further work in correlating the information obtained from autoradiography with X-ray
wavelength dispersive spectrometry (WDS) to quantitatively determine local Pu concentration
and provide an accurate Pu distribution profile is continuing (see related paper in this conference
by Z. He et al.).

4. CONCLUSIONS

To reduce the uncertainty in the predictions of the coefficient of void reactivity for CANDU
cores, a COG-funded project was launched to produce (U,Pu)O2 fuel in the RFFL. This fuel
simulates mid-burnup CANDU fuel, and will be used in physics tests in ZED-2 to validate the
codes used to predict void reactivity.

In August 1996, rehabilitation of the RFFL was completed, and MOX operations were
resumed in the facility. The new RFFL, together with its upgraded safety systems, refurbished
process equipment, and fully qualified technical staff, is now operational. The fabrication
campaign to produce 37 MOX fuel bundles for ZED-2 tests was successfully completed in
March 1997, demonstrating the capability of this strategically important facility. Fabrication
data, especially those crucial to the ZED-2 tests, are being analyzed, consolidated, and
documented for the customer.
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ABSTRACT
Previous papers described progress in choosing a fabrication route for the DUPIC

(Direct Use of Spent PWR Fuel in CANDU®) fuel cycle [1], details of the OREOX
(Oxidation Reduction of Oxide fuel) process, and preliminary results of out-cell and
small-scale in-cell experiments [2]. AECL's project to develop the DUPIC fuel cycle has
now progressed to the stage of fabricating DUPIC fuel elements for irradiation testing in
a research reactor. Because of the high radiation fields around the spent PWR fuel, all
work is being done in hot cells.

The equipment used for fabrication of the DUPIC fuel elements is described in this
paper. The commissioning, in-cell installation and current status of the fabrication
process are also described and plans for the completion of this phase of the DUPIC
project are outlined. The goal of this phase of the project is demonstration of the technical
feasibility of the DUPIC fuel cycle.

INTRODUCTION
Atomic Energy of Canada Limited (AECL), the Korea Atomic Energy Research Institute

(KAERI) and the United States Departments of State and Energy (USDOS/USDOE) are
involved in a joint program to develop a process for the Direct Use of spent PWR fuel in
CANDU reactors (DUPIC). A phased approach has been followed in developing this
process. Phase I was a paper study of seven different methods of reconfiguring spent
pressurized-water reactor (PWR) fuel to make it compatible with CANDU reactors. The
final recommendation from Phase I was to pursue the OREOX option [1], a process in
which irradiated fuel pellets are broken up into a powder that is then fabricated into
CANDU pellets, elements and bundles.

Phase II is the Experimental Verification of the feasibility of using the OREOX process
to fabricate DUPIC fuel and irradiation testing of this fuel in a research reactor. In this
phase, AECL is focusing on powder and pellet technology development, and KAERI is
setting up for fabrication of both pellets and, eventually, full bundles.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
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The AECL program is comprised of three fabrication tasks:
small-scale experiments on actual spent PWR fuel in the hot ceils~at the Chalk River
Laboratories (CRL),
larger-scale out-cell experiments using SIMFUEL1 as a surrogate for PWR fuel, and
fabrication of DUPIC fuel elements for irradiation testing in a research reactor. These
irradiations will be used to assess the performance of DUPIC fuel under CANDU
conditions.

BACKGROUND
Small-scale in-cell experiments at CRL have been completed. Pellets meeting CANDU

specifications for density (as a percent of the theoretical density of the fuel - between 95
and 98%) were fabricated successfully [2]. Fission-product releases during the process
were quantified, and technology for trapping volatile cesium was demonstrated.

In out-cell experiments using SIMFUEL, kilogram quantities of SIMFUEL pellets were
processed into pellets meeting CANDU specifications, using the OREOX process. Some
decladding techniques were also demonstrated.

The in-cell fabrication campaign in the Whiteshell Laboratories (WL) Shielded Facility
(SF) hot cells is currently in progress.

DUPIC PROCESS
A flow chart of the DUPIC process is shown in Figure 1. The process is as follows:

• spent PWR fuel is removed from the cladding, and subjected to the OREOX process
(described later) to reduce it to a powder.

• Powder conditioning, in the form of milling, is used to increase powder sinterability.
• Powders are then pressed into pellets, and sintered to a final density between 95% and

98% of the theoretical density of the fuel.
• After sintering, the pellets are centreless ground to final diameter and surface finish

(using dry grinding only), formed into stacks and loaded into elements.
• Elements are sealed by tungsten inert gas (TIG) welding and finally assembled into

bundles.

The OREOX process uses the oxidation, reduction and reoxidation of UO2 to convert
irradiated fuel pellets into a powder that can be used to reconstitute fuel pellets. Under
reducing conditions, UO2 is the stable form; under oxidizing conditions, U3Og is the
stable phase. In transforming from UO2 to U3O8, the matrix undergoes a phase
transformation (from cubic to orthorhombic) with an associated change in density and, as
a result, a change in volume (by 32%). This change in volume causes the matrix to

1 SIMFUEL is UO2 fuel pellets fabricated from fresh UO2 with stable chemicals added to
simulate fission products. The presence of fission product elements affects the
processing characteristics of the fuel.
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develop microcracks, and successive oxidation and reduction eventually breaks the pellet
up into a powder. It has been determined that the optimum number ofoxidation and
reduction cycles is three.

A typical temperature vs. time trace for an OREOX schedule is shown in Figure 2. In
this case, it shows oxidation at 500°C and reduction at 700°C. Between oxidizing and
reducing atmospheres, the furnace is purged with inert gas. It typically takes 60 h to
complete a run. In the WL campaign, one OREOX run (with approximately 1 kg of spent
PWR fuel) was completed in 3 d.

The photographs in Figure 3 show the dramatic change that takes place during the
OREOX process. The top photograph is a crucible containing fresh SIMFUEL pellets.
The bottom photograph shows the same crucible after the OREOX process. The volume
of the fuel has increased by a factor of 5- to 10-fold.

An electron micrograph of the powder produced by the OREOX process using spent
PWR fuel is shown in Figure 4. The solid white line is 10 urn long, so the powder is
clearly quite fine, although not fine enough for pelletizing and sintering. This powder
must be milled before it can be reconstituted into CANDU-quality fuel pellets.

FABRICATION CAMPAIGN
The campaign schedule is to complete the fabrication of DUPIC pellets and elements by

1997 September. A total of 4 kg of spent PWR fuel is available for the campaign. This
fuel has undergone a nominal burnup of 28 MW-d/kg U, comparable to the reference
PWR fuel for the DUPIC program, 35 MW-d/kg U.

FABRICATION EQUIPMENT
The OREOX furnace is a box furnace with a stainless steel retort, shown in Figure 5.

The operating temperatures of the furnace and retort are 500°C under oxidizing
conditions and 700°C under reducing conditions. Inconel trays are used to hold the pellets
and powder in the retort during the OREOX process.

A hydraulic press is used to prepress and final press the powders (Figure 6). Although a
hydraulic press is slower to operate than a mechanical press, it is simpler to operate and
easier to control in-cell for small batch operations. Considerable experience was gained
using a hydraulic press to make pellets in a hot cell during the small-scale hot cell
experiments at CRL.

Sintering is done in a tube furnace, shown in Figure 7. The furnace has a horizontal
alumina tube mounted in a box furnace, heated using molybdenum disilicide elements.
The furnace is capable of reaching 1700°C. The sintering atmosphere is 4% hydrogen in
argon.
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Special fittings were designed and built to isolate the interior of the tube from the cell
atmosphere yet allow easy access for loading and unloading using remote manipulators.

All fuel pellets must be subjected to a final grinding operation to ensure both a tight
tolerance on the final outside diameter and the required surface finish. This is done using
a centreless grinder, shown in Figure 8. A close-up view of the grinder is shown in
Figure 9. Although all CANDU pellets are centreless ground, this is usually done using
wet grinding. Wet processes are not allowed in DUPIC, so the grinder must be run dry.
This requires that the grinder be outfitted with specially prepared grinding wheels. The
grinder is rather large, and space limitations dictate that it will not be loaded into a hot
cell until it is needed.

Once the pellets are ground, they are formed into stacks of the correct length and loaded
into Zircaloy sheaths. The element is sealed by welding an end cap onto the loaded
sheath. This is done by tungsten inert gas (TIG) welding. The TIG welder is shown in
Figure 10. Figure 11, a close-up view of the TIG welder, shows an element sheath loaded
in the welder chamber with an end cap in place. The tungsten electrode is also visible in
this photograph.

TIG welding is a standard method used for welding in a hot cell, and AECL has
considerable experience in making this type of weld and in its irradiation performance.
The element is loaded in the horizontal chamber with the tube end and end cap projecting
out the end. A bell jar is closed over the end, the apparatus is evacuated and back-filled
with helium. An electric arc is struck, and a weld formed as the element is rotated under
the electrode.

STATUS
The WL fabrication campaign is progressing very well. Equipment required for this

stage of the campaign is now in cell. The PWR fuel has been removed from the sheaths.
OREOX runs have been completed, the powder has been milled and is being fabricated
into pellets.

SUMMARY
Both in-cell and out-cell experiments in Phase II of this project have been completed.

The fabrication campaign is progressing on schedule and is expected to be completed in
the fall of 1997. Irradiation of the DUPIC elements is scheduled to start in early 1998.
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FIGURE 3: PHOTOGRAPHS OF A TRAY OF SIMFUEL PELLETS BEFORE AND
AFTER THE OREOX PROCESS.

FIGURE 4: ELECTRON MICROGRAPH OF A POWDER PRODUCED FROM
SPENT PWR FUEL USING THE OREOX PROCESS.
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FIGURE 5: OREOX FURNACE

FIGURE 6: PELLET PRESS
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FIGURE 7: SINTERING FURNACE

FIGURE 8: CENTRELESS GRINDER
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FIGURE 9: CLOSE-UP VIEW OF CENTRELESS GRINDER SHOWING PELLET
BETWEEN GRINDING WHEEL AND (SMALLER) REGULATING WHEEL

FIGURE 10: TIG WELDER
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FIGURE 11: CLOSE-UP VIEW OF TIG WELDER SHOWING ELEMENT WITH
END CAP IN PLACE AND TUNGSTEN ELECTRODE
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ABSTRACT

At the Argentine Atomic Energy Commission (Comision Nacional de Energia Atomica,
CNEA) the BACO code (for "BArra COmbustible", fuel rod) was developed. It allows the
simulation of the thermo-mechanical performance of a cylindrical fuel rod in a Pressurized Heavy
Water Reactor (PHWR). The standard present version of the code (2.30), is a powerful tool for a
relatively easy and complete evaluation of fuel behaviour predictions. Input parameters and,
therefore, output ones may include statistical dispersion. As a demonstration of BACO capabilities
we include a review of CANDU fuel applications, and the calculation and a parametric analysis of
a characteristic CANDU fuel.

1. INTRODUCTION

In a nuclear reactor, fuel rod materials support relatively large temperatures and suffer the
effects of an aggressive chemical and radiation environment. Therefore, mechanical solicitation
might sometimes be near the limits of materials endurance even in normal operating conditions.
The economics of energy production might be greatly improved by quite minor corrections in
design and fuel processing and operating conditions. Any of these requires a careful checking of
fuel design. This has to consider parts performance as well as their in service thermo-mechanical
coupling. This coupling requires of computer codes to obtain results quantitatively and even
qualitatively valid. Numerical predictions depend heavily on realistic modelling. Therefore,
computer codes should include models of the main mechanical and chemical phenomena taking
place in the fuel, the cladding, the interfaces, and gap spaces and their coupling, as well as an
accurate evaluation of temperature evolution; i.e., it should synergistically model thermal and
mechanical behaviour of the fuel.

Argentina has two nuclear power stations in operation: Atucha-I (a Pressure Vessel PHWR)
and Embalse (CANDU 600 type). Although both are PHWRs, reactor and fuel design are different
in the two cases. Atucha fuel rods are nearly five meters long against the half a meter of CANDU
fuels. The cladding is self standing in the first case and collapsible in the second. The decision on
code development taken in the late seventies at CNEA was to simulate cylindrical fuel rods
containing UO2 pellets and supported by a Zry cladding, where reasonably general material models
were used; that approach could at the same time cover both types of fuels. The first attempt in that
respect was the thermal code PIZZA (Ref. / ) ; after that, the PELT (Ref. 2) and BACO (Ref. 3 and
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4) codes were developed. The numerical structure of the BACO code was an improved version of
that of FRUMP, the code developed by then at Harwell (Ref. 5). BACO was for a time probably
one of the more complete fuel performance simulation codes which included both pellet cracking,
restructuring, anisotropic cladding, etc. The code was tested by comparison with other ones of
similar potentiality, like URANUS (Ref. 6) and, more recently, in a co-ordinated round robin
comparison of fuel code predictions, with experimental results (Ref. 7).

BACO (BArra COmbustible) is a code for the simulation of the thermo-mechanical and fission
gas behaviour of a cylindrical fuel rod under operation. The BACO code in its version 2.20 was
recently described by Marino et al. (Ref. 8 and 9). The present 2.30 version is as user friendly as
the 2.20 but allows for a more detailed graphic output.

Predicting the thermal and mechanical performance of the CANDU fuel is challenging for
computer codes not designed "ad hoc". One must remember the characteristics of fuel
performance (collapsible cladding, filling gas pressure, cladding creep down during irradiation,
etc.). Here, except for the example of our experiments on MOX fuels, we shall concentrate on
results for CANDU fuels.

2. BACO CODE DESCRIPTION

The BACO code structure and models in its present versions are described in References 8
and 9, including steady state and transient thermal analysis. The number of instructions is at
present (version 2.30) of approximately 9000 Fortran 77 sentences. Data post-processing
improves the code's performance and analysis of results.

On modelling the UO2 pellet, elastic deformation, thermal expansion, creep, swelling,
densification, restructuring, cracks and fission gas release are included. While for the Zry cladding,
the code models elastic deformation, thermal expansion, anisotropic plastic deformation, and creep
and growth under irradiation. The modular structure of the code easily allows the incorporation of
different material properties. It can be used for any geometrical dimensions of cylindrical fuel rods
with UO2 pellets (either compact or hollow and with or without dishing) and Zry cladding.

Fuel rod power history and either cladding or coolant external temperature are inputs to the
program. Rod performance is numerically simulated using finite time steps. The code automatically
selects time steps according to physical criteria. Temperature distribution in the pellet and
cladding, main stresses at pellet and cladding, radial and axial crack pattern in the pellet, main
strains and hot geometry of pellet and cladding, change in porosity, grain size and restructuring of
the pellet, fission gas release to the free volume in the rod, trapped gas distribution in the fuel and
in the UO2 grain boundary, internal gas pressure and current composition of the internal gas, are
calculated. The output contains the distribution along the rod axis of these variables.

3. BACO CODE VALIDITY TESTS

3.1. EXPERIMENTAL IRRADIATIONS AT THE NRX REACTOR

The work reported by Notley (Ref 10) was used for testing the BACO code and results
reported in References 8 and P. In Notley's work, six Zircaloy-sheathed UO2 fuel elements were
irradiated at power outputs between 760 and 600 W/cm to a burnup of about 5500 MWd/tonU.
Then two of them and another two new rods were irradiated at lower powers for a further 1250-
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1700 MWd/tonU. The experiment was irradiated in the X-2 loop of NRX reactor. All elements
were destructively examined and some of them were measured during the irradiation. The
predicted and measured rod radius change AR/R, fission gas released, columnar and equiaxed
grains and central hole are provided in Reference 10 and calculated with BACO (Ref. 8 and 9).

We find that, although the predictions of AR/R and the gas released are approximately
correct, the measured rod dimension changes are somewhat larger than predicted at low power
and low burnup and are overpredicted by the code at high power and burnup. We discussed in
Ref. 9 that this might be related to burnup and power ranges to which the code parameters have
been fitted.

3.2. FUELOGRAMS

In CANDU reactors, fuel reshuffling is done under reactor operation. During reshuffling, the
fuel undergoes a power ramp due to the power distribution along the fuel channel. For this reason,
it is interesting to study the behaviour of a CANDU fuel under fast (10-20 min long) power ramps.
The linear heat generation rate (LHGR) before the ramp, the burnup at which the ramps occurs,
and the ramp height, cover a wide range. AECL has published bounds for safe operation, based on
actual experience of power ramping due to fiiei reshuffling in nuclear power stations.
Usually {Ref 11), the maximum power increase and maximum power such that fuel operation
below those values present no failures, are given as a function of burnup.

The experimental bounds for power increase and maximum power corresponding to the
Pickering Stations are plotted in Ref. 13. Power histories simulating reshuffling were simulated
with the BACO code. In the Code, the criterion for safe operation was based on the maximum
hoop stress at the cladding inner surface; this is related to susceptibility to stress corrosion
cracking. BACO results are in good agreement with AECL data; even the mispredictions can be
explained on a physical basis (Ref 14).

3.3. MOX FUELS RODS IRRADIATION

The irradiation of the first Argentine prototypes of PHWR MOX fuels began in 1986. The six
rods were fabricated at the a Facility (GAID-CNEA-Argentina) (Ref. 15). These experiences were
made in the HFR-Petten reactor, Holland. The rods were prepared and controlled at CNEA's
Facility. The postirradiation examinations were performed at the Kernforschungszentrum
Karlsruhe, Germany, and at the JRC, Petten. The parameters of the irradiation, the preparation of
the experiments and post-irradiation analysis were sustained by the BACO code predictions.

Two rods included iodine doped pellets (Csl and the second one, elemental iodine). The
concentration of iodine was calculated to simulate a burnup of 15000 MWd/ton(M). The power
histories were defined with the BACO code including power cycling and a final ramp. The
presence of microcracks in the cladding inner surface was observed in the iodine Csl doping test.
The experience named BUI 5, was performed with those rods. The goal of this experience was to
verify the fabrication processes and study the fuel behaviour with respect to PCI-SCC (pellet
cladding interaction - stress corrosion cracking). The results and code predictions are reported in
Reference 15. It was interesting to find a fuel failure which could be possibly related to a PCI-SCC
mechanism.
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4. A CANDU FUEL ROD ANALYSIS

We simulate hereafter a CANDU fuel rod
performance under an hypothetical, however
realistic, power history. With the purpose of
illustrating some of BACO's code capabilities,
relatively highly demanding in power conditions
are considered.

4.1 NORMAL OPERATION CONDITIONS

Linear Power Generation Rate
CANDU fuel rod

a:
o 300

200

1000 4000 5000

Burnup(av) (MWd/tonUO2)

Figure I: CANDU fuel rod: linear heat
generation rate as a function of averaged
burnup.

Fission Gases
CANDU fuel rod

The reactor's assumed power history used
here for the fuel rod performance analysis, is
sketched in Figure 1. Reactor operation is
considered to be at a relatively high power level
during all the irradiation and, at the beginning of
the third stage, after the second shutdown, the
start-up is a step-by-step one.

The maximum temperature calculated at the
pellet centre was 1970 °C (See Figure 8
afterwards). In Figure 2 we plot the fission gas
produced at the fuel, the one released, the one
trapped into the matrix of UO2 and, finally, that
retained at the grain boundary. The fraction of
fission gas released at EOL (End Of Life) is
7.2 % (thin curve in Figure 2). The increase of
the fraction released during the stages of high
power (more than 500 W/cm), at the power
ramps of 1000 MWd/tonUO2, at the first
reshuffling and during the peak power at
3300 MWd/tonUO2 can also be identified the
figure.

In Figure 3, the pellet and inner cladding
radius evolution are plotted. Pellet and cladding
come in contact after a brief period of BOL
(Beginning Of Life) and that contact is broken
during shutdowns. Radius variations are related
to power changes by the coupling of cladding
creep-down and pellet densification and swelling. The densification takes place before the
1000 MWd/tonUO2 and swelling after the middle of the irradiation. The pellet stack and its
associated cladding length evolution are plotted in Figure 4. There is a thermal expansion at
BOL, until pellet-cladding contact occurs, at very low burnup. Thereafter, the radial coupling
between pellet and cladding imposes both curves to be parallel except at reactor shutdowns, where
pellet-cladding contact is predicted to be broken by effect of the fuel thermal contraction.

0 1000 2000 3000 4000

Bumupfav) (MWd/tonUO2)

Figure 2: Predicted fission gas evolution
(thick curves). The unit is the volume of gases
at STP conditions (Standard Temperature and
Pressure). The upper curve represents
produced fission gases, the lower curve are
released gases, the upper-centre curve is the
trapped gases and the lower-centre curve is
the fission gases at the grain boundary. The
thin line shows the fraction of predicted
fission gas released.
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Pellet and Cladding Radius Evolution
CANDU fuel rod

Pellet Stack and Cladding Length
CANDU fuel rod

48.20
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48.10

48.05

1000 2000 3000
Burnup(av) (MWd/tonUO2)

4000 5000 1000 2000 3000

Burnup(av) (MWd/tonUO2)
4000 5000

Figure 3: Predicted pellet and inner cladding
radius evolution. Pellet and cladding are in
contact. Upper and lower lines represent the
pellet and inner cladding radius at the
as-fabricated values.

Figure 4: Pellet stack and cladding length
evolution. The straight line is the pellet stack
at the as-fabricated value.

Gap Conductance
CANDU fuel rod

Compression is generally predicted for the "hoop stress" calculated at the cladding (i.e.,
tangential stress at the inner surface of the cladding). However, stress reversal happens due to
local power increment followed by stress relaxation, i.e., creep of the cladding. The maximum
calculated hoop stress was 96 MP. Radial contact pressure has a direct correspondence with the
previous figure. The maximum calculated contact pressure is 16 MPa. (See Figure 9 afterwards.)

In Figure 5 we plot the thermal gap
conductance of the fuel rod. The overall
degradation of the conductance during fuel life is
due to fission gas release, and local variations
are induced to power changes.

There is an increment of pressure of the free
gases (He, Xe, Kr) in the rod due to the fission
gas release, and local variations are induced by
power changes. The calculated gas pressure at
EOL (2.8 MPa) is smaller than the pressure of
the coolant assumed for the calculation

1000 2000 3000
Burnup(av) (MWd/tonUO2)

4000 5000

Figure 5: Thermal conductance of the
pellet-cladding gap.

(10.6 MPa). (SeeFigure JO afterwards).
Figure 6 shows the evolution of crack

opening induced by the tangential stresses in the
pellet. We identify two kinds of cracks: those
opening from the surface of the pellet ("cracks-out") and those from the centre of the pellet
("cracks-in"). In operation, cracks-out commonly open. The cracks-in open during power-downs
ramps, specially at shutdowns, and they remain open only if operation continues at low power
(low temperature) do they remain open. The cracks-in are closed by restructuring.

Figure 7 represents the BACO code evaluation of the pellet grain size. We identify an
external zone without restructuring, a central hole which opens due to pore migration, an internal
zone with columnar grains and a ring with equiaxed grains. The predictions of the above two plots
(6 and 7) can be easily checked with pellet ceramography.
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Cracks Pattern in the Pellet
CANDU fuel rod

Pellet Grain Size
CANDU fuel rod

1000 2000 3000

Burnup(av) (MWd/tonUO2)
4000 5O00 3000 4000 6000

Figure 6: Pellet cracks evolution. The upper
line represents the as-fabricated pellet radius.
The lower curve (which nearly agrees with the
x-axe) is the predicted central hole. The upper
curve shows the cracks opening from the
surface. The lower curve, among the 3800-4000
MWdVtonUCh, shows cracks opening from the
pellet centre.

Burnup(av) (MWd/tonUO2)

Figure 7: Pellet grain size evolution. The
upper line represents the as-fabricated pellet
radius. The lower curve (near the x-axe) is the
central hole; the next ones, from the bottom are
the columnar grains, and the ring with equiaxed
grains should be located in the space from the
columnar grains to the next curve.

4.2 EXTREME CONDITIONS IN ROD FUEL PARAMETERS

The purpose of this exercise is to consider how the combination of assumed extreme rod
dimension conditions, but within reasonable tolerance for its fabrication, can affect performance.
We define two extreme situations:

1) A rod with the largest gap between pellet and cladding compatible with the as-fabricated
tolerances, and

2) A rod with the smallest gap.
The first situation should give rise to the maximum temperature in the fuel, and the second to

maximum stress between pellet and cladding.
For the same power history of Figure 1, Figure 8 includes the pellet centre temperature at the

maximum gap situation. The largest temperature attained in this case is 2070 °C (while it is of
1920 °C for the minimum gap situation). Figure 9 includes the BACO calculation of hoop stress
with a minimum gap situation. Here, the stress reverses several times from the normal compression
into expansion with peaks at the same burnups. The behaviour until the 1000MWd/tonUO2,
decrement in the stress value is due to pellet-cladding contact at BOL.

We obtain a stable solution which proves that the BACO code is a good tool to be used for
fuel rod design.

4.3 STATYSTICAL ANALISYS

As said in the Introduction, the flexibility of the BACO code and its speed in computer time
allow to perform systematic statistical analysis; using allowed fabrication dimensional limits and a
statistical distribution of values within those. Several runs (a minimum of 300) are performed with
different sets of initial values for the rod dimensions. We study the predicted variations in:



317

1) Pellet centre temperature,
2) Cladding hoop stress, and
3) Gas pressure predictions.
The rod input data were randomly selected within assumed fabrication tolerance for pellet

diameter and height, inner and outer diameter of the cladding and pellet density. The random
selection of input values was done assuming a uniform distribution of values between limits.

Figures 8, 9 and 10 represent the BACO code parametric analysis of some performance
parameters in a CANDU fuel rod. In the curves we plot:

1) Standard parameters of input data of the rod,
2) The parameters of the maximum gap situation,
3) The parameters of the minimum gap situation, and
4) The points of the random selection.

2000-

1200-

1000-

800'

— Maximum gap
— Standard fueL
— Minimum gap
• Random

i

500 1000 1500 2000 2500 3000 3500
BURNUP, MWd/tanUD2

4000 4500 5000

Figure 8: Statistical analysis of a CANDU fuel rod. Pellet centre temperature vs. averaged burnup.

Figure 8 is the BACO code calculation of the pellet centre temperature for the same viewer
history of Figure 1. All the calculated random points are between the extreme values in
as-fabricated tolerances; taken at approximate realistic values. At BOL, and depending of the
combination of dimensional parameters, pellet-cladding contact may or may not happen; however
it converges around the 500 MWd/tonUC>2 where all the random calculations present
pellet-cladding contact

Figure 9 shows the dispersion in the cladding hoop stress with the same inputs as the previous
plot. The points show a great dispersion at BOL due to the pellet-cladding contact situation.
Calculations show that the hoop stresses converge during the irradiation; that is clearly
demonstrated by the small dispersion at EOL.
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Figure 9: Statistical analysis applied to a CANDU fuel rod. Hoop stress at the cladding.
3.51
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Figure 10: Statistical analysis of a CANDU fuel rod. Gas pressure of the free gases in the rod vs.
averaged burnup.
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Rod Gas Pressure at EOL
30
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<2.18 2.36 2.6 2.84

Pressure(Mean Value of the Step) [MPa]
3.08

Figure 11: Histogram of the gas pressure of the
free gases in the rod at EOL.

Figure 10 shows pressure from the free
gases pressure at the fuel rod. The gas
pressure calculation takes into account the
thermal calculation, dimensional calculation
(stresses), fission gas release, etc. That is the
coupling of all the fuel rod parameters (input
data and behaviour modelling). There is a
small dispersion at BOL. The calculated
values of pressure diverge during irradiation.
Finally, after 3500MWd/tonUO2, there are
values both smaller and larger than those
predicted at the extreme conditions of the
"gap" size situation. Figure 11 is a. histogram
of the rod gas pressure of the free gases at
EOL. The main value agrees with the one
calculated for the standard fuel parameters.

5. CONCLUSIONS

As said in the Introduction, BACO (BArra COmbustible) is a code for the simulation of the
thermo-mechanical and fission gas behaviour of a cylindrical fuel rod under operation. Its modular
structure, where each mechanical model is contained within a separate subroutine, and the detailed
coupling of thermo-mechanical and irradiation induced phenomena makes it a powerful tool for
studying the influence on fuel performance of material properties, parts dimensions, etc. It also
allows to run detailed computer experiments. These characteristics were emphasised in the
examples.

The sensibility analysis (section 4) shows the importance of considering all the as-fabricated
fuel rod parameters in the fuel performance. For example, a complete fuel element design must
consider the dispersion in rod dimensions due to fabrication. The analysis sketched in 4 shows that
the study of those cases considered a priori as extreme ones is not enough, and that a statistical
analysis must be performed.

Changes in the design of rod in fabrication parameters can be tested. This exercise shows, on
one hand, the sensitivity of the predictions concerning such parameters and, on the other, the
potentiality of the BACO code for a probability study. The latter is due to the fast running of the
code and to the modular character of data input and the numerical and graphical output. The
results shown here have only a qualitative purpose and are not representative of the variations in
the fuel rod fabrication, where the dimensional variations are kept to a narrow band within
tolerance.
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Introduction

During analysis of CANDU postulated accidents, the reactor fuel is estimated to experience large temperature
variations and to be exposed to a variety of environments from highly oxidized to mildly reducing (Reference [1[).
The exposure of CANDU fuel to these environments and temperatures may affect fission product releases from the
fuel and cause degradation of the fuel thermal properties. Thus, it is important to model UO2±X thermal properties as
a basis for predicting fuel behaviour during accidents.

New models for the thermal properties of UO21x (i.e., heat capacity and thermal conductivity) have been jointly
developed within the Canadian nuclear industry under the SOURCE 2.0 project (Reference [2]). SOURCE 2.0 is a
safety analysis code which will model the necessary mechanisms required to calculate fission product release for a
variety of accident scenarios, including large break loss of coolant accidents (LOCAs) with or without emergency
core cooling. The goal of the model development is to generate models which are consistent with each other and
phenomenologically based, insofar as that is possible given the state of theoretical understanding.

Urania heat capacity is modelled in three different temperature (T) regimes: T < 2670 K, 2670 K < T < Traell and
T > Tmek. For temperatures less than 2670 K, the heat capacity is modelled as having components due to phonon
excitation, lattice dilation, Schottky defects and electron-hole excitation. At 2670 K, the urania is assumed to
undergo a Bredig transition, and above this temperature the urania behaves differently. A semi-empirical approach
is taken to this high temperature solid urania regime: the small polaron component is still modelled explicitly (since
it involves the U cations and the Bredig transition only affects the O sub-lattice) and the balance is empirically
derived based on experimental enthalpy data. For liquid urania, a separate semi-empirical approach based on the
experimental data is used. Urania thermal conductivity is modelled by assuming that three processes contribute to
the thermal conductivity: phonon transport, electron-hole transport and thermal radiation. The models of phonon
and electron-hole excitation in both the heat capacity and the thermal conductivity are fully consistent, with the
electron-hole transport assumed to be governed by a small polaron transport model.

Heat Capacity of U O ^

Heat capacity is defined as the amount of energy which is required to raise the temperature of a given mass of a
material by a given temperature increment. The heat capacity which is determined by this model is Cp, the heat
capacity at constant pressure, and is expressed in units of J/(kg-K). Theoretical determinations of heat capacity
generally are in terms of Cv, the heat capacity at constant volume, which is related to Cp through the following
relation from Reference [3]:

cp=cv
a 2 - V

T

( 1 )
where:

a
P

is the coefficient of volumetric thermal expansion [K"1]
is the coefficient of isothermal compressibility [Pa'1]
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V is the inverse of the density [mVkg]
T . is the temperature [K] . _ .

Several different processes can come into play as a substance absorbs energy and its temperature increases. In the
case of a crystalline solid, these are:

1) Increase in the number of charge carriers (e.g. conduction electrons and holes)
2) Vibrations of the molecules {i.e. acoustic mode lattice vibrations)
3) Internal vibrations of the atoms within each molecule {i.e. optical mode lattice vibrations)
4) Partial rotation of the molecules
5) Excitation of upper energy levels of the molecules
6) Miscellaneous effects {i.e. Frenkel and/or Schottky defects)

The acoustic modes of the lattice vibrations will be dominated by the vibration of the Uranium atoms, due to their
high mass. The optical modes of the lattice vibrations will be dominated by the Oxygen atoms. Partial rotation of
UO2 molecules does not occur due to the fact that the crystal structure of UO2 does not allow for molecular rotation
on any significant scale. This assumption is justified on the basis that the heat capacity of urania can be fully
described without any terms modelling molecular rotation. Excitation of upper energy levels does not occur until the
fuel reaches very high temperatures, i.e. > 4500 K (see Reference [4]).

Cp due to Lattice Vibrations and Lattice Dilation in UC>2±x

Lattice vibrations are an important contributor to specific heat. Einstein's formalism, which is typically used in
developing correlations for the heat capacity of UO2, assumes that all of the oscillating particles have the same
frequency of oscillation, vE. If we define 0 E = hvE/kB , then the expression for Cv is:

C v = 3 - N - k r

( 2 )
where:

kB is Boltzmann's constant [1.380662-10"23 J/K]
N is the "atomic density", i.e. number of atoms per kg in the lattice [kg'1]

This model only applies to atomic vibrations in which the distribution of vibrational frequencies is such that the
approximation of one average vibrational frequency is valid, such as is the case for optical phonon modes which
have a very narrow band width. With the large mass difference between the Uranium and Oxygen atoms and with
the strong bonding between these atoms, UO2 probably has such narrow band width optical modes. Optical modes
are more important at high temperatures than they are at low temperatures.

As stated above, the Einstein formulation is usually used in developing heat capacity correlations for UO2 . Another
model for heat capacity due to harmonic lattice vibrations is due to Debye. This model has a characteristic
temperature, the Debye temperature, ©D. This treatment gives an expression for Cv as follows:

T

( 3 )
where:

z is the expression, h-v/(2-B-kB-T)
0 D is the Debye temperature [K]

Both the Debye and Einstein models of heat capacity are approximations. Based on measurements of atomic
vibrations, Willis [5] has proposed a combination model in which the vibration of the U atoms is described using the
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Debye formalism and the vibration of the 0 atoms using the Einstein formalism. This is based upon the observation
that the characteristic temperatures of UO2 can be different, depending upon the typex>f excitation (i.e. optical or
acoustic modes). This is the approach selected for use in the present model, as it does not require fitting to
experimental data, but uses independently determined values of 0 E and ©D, along with the assumption that the
acoustic modes are due to vibration of U atoms and the optical modes are due to vibration of 0 atoms. The
characteristic temperature for the optical modes, ©E, has been determined to be 542 K in Reference [6] and the
characteristic temperature for the acoustic modes, ©D, has been determined to be 182 K in Reference [6]. Therefore:

C v =3-N(x) -k B
1

3 + x l © n
3 'J

©D /T
'0 ,

2 + x

3 + x

eeE /T

( 4 )
where:

x
N(x)

is the stoichiometric deviation [O/U-2]
is the atomic density corresponding to this stoichiometric deviation [(atoms) per kg]

There are higher-order effects (anharmonic effects) which cause the lattice vibration component of Cv not to follow
the form outlined above.
Cp = Cv + (cc2-V/p)-T

In addition, this model is intended to calculate Cp, which is obtained from

Anharmonic vibrations add a term to the heat capacity which is approximately linear in temperature, and the
constant of proportionality, C^ , has been determined to be 3.8144-10'3 J/(kg-K2) in Reference [7]. Reference [8]
tabulates values of (a2-V/p)-T for 100%TD UO2 over the temperature range 300-2500 K. These data can be fit to a
quadratic equation which is constrained to pass through 0 J/(kg-K) at 0 K. These effects (anharmonicity and the
relationship between Cv and Cp) result in the following additional terms to the equation for the heat capacity:

-dl •T'
1-P

( 5 )
where:

add

CH,-C,d l - C d 2

is the addition to the heat capacity due to anharmonic vibrations and lattice dilation [J/(kg-K)]
are the coefficients describing the contribution due to lattice dilation (CJCp relationship):
[Cd, = (3.1721 ± 0.1242)-10-3 J/(kg-K2), Cd2 == (1.4760 ± 0.0063)-10"s J/(kg-K3)]
is the fractional porosity of the UO2

Hence, the expression for Cp due to lattice vibrations and dilation in UO2±X is:

C'a t=3-N(x)-kB-
3 + x I ©

• T - f

'J

©D/T_
0 /

-I)'
dz +

2 + x
3 + x

eeE /T

Cmh-T+-
1-P

( 6 )

due to Electron Defects in UC>2±x

To a first approximation, Schottky defects are linear in temperature, and the constant of proportionality (Csch) has
been determined in Reference [7] to be equal to 1.08HO4 J/(kg-K2). Deviations from stoichiometry are assumed to
have a negligible impact on this value, since it involves a correction to an effect which is itself only of second order
in importance.

Cp due to Small Polaron Excitation in UO2±x

For UO2 temperatures > 2000 K, the contributions to heat capacity described in the above sections do not
completely account for the observed heat capacity of UO2. The difference can be seen when experimental data for
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U02 enthalpy is plotted along with the enthalpy which would be predicted based on the processes described above.
Note that enthalpy is the integral over temperature of the heat capacity. Figure 2 shows this difference for the
experimental data of Hein and Flagella (Reference [9]). This difference indicates that there is another process (or
group of processes) which absorb energy as temperatures increase into this range.

One physical process which occurs in U O ^ in this temperature range is the thermally induced disproportionation of
the cation {i.e. the U ion) sub-lattice, which is shown by the following equation

2U4+

( 7 )

This process is referred to as small polaron excitation, because the extra electron and hole on the U3+ and U5+ ions,
respectively, induce local polarisations of the lattice which act to screen the Coulomb interactions between the
charges and the lattice. These screened charges, or small polarons, can hop from one cation site to another
(Reference [10]). So this process is dependent on the presence of electron and/or hole charge carriers and upon the
U cations being in their lattice positions. This process has been shown to be able to explain the electrical
conductivity and Seebeck coefficient of UO2+X (Reference [11]). The magnitude of the effect on the heat capacity is
shown in this section to be sufficient to explain the excess heat capacity for 2000 K < T < 2670 K. The heat capacity
for temperatures above 2670 K must be dealt with differently than for temperatures below 2670 K. The assumption
that this process is active is equivalent to assuming that UO2 is a Mott insulator.

The electrons and holes which are generated by the disproportionation reaction add two energy bands to the
electronic energy spectrum of UO2, at Eu and E,. These two bands are separated by an energy gap AU [J];
AU = E3 + E5 - 2-E4 = Eu - E,. The numeric subscripts identify the U cations involved.

The molar concentrations of electrons and holes will obey the following equations (which are based on the law of
conservation of charge and on the principles of thermodynamic equilibrium, respectively):

p = n + 2-x

( 8 )

n-p ( - A F ^

(1-n-p)2 6 X P U
( 9 )

where:
n is the molar concentration of electrons, i.e. of LP+ ions [1/mol]
p is the molar concentration of holes, i.e. of U5+ ions [1/mol]
AF is the change in (Helmholtz) free energy associated with the reaction in Equation ( 7 );

AF = AU - T-AS [J]( per ion)
AS is the entropy difference associated with the reaction [J/K](per ion)

In order to determine the heat capacity from this process, use is made of the thermodynamic identity:

9T2

( 1 0 )
where:

Fsp is the Helmholtz free energy per kg UO2 in the system due to the reaction defined by Equation ( 7

) , [ J /kg} ;F s p =AF-{N u - ( l -n -p) /2}

Cv
sp is the component of the heat capacity due to small polaron excitation [J/(kg-K)]

Ny is the number of U ions per kg UO2 [atoms/kg]

Using Equation ( 9 ) to define AF and substituting into Equation ( 10 ), we obtain:
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N ( l - n - P ) 2

n-p

(11)

Evaluation of the above derivative gives the following expression for Cv
sp (note that — = — ) :

dT dT

c sp = -

dT
-+2-T-

dT2
In

- n - p n-p

( 1 - n - p ) 2

i l l i

n-p

dT | n-p

2- ( l -2 -n -2 -p )

dT dT2

n-p n 2 - P
2 dT.

( 1 2 )

There are two unknown parameters implicit in Equation ( 12 ): AU and AS. These must be determined by fitting to
experimental data, e.g. the enthalpy measurements of Hein and Flagella (Reference [9]), after subtracting the
contributions to the enthalpy due to the effects of harmonic and anharmonic vibration, lattice dilation and Schottky
defects. These two parameters (AU and AS) can also be determined by fitting to experimental data on the electrical
conductivity of UO2+X. Winter has shown that a, the electrical conductivity of UO^, can be described by the
following:

a = -£s.-(—1 .rn + nWI-n-nW^B-T)
T

( 1 3 )
where:

is a constant; C_ =•
4-v-k B

e
AE

is the electron charge [1.6021892-1019 C]

is the electron mobility activation energy [J]

v is related to the electron jump frequency, <o, via co = v • e x p ( - E / (k • T)) [1/s]

a0 is the lattice constant [m]

The unknown parameters in Equation ( 13 ) are AU, AS, AE and Co. Winter proposes values for these parameters of
AU=2 eV, AS=2-kB, AE=0.3 eV and Ca=2.83 W/(m-K). These data allow the predicted electrical conductivities to
exactly match the experimentally-derived correlation defined by Aronson (Reference [12]). However, these values
do not provide an acceptable fit to the electrical conductivity data of Killeen (Reference [13]) at x=0.005, nor to the
enthalpy data of Hein and Flagella (x = 0.003). However, using the values of the parameters from Winter's paper as
a starting point, a set of four values can be found which results in predictions that agree with all three published
works within their experimental uncertainties. In order to do this, numerically-determined best fits to each separate
data set were first found and then values within the range of these variables were selected such that the agreement to
Aronson's , Killeen's and Hein & Flagella's data were all equally good. The resulting values are AU=4.33-10'19 J
(2.7 eV), AS=2.62-10"23 J/K (1.9-kB), AE=4.81-10"20 J (0.3 eV) and CO=3.71 W/(m-K)

Figure 3 shows a comparison between the experimentally-based excess enthalpy and the enthalpy contribution from
the integral of Equation ( 12 ) using AU=4.33-10"19 J and AS=2.62-10"23 J/K. The graph shows the enthalpy due to
small polaron excitation for the uncertainty in the stoichiometric deviation as quoted in Hein & Flagella's work (x =
0.003 ± 0.003). Agreement is within the experimental error.

Figure 2 shows the impact of the small polaron contribution to enthalpy (the integral of Equation ( 12 )) on the
agreement between experimental heat enthalpy data due to Hein and Flagella (Reference [9]) and the enthalpy
determined based on the integral of the heat capacity model. Addition of this contribution improves the agreement
with the experimental data.



3 2 6

Figure 4 shows a 3-D surface plot of Equation ( 12 ) for a range of stoichiometric deviations and temperatures. The
graph shows .that stoichiometric deviation can have a significant impact on this component of the heat capacity.
Functionally, Cv

sp(x, T) = Cv
sp(-x, T). Note that the values plotted for temperatures above the melting point are only

of academic interest, since this model assumes that the U sub-lattice is present to interact with the hopping electrons.
Once the fuel has melted, this would of course not be true and Equation ( 12 ) would no longer apply.

Hence, the heat capacity due to lattice vibration, lattice dilation, Schottky defects and small polarons is:

C = 3 - N ( x ) - k B
1 (3-T3) fen/x z 4 - e z 2 + x

U n
3 J ' J ° L ^ 2 'sch

Cdl-T + Cd2-T2

—

dpi 4 n + p dp

(1.a.p).2.T._Ej. L _ _ + T 2 L.E
dp

dT2 •In
(i-n-P)2

+ 4 + -
n-p J

2-(l-2-n-2-p) (1-

n-p

dp „ d2p

n-p n 2 - P
2

( 1 4 )

Heat Capacity of U02±xfor 2670 K<T< Tmeit

In 1968, Bredig predicted that UO2 should undergo an order-disorder transition (see Reference [14]), i.e. a co-
operative process resulting in a loss of the long range order of the Oxygen ions on the UO2 lattice. The transition
was predicted to be of second order {i.e. a X transition). In the case of UO2, it is usually referred to as the "Bredig
transition" and has been experimentally determined to occur at 2670 K in unirradiated, stoichiometric UO2

(Reference [15]). The Bredig transition is associated with a "peak" in the heat capacity, in which the heat capacity
appears to diverge, which is typical of such phase changes. However, this peak is very narrow in width, and the
energy associated with the transition is relatively small. Therefore, the energy associated with this peak is ignored in
this model. Additionally, since irradiation tends to favour transitions to a more disordered state, the peak is also
likely to be somewhat "blurred" for fuel which is in a neutron flux.

Figure 5 shows the experimental enthalpy data from Hein and Flagella in the temperature range above this
transition, along with the integral of Equation ( 14 ). Above the transition temperature of 2670 K, the heat capacity
appears to be constant. The small polaron contribution to the heat capacity should be approximately constant in this
temperature range for the given stoichiometric deviation. Equation ( 14 ) does yield an approximately constant heat
capacity in this temperature regime, but its value is too low to be in agreement with the experimental data.

Since the Bredig transition does not affect the U sub-lattice, the small polaron contribution to the heat capacity
should still exist in this temperature regime. Therefore, the small polaron contribution to the heat capacity is still
applicable "unmodified", for temperatures between the Bredig transition and the melting point. The balance of the
heat capacity in this temperature regime is of unknown functional form. If the small polaron contribution to the
enthalpy is subtracted from Hein and Flagella's data and a linear best fit is made, an empirical heat capacity due to
all other potential contributors can be determined. The value of this heat capacity component is equal to the slope of
the best fit line (556.8 J/(kg-K)). Hence the heat capacity in this temperature range is modelled by:

Cp = C V
S P + 556.8 J/(kg-K)

P T>2670

( 1 5 )
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Figure 5 shows a comparison of the enthalpy data of Hein and Flagella in the temperature range between 2670 K
and the melting point, along with the integrals of Equation ( 15 ) and Equation ( 14 )JThe difference between the
enthalpy data points and the integral of Equation ( 15 ) is due to the fact that the enthalpy associated with the peak
in heat capacity at the Bredig transition temperature is not modelled. The difference is within the experimental
uncertainty in the data, however, and so any estimate of the enthalpy associated with the peak would be highly
uncertain.

Non-stoichiometry could potentially have an impact on the temperature at which the Bredig transition occurs. A
theoretical treatment of this is given in Reference [4], which indicates that the Bredig transition temperature
increases with the magnitude of the stoichiometric deviation, regardless of its sign. This prediction is verified by
experimental evidence presented in the reference. Therefore, for non-stoichiometric UO2, the increasing heat
capacity due to lattice dilation, Schottky defects, and anharmonic vibrations will presumably continue to higher
temperatures. It is difficult to quantify the magnitude of the change in the Bredig transition temperature with
stoichiometric deviation, however, so it will be assumed for this model that the temperature of the Bredig transition
remains unchanged for U O ^ .

Latent Heat of Fusion ofUO2±x

For near-stoichiometric UO2 (x = 0.003 ± 0.003), Hein and Flagella's enthalpy measurements (see Reference [9])
can be used to determine the magnitude of the latent heat of fusion. Figure 6 shows the enthalpy data from this
reference. The increase in enthalpy at the point of melting is clear. The figure shows that the latent heat of melting
of nominally stoichiometric UO2 is 282.184 ± 9.472 kJ/kg. For this model, it is assumed that deviations from
stoichiometry and burnup in the range characteristic of CANDU (< at%) have a negligible effect on the magnitude
of the latent heat of fusion.

Cp of Molten UO2±x

There is very little experimental data on the heat capacity of molten UO2. Aside from the data of Ronchi et. al.
(Reference [16]), there are only 10 experimental data points from two other experiments (References [9] and [17])
covering the temperature range from 3141 K to 3558 K. The scatter of these data is sufficiently high with respect to
the temperature range covered that it is impossible to determine even the sign of dCp/dT. Therefore, the data from
Reference [16] is used for the development of the model for heat capacity of molten UO2.

Along with the experimental data, Reference [16] provides a functional best fit to the experimental data which,
while closely reproducing a fourth-order polynomial best fit to the data, formally represents the descending flank of
a thermally activated specific heat contribution, plus another thermally activated term which is not significant until
temperatures >4500-5000 K are achieved. The functional form of the expression for heat capacity of molten,
stoichiometric UO2 is:

1.1-107 ,« n n ; T LO-1012

T>Tllldl
 D T Z "T

( 1 6 )

Figure 7 shows the heat capacity data compared to the above expression. Agreement is well within the experimental
error.

Hyper- and hypo-stoichiometric UO2 do not melt congruently. Therefore, it is not physically accurate to speak of
temperatures below or above the melting point with non-stoichiometric fuel. It is only appropriate to speak of
material at a specific temperature with a specific mass fraction being solid (or a specific mass fraction liquid). The
overall heat capacity will be the mass-weighted average of the heat capacities of the solid and liquid fractions. As
fuel burnup (co) increases, the addition of fission product "impurities" causes the solidus temperature to decrease,
analogous to the effect of stoichiometric variations.

The expression for the heat capacity of liquid UO, has three terms:
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1) The Dulong-Petit heat capacity, due to atomic vibration, 3N-kB

2) A term which represents the reduction in Cp due to the saturation of the additional thermally-activated
processes which are important for solid phase fuel, 1.1-1 OVP-e15500^

3) A term which represents excitation of electrons in the 2p orbitals, 1.0- 10'2/T2-e"35500/T

The first term will be altered by non-stoichiometry as described by the first term of Equation ( 6 ). Hence, this term
becomes 3-N(x)-kB.

The reduction in heat capacity described by the second term in equation (16) is associated with the melting process.
The term must be "corrected", therefore, so that the reduction is consistent for cases in which the amounts by which
the actual temperature exceeds the liquidus temperature are the same.

The third term in equation (16) is not driven by the melting process. It represents excitation of electrons between
orbitals, and so should be, in principle, affected by the presence of additional O atoms. However, since the orbitals
in question (2p) are relatively deep in the electron structure of U, the impact is assumed to be negligible.

Therefore, the expression for the heat capacity of irradiated liquid UO2±X is:

P l T > T L ( x , » ) = 3 - N ( X ) - k B 1
T . ( x > a ) ) 2 " ' T 2 "

( 1 7 )
where:

T'(x,a>) is defined as TL(0, 0) + {T - TL(x, co)} [K]
TL(x, co) is the liquidus temperature for the fuel as a function of stoichiometric deviation and bumup [K]

Overall Model of Fuel Heat Capacity

The fuel heat capacity model consists of three different models for different temperature ranges. For temperatures
up to 2670 K, Equation ( 14 ) applies. For solid urania above 2670 K, Equation ( 15 ) applies. For liquid urania,
Equation ( 17 ) applies. For mixed phase situation, the mass-weighted average of the heat capacities for solid and
liquid are used. Figure 1 plots the overall model of fuel heat capacity as a function of temperature for various values
of the stoichiometric deviation, porosity and burnup.

Thermal Conductivity

Thermal conductivity is a measure of the "ease" of internal transfer of energy between regions of a material. This
energy can be transferred through the following mechanisms:

1) Lattice vibrations (phonons)
2) Electron-hole movement
3) Radiant heat transfer

Phonon Contribution to Thermal Conductivity

The thermal conductivity due to lattice vibrations (or phonons) can be expressed as the following:

( 1 8 )
where:

kp is the contribution to thermal conductivity due to phonons, [W/(m-K)]. Note that, below 1500 K,
k « k p

p is the density [10960 kg/m3 for 100% TD UO,]
Cv

lan is the phonon contribution to the specific heat at constant volume [J/(kg-K)]
u is the mean phonon speed [m/s]
A. is the phonon mean free path [m]
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The density can be determined using a fuel thermal expansion correlation such as is found in Reference [18].

For application in this context, the above expression should only be used in the case of solid urania. If the material
is liquid, there will still be atomic vibrations, but they will not propagate spatially due to the lack of a rigid atomic
lattice. Therefore, for liquid UO2, kp = 0.

Unfortunately, the expression u-X/3 consists of two parameters which cannot be determined via direct measurement.
However, this expression is dominated by two main contributions for temperatures below 3000 K (Reference [18]).
These contributions are the deflection or scattering of phonons from lattice defects, and phonon self-scattering.
These processes are functions of the stoichiometric deviation of the fuel and its impurity content. With the
assumption that these two processes dominate the phonon mean free path, Equation (18) becomes:

_ n latt

v A(x,co) + B(x,co)-T'
( 1 9 )

where:
A(x,co) is a factor proportional to the point defect contribution to the phonon mean free path [ms/kg]
B(x,co) is a factor proportional to the phonon-phonon scattering contribution to the mean free path

[m-s/(kg-K)]
T' is the temperature or 2050 K, whichever is less [K]

The factors A(x,co) and B(x,co) are determined by deriving correlations to thermal conductivity data. See below for
details of their derivation. T' is used in this equation instead of T because, at 2050 K, the mean free path of the
phonons becomes about equal to the inter-atomic distance. Therefore, following Reference [18], the temperature
used is limited to this value.

Equation ( 19 ) gives the expression for non-porous material. In reality, UO2 is porous. Pores have a different
thermal conductivity than the UO2 lattice and this must be accounted for. This is done using either the modified
Loeb equation or the Maxwell-Euken equation. The Maxwell-Euken equation is considered to be superior to the
modified Loeb equation (Reference [19]) and is used in this model. The Maxwell-Euken equation is as follows:

kp l - p

k100 " l + p-P
( 2 0 )

where:
kp is the thermal conductivity due to phonons in porous material [W/(m-K)]
k]00 is the thermal conductivity in a sample of the material with no pores [W/m-K)] (see Equation ( 1 9

p is a factor which depends on the shape, distribution and composition of the pores

The thermal conductivity of UO2 is commonly measured indirectly. This is done by measuring the thermal
diffusivity, a:

k
a =

P-C p

( 2 1 )
where:

k is the thermal conductivity [W/(m-K)]
Cp is the heat capacity [J/(kg-K)]

For T<1773 K, k « kp and Cp * Cv
la". Using this fact and Equations ( 19 ) and ( 20 ), it is easy to show that the

thermal diffusivity in this temperature regime can be expressed by:

A(x,co) + B(x,co)-T
( 2 2 )
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As mentioned in above, this model uses a correlation to determine the value of p. In order for the correlation to be
applicable to-CANDU nuclear fuel, the experimental data on which the correlation is. based must be for fuel as
similar as possible to CANDU fuel. For this reason, SIMFUEL data from Reference [20] is selected as the basis for
determining the experimental constants in Equation ( 22 ). This model will follow Reference [18] and use an
expression for {3 of the form:

P = p , + P 2 - T
( 2 3 )

Due to the nature of the variation of P(T) with T, this correlation implies that p(T) will eventually become less than
-1 as the temperature increases. This leads to the implication that, above a certain temperature, fuel with porosity
has a higher thermal conductivity than UO2 at 100% TD. Reference [18] deals with this by using a "cutoff
temperature beyond which p is held constant at a value of-I, with a linear interpolation over a limited temperature
range around this cutoff.

In order to determine the functional form of A(x,co) and B(x,co), the values of A and B for a range of stoichiometric
deviations and simulated bumups from Reference [20] were used as the starting point. The values of A and B in
Reference [20] are peculiar to the assumptions and measurements made in Reference [20], so they are not simply
used in this model. Instead, the values of A and B from Reference [20] will be used to determine the appropriate
functional form of the expressions for A(x,co) and B(x,co), and then the coefficients of the functions will be
determined so as to be consistent with all of the elements of this model. Table 1 and Table 2 reproduce the values of
A and B reported in Reference [20]. If the data for A are graphed, and a term of the form A, + A2-x is removed from
them, what is left appears to follow a power law relationship, linear in x and co. Hence, a valid empirical expression
for A(x,co) is:

A(x,to) = A, +A2 .X + IOA3+ A4«+A5X

( 2 4 )

If the data for B are plotted, it can be seen that the dependence on x and co does not appear to be strong and there is
a good deal of "scatter" in the relationship. However, there does seem to be some dependence, so it is assumed that
x and co result in a first-order correction to the value of B, leading to the following empirical expression for B(x,co):

B(x,co) = B, +B 2 -co +B 3 -x
(25 )

With these functional forms for p(T), A(x,co) and B(x,co), an iterative technique was used to determine the best fit
values of p,, P2, A,, A2, A3, A4, As, B,, B2 and B3 using the data from Reference [20]. The initial values of p, and p2

are from Reference [18] and the initial values of the other eight unknowns are the best fit values for the values of A
and B in Table 1 and Table 2. The experimental data consist of 136 measurements covering stoichiometric
deviations from 0.0 - 0.084, simulated burnups from 0 - 1800 MW-h/kgU (cf. usual CANDU average exit burnup:
-190 MW-h/kgU) and densities from 10.512 - 10.776 g/cm3 (cf. CANDU UO2 density specification: 10.45 - 10.75
g/cm3).

An additional constraint was placed on the solution. Recall that Equation ( 23 ) is not applied at all temperatures.
Above the "cutoff temperature, the value of T used in Equation ( 23 ) is the "cutoff temperature. In Reference
[18], the "cutoff temperature is near 1773 K. The data in Reference [20] show a tendency for higher densities to
result in higher thermal conductivities even up to 1773 K, implying that the cutoff temperature is some temperature
>1773 K.

If the "cutoff temperature were to be in the temperature range of the experimental data used to derive the values of
the coefficients for P(T), A(x,co) and B(x,co), it would greatly complicate the solution process, due to the non-
linearity which would be introduced. Therefore, in order to make the numerical solution process more tractable, a
constraint was added to the numerical solution that the "cutoff temperature had to be > 1773 K. The values of the
fitting parameters with this constraint are given in Table 3. The "cutoff temperature implied by the values of p, and
p2is 1773 K.
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The standard error of the fit to the data with the values of the fitting parameters given in Table 3 is 4.3%, which is
similar to the quoted experimental error for the data of 5%. The maximum error -for-any particular data point is
10.4%. Figure 8 shows a plot of predicted vs. measured thermal diffusivities using the best fit values of the fitting
parameters. Agreement is excellent. Confirmation that the deviations between the model predictions and the
experimental data can be ascribed to random error is found in Figure 9, which compares the distribution of the
relative errors in the predictions with the normal distribution. A x2 test shows that the difference between the actual
error distribution and the normal distribution is not statistically significant.

This error analysis demonstrates that the correlations derived for p, A and B are sufficiently close to the "true"
relationships that the differences between model prediction and the experimental data in Reference [20] can be
ascribed to stochastic processes. This conclusion lends support to extrapolation of the correlations for A and B
beyond the ranges of stoichiometric deviation and density for which they were derived, so long as the structure of
the material is still U O ^ .

The derivation of correlations above has been restricted to fuel which is either nominally stoichiometric or hyper-
stoichiometric. It is important to also consider hypo-stoichiometric fuel. P is not dependent on stoichiometric
deviation, so application of the relation for p(T) is not restricted to hyper-stoichiometric fuel. A and B, however, are
dependent on stoichiometric deviation and their behaviour in this regime must be assessed.

The stoichiometric deviation affects A and B because of the presence of lattice defects. In UO2+X, the defects are
interstitial O ions; in UO2.X, they are 0 vacancies (Reference [21]). In either case (i.e. hyper- or hypo-stoichiometric
fuel), the molar density of defects is the same and so, the number and distribution of "order defects" is the same.
The assumption is therefore made that A(x,co) = A(-x,co) and B(x,co) = B(-x,co). This alters the functional form for A
and B slightly:

( 2 6 )

B(x,co) = B, +B2-co+B3-|x|

( 2 7 )
This modification allows the expression for kp to be applied to hypo-stoichiometric fuel.

If the assumptions underlying Equations ( 26 ) and ( 27 ) are reasonable, one would expect that, as long as the
stoichiometric deviation is above the [U + UO2.X] phase boundary, the thermal conductivity of hypo-stoichiometric
urania would be similar to the thermal conductivity of hyper-stoichiometric urania whose stoichiometric deviation
was of the same magnitude. Reference [22] shows the experimental results of Hetzler, which were performed for
urania with an O/U ratio of 1.98 and 1.97 (i.e. x = -0.02 and x = -0.03) and compares them to the results of Howard,
Ross and Belle for slightly hyper-stoichiometric UO2+X with x in the range between 0 and 0.18. The results show
that, below a certain threshold temperature which appears to be close to the [U + UO2.X] phase boundary, the thermal
conductivity of hypo-stoichiometric urania is much higher than that of similarly hyper-stoichiometric material.
However, above this temperature (i.e. in the UO2.X phase), the thermal conductivity falls to a value near that
observed in hyper-stoichiometric urania. This indicates that the conceptual model underlying the extension of
Equations ( 24) and (25 ) to the forms shown in Equations ( 26 ) and (27 ) is a reasonable one.

Small Polaron Contribution to Thermal Conductivity

The second significant contributor to the thermal conductivity of U O ^ fuel is electron-hole transport. Some
treatments of thermal conductivity of urania use an expression for this contribution to the thermal conductivity
which assumes that the fuel behaves as a semiconductor. However, as discussed above, urania is a Mott insulator,
rather than a semiconductor. Thus there is no Weidmann-Franz term as is the case for semiconductors. This yields
an expression for the thermal conductivity due to electron-hole transport of:
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k * = l e
( 2 8 )

where :
ke is the thermal conductivi ty due to electron-hole transport [W/(m-K)]
Ge is the partial dc electric conductivity due to electron transport [ l / (Q-m)]
a h is the partial dc electric conductivity due to hole transport

Reference [11] provides a theoretical technique for evaluating the above expression for a given temperature and
stoichiometric deviation, x. This treatment results in the following expression for this component of the thermal
conductivity of U O ^ :

v - r ( A U 1 n • p • (1 - n - p) _AE/(kBT)
V.kB-TV n + p

(29)
where:

Cc is a constant; C o = 4 ' v ' k g [W/(m-K)]
ao

v is related to the electron jump frequency, co, via co = v - e x p ( - E / ( k B - T ) ) [1/s]

a0 is the lattice constant [m]

Note that the above expressions for ke are only valid for solid phase urania. For liquid material, the "hopping" mode
of electron and hole transport would not occur, since there would not be a U cation sub-lattice in place to provide
the lattice polarisations. However, this would imply that electrons produced would be more mobile than if the U
sub-lattice were there. Therefore, applying the above formulation to the determination of ke in liquid urania should
result in an under-prediction, allowing for conservative (from the point of view of fission product release) over-
estimates of fuel temperature.

The values of the parameters Co, AU, AS and AE used in the thermal conductivity model are identical to those used
for the heat capacity model described above.

Radiative Contribution to Thermal Conductivity

The final contributor to the thermal conductivity is radiative heat transport. UO2 will have a contribution to thermal
conductivity which is of the following form (see Reference [23]):

k 16 r_o3_i 2 3
rad 3 [as(A,T)J

(30 )
where:

as is the Stefan-Boltzmann constant
as(?L,T) is the spectral absorption coefficient
N(A.,T) is the index of refraction

The typical approach is to assume that N(A.,T) is independent of temperature and wavelength, and to average cts over
the Planck distribution of the radiation to obtain a Rosseland absorption coefficient (temperature dependent only;
CXR(T)), yielding the following expression for krad:

knA =3-10~n •
N 2

•T
aR(T)_

(31 )

Hyland (Reference [23]) reports that the assumption that N is independent of X and T is justified, based on the
directional spherical reflectivity data of Bober et al. (Reference [24]), and that the value of N is 2 .25. Experimental
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data on OCR(T) is highly uncertain, especially in the high temperature regime in which the radiative component of the
thermal conductivity is important. Hyland has defined a lower bound on the possible.values of C(R(T), which will be
referred to as aR

mi" (T) (see Table 4). This set of data lead to the indicated upper bound values of krad. However,
because of uncertainties in the values of cc(A.,T) beyond the absorption edge of the material, the values of aR

mm(T) in
Table 4 have an uncertainty band of+1000% and -0%. Another way of putting this is that the best estimate of krad is
1/2 of the value which would be obtained from the values of aR

mi"(T) in Table 4, with an uncertainty of ±100%. This
leads to the following expression for krad:

3-10' N 2

• T 3

a R
m m (T)

( 3 2 )

The data for CIR(T) in Table 4 can be easily fit to a power law. The best fit expression for the data is:

a™n(T) = C r exp(C 2 -T)

( 3 3 )
where:

C, has a value of 8750 m"1

C-> has

The resulting expression for krad has an uncertainty of ±100%. However, the theoretical basis is sound and the
contribution of krad to the overall thermal conductivity is not dominant. Therefore, the effect is included in this
model for thermal conductivity. Since this contribution to the thermal conductivity is related to the behaviour of
photons in the fuel, it should not be significantly affected by changes in stoichiometric deviation or by bumup. Any
such effect is assumed to be insignificant in this model.

Effect of In-Reactor Flux on Thermal Conductivity

When the urania is in the reactor, the flux will have an effect on the thermal conductivity. Damage to the lattice
structure of the fuel {e.g. dislocations) will interfere with the propagation of phonons, reducing the thermal
conductivity. However, annealing of these lattice defects will act to negate this effect, so that at high temperatures
the effect of being in flux is negligible. Reference [22] shows the results of Clough and Sayers (Reference [25]),
who determined the thermal conductivity of UO,. These results clearly demonstrate that the thermal conductivity of
UO2 under irradiation can be broken into three regimes:

1) T > 773 K: the thermal conductivities of unirradiated fuel and fuel undergoing irradiation are the same.
2) 523 K > T > 773 K: the thermal conductivity of fuel undergoing irradiation is approximately constant,
while the thermal conductivity of unirradiated fuel increases with decreasing temperature.
3) T < 523 K, the thermal conductivity curve is very similar to the curve for unirradiated fuel at
temperatures -150 K higher.

This model adopts a very simple expedient to account for the effect of in-reactor flux on fuel thermal conductivity.
For temperatures below 773 K, the thermal conductivity at 773 K will be used. This ignores the observed trend on
thermal conductivity at temperature below 523 K, but such temperatures are of little interest in safety analysis and
the under-prediction implicit in this model's approach is considered to be acceptable.

Effect of Mixed Solid and Liquid Phase on Thermal Conductivity

Non-stoichiometric urania has separate solidus and liquidus temperatures. Because of this, it is possible to have
states in which a urania sample may be of mixed phase; i.e. the sample may contain both solid and liquid material at
a constant temperature.

In this event, the thermal conductivity of mixed phase urania will be determined based on the approach described in
Reference [26].
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To apply this approach, the thermal conductivities of both the solid and liquid phases in the fuel are determined.
Next the phase whose volume fraction is >50% is labelled as the continuous phases the-other phase is labelled the
dispersed phase. If the solid urania is the continuous phase, the effective thermal conductivity is given by:

, -i-i
i i ~ 7! ; \ i

2

fc-(kd-kc).[kc+B.(kd-kc)]
( 3 4 )

where:
is the effective thermal conductivity of the two-phase mixture (W/(m-K))
is the thermal conductivity of the continuous phase (W/(m-K))
is the thermal conductivity of the dispersed phase (W/(m-K))kd

B

C

Vd is the volume fraction of the dispersed phase

If the liquid urania is the continuous phase, the effective thermal conductivity is given by:

1

^C'-(kd-kc)-[kc+B-(kd-kc)]
•In

•B-(kd-k, - k .

; c + B - ( k d - k c ) - - -

1-B

kc

- l

( 3 5 )

Overall Model for Fuel Thermal Conductivity

Based on the discussion in the above document, the thermal conductivity of a single-phase sample of Uranium
dioxide fuel can be expressed by:

k =
P-C latt1-P

1 + P-Pj A(x,co) + B(x,co)-T

AU

k»-T.

n - p - ( l - n - p )

n + p
3-10 - i i

aR
m m(T)

(36 )

In the case of a mass of fuel which is of mixed solid and liquid phases, the above expression may be evaluated
separately for the solid and liquid phases and Equations ( 34 ) and ( 35 ) used to determine the effective thermal
conductivity of the overall mixture.

Equation ( 36 ) is plotted in Figure 10 as a function of temperature for various values of the stoichiometric
deviation, porosity and burnup. Note that the effective thermal conductivity in the mixed solid/liquid phase region is
not plotted.
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X

(UO2+X)
0.0000
0.0069
0.0350
0.0840

A (m-KAV)

0 MW-h/kgU
0.0911
0.1022
0.2031
0.3669

675 MWh/kgU
0.1362
0.1433
0.1997
0.3819

1800 MWh/kgU
0.1858

0.2345
0.3844

Table 1: Value of Coefficient A in k = (A+B-T/1 from Reference [20]

X

(UO2 +J
0.0000
0.0069
0.0350
0.0840

B (m/W)
0 MWh/kgU

2.35-10-"
2.33-10"4

2.20-10-"
1.55-10-"

675 MW-h/kgU
2.12-10"4

2.17-10"4

2.23-10"4

1.34-10"4

1800 MW-h/kgU
2.05-10"4

1.95-10"4

1.34-10^
Table 2: Value of Coefficient B in k = (A+B-T)"1 from Reference [20]

Constant

P.
P2
A,
A2

A3

A4

A5

B,
B2

B3

Initial Estimate
6.5
-0.00469 K"l
255800 s/m2

11607000 s/m2

4.752
4.62-10-4 kgU/(MW-h)
-15.955
789 s/(m2-K)
-5.26-10-2 kgU-s/(m2-K-MW-h)
-3058 s/(m2-K)

Final Value
5.74
-0.00380 K-l
-434000 s/m2

8530000 s/m2

5.65
1.09-10-4 kgU/(MW-h)
-4.73
804 s/(m2-K)
-3.96-10-2 kgU-s/(m2-K-MW-h)
2150s/(m2-K)

Table 3: Initial Estimates and Best Fit Values of Unknown Constants in k_

Temperature
(K)

1000
2000
3000

aRnnn(T
)

(cm1)
190
385
865

Max. krad

(W/(m-K))

0.08
0.32
0.47

•^rad

(W/(m-K))

0.04 ±0.04
0.16 ±0.16
0.24 ± 0.24

Table 4: Lower Bound Values of OCR(T) (after Reference [23]) and Corresponding Estimates of kra,
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Figure 1: Overall Model of Heat Capacity and Heat Capacity of U4O9 and U3O8
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Figure 2: Enthalpy Data due to Hein & Flagella (x = 0.003 ± 0.003) and Heat Capacity Models With and Without
Small Polaron Excitation
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ABSTRACT

Thermally induced bow, caused by a circumferential temperature distribution around a fuel
element, was investigated in this study using a fuel element simulator. The objective was to
identify the factors affecting CANDU® fuel element bow induced by dryout as a result of some
predicted reactor transients in which the maximum fuel temperature reaches 600°C. The results
showed that circumferential temperature distribution, pellet-to-sheath mechanical interaction and
creep were the major factors affecting bow. Transient bow increased with increasing diametral
sheath temperature difference and with mechanical interaction between the pellet and the sheath.
Permanent bow of the fuel element was observed in some tests which was the result of creep.
Mechanical interaction between the sheath and pellet produced the stresses necessary for creep
deformation. A simplified ABAQUS model was developed to explain the experimental findings
and could be used to predict the bow behaviour of fuel elements during reactor transients, where
the dry patches are of different sizes.

INTRODUCTION

This paper addresses thermally induced bow, caused by a circumferential temperature
gradient around a fuel pin. If one side of the fuel element becomes hotter than the other then the
element bows in the direction of the hotter side to accommodate the differential axial strain. The
magnitude of the deflection caused by this mechanism is called "transient bow". If the sheath is

T®CANDU is a registered trademark of Atomic Energy of Canada Limited (AECL).
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stressed and stress relaxation occurs some permanent deflection will remain on removal of the
temperature gradient, and this is called "permanent bow".

Under normal operating conditions, temperature variations around the fuel element are
caused by non-uniform coolant temperatures resulting from imperfect mixing, non-uniform heat
transfer between sheath and coolant resulting from variations in subchannel geometry, and from
asymmetric heat generation in the fuel in response to neutron flux gradients across an element.
Permanent bow was observed in Zircaloy-sheathed Douglas Point reactor fuel and to a greater
extent in high temperature Zr-2.5 Nb-sheathed WR-1 fuel [1,2]. Analysis of those results
showed that neutron flux gradients and mechanical interaction between the fuel and sheath were
the dominant factors in element bowing.

The major factors causing bow in dryout are: circumferential temperature gradient, sheath-to-
pellet mechanical interaction and stress relaxation. This study was conducted to quantify the
effects of the parameters described above on both transient and permanent bow as a result of a
short period of dryout of a fuel element during which the maximum sheath surface temperature
reaches approximately 600°C with the cooler side of the sheath remaining at about 300°C. This
scenario would produce a circumferential temperature gradient around a fuel element, and
therefore the necessary conditions for the element to bow. To achieve this objective small-scale
out-reactor tests using a fuel element simulator with a circumferential temperature gradient were
conducted and the tests modelled with a commercially available code ABAQUS [3].

EXPERIMENTAL DETAILS

An experimental facility and a fuel element simulator were designed and built for this study.
The general concept for the experimental design was to use a fuel element simulator with
unirradiated UO2 pellets having an off-set hole inside a Pickering-type fuel sheath. The off-set
hole contained a heater and the heater power could be controlled. The fuel element simulator
was contained inside a stainless-steel chamber and was supported at the two ends. Helium gas
was purged around the simulator to produce the desired circumferential temperature distribution.
The bow of the element at the centre was measured with a Laser device.

Test Facility. Figure 1 shows the components of the test facility. It consists of a test chamber,
Laser head, gas supply system, power supply and a data acquisition system. Based on heat
transfer calculations, a fuel sheath-to-coolant heat transfer coefficient of about 300 W/m2»K is
required to achieve the desired temperature distribution in the fuel element simulator. The heat
transfer coefficient depends on several factors, such as the coolant medium, its pressure, velocity
and temperature. Calculations showed that a flow tube, with an I.D. of 22.1 mm surrounding the
fuel element simulator carrying helium gas at 0.5 MPa with a flow velocity of 15-20 m/s, would
provide the necessary conditions in the flow tube to achieve the desired heat transfer coefficient.
Therefore, the facility was designed for those conditions.

The test chamber, shown schematically in Figure 1, is a stainless steel vessel housing the fuel
element simulator as shown in Figure 2. The test section is 0.25 m long and is the centre part.
The simulator test section is supported at both ends with a set of three centering pins, that would
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allow free axial expansion and rotation of the simulator. A flow tube (see Figure 2) surrounding
the simulator has a quartz optical window at the top centre, through which"bow measurements
are made with a Laser device. Helium gas enters one end of the test chamber from the gas supply
system (see Figure 1) at 0.5 MPa through a system of pressure regulators and a pressure relief
valve. The gas enters the annulus between the flow tube and the fuel element simulator and exits
at the other end. At the outlet end the flow rate is monitored with a flow rotometer.

A 100 KVA transformer, operating at 26 V maximum output, supplied power to the heater.
Manual or automatic power controls were used in the tests. For a typical bow test the power used
was approximately 1800 watts, corresponding to about 20 volts and 90 amps. The transient bow
and the sheath temperatures were measured during the test. For the sheath temperature
measurements spot-welded thermocouples were used. The temperature readings were corrected
for helium cooling based on results from calibration tests. The permanent bow of the simulator
was measured after cooling to room temperature using a laser device and confirmed with a dial
gauge.

Fuel Element Simulator. Fuel element simulators with Pickering-type CANLUB-coated fuel
sheath and pellets were used. The O.D. of the pellets and the I.D. of the sheaths were selected to
vary the diametral gap between the pellet and the sheath. The gap controls the degree of
mechanical interaction. Three groups of diametral gaps were tested in this study:

Group 1: 0.014 to 0.020 mm diametral gap
Group 2: 0.004 to 0.008 mm diametral gap
Group 3: 0.082 mm diametral gap.

The pellets had an off-set hole of about 4 mm diameter, 4.6 mm from the centre. They were
pushed into the sheath by applying a uniform load. A flexible tungsten-26% rhenium heater,
insulated with thoria tubes of short lengths, was placed inside the off-set hole. The simulator was
instrumented and positioned centrally inside the test chamber and the electrical power cables
were connected for testing.

Test Procedure. Tests with different circumferential temperature gradients were conducted with
a constant target fuel element bottom temperature of 300°C. This was achieved by controlling
the helium flow velocity and the power input. The top and bottom fuel element simulator
temperatures and the bow were monitored as a function of time and the permanent bow was
measured after the test. To determine the influence of holding time on bow at temperature, in
selected tests, the simulator was held at temperature for up to 600 s and transient measurements
were carried out during that period. The permanent bow was measured after the test.

MODEL DEVELOPMENT

A simplified ABAQUS model was developed to support the experiments. The sheath was
modelled as a simply supported beam free to expand and rotate at its ends. The 4-node
ABAQUS shell element was chosen to model the experimentally observed non-linear
temperature distribution around the circumference. The pellet-to-sheath interaction was
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accounted for through a gap model in a subroutine which simulated the pellet expansion. By
assuming symmetry of loading, temperature and boundary conditions about both the vertical axis
and the mid-span of the sheath, only one quarter of the sheath was required to be modelled. A
total of 180 elements were used with 18 circumferential and 10 axial elements. The creep
deformation was modelled using standard creep strain relationship for the Zircaloy a-phase.

Because the mechanical interaction between the pellets and the sheath on fuel element bow is
not fully understood, a simplified approach similar to that used by Veeder and Schankula [1] was
adopted. If the pellets grip the sheath tightly without slippage it will force the sheath to elongate
and the differential strain will be equal to the difference in thermal strain between the fuel and
the sheath. It is well known that UO2 expands more than the sheath. Any decrease in differential
strain resulting from plastic or creep strain is accounted for in the model. The interaction stress
is calculated from the stress-strain relationship. The interaction stress is converted to an
equivalent body force and is implemented in the ABAQUS model with a grip factor, G, which is
introduced to account for no-slip or full grip (G = 1) and slip (G = 0) conditions.

Exact values of the factor G can be obtained only by modelling the complete pellet/sheath
assembly in a coupled thermal/mechanical analysis. Even though no such extensive analysis was
conducted in this study, a simplified approach was adopted to monitor the closure of the radial
gap between the pellet and the sheath in a separate subroutine. In this gap model the fuel pellet is
initially assumed to touch the sheath at the lower point and the initial gap between the sheath and
the pellet is assumed to be a cosine function of the radial angle from the sheath centre. As the
temperature increases the pellet expands more than the sheath and the gap closes. This gap-
closure process is monitored and when the gap vanishes the pellet is assumed to grip the sheath
fully (G = 1). Therefore, for a small initial gap, full grip conditions apply early in the transient at
most of the surface and no significant difference in bow would be expected between the no-slip
or full grip case and the gap model. For a larger initial gap, full grip conditions could develop
during the transient as the gap closes during the heatup. Such a situation could lead to a different
bow than expected from full grip and slip conditions.

RESULTS AND DISCUSSION

The results from the ABAQUS model showed that a linear temperature distribution in the
sheath with respect to the diameter, does not produce any axial stresses. For non-linear
temperature distributions, the stresses are non-zero. For the temperature boundary conditions in
this study, the stresses caused by temperature alone are too small to cause significant plastic
deformation. The stresses required for plastic deformation are provided by the mechanical
interaction between the pellet and the sheath.

The experimental results from two tests with the initial gaps of 0.004 and 0.082 mm are
compared with the modelling results here. In Figure 3 the results for a diametral gap of
0.004 mm are shown. The top graph shows the measured fuel element top and bottom
temperatures in open symbols and the corrected temperatures from calibration tests as closed
symbols. The corrected temperatures were used for computations. The bottom graph in Figure 3
shows the measured bow as open circles, as a function of time for the same test. The observed
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bow is directly proportional to the temperature difference between the top and bottom fuel
element temperatures. The modelling results are superimposed on this figure. The lowest curve
in Figure 3 is the result of computations for slip and creep conditions. The next higher curve is
for full-grip and no-creep conditions. The calculated curve above that is the result from the gap-
closing model under full-grip conditions. The computational results, shown with closed circles,
are for full-grip and creep conditions. The experimental results show a permanent bow of about
0.75 mm. Only the model with mechanical interaction and creep can explain this finding. The
high transient bow observed in this test, is explained only if mechanical interaction is accounted
for. Although it was possible to fit the model to the experiments by selecting a grip factor
between 0 and 1, this was not done. Comparison of the modelling results given by the top two
curves in Figure 3 shows, as expected, that for a small gap of 0.004 mm the bow calculated by
the gap closure mechanism does not differ significantly from full-grip condition.

In Figure 4 results of a test with a large diametral gap of 0.082 mm are shown. The top graph
in this figure shows the top and bottom measured and corrected fuel element temperatures. A
comparison of the computational results with the measured bow is shown in the bottom graph.
The modelling results from full-grip and creep conditions (top curve in Figure 4, bottom)
overpredict the test results. The experimental results can be bound by the calculated curves for
slip with creep and full-grip with the gap-closure model and creep. The obtained permanent bow
was small, but negative compared to the positive trend for the smaller gap. Only the gap model
could explain the observed negative permanent bow. A comparison of the transient bow from
Figures 3 and 4 shows that high mechanical interaction leads to high transient and permanent
bows.

In Figure 5 the transient bow, measured during the first 20 s of hold period, is plotted against
the top-to-bottom fuel element temperature difference for the three groups of tests with different
diametral gaps. The experimental trend for the three groups of diametral gaps is shown as a
straight line in this figure. The results show that high mechanical interaction between the pellet
and the sheath leads to high bows. It should be noted that in our experiments the bow measured
is for a span length of 0.25 m. In practice, the dryout patches in a CANDU bundle are smaller in
postulated accidents. The irradiated pellets are generally cracked and therefore the mechanical
interaction is expected to be less. As a result, the bow observed from these tests are expected to
be significantly higher than in practice.

Of interest in this study is the permanent bow after a short dryout period. In Figure 6 the
permanent bow is plotted against top-to-bottom temperature difference for three different
diametral gaps. The results show that permanent bow is negative for a large gap, but it is
positive and increases with temperature difference for smaller gaps. If a temperature difference
of about 150°C is exceeded, permanent bow could result. This indicates that for the test
conditions creep deformation may become significant at temperatures greater than 450°C.

CONCLUSIONS

The experimental facility and the fuel element simulator developed here was used to quantify
the different factors affecting bow, such as top-to-bottom temperature difference, mechanical
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interaction between pellet and sheath and creep. Transient bow increases with top-to-bottom
temperature difference and mechanical interaction. Permanent bow is caused by creep and the
stresses required for plastic deformation are produced by the mechanical interaction. The model
developed with AB AQUS can explain the test results.

Further study aimed at enhancing the understanding of the bowing behaviour of CANDU
multi-elements in dryout is reported in a companion paper [4] presented at this conference.
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FIGURE 1: COMPONENTS OF THE BOW TEST FACILITY: 1) BOW TEST CHAMBER,
2) LASER HEAD, 3) GAS SUPPLY SYSTEM, 4) POWER SUPPLY 5) DATA
ACQUISITION SYSTEM

FIGURE 2: BOW TEST CHAMBER: (1 = FUEL ELEMENT SIMULATOR, 2 = QUARTZ
WINDOW, 3 = OPENING FOR BOW MEASUREMENT, 4 = FLOW TUBE,
5 = SUPPORT PINS, 6 = He INLET, 7 = POWER CABLE, 8 = HEATER WIRE
9 = HELIUM OUTLET)
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ABSTRACT CA0000088

A capability to model transient two-dimensional heat conduction has been added to the FEAT
code, and is described in this paper. Results from the test cases show excellent agreement
between FEAT calculations and corresponding analytical solutions. An illustrative example
discusses the transient temperature in the pellet during a hypothetical loss-of-coolant accident in
a CANDU® 9 reactor. Two-dimensional calculations are performed to account for the effects of
end-flux peaking and heat transfer through the endcaps. The case studies have shown that the net
effect is to increase the peak pellet temperature by about 176°C, compared to the one-
dimensional situation of no end-flux peaking and no axial heat transfer through the endcap.
Nevertheless, the peak pellet temperature of 2154°C is well below 2840°C , the melting point of
UO2.

INTRODUCTION

During some high-temperature transients such as a loss-of-coolant accident (LOCA), axial
variations in flux in a fuel element (end-flux peaking) and axial heat conduction through the
endcap result in transient two-dimensional axisymmetric heat transfer. To enable assessments of
such processes, the capability of the finite-element code FEAT (Tayal 1989) has been extended
to include modelling of transient temperatures. The current version of the FEAT code can model
steady-state as well as transient non-linear temperatures in two-dimensional solids of arbitrary
shapes.

" Presented at the l'ifth International Conference on CANDU Fuel, Canadian Nuclear Society, Toronto, Canada. 1997 September21-25.

® G\NDU is a registered trademark of Atomic Energy of Canada Limited (AliCL).
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FEAT solves the classical equation for conduction of heat in two dimensional solids. The code
can model heat conduction, internal generation of heat, prescribed convection to a heat sink,
prescribed temperatures at boundaries, prescribed heat fluxes on surfaces and temperature-
dependence of material properties such as thermal conductivity. The code also contains pre-
programmed packages for the thermal conductivity of UO2 as a function of temperature, burnup,
and porosity; and internal heat generation as a function of radius, enrichment and burnup. These
features support the use of FEAT for applications involving nuclear fuel.

The finite-element method makes FEAT versatile, and enables it to accurately simulate complex
geometries such as the conical profile of the endcap and the dished surface of the pellet. The gap
elements provide a very efficient method of simulating heat transfer between adjacent solids.
The steady-state version of FEAT was initially developed in 1980 and has been described
previously (Tayal 1989). Since then, it has been extensively used in design analyses of CANDU
fuel. Currently, it is our standard tool for detailed thermal assessments of fuel. The transient
version was developed in 1990. The major focus of the present paper is to describe the transient
capability of FEAT along with the associated verification and validation. An illustrative example
dealing with transient temperature in CANDU fuel experiencing power pulse and end-flux
peaking is also presented.

MATHEMATICAL MODEL

The Fourier equation of heat conduction in a two-dimensional, thermally isotropic solid may
be written as (Hsu 1986)

pc-
dT(x,y,t) d

dt dx
dT{x,y,t)

dx
dT(x,y,t)

q(x,y,t) (1)

in the Cartesian coordinates,

pc

dT(r,z,t) d [", dT(r,z,t)
k

dt dr\
k dT(r,z,t) d_

r dr dz

dT(r,z,t)

dz
q(r,z,t) (2)

in the r-z coordinates, and
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dt dr
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k dT(r,Q,t)

r dr r2 30 de
q(r,Q,t) (3)
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in the r-6 coordinates. In the above equations, T is temperature; p is density; c is the specific
heat; q is heat generation rate per unit volume; k is thermal conductivity; x, y are Cartesian
coordinates for a two-dimensional plane solid; r-6 are polar coordinates for a two-dimensional
plane solid; r-z are cylindrical coordinates for a two-dimensional axisymmetric solid. All
thermal quantities and material properties vary with spatial coordinates and time.

The boundary conditions may contain prescribed convection to a heat sink, prescribed
temperatures at boundaries, prescribed heat fluxes on surfaces, and adiabatic surfaces. In the
code, the transient solution starts with initial conditions for the following parameters:
temperatures in the sheath and the pellets, heat transfer coefficient between the coolant and the
sheath outer surface, heat transfer coefficient between the pellet and the sheath inner surface, heat
generation rate, and thermal properties.

Because the thermal conductivity, density, and specific heat are non-linear functions of
temperature, the governing partial differential equation for temperature is solved using the finite-
element method in conjunction with an incremental numerical algorithm. To be consistent with
the steady-state version of the FEAT code, triangular finite-elements are used to discretize a
two-dimensional solid. This permits accurate representation of complex geometries.

Following the standard practice used in the finite-element analysis of heat conduction, energy
balance equation for each finite-element may be established using Gurtin's functional form of the
Rayleigh-Ritz variational principle, or Galerkin method (Hsu 1986). This yields the following
equation:

where [Ce ]is the element heat capacitance matrix, {T} is temperature, {7"}is the rate of change

of temperature, [Ke J is the element thermal conductivity matrix, and \Qe ] is the element thermal

load matrix. Detailed derivations of the above equations are provided in standard text books; see
for example Hsu, 1986. Global energy balance equations may be formed by summing the
energy balance equations for all the individual finite-elements.

Three numeric algorithms, the Crank-Nicholson method (Hsu, 1986), the Galerkin method
(Owen and Hinton, 1980) and the backward substitution method (Huebner and Thornton, 1982),
were implemented in the FEAT code for integration of transient heat transfer with respect to
time. Each scheme has its own specific strength regarding convergence and accuracy. With the
three options available in the FEAT code, users can choose the numeric scheme most appropriate
for the particular situation being analyzed.



CONVERGENCE

Tests were conducted to study the sensitivity of transient temperatures to the size of the time
increment. Results of one such test for CANDU fuel, illustrated in Figure 1, are obtained using
different time increments. Figure 2 shows that when the time step size is halved - from 0.1 s to
0.05 s - the maximum temperature changes by only 0.2 % (5°C). Hence this size of time step
provides a converged solution for this and similar situations.

VERIFICATION AND VALIDATION

To validate the computer code, FEAT results were compared with three analytical solutions
given by Chapman (1974), Kakac and Yener (1985) and results of the ELOCA+ code for one-
dimensional transient temperatures (Sills 1979).

Heat conduction in a rectangular slab of 100 mm by 100 mm, receiving heat at a constant flux
rate of 4 W/cm2 from the side x - 0, is studied in test case 1. The initial temperature is 500°C
everywhere in the slab. The material properties are p = 10 000 kg/m3, c = 500 J/kg»°C. The
initial thermal conductivity is 4.21 W/m«°C. The temperature dependence of the thermal
conductivity is given by k = 5.59 - 0.00276T W/m»°C. Results given in Figure 3 show that the
maximum difference between the FEAT and the analytical solution (Kakac and Yener 1985) for
temperature at x = 25 mm and y = 0 is within 0.4% (about 2°C).

Test case 2 involves a rectangular slab of side lengths of a = 56 mm and b = 11.2 mm. Initially,
the temperature is 300°C everywhere in the slab. At time t = 0, temperatures at sides x = 0 and x
= a are suddenly changed to 400°C. The material properties for the slab are p = 6,490 kg/m3, c =
350 J/kg»°C and k = 24 W/m«°C. In preparing the input for FEAT, a total of 102 finite-element
nodes are used in the finite-element model. Comparison between the FEAT calculations and the
analytical solution in the form of a series (Chapman 1974) is shown in Figure 4 for temperature
at x - 26.52 mm and y = 0. The maximum difference between the two solutions is 0.07% (about
0.2°C).

Heat conduction in a long solid cylinder of radius r = 10 mm and length L = 50 mm is studied
in test case 3. The initial temperature in the cylinder is 300°C everywhere. At time t = 0, the
cylinder is suddenly immersed in a heat sink of constant temperature 20°C. The material
properties for the cylinder are p = 10 000 kg/m3, c = 500 J/kg»°C and k = 40 W/m»°C. The heat
transfer coefficient between the heat sink and the cylinder surface is 4,000 W/m2K. In this case,
a total of 208 finite-element nodes are used in the finite-element model. Results of temperature

r A one-dimensional finite difference code for transient temperature calculation.
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at r = 0 and z = 0 shown in Figure 5 indicate that the maximum difference with analytical
solution is within 3% (about 3°C). ' ~

In test case 4, the transient temperature in CANDU fuel experiencing power pulse but no end-
flux peaking was calculated using the two-dimensional finite-element code, FEAT, and one-
dimensional finite difference code, ELOCA. The main objective of this test case is to compare
FEAT results with those of ELOCA for a one-dimensional heat transfer problem. Figure 6
shows, for a typical power pulse, the peak temperatures in the pellet, calculated using ELOCA
and FEAT are very close for the period of power pulse. The maximum difference between the
two codes is about 2% (38°C).

APPLICATIONS

The FEAT code was used to calculate the transient temperature in fuel pellets and sheath near
the end caps during a LOCA in a CANDU 9 reactor. The main objective was to do a sensitivity
analysis to establish the effect on the maximum fuel temperature and increase due to the end-flux
peaking.

In a typical CANDU fuel temperature assessment, fuel centreline temperatures are predicted
under the assumption that fuel power is axially uniform. In reality, the flux profile increases
abruptly near the ends of fuel elements, due to the reduced amount of absorbing material. The
flux peaking at the ends of a fuel element result in higher fuel pellet centerline temperatures at
the ends than would be predicted by an axially symmetric simulation assuming uniform flux at
the element average.

During the transient, rapid coolant voiding increases the power until, a few seconds later, the
reactor is automatically shut down by one of the two shutdown systems. At the same time,
reduced flow decreases the fuel/coolant heat transfer coefficient. End-flux peaking causes the
heat generation rate to increase axially towards the end of the bundle, while axial heat conduction
through the endcap provides extra cooling near the endcap.

Boundary conditions that must be considered to determine temperatures in the pellet, sheath and
endcap, as shown in, Figure 1 are:

• No axial heat flow at z = 60 mm, an axial distance of approximately 3 pellet lengths beyond
which the axial heat transfer is negligible.

• Convective boundary condition between the sheath outer surface and the coolant.
• Combined convective and radiative heat transfer between the pellet end surface and endcap

inner surface.
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• Heat transfer through conduction, radiation or convection between the pellet outer surface
and the sheath inner surface.

Heat transfer coefficient from the pellet to the endcap depends mainly on the distance between
the pellet and the endcap, their temperatures and the composition and temperature of the gas in
the gap. These parameters all vary during the transient, and may vary spatially across the pellet-
to-endcap interface. However, in the simulation, the heat transfer coefficient from the pellet to
the endcap was assumed to be uniform and constant. The value chosen for this assessment was 1
kW/m2-K, which was found to give reasonable agreement between FEAT steady-state
simulations and temperatures inferred from post-irradiation examinations of fuel bundles.

During the transient period, the power pulse data, end-flux peaking data, heat transfer data
between the sheath and the coolant, heat transfer data between the sheath and pellet, and all
other data are prepared using ELESTRES (Tayal 1987) and ELOCA (Klein et al, 1994) codes,
and supplied to FEAT in the form of a data file. Material properties, e.g., density, heat capacity,
thermal conductivity, are updated at the end of each time step using the correlations given in
MATPRO-09 (1976) for UO2 and Zircaloy.

A finite-element mesh consisting of 4,663 nodes, 8,316 elements, 211 convective boundary
surfaces, and 196 gap elements was used. Time step of 0.1 s was used, based on a sensitivity
study of convergence. For this discretization, it takes 5.3 min of central processor unit (CPU)
time to complete the FEAT run on AECL's SGI computer.

Figure 7 shows typical profiles of pellet temperature along the fuel element centreline. Figure
7 a shows the effect of end-flux peaking when it is assumed that neighbouring bundles remain in
contact after the accident, whereas Figure 7b shows the results when it is assumed that
neighbouring bundles separate after the accident. The latter case leads to higher flux peaking
factors, and therefore higher temperatures.

End-flux peaking tends to increase pellet temperature near the endcap. On the other hand,
extra conduction via the endcap tends to decrease pellet temperature in that region. The net
result is that the maximum pellet temperature occurs at an axial distance of 12 to 15 mm from the
outside of the endplate. The effects of axial heat transfer and end-flux peaking diminish as the
distance from the endplate increases.

Figure 8 shows how the fuel centreline temperatures at z = 14.7 mm and z = 57.9 mm vary
with time. The timing of the peak temperature is consistent with the power pulse profile. The
peak temperature calculated using FEAT considering both end-flux peaking and axial heat
transfer via endcap is about 176°C higher than that calculated using ELOCA. Nevertheless, the
peak temperature occurs at the centreline and is predicted to be at about 2154°C, which is well
below 2840°C, the melting point of UO2.
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CONCLUSIONS

A capability for transient conduction of heat has now been added to the FEAT code. Test
cases show that the calculations of FEAT agree well with independent analytical solutions.
Assessment of pellet temperature during a Loss of Coolant Accident in the CANDU 9 reactor
show that the combined influences of end-flux peaking and endcap cooling increase the pellet
temperature by about 176°C compared to the situation without end-flux peaking and endcap
cooling. The peak temperature in the pellet occurs at the centreline and is predicted to be at
about 2154°C, which is well below the UO2 melting point (2840°C).
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ABSTRACT

This paper outlines a new capability that has been added to the BOW code, namely, to assess
creep-induced bowing. Good agreement was obtained between the code and independent
analytical solutions for creep bending of beams. Illustrative examples of creep bowing of
CANDU® fuel are also given.

INTRODUCTION

During irradiation, lateral deflection (bowing) of a fuel element occurs because of in-service
temperatures and external loads (Veeder and Schankula 1974). On-power bowing and sheath
distortions need to be kept reasonably low in order to ensure that the fuel bundle can be easily
removed from the reactor, and to preclude the possibility of impairing the heat transfer from the
sheath or overheating the pressure tube or both. To date, bowing has not caused any operational
difficulty in any CANDU power plant. Assessments of elastic and creep bowing of fuel elements
can help demonstrate the integrity of nuclear fuel and its surrounding components.

The BOW code (Tayal 1989, Yu and Tayal 1995) calculates the bowing of a fuel element
consisting of sheath, pellets and appendages. The driving forces considered in the code are
temperature gradients, hydraulic drag, and gravity. The fuel element is subjected to restraint from
endplates, neighbouring fuel elements and the pressure tube. The finite element method is used to
assess element bow under normal operating conditions as well as during dryout that lasts for a
few seconds.

Post-irradiation measurements have shown that creep in the reactor increases bowing
significantly (Veeder and Schankula 1974). A capability to calculate creep deflections has now

Presented at the Fifth International Conference on CANDU Fuel, Canadian Nuclear Society, Toronto, Canada. 1997 September
21-25.

CANDU is a registered trademark of Atomic Energy of Canada Limited (AECL).
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been added to the BOW code, and is described in this paper. The total displacement of the sheath
caused by external loads and creep is calculated for each node at each time step. The cumulative
strain for the entire duration is calculated by summing the appropriate components from the
individual time steps. This paper describes the following aspects of assessing creep-induced
bowing: mathematical modelling, algorithms and comparisons with independent results.
Illustrative applications of the creep bowing calculations in the design assessments of nuclear fuel
are also discussed.

MATHEMATICAL DESCRIPTION

A fuel element may be modelled as a three dimensional composite beam supported by the two
endplates and limited by pressure tube and neighbouring fuel elements. A finite beam element is
shown in Figure 1, where x, y and z represent the horizontal, vertical and axial directions,
respectively; the z axis passes through the centroid of beam cross section; u, v and w represent the
three displacements in the x, y and z directions; 0X and 6y are the two angles of rotation measured
in the xoz andyoz planes; subscripts 1 and 2 are the two local node numbers of a three-
dimensional finite beam element. In developing the BOW code, we used the following
assumptions:

• The lateral deflection of the beam (fuel element) is small.
• The applied loads are quasi-static; or the applied loads are either independent of time or vary

slowly with time so that inertia effects may be ignored.
• Plane cross-sections perpendicular to the z-axis remain plane, which is consistent with the

Euler elastic beam theory.
• Effect of shear deformation is negligible.

From the above assumptions and Hooke's law, the stress and the total axial strain at a material
point (x, y, z), may be expressed as

sz=se
z+ec

z = Uz)-Kx(z)x-Ky(z)y (1)

oz = E(e2-z
c
z) = E(X-Kxx~Kyy-ec

z) (2)

where definitions of all mathematical symbols used in this paper are given in the nomenclature
section. From the above equations, the resultant bending moments and axial force may be written
as

Mx = jjozxd4 = -E(lyKx + I^Ky) - Ml (3)

My = \\ozydA = -E{lxKy + /^K r ) - Mc
y (4)

!\ N< (5)
JJ v z
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At time t, the following equations of equilibrium may be obtained by considering the resultant
forces in the x, y and z directions:

d2Mx &u d2M tfv dNz

In the BOW code, the distributed load in the axial direction, which may be caused by the
viscous or factional forces, is negligible. Therefore, the axial force resultant is a constant and
equal to the hydraulic drag. Equation (6) is then reduced to

&u d2My tfv

The displacements and kinetically admissible arbitrary displacements within a beam element may
be defined in terms of the nodal displacements as

Multiplying Equation (7) by two weighted functions, u* and v*, and integrating over the entire
element length le, we obtain the following equations of equilibrium for a finite beam element

where the creep-induced load matrices are defined as

T

= -i{[BX]'

Equation (9) describes how each individual finite element deforms in response to its applied
loads. To determine the overall deformation of the entire fuel element, the responses of all the
individual finite elements need to be summed to form the following global equations of
equilibrium:

(10)

Various types of creep laws have been developed to model the creep behaviour of engineering
materials. The commonly used creep laws include the Norton power law (Hult 1966), strain-
hardening law, and the time-dependent Graham-Walles law (Freed and Alexander 1967). For
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Zircaloy, creep laws accounting for the effect of stress, strain, temperature, irradiation and
microstructure have been developed at AECL and elsewhere in the nuclear industry. The current
version of the BOW code accommodates power laws and power laws with strain-hardening
effect.

During creep bending, the neutral axis of pure bending may not coincide with the centroid of the
cross-section area. It can be shown (Shames and Cozzarelli 1992) that the neutral axis lies
between the centroid and the median of the cross-section area. However, if the cross-section area
is doubly symmetric with respect to the x and y axes, the neutral axis is identical to that for the
linear elastic bending because the axis of centroid coincides with the median axis. For a nuclear
fuel element having pellets, bearing pads and spacer pads, the neutral axis of creep bowing is
different from that of elastic bowing.

In general, the creep rate is a non-linear function of local stress and strain. As well, the creep
deflection increases the moment arm for the hydraulic drag load, which in turn increases the local
stress and thus results in additional creep. Because of the above non-linearities and feedbacks, the
following incremental approach is adopted in the BOW code for solving Equation (10) for elastic-
creep analyses: (a) calculate elastic deflection at the end of t = 0; (b) update the stiffness matrix
and load matrix, determine the creep-induced load, and calculate the deflection at the end of / = t
+ At; and (c) continue step (b) until desired time period has been reached. The procedure may be
best described by the following hierarchical equations:

[K}{5}0 = {P}0; [KM, = {Ph + iP'i,.-.; [*]{8>, = {/»}, + {/*},;... (11)

The incentive to develop the above creep model stemmed from immediate applications to creep
of fuel elements, as described in more detail later. Nevertheless, the above derivation shows that
the creep model is completely general, and can be easily adapted to other components of the fuel
bundle such as endplates.

CONVERGENCE

The mid-interval time difference scheme, also called the Crank-Nicholson scheme (Hsu 1986),
was implemented in the BOW code, to improve the accuracy in the calculation of creep strain and
stress redistribution at every material point.

One of the important parameters in the creep analysis is the size of the time increment. Smaller
time increments are desired in all typical creep calculations, in order to achieve reasonable
accuracy. However, excessively small time increments may significantly increase the computing
time. To determine an optimum balance between accuracy and cost, a convergence test is
conducted for a cantilever beam subjected to a concentrate load at the free end. The beam is made

of non-linear viscous material defined by the following power law: ic
2 = (oz /6.34 x 1010) . The

flexural rigidity of the beam is El = 23.19 Nm2 . Figure 2 shows the total displacement at the free
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end after 1000 h under a concentrated load of 2 N. Results shown in the figure indicate that a time
increment of about 50 h provides a reasonable balance between accuracy (of 1%) and cost.

COMPARISON WITH ANALYTICAL SOLUTIONS

Two test cases were used to verify the above method of creep calculations. They are described
in detail in Table 1. For case 1, the results presented in Figure 3 indicate that the BOW
calculations are in excellent agreement with the analytical solution. The differences are less than
1%. For case 2, the average difference in the maximum creep-induced deflection between the
analytical solution and BOW is about 10%. The larger difference is believed to be caused by the
simplifying assumptions in the analytical formulation, especially regarding the effect of stress
redistribution during creep (Freed and Seyna 1965).

ILLUSTRATIVE APPLICATIONS

To date, bowing has not caused any operational difficulty in any CANDU power reactor. We
checked whether the calculations of the BOW code are consistent with the above experience.
Also, we sought to quantify the operating margin in existing CANDU 6 fuel with respect to on-
power bowing.

In CANDU power reactors, fuel bundles rest inside horizontal channels. Gravitational forces
tend to have the largest influence on the direction of post-irradiated element bow (Dennier et al.
1996). This occurs by means of two competing mechanisms, element sag and bundle droop. Sag
caused by gravity tends to bow the fuel element downwards. Therefore, bowing in the radial
direction at midplane of outer elements is usually inward for the upper elements (near 12 o'clock),
and outward for the lower elements (near 4 o'clock and near 8 o'clock). In the bottom elements,
bundle droop results in element bowing to generally inward. Figure 5 shows the bundle profile at
midplane in an irradiated fuel bundle from a Bruce B reactor (D. Dennier et al. 1996).

The calculated on-power bundle profile at the midplane of CANDU 6 fuel is shown in Figure 6.
Elements near the top bow inwards (downwards) because of element sag; elements near 4 o'clock
and 8 o'clock positions bow outwards. These trends are similar to those noted by Dennier et al. -
see Figure 5. A more detailed review of calculated on-power clearances confirmed that no
problems are expected with respect to overheating of CANDU 6 fuel or pressure tubes, or
removal of CANDU 6 fuel. This is consistent with the CANDU 6 operating experience noted
earlier.

CONCLUSIONS

A model for creep bowing has been added to the BOW code. Because the finite element method
is used, a number of complicating factors such as contacts, bearing pads, varying material
properties can be easily modelled. Although to date the model has been tested only for creep
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bowing of fuel elements, the model is versatile, and can be easily adapted to_other parts of the fuel
bundle such as endplates. Comparisons with independent analytical solutions show that the model
is accurate.

Applications of the BOW code show that the calculations of the code are consistent with
measurements on experimental irradiated fuel and with operating experience to date on CANDU
6 fuel. Sample calculations have enabled us to quantify the margins available in CANDU 6 fuel
with respect to bowing and attendant consequences such as bundle removal and coolability.
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NOMENCLATURE

A cross-section area

\BX\ strain-displacement function matrix

By\ strain-displacement function matrix

/ second moment of area
[K] global stiffness matrix

[K]e simultaneous element stiffness matrix
le length of a finite beam element
E Young's modulus
Mx total bending moment in the xoz co-ordinate plane
My total bending moment in the yoz co-ordinate plane

Mx creep-induced bending moment in the xoz co-ordinate plane (= j j Esc
zxdA)

A

M^ creep-induced bending moment in the yoz co-ordinate plane (= JJ Ezc
zydA)

A

Nz total axial resultant force
z

Nc
2 creep-induced axial resultant force (=

A

\NX J shape function matrix in the xoz co-ordinate plane

Ny shape function matrix in theyoz co-ordinate plane

P axial drag load
{P} global load matrix

{P}e element load matrix,
{P}. global load matrix at the end of i-th time step

\PC | creep-induced element load matrix

\PC} creep-induced global load matrix

\Pc}j creep-induced global load matrix at the end of /-th time step

j nodal force vector in the xoz co-ordinate plane

nodal force vector in theyoz co-ordinate plane



\Py\

,̂ j
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creep-induced nodal loads in the xoz co-ordinate plane

creep-induced nodal loads in theyoz co-ordinate plane

Qx Ay&z distributed loads in the x, y and z directions

t time
u, v, w displacements of a material point in the x, y and z directions, respectively

u*, v* arbitrary, kinetically admissible displacements in the x and y directions, respectively
x, y, z co-ordinates
{5} global nodal displacement matrix

{5}e simultaneous element displacement matrix
global nodal displacement matrix at the end of /-th time step

^ j arbitrary, kinetically admissible nodal displacement in the xoz co-ordinate plane

arbitrary, kinetically admissible nodal displacement in the yoz co-ordinate plane

s z total strain at a material point (x, y, z) in the axial direction

ee
z elastic strain at a material point (x, y , z) in the axial direction

sc
z creep strain at a material point (x, y, z) in the axial direction

0X, 9y angles of rotation in the xoz and yoz planes, respectively
KX the curvatures measured in the xoz co-ordinate plane
Ky the curvatures measured in the yoz co-ordinate plane

X strain at x = 0 and y = 0 in the axial direction
Gr stress at a material point (x, y, z) in the axial direction
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Table 1 Description of Test Cases

Cases

1

2

Descriptions

A cantilever beam 500 mm long,
subjected to a concentrated lateral
load of 2 N applied at the free
end.
A simply supported beam 500 mm
long, subjected to axial load of
400 N. The initial deflection
profile is sinusoidal.

Creep laws and
Parameters

• f ° T&"U.34xl010J
El = 23.19 Nm2

8~ll.49xl018J
El = 23.19 Nm2

vo = 0.1 sin(7a / /)

Developer

Odqvist (1966)

Freed and
Seyna(1965)
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ABSTRACT

A systematic investigation of the fuel-sheath interface in CANDU fuel as a function of
extended burnup has been undertaken by XPS and SEM/WDX analysis. Adherent deposits of
UO2 and fission products, including Cs, Ba, Rb, I, Te, Cd and possibly Ru, have been routinely
identified on CANLUB coated and bare Zircaloy surfaces. Some trends in the distribution and
chemistry of key fission products have begun to emerge. Several potential mechanisms for
degradation of the CANLUB graphite layer at high burnup have been practically excluded. New
evidence of carbon relocation within the fuel element and limited reaction with excess oxygen
has also been obtained.

1. INTRODUCTION

Stress-corrosion cracking (SCC) of the Zircaloy sheath used on UO2 fuels in water-cooled
nuclear reactors was first recognized over three decades ago [1]. Fission-product iodine was
subsequently identified as the probable causative agent, although cesium and cadmium,
especially in combination, remain suspect as well [1-3]. The incubation period for SCC of
Zircaloy in out-reactor experiments has been shown to be less if the iodine is initially present in
the form of volatile Zrl4 rather than I2, which will react with Zr to form the series of compounds
Zrln with n = 1, 2, 3 and 4 [4-6]; however, even Csl can ultimately be effective, particularly under
irradiation, and despite being thermodynamically stable with respect to formation of ZrL; by
reaction with Zr metal [1,7,8]. Access of iodine, or any other agent, to the crack has therefore
been inferred to be more important than its original chemical form [1].

The term pellet-cladding interaction (PCI) is commonly applied to the phenomenon as well,
reflecting the role of the exact fuel-sheath configuration in creating the requisite high local stress
intensities through thermal expansion and fission-gas release [1]. Defect thresholds for
maximum element power and change in power over a short period, which decrease with total
burnup as the inventory of the SCC agents increase, have been empirically determined [1]. They
are dependent on the details of the fuel design, including the pellet geometry, whether there is a
fuel-sheath gap and the presence of a barrier layer. A thin coating of elemental zirconium has
been shown to provide extended protection against PCI failure for LWR fuel, which has a thick-
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walled, free-standing Zircaloy cladding [1]. If a defect does occur, however, by SCC or any other
mechanism, rapid hydriding of this layer can lead to axial splitting of the"fuel element [9,10].

The thin-walled Zircaloy sheath used for CANDU fuel, which collapses onto the UO2 pellets
under the coolant pressure, was initially found to be quite susceptible to SCC — producing an
epidemic of fuel failures during the early operation of reactors at Douglas Point and Pickering
[1,11]. Introduction of the CANLUB graphite coating on the interior sheath surface virtually
eliminated the problem for typical burnup and power of the natural uranium fuel in a CANDU
reactor. Although graphite is effective as a pellet lubricant in reducing in-reactor stress, the
CANLUB layer has been shown to play a more important role as a fission-product chemical
barrier; however, the mechanisms involved remain obscure [1-3,12]. Organic residues in the
CANLUB layer have recently been proposed as the key ingredient [13], which might facilitate
iodine immobilization through formation of stable cluster compounds of the type Zrgl^C, Zr^I^C
and MZrel^C, where M is Rb or Cs [14,15]. There is also some evidence that CANLUB
influences the evolution of the oxygen potential in CANDU fuel at high burnup, by inhibiting
reaction of fission-liberated oxygen with the sheath [16,17]. Severe degradation of the integrity
of the CANLUB layer with extended burnup has now been well documented; however, the
processes involved are completely unknown [17,18]. Fission-gas releases beyond the levels
predicted by existing fuel-performance codes and significantly increased fuel-failure rates have
been observed for such fuels as well.

A systematic investigation of the chemistry and microstructure across the CANLUB/sheath
interface in CANDU fuel at extended burnup has been undertaken by X-ray photoelectron
spectroscopy (XPS) and scanning electron microscopy (SEM) with wavelength dispersive X-ray
(WDX) analysis. Sheath, end-cap and plenum-spacer surfaces in three Bruce-type CANDU fuels
(37 element bundle) that had been irradiated to high burnup in the NRU research reactor have
now been characterized; inner elements, without CANLUB, as well as outer elements, with
CANLUB, were analyzed for comparison. An outer element from a CANDU power-reactor fuel
with a normal burnup was also examined for reference. The focus in this paper is on recent
results from the highest burnup (950 MW-h/kg U) Bruce-type fuel.

2. EXPERIMENTAL PROCEDURES

Power histories and other relevant information on the CANDU fuels from which the sheath has
been removed for characterization by XPS and SEM/WDX are summarized in Table 1. Because
of the high surface specificity of XPS, precautions were required to minimize surface alteration
or contamination; in particular, flowing argon was used for cooling and protection throughout.
Complete element segments, 1-3 cm long, were cut first using a high-speed silicon-carbide saw.
The already cracked fuel was then easily removed by gentle tapping, without causing appreciable
damage to the interior surfaces. Finally, appropriate samples, typically ~5 mm wide by ~7 mm
long, were cut using a slow-speed diamond saw operated with minimum pressure. All samples
were affixed to Al mounts using Ag-based epoxy and analyzed by XPS without prior chemical or
physical treatment.
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X-ray photoelectron spectra were recorded using a modified McPherson ESCA-36 instrument

that has been equipped with a position-sensitive detector (PSD) and specifically adapted for
studies of highly radioactive materials [19,20]. Photoelectron emission was excited by Mg Ka
characteristic radiation. The spectrometer dispersion and work function were routinely calibrated
using gold and copper standards with the binding-energy scale referenced to the Fermi level [21].
Because of the focussing properties of the spectrometer, photoelectrons were collected from a
narrow strip, -400 |im wide, down the centre of the sample. The length of this strip was adjusted
to less than that of the sample, by setting an electronic PSD aperture. Information on the near-
surface composition as a function of depth was compiled by sequential XPS analysis and argon-
ion sputtering using a Kratos Mini Beam I ion gun. The focussed 3 keV ion beam, which was
incident on the sample at 45° to the surface normal, was rastered over the whole area to provide
an average current density of 0.7 fiA/cm2. Under these conditions a sputtering rate of 0.1 nm/min
has been previously derived from ion-implanted UO2 [22].

The surface morphology of each sample was subsequently examined by secondary electron
imaging using an Hitachi model S-570 SEM [23]. A thin film of gold was sputtered onto the
sample to prevent surface-charging artefacts under the electron-beam interrogation. Selected
features were identified by WDX analysis using a Microspec 2A four-crystal x-ray spectrometer.

3. RESULTS AND DISCUSSION

3.1 Overview of Trends with Burnup

The chemistry and microstructure across the CANLUB/sheath interface with the UO2 pellets in
CANDU fuel has been found to progressively change as a function of burnup. An essentially
intact coating of CANLUB is visible in secondary electron images (Figure 1) collected from the
Y00005Z/4 (normal-burnup CANDU power-reactor fuel) sheath samples, although the mottled
appearance indicates local variations in thickness. X-ray microanalysis of the fine particulate
material, which seems to collect in the hollows, revealed only U and Zr (not sensitive to C and
O) consistent with fuel and thinly coated or exposed sheath. At higher burnup (BDL-406-XY/11
and BDL-406-AAH/8), the area still coated with identifiable CANLUB — featureless patches
with a smooth texture — was much reduced; instead, extensive coverage by nodular/filamentary
structures of increasing complexity was observed (Figure 1). Again, X-ray microanalysis showed
mainly U and Zr, but now with some fission products, most notably Cs. The distinctive
appearance of these structures is indicative of in situ growth rather than simple accumulation of
debris. Because of the relatively low temperatures near the sheath, radiation-enhanced processes
likely play a significant role. At the highest burnup (BDL-406-GF/2) there were no longer any
recognizable patches of CANLUB and the adherent deposits had evolved into a dense mat of
diverse morphology, as illustrated in Figure 2. Cesium and barium were now commonly more
prominent than U and Zr in the X-ray microanalyses, which also detected lesser amounts of other
fission products, notably I and Te.

Representative X-ray photoelectron spectra collected from the CANLUB/sheath surfaces of the
same four fuels have been reproduced in Figure 3 (normalized to the C Is peak). For the
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Y00005Z/4 sheath, the dominant peak arises from carbon (C Is), reflecting the presence of a still
largely intact CANLUB layer. The modest N Is peak as well as part of the intensity in the O l s
signal can be attributed to adsorbed surface contamination, which is enhanced by radiolysis
effects during air exposure [24]. Minor U 4f and Zr 3d peaks are consistent with a small amount
of adherent fuel and a little exposed sheath respectively. Although it is not evident from the
Y00005Z/4 spectrum in Figure 3, Cs was just detectable on the normal-burnup sheath, but
otherwise fission products had not begun to accumulate. At higher burnup (BDL-406-XY/11 and
BDL-406/AAH/8), the relative proportions of U and Cs have increased significantly and several
other fission products were commonly detected as well. The low intensity of the Zr 3d doublet
here indicates that any sheath exposed by degradation or loss of CANLUB has been largely re-
coated with fuel and fission products. A reversal in the trend of increasing U 4f peak intensity
has been observed at the highest burnup (BDL-406-GF/2); however, as shown below, this can be
attributed, at least in part, to formation of a surface film enriched in fission products, notably Cs,
which now provides the strongest photoelectron emission.

The interior surfaces of the end caps on these four fuel elements were also characterized by
SEM/WDX and XPS. Adherent deposits were clearly observed in all of the secondary-electron
images — typically with an undistinguished, fine-grained appearance, rather than the distinctive
morphologies seen on the sheath surfaces above. Elevated levels of fission products, notably Cs,
were also detected, surprisingly, even at the low burnup (Y00005Z/4). Although the end caps
had not been intentionally coated with CANLUB, carbon was nonetheless consistently found by
XPS in comparatively high abundance. Further details of the surface composition for the highest
burnup fuel are provided in the following sub-sections.

3.2 Fission-Product Distributions at High Burnup

Key segments of the X-ray photoelectron spectra (normalized to the C 1 s peak) recorded from
four BDL-406-GF/2 samples — an end cap, a plenum spacer and two pieces of sheath — are
compared in Figure 4. In each case, the analyzed surface originally faced toward the fuel, with
the end cap having been separated from it by the height (~1 cm) of the plenum spacer volume,
and was in the as-exposed condition. Significant levels of fission products, including Cs, Ba, Rb,
I, Te and Cd, have been found on these surfaces, although there are clearly some differences in
the relative abundances. The presence of Cs appears to be somewhat biased toward sheath over
plenum-spacer and especially end-cap surfaces, which indicates a restricted mobility that would
be incompatible with predominance of the elemental state (mp = 28.4°C) and probably even the
binary metal oxides [15,25,26]. A converse argument could be made above for the low-burnup
fuel and together these observations may point toward evolution of the cesium chemistry with
burnup, possibly because of an increase in the oxygen potential. The widespread distribution of
iodine similarly does not support as the main species volatile I2 or ZriU, which has an appreciable
vapour pressure above Zr surfaces exposed to I2 at sheath temperatures [4-6]; either would be
expected to accumulate on the cooler end cap as the less volatile lower iodides. Conversely, Rb
was found at only modest levels on the sheath and plenum-spacer surfaces but displaces Cs as the
dominant fission product on the end cap. This presumably reflects enhanced volatility of Rb and
could be a useful constraint on potential reaction schemes or decay chains [20,27]. The detection
of Cd only at the end of the element, on the plenum spacer and end cap, suggests transport in an
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elemental form (mp = 321°C) or possibly as Cdl2 (mp = 387°C), because of the involatility of the
oxides [25]. There does not appear to be much that can be inferred from the relatively wide
distribution of Ba and Te at quite modest abundance. The observation of Cl, most notably on
sheath sample #2, likely reflects a high degree of segregation of a minor impurity from the UO2
and/or the CANLUB. X-ray photoelectron spectra were also recorded from these samples after
increasing intervals of argon-ion sputtering — illustrative examples are displayed in Figure 5 and
the results are discussed further below. A destructive examination of a second outer element
from the same fuel bundle, which is currently in progress (BDL-406-GF/3), has been providing
similar findings, except for distinctly higher levels of Ba.

3.3 Fission-Product Chemistry at High Burnup

The binding energies determined for the major photoelectron peaks of the various fission
products are summarized in Table 2. As-received and sputtered surfaces have been distinguished
to help assess any changes caused by air exposure or argon-ion bombardment; however,
measurements for the four samples and at different sputter times, which both showed only slight,
random variations, were averaged. Compensation for surface charging was based on the C Is
peak (at 285.0 eV) and the U 4f7/2 peak (at 380.0 eV after sputtering), but other core levels,
notably Zr 3d5/2, N Is and O Is, were used to check for internal consistency as well [20,24].
Typical charging corrections were only 0.2-0.4 eV, except for sheath sample #2 where they
exceeded 4 eV. The binding energies determined before and after sputtering are sufficiently
close for all of the fission products, aside from tellurium, to indicate that at least the valence has
not changed.

Chemical-shift effects indicate a +1 valence for Cs and Rb and a -1 valence for I and Cl
[20,26,28-34]. Atomic intercalation in graphite can be ruled out for the alkali metals (Cs 3ds/2 =
275.8 eV, Rb 3p3/2 = 239.8 eV) as well as the elemental state (Cs 3d5/2 = 726.3 eV, Cs 4d5/2 =
77.5 eV, Cs a ' = 1296.6 eV, Rb 3d5/2 = 112.0 eV and Rb 3p3/2 = 239.1 eV). Neither would be
expected to occur in the operating fuel [35] and in any case both should oxidize upon exposure to
air [26,30]. Identification of the -1 valence for Cl and I supports the inference above that they are
not in a highly labile form, such as I2 adsorbed in the graphite (13ds/2 = 620.5 eV [36]), with the
caveat of possible fractional release upon air exposure. The various zirconium iodides would all
rapidly oxidize to ZrC>2 and I2 upon exposure to the atmosphere [15,37], whereas the carbon-
centered cluster compounds ZrxIyC are reported to be air-stable [14]. The location of the Zr 3d
doublet (Zr 3ds/2 = 182.2-182.6 eV) always indicated that zirconium was predominantly in the
tetravalent state, consistent with ZrC«2 or a zirconate [29,35]; however, a minor contribution from
a lower valent species, such as ZrxIyC, could easily have been obscured by weak Ba 4p3/2
photoemission, which occurs at a similar binding energy (Zr 3d5/2 = 179-180 eV) [29,38,39]. A
comprehensive early investigation [31] of the alkali metal halides yielded lower binding energies
for CsCl and Csl (but not RbCl or Rbl) than those in Table 2, by ~1 eV; however, more recent
studies [28,32-34] have reported measurements that are in much close agreement with the present
results (I 3d5/2 = 618.8-619.3 eV, Cs 3d5/2 = 724.7-724.9 eV and Cs a ' = 1293.9 eV for Csl and
Cs a' = 1293.6 eV for CsCl). Because the cesium chemical-shift effects for Cs2O, CsOH and
even the uranates are not much different [20,26,33], a mixture of alkali metal halides and oxides
could be easily accommodated, consistent with the excess of Cs and Rb over Cl and I.
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Distinguishing between oxidized and elemental Ba using XPS is difficult, because the Fermi
level can be shifted within the bandgap by defect states [40]; in the present case, only the divalent
species is plausible [35]. The binding energy determined for the strongest Te 3ds/2 peak before
sputtering (Table 2) falls just above values published for TeO2 (575.7-576.1 eV) and TeLt (575.8
eV), whereas a range of numbers reported for TeC>3 and Te(OH)6 extend ~1 eV toward higher
energy [28,29]. A second, weaker photoelectron emission structure was also apparent from the
outset, with a Te 3ds/2 binding energy that is characteristic of elemental tellurium (573.0 eV)
[28,29]; after argon-ion sputtering all of the intensity was shifted into the latter. This behaviour
could simply reflect preferential sputtering [20]; however, detection of some elemental Te even
initially suggests instead removal of a thin oxide film formed by air exposure. The Cd 3ds/2
binding energies reported Cd(OH)2 (405.0 eV), Cdl2 (405.4 eV) and elemental Cd (405.1 eV) are
practically the same and agree well with the present result (Table 2), whereas the binary oxides,
CdO (404.2 eV) and CdO2 (403.6 eV), which exhibit anomalous negative chemical shifts, can be
reasonably excluded [20,28,29]. An elemental state, or possibly the iodide, would then seem
most likely, based on both the distribution as discussed above and the fuel chemistry [35].

3.4 Quantitative XPS Analyses

All of the X-ray photoelectron spectra recorded from the four BDL-406-GF/2 samples were
quantitatively analyzed following the standard XPS theory for uniform composition over the
escape depth of the photoelectrons [28]. Integrated peak areas were normalized by the

of)

photoionization cross-section, a, and E , where E is the electron kinetic energy. The
spectrometer transmission function has been shown to be a linear function of E and the electron
escape depth has been assumed to have an E1/2 dependence [19,41]. Photoionization cross-
sections derived from extensive measurements on an instrument operated in the same (non-
retarding) mode were used [41]; the a value for U 4f is probably the least reliable [20]. Further
details of the analysis procedure and the uncertainties involved have been previously discussed
[19,20]; the results are collected in Table 3. Because of the pronounced surface roughness, these
data cannot be interpreted as true composition depth profiles, rather they merely provide an
indication of whether an element is surface enriched or depleted. Both Cs and Rb slowly
decrease with sputter time, although there is some variability in the extent (c.f. trends on sheath
and end-cap surfaces). Conversely, both Ba and I consistently increase with sputtering, the latter
more so on sheath than end-cap or plenum-spacer surfaces. Differences in interfacial chemical
reactions as well as migration rates and radioactive decay chains likely contribute to these
divergent fission-product distributions. Systematic increases in the uranium and zirconium with
sputtering can be reasonably attributed to overcoating of transferred fuel structures and exposed
Zircaloy by a thin fission-product film. The low uranium abundance on the end cap is consistent
with negligible volatility at typical sheath temperatures for the likely uranium compounds.

3.5 CANLUB Chemistry and Degradation at High Burnup

Conventional post-irradiation examinations of CANDU fuel at extended burnup have
previously shown low retention of the CANLUB layer — at least in its original form [18]. This
is consistent with the progressive alteration of the microstructure across the CANLUB/sheath
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interface, as revealed by secondary electron images (Figures 1 and 2). Conversely, the
quantitative XPS analyses have confirmed that carbon remains the mam constituent on the sheath
surfaces from CANLUB coated fuel elements even at high burnup (Table 3), although the similar
or even larger proportions of carbon found on end-cap and plenum-spacer surfaces point toward
some relocation to the cooler region. In all cases the binding energy determined for the C Is
peak (charge referenced to U 4f7/2 or Zr 3ds/2) was indicative of predominantly C-C/C-H
bonding, graphite and/or hydrocarbon, consistent with the original CANLUB formulation [1].
Nonetheless, formation of the carbon-centered cluster compounds (ZreInC, Zr6li4C and MZrel^C
with M = Cs or Rb) remains a possibility, because the low carbon content involved would be
hard to distinguish. The converse depth distributions of I and Cs/Rb certainly suggest some
difference in chemical association.

Asymmetry on the high-binding energy side of the C Is peak, which can develop into
secondary structure that might be correlated with burnup, indicates a modest contribution from
oxygenated functional groups [29]. Because this persists throughout the sputtered depth, as
illustrated in Figure 5 for BDL-406-GF/2 Sheath #2, it cannot be just a surface phenomenon or
artefact from the brief air exposure [24]. Some reaction of oxygen with carbon would appear to
be needed for chemical balance from the quantitative XPS analyses (Table 3) as well.
Conversely, appreciable oxidation of carbon to CO2 is not supported by mass spectrometric
analysis of the gas in the element void space. A small peak near 280.0 eV can be reasonably
assigned to the Ru 3ds/2 core level of elemental ruthenium (although confirmation is lacking as
the Ru 3d3/2 component is then buried under the main C Is peak) rather than a chemically shifted
carbide species. The C Is binding energy of ZrC at 281.5 eV [42,43] would appear to be typical
of metal carbides, for which the range 281-283 eV is given in the XPS handbook [29]. There is
also no convincing evidence of carbide formation from chemical-shift effects for any of the metal
core levels, in particular Zr 3d and U 4f. Thus, bulk reaction of the graphite with either the
sheath or the fuel can be practically excluded.

Decreased mechanical integrity of the CANLUB layer, leading to physical loss during
preparation of metallographic cross-sections is now considered a more plausible explanation for
the low retention [44]. Severe radiation damage of the graphite as well as any residual organic
compounds by fission fragments (and a, p, y and neutron radiation) would be consistent with this
hypothesis. Fission products created near the pellet surface and emitted normal to it would have
sufficient energy to completely transit a typical CANLUB film [45,46]. At a minimum,
disruption of the initially large graphite sheets into progressively smaller fragments could be
expected and might even lead to the formation of buckminsterfullerenes, which can sublime at
typical sheath temperatures [47,48]. Such alterations would facilitate relocation of carbon within
the fuel element (e.g., to end caps) and could explain the observed degradation of CANLUB
properties at high burnup, including reduced protection against SCC. Introduction of increasing
amounts of fission-freed oxygen, fuel and fission products, through migration and recoil
implantation, can only augment the process.
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TABLE 1. POWER HISTORIES AND PIE DATA FOR CANDU FUELS

Fuel Bundle
(Outer Element)

Y00005Z
BDL-406-XY

BDL-406-AAH
BDL-406-GF

Bumup
(MW-h/kg U)

212
560
715
950

Peak Power
(kW/m)

45
33
37
37

Power History
Type

Constant
Constant
Declining
Constant

Fission-Gas
Release (%)

2
2
17

CANLUB
Retention (%)

18
7

20

TABLE 2. CHEMICAL-SHIFT DATA FROM XPS ANALYSIS OF FUEL SHEATHS

Core Level
or Auger

Cs 3d3/2

Cs 3d5/2

CsMNN
C s a '

Cs 4d3/2

Cs 4d5/2

Ba 3d3/2

Ba 3d5/2

Ba 4d3/2
Ba 4d5/2

Energy
Unsputtered

738.62
724.62
684.85
1293.37
77.60
75.57

795.49
780.18
92.22
89.48

(eV)

Sputtered

738.80
724.82
684.73
1293.69
77.77
75.75
795.65
780.45
92.56
89.97

Core Level
or Auger

Rb 3p,/2

Rb 3p3/2

Rb3d
I3d3/2

13d5/2

Te 3d3/2

Te 3d5/2

Cd 3d3/2

Cd3d5/2

C12p

Energy
Unsputtered

247.18
238.20
110.45
630.51
619.01
586.52
576.34
412.06
405.36
198.16

(eV)

Sputtered

247.41
238.49
110.61
630.62
619.15
583.17
572.88
411.95
405.22
198.30

TABLE 3. QUANTITATIVE ANALYSIS OF NEAR SURFACE REGION BY XPS

Sputter Time

C
O
Zr
Sn
Cs
Ba
Rb
I

Cl
Te
U

Composition (atom
0

Sheath #1
60.5
22.9
0.70
0.24
11.1
0.26
0.40
0.95
2.28
0.15
0.46

1

68.8
15.9
0.90
0.23
9.68
0.43
0.27
1.15
1.88
0.18
0.62

%)asa
3

72.5
13.4
0.88
0.22
8.59
0.44
0.20
1.11
1.84
0.14
0.67

Function of Sputter Time

8

71.2
15.4
1.06
0.18
7.72
0.46
0.23
1.43
1.43
0.13
0.82

20

67.4
16.9
1.13
0.14
9.18
0.70
0.23
2.62
0.61
0.10
0.98

(min)
40

68.5
16.0
1.13
0.09
8.75
0.74
0.19
2.73
0.63
0.18
1.02

80

67.9
16.9
1.20
0.04
8.94
0.78
0.24
3.08

0.18
0.80
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TABLE 3. QUANTITATIVE ANALYSIS OF NEAR SURFACE REGION BY XPS (cont.)

Composition (atom

Sputter Time 0

C
0
Zr
Sn
Cs
Ba
Rb
I

Cl
Te
U

c
o
Zr
Sn
Cs
Ba
Rb
I

Cl
Te
Cd
U

c
0
Zr
Sn
Cs
Ba
Rb
I

Cl
Te
Cd
U

Sheath #2
57.6
18.1
0.59
0.25
16.0

0.32
0.43
5.47
0.34
0.85

Plenum Spacer
66.5
21.6
2.18
0.04
6.10
0.32
1.02
0.52
0.75
0.50
0.20
0.29

End Cap
64.6
22.9
0.78

3.93
0.48
5.80
0.40
0.94

0.08
0.08

1

54.1
19.1
1.06
0.35
17.5

0.27
0.55
5.34
0.28
1.41

67.1
19.3
2.95
0.13
6.07
0.35
1.01
0.64
1.06
0.68
0.18
0.48

66.6
19.6
1.12
0.06
4.38
0.52
5.67
0.50
1.28

0.12
0.15

%) as a Function of

3

56.6
17.7
1.17
0.35
16.1

0.26
0.61
5.20
0.32
1.68

70.5
17.2
3.05
0.12
5.32
0.37
0.86
0.64
0.75
0.58
0.19
0.50

69.9
16.8
1.12
0.05
4.10
0.56
5.14
0.46
1.40

0.14
0.17

8

48.8
24.3
1.36
0.44
16.0

0.29
0.79
5.14
0.39
2.50

66.1
20.0
3.97
0.10
5.45
0.43
0.80
0.97
0.77
0.47
0.21
0.74

69.1
16.8
1.58
0.07
4.34
0.71
5.01
0.57
1.35
0.07
0.16
0.23

Sputter Time

20

44.9
31.4
2.37
0.45
13.2

0.29
1.31
1.95
0.22
3.84

65.1
20.6
4.47
0.11
4.84
0.48
0.77
1.06
0.85
0.62
0.19
0.90

66.9
18.3
2.29
0.06
4.17
0.81
4.34
0.63
1.91
0.11
0.19
0.29

(min)

40

46.2
32.1
2.60
0.38
11.7

0.28
1.44
0.80
0.15
4.37

64.1
22.1
4.87
0.11
4.34
0.51
0.47
1.09
0.71
0.48
0.20
0.99

66.9
18.4
3.14
0.03
4.06
0.90
3.75
0.60
1.63
0.07
0.16
0.33

80

46.0
33.8
3.09
0.19
9.72
0.10
0.25
1.71

0.11
5.10

60.2
25.3
6.47
0.11
3.93
0.58
0.42
1.13

0.56
0.11
1.15

64.1
21.6
4.71
0.03
3.74
1.07
3.54
0.55

0.14
0.11
0.42
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Y00005Z/4 60 urn Y00005Z/4

XY/11 12 urn AAH/8 6|J.m

FIGURE 1. SECONDARY ELECTRON IMAGES OF SHEATH SURFACES FROM THREE
CANDU FUELS WITH INCREASING BURNUP (FROM Y00005Z/4 TO AAH/8)
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FIGURE 2. SECONDARY ELECTRON IMAGES OF THE SURFACE OF SHEATH SAMPLE
#2 FROM THE HIGH-BURNUP CANDU FUEL (BDL-406-GF/2).
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1. ABSTRACT

In order to provide the needed interim storage facility for the spent fuel, Hydro-Quebec
chose the dry storage CANSTOR module developed by the Atomic Energy of Canada Ltd
(AECL). The decision was made based upon the technical feasibility, public and
environmental protection criteria, operational flexibility, economic and space saving
advantages.

Before the commissioning of the spent fuel dry storage facility, the project received all the
required approvals. A joint provincial - federal public hearings was held in summer of
1994 in order to assess the project in term of its impact on the environment.

In September 1995 took place the first transfer of spent fuel from the station bay to the
dry storage facility and since then 21000 bundles of spent fuel were transferred in the two
CANSTOR modules built on the station site located within the protected area of the
Gentilly-2 station.

To date, the expected performance of the dry storage units and equipment have been met.
A third CANSTOR module is to be built in summer of 1997 on the station site.

2. INTRODUCTION

Gentilly 2 NGS is a single unit CANDU 6 PHW1 type station located on the south shore
of the St-Lawrence River, at about 15 km southeast of the city of Trois-Rivieres
(Quebec). The Gentilly 2 station was built, commissioned and operated since in service
(October, 1983) by Hydro-Quebec. Hydro-Quebec operates only one nuclear power
station, i.e. Gentilly 2.

CANDU - CANada Deuterium Uranium; PHW - Pressurized Heavy Water
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Since in service until the end of 1996, the Gentilly 2 station achieved a gross cumulative
production of 62.9 TWh and a gross capacity factor of 80.24%. Its nominal production of
675 MW represents about 3% of the total energy produced by Hdyro-Quebec.

In order to provide the needed interim storage for the spent fuel, Hydro-Quebec chose the
dry storage CANSTOR module developed by AECL. The decision was made based upon
the technical feasibility, public and environmental protection criteria, operational
flexibility, economic and space saving advantages.

As the CANSTOR module was the first of its kind to be built in Canada on elsewhere, it
was subject to a complete review by the Atomic Energy Control Board (AECB). Before
the commissioning of the spent fuel dry storage facility, the project received all the
required approvals. A joint provincial - federal public hearing was held in summer of 1994
in order to assess the project in term of its impact on the environment. To obtain higher
flexibility of the interim storage installations particularly at the end of the useful life of the
station when smaller quantities of spent fuel might be needed to be stored, Hydro-Quebec
also requested and obtained the license for AECL concrete canister method.

3. THE CANSTOR MODULE

3.1 General

The dry storage CANSTOR module concept (CANadian STORage) was developed by the
AECL after the good results obtained since 1976 by the concrete canister dry storage
program.

The CANSTOR module consists of a monolithic shielded concrete vault structure
containing several spent fuel cylinders. Its geometry is compatible to the all the equipment
developed for the canister dry storage program.

3.2 Technical Description

3.2.1 CANSTOR Module Dimensions

The CANSTOR module has a length of 21.6 m, a width of 8.1 m and a height of 7.5 m
(Figure 1).

A CANSTOR module accommodates twenty vertical steel cylinders (hot spray zinc
coated) containing the spent fuel storage stainless steel baskets. The cylinders are
permanently installed in two rows of ten, in the module's top slab. They are enclosed by
the top slab, side walls and floor in a single vault-like cavity (Figure 2).



395

3.2.2 Stored Fuel

The CANDU 6 fuel bundle is composed of 37 elements welded at theirs extremities at two
end plates (Figure 3).

The length of a bundle is 495 mm and the diameter 102 mm; the total weight is around
24.1 kg (19.0 to 19.3 kgU).

The irradiated fuel bundles to be dry stored in a CANSTOR module must have a minimum
cooling period of 6-7 years with a residual heat load of about 6.1 w per bundle. The
maximum fuel temperature of dry stored fuel has to be kept below 160 °C (by design).

3.2.3 Stainless Steel Basket

The spent fuel bundles are stored in a cylindrical stainless steel basket (wall 9.5 mm thick);
it is equipped with a base plate and a cover (Figure 4). The diameter of the basket is 1070
mm and the height is 560 mm. The storage capacity of the basket is 60 bundles.

3.2.4 CANSTOR Storage Capacity

The CANSTOR module can accommodate 12000 CANDU 6 fuel bundles stored in 200
sealed stainless steel baskets kept in 20 storage cylinders (10 baskets per cylinder).

3.2.5 Shielding

The CANSTOR module concrete walls are 0.96 m thick and the top slab 1.07 m thick.
The concrete thickness is determined mainly by the shielding criteria rather than structural
requirements.

The design dose rate on contact (at module concrete wall) is maximum 25 |i,Sv/h and at
the storage site fence maximum 2.5 jLiSv/h.

3.2.6 Cooling

The passive heat rejection of the spent fuel stored in a CANSTOR module is achieved
mainly by a convective process inside the module Ambient air is drawn into the module's
cavity through ten air inlet ports near its base. The air rises along the surfaces of the
storage cylinders as it picks up the decay heat produced by the fuel and exists through
twelve outlet ports near the top of the module (Figures 1 and 2). The heat rejection
capability of the CANSTOR modules was demonstrated experimentally at AECL
Research Whiteshell Laboratories.
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Inside the first CANSTOR module built in the summer of 1995, fourteen RTDs were
installed inside the module in order to obtain the temperatures of ~air, concrete walls and
cylinders. The data obtained between October 1995 and the beginning of 1997 showed
that the actual temperatures of the fuel, concrete walls and the temperature gradient
through the concrete walls of the module are well below the design estimates temperatures
[1]. Figure 5 shows the design estimated distribution of temperatures in a CANSTOR
module.

3.2.7 Safety Features

CANSTOR modules, have two physical barriers enclosing the spent fuel: a) the spent
fuel basket (a stainless steel seal-welded cylinder containing 60 fuel bundles); b) the
storage cylinder (a steel container that is seal-welded to its permanent cover after it is
filled with 10 spent fuel baskets).

The integrity of the two barriers is monitored by an air sampling system that monitors the
captive air for possible leaks from the exterior or from the baskets (Figure 2).

3.2.8 Safeguards Features

As a signatory of the Treaty on the Non-Proliferation of Nuclear Weapons, Canada
complies with the international regulation relating to nuclear products security safeguards
laid down by the International Atomic Energy Agency (IAEA), in agreement with the
AECB.

The safeguards measures designed to prevent any potential diversion of the spent fuel kept
in stainless steel baskets include a dual system of seals as well as reverification tubes. A
E-type seal (steel wire) system covers the shielded plugs of one row of 10 cylinders on the
top of the CANSTOR module through tubes embedded in the concrete of the module
structure and the shielded plugs, and another covers the second row. The two seals
overlap at each extremity of the CANSTOR module for the containment/surveillance
(CIS) of the wall and the construction opening. Also a Cobra-type seal (optic fibre)
covers two shielded plugs of the same row. This means that there are five (5) Cobra-type
seals on each side of the module. These seals on the same side of the module also overlap
to cover the surface of the wall between the air inlets. Finally, a third safeguards system is
integrated to the design. It consists of reverification tube embedded in the concrete walls
in front of each storage cylinder to determine the radiation signature of each cylinder
content using a special IAEA probe. This system is used for the purpose of comparison
with subsequent signatures.

All seals are accessible from the bottom of the CANSTOR module for periodic
verification by the IAEA inspectors.
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The IAEA inspectors are also present when the fuel is loaded and transferred, in order to
provide continuous surveillance. When the permanent cover has been placed over the
CANSTOR storage cylinder filled with fuel baskets, they affix the two seals on each
cylinder.

3.2.9 Fuel Storage Density and CANSTOR Performance

The storage density of a CANSTOR module is about 1.3 TU or 69 bundles per square
meter of CANSTOR. For the dry storage purposes, one CANSTOR module can replace
twenty two AECL type concrete canisters. The use of CANSTOR module reduces
therefore the required surface area for spent fuel dry storage by more than 50% compared
to the canister alternative.

The CANSTOR module have a design life of a minimum of 50 years and his equipment is
compatible with the stainless steel baskets and handling equipment utilized for the AECL
canister dry storage method.

3.2.10 Canstor Module Cost

The total cost of a CANSTOR module (including the 200 stainless steel storage baskets)
is around 3 millions Can$ or 13$/kgU stored. Site preparation cost as well as the cost for
all the equipment required are not included.

4. DRY STORAGE SITE

The dry storage site is located within the protected area of the Gentilly 2 station, inside the
existing fence (Figure 6). The site area (130 m x 89.5 m) allows the construction of the
CANSTOR modules units needed for the spent fuel produced during the 30 years
expected life of the station. If required, a site extension is possible toward the west.

The road inside the storage site is asphalted. The site is provided with security systems,
thermoluminescent dosimeters, electrical and compressed air supply as well as a gantry
crane. A small building (4m x 5 m) situated north-east of the site allows the control and
the access of personnel on site.

The site preparation including the erection of the first CANSTOR unit and commissioning
of facilities took four moths.
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5. PREPARATION AND TRANSFER OPERATION " "

The irradiated fuel bundles are loaded inside stainless steel storage baskets, under the
water of the station bay. Each loaded basket is transferred to the shielded work station
inside a transfer flask, and dried by heated air. Next, the basket cover is automatically seal
welded to its base plate and lifting post. The basket then is loaded into a second transfer
flask which is loaded on a transporter. Once the content of the transfer flask has been
unloaded into the CANSTOR cylinder, a permanent cover plate is mounted and seal
welded over each filled cylinder. Figure 7 and 8 show the sequence of operations at
Gentilly2NGS.

The team in charge of the preparation and transfer of the irradiated fuel from the station
bay to the dry storage site is composed of five persons: two operators (at the bay), one
welder and two other operators (for transfer operation including CANSTOR loading). On
average, three baskets (180 irradiated bundles) were processed from the bay to
CANSTOR module in one day (12 hours operation).

6. INSPECTION AND MONITORING OF DRY STORAGE SITE

The inspection and monitoring activities related to the dry storage site are:

6.1 General

Quarterly inspection of the storage area, CANSTOR units, concrete structures, air
inlets and outlets, site fence, and surveillance equipment;

Quarterly inspection of the electrical equipment;

Semestrial leak test of the CANSTOR storage cylinders and fuel baskets.

6.2 Environment

Weekly sampling of surface water;

Monthly sampling of underground water,

Quarterly gamma monitoring of the CANSTOR modules with portable monitors;

On-going gamma monitoring of the storage area (thirteen thermoluminiscent
dosimeters installed on site fence);
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7. CONCLUSION

To date, the overall performance of the interim dry storage of irradiated fuel at Gentilly 2
NGS was good. At the end of June 1997, a total of 21000 irradiated bundles were
transferred from the station bay and stored in the AECL type CANSTOR modules.

The expected performance of the dry storage units, equipment, operational flexibility
environmental protection and expenses have been met.

An improvement regarding the loading operation of the stainless steel baskets with
irradiated bundles is desirable.
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ABSTRACT

The technical specifications for the composition of nuclear fuels and materials used in
Canada's CANDU reactors have been developed by AECL and materials manufacturers, taking
into account considerations specific to their manufacture and the effect of minor impurities on
fuel behaviour in reactor. Nitrogen and chlorine are examples of UO2 impurities, however,
where there is no technical specification limit. These impurities are present in the source
materials or introduced in the fabrication process and are neutron activated to 14C and 36C1, which
after 129I, are the two most significant contributors to dose in safety assessments for the disposal
of used fuel. For certain impurities, environmental factors, particularly the safety of the disposal
of used fuels, should be taken into consideration when deriving "allowable" impurity limits for
nuclear fuel materials.

INTRODUCTION

Safety assessment studies of the disposal of used uranium oxide fuels have shown that a small
number of radionuclides dominate the potential environmental consequence. Among the most
significant in their potential radiological effects are 1291,36C1 and 14C [1, 2, 3]. The latter two
nuclides are activation products, arising principally from activation of chlorine and nitrogen
impurities in both UO2 pellets and Zircaloy cladding. Restrictions in these impurity levels thus
have the potential to reduce the radiological impact associated with fuel disposal.

The technical specifications for the composition of nuclear fuels and materials used in
Canada's CANDU reactors have been developed by AECL and materials manufacturers, taking
into account current ASTM standard specifications as well as considerations specific to their
manufacture and their operation in reactor. In particular, UO2 pellet, Zircaloy cladding and
pressure tube technical specifications place restrictions on the allowable levels of elemental
impurities in source materials and finished products. These restrictions have in the past been
established as a result of the known detrimental effects of impurities on the manufacture of
materials or on their neutronic or materials behaviour in reactor. AECL is currently in the
process of reviewing technical specifications with the fuel manufacturers and end users to reflect
all current requirements for Canadian CANDU reactor fuel. For certain impurities,
environmental factors, particularly the safety of the disposal of used fuels, should be taken into
consideration when deriving "allowable" impurity limits for nuclear fuel materials.
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RADIONUCLIDES OF SIGNIFICANCE IN SAFETY ASSESSMENT STUDIES

Two safety assessment case studies have been performed illustrating the performance of
hypothetical disposal systems for the disposal of used fuel in plutonic rock of the Canadian
Shield. [1,4]. In each case the disposal system comprised an engineered vault (used fuel bundles
in long-lived corrosion-resistant containers surrounded by low permeability sealing materials)
excavated in rock at a depth of 500 to 1000 m (Figure 1). The most probable exposure scenario
is for an undisrupted vault (i.e. no human or natural phenomenon intrusion) and involves
eventual corrosion-induced failure of the containers and leaching of the used fuel by
groundwater, followed by slow transport of radionuclides in groundwater to the biosphere.

In the Environmental Impact Statement (EIS) case study [1], the engineered system comprised
used fuel bundles in Grade-2 Ti containers, which have a lifetime conservatively estimated to be
103 to 104 years , emplaced in boreholes in the floor of disposal rooms. Once having failed by
corrosion, the containers were assumed to offer no further protection to water ingress and release
of radionuclides to the vault. The space between the containers and the borehole wall, as well as
the rooms and tunnels, were sealed with clay-aggregate mixtures. The rock surrounding the
disposal vault had hydrogeological properties derived from measurements from the Whiteshell
Research Area [1]. Groundwater velocities were determined to be extremely slow in the low
permeability rock at depths of greater than -400 m, thus the sparsely fractured rock surrounding
the vault was the dominant radionuclide transport barrier in the disposal system.

A second case study [3, 4] examined the performance of an engineered system comprising
long-lived (>106 years) Cu containers in an in-room (as opposed to borehole) emplacement
configuration. The containers were assumed to fail with a pinhole defect in the container with
release of radionuclides through the defect. The two emplacement concepts are illustrated in
Figure 1. In the second case study, radionuclide releases arose only from the small fraction of
containers (1 in 5000) assumed to have an undetected manufacturing defect. The rock was
assumed to be of a considerably higher permeability than in the EIS case study, thus the
engineered barrier system had the greatest impact in limiting the radiological consequence.

The Atomic Energy Control Board (AECB) requires that quantitative estimates of the
radiological risk be made for times up to 10,000 years following vault closure [5]. The
radiological risk is the probability that an individual or his or her descendants will incur a fatal
cancer or serious genetic defect because of exposure to radiation. The risk limit is specified to be
1 in 106 per year, calculated without taking advantage of long-term institutional controls as a
safety feature. Where predicted risks do not peak before 10,000 years, there must be reasoned
arguments that at longer times the rate of radionuclide release to the environment will not
suddenly and dramatically increase and that acute radiological risks will not be encountered by
individuals.

Results from the case study described in the EIS [1] showed that the radionuclides dominating
the dose consequence in the undisrupted vault scenario were 129I and 14C. Subsequent studies
[2, 3] showed that 36C1 would also be a major dose contributor. In these studies, release from the
fuel pellets (rather than the cladding) was responsible for the estimated doses, and it was
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emphasized that these three radionuclides are of greatest importance for several reasons,
including: - - - -

- long half-lives (129I, t,/2 = 2 x 107 a; 36C1, t1/2 = 3 x 105 a; 14C, t]/2 = 5730 a),
- high solubilities, typically five to eight orders of magnitude higher than the long-lived

actinides,
- negligible sorption on geological materials because they exist as anions in groundwater,

and,
- "instant release" fractions of from 2 to 10% of their inventories, arising from

accumulations in the fuel/sheath gap and at fuel grain boundaries.

The radiological dose estimates from the EIS case study [1], including the 36C1 results [2],
indicate that the risk is 6 orders of magnitude below the AECB risk limit at 10,000 years for an
undisrupted vault, emphasizing the important role played by the low permeability rock
surrounding the vault. The dose rate associated with the AECB radiological risk limit is
5 x 10'5 Sv/a [5].

In the second case study [3] 129I and 36C1 were again shown to be the most significant
contributors to dose in the time frame up to 10,000 years, with 36C1 contributing about 4% of the
total dose. In this case the average dose rate peaked at ~2 x 10"6 Sv/a, a value about 25 times
below the AECB criterion (Figure 2a). The much larger estimated dose arises from the relatively
high permeability rock assumed for the study, which results in contaminant releases to the
biosphere within several hundred years.

MEASUREMENTS OF I4C, 129I AND 36CL IN USED CANDU FUELS

Carbon-14.

Carbon-14 is produced in UO2 fuel pellets by neutron capture reactions involving 14N(n,p)14C,
17O(n,a)14C and 13C(n,y)14C with the first reaction being by far the predominant source.
Nitrogen is not listed as a regulated impurity in the technical specification for CANDU UO2
pellets. Early technical specifications for UO2 pellet impurities called for a maximum
concentration of 100 ppm for any individual "unlisted" impurity, and thus this limit was chosen
for nitrogen for the safety assessment calculations.

Carbon-14 may be present in used fuel pellets as carbides, oxycarbides or elemental carbon
[6], which would potentially be readily available for release upon contact with groundwaters in a
disposal vault. Measurements of 14C release from Light Water Reactor (LWR) fuels leached for
several hundred days at 25°C in a low-ionic-strength groundwater indicated releases from bare
and clad (defected) fuels ranging from 0.05% to 3.5% of the total 14C inventory [7, 8, 9]. Release
measurements at 200°C on LWR fuels [10] ranged from 2.4 to 7.4 % of the total 14C inventory.

The release of 14C from used CANDU fuel pellets has been measured for fuels with burnups
ranging from 160 MWh/kg U to 327 MWh/kg U and discharged over the time period 1976 to

3
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1984 [11]. Some fuel samples were clad, 2-cm long segments leached in a borate buffer at 25°C
for times up to 90 d. Other fuel samples were 2-cm long fuel segments (cladding removed) that
were ground to a powder (5 to 20 (im) in a borate buffer solution to expose all fuel grain-
boundaries. The borate buffer was used to impose basic leaching conditions so that loss of 14C
would be minimized. In addition, some fuel pellets were completely dissolved and the total 14C
inventory in the fuel was determined.

The measured 14C release from leaching was compared to the measured total 14C inventories
in the pellets to derive the "instant" release fraction. In addition, the leached inventories were
compared to estimates of I4C concentration in these fuels using ORIGEN-S code predictions,
assuming a 100 ppm nitrogen impurity in the unirradiated UO2 fuel [12].

The measured 14C inventories in fuel elements from six CANDU fuel bundles were found to
be substantially lower than those calculated using the ORIGEN-S code with an assumed 100 ppm
N impurity as the primary source for 14C [11]. The calculated/measured 14C ratio for the fuel
averaged about 11.5 ± 3.9 and suggests that the actual 14N impurity in the fuel pellets is probably
closer to about 10 ppm. Using either the measured total 14C content, or the calculated total 14C
content based on a 10 ppm N impurity, the percentage 14C leached from 14 different fuel
elements ranged from 0.06% to 5.04% of the total 14C inventory with an average of 2.7 + 1.6%.

The 14C releases did not show any correlation with burnup or power-rating of the fuel;
however, for a given fuel bundle, there was a consistent pattern of higher release with increase in
power (i.e. outer ring elements vs. intermediate and inner ring elements) [13]. It was suggested
that the lack of correlation may be due to the fact that the impurity level of N (the main
contributor to 14C inventories) is unknown and will be variable in the fuels, potentially masking
any such correlation.

The total 14C inventories measured for six CANDU fuel pellets (Bq/g UO2) were a factor of 2
to 4 lower than values reported for LWR fuels, consistent with the difference in burnup of the
two fuel types. The release of 14C from clad fuel pellets was measured over periods of 7 and 90
days and the rate of release was extrapolated to estimate the time required to leach the gap and
grain-boundary inventory of 14C. For most of the fuels, this inventory would likely be released to
solution in several hundred years if it were conservatively assumed to be accessible to leaching.

Iodine-129.

Iodine-129 is a principal product of 235U and 239Pu fission in UO? fuels and is near the upper
peak of the fission yield curve. The production of I29I will thus be directly correlated with
burnup. Since I is volatile and is incompatible with the UO2 lattice, a fraction of the inventory
will migrate at reactor temperatures to the gap and grain-boundary regions of the UO2 fuel
(probably forming Csl or other ionic compounds), where it will remain readily accessible for
release to a disposal vault if groundwater contacts the fuel. Several studies have established a
strong linear correlation between both the stable Xe fission gas release and the 129I leached from
the gap region of the fuel [14, 15] and the fuel linear power. Subsequently, a study was
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performed to examine the potential impact of the fuel power on the 129I release to solution from
the combined gap and grain-boundary regions [13]. - - -

Leaching studies were carried out on either 2-cm used fuel segments with cladding attached,
or used fuel pellets crushed to a particle size of 5 to 20 u\m to provide access to all grain
boundaries. The fuel pellets were simultaneously crushed and leached in borate buffer solution
to retain all 129I released [13, 16]. The fuel cladding from the crushed fuels was leached
separately in 1 mol/L NaOH. The clad fuel segments were leached in deionized water containing
KI as a carrier. The total 129I in the fuel was calculated using the ORIGEN-S code, which has
been shown to reliably predict fission product inventories in CANDU fuels [17].

For a total of 14 fuel elements examined, the 129I release varied from 1.8% to 11.0% of the
tal 129I inventory with an average of 3.6

in the safety assessment studies [18, 19].
total 129I inventory with an average of 3.6+ 2.4(c)%, considerably lower than the 8.1 ± 1% used

It appears that for high power fuels (>44kW/m), most of the 129I is released to solution in the
first few days of leaching and the rate then slows to a value comparable to that from low power
fuels (<42 kW/m). Based on the 129I release rates, the combined gap + grain-boundary I29I
inventory could be released in a period of about 20 to 30 years for high power fuels, and in 360 to
460 years for low-power fuels [16].

Chlorine-36.

It has recently become apparent that36Cl, produced by neutron activation of naturally
abundant 35C1 impurities in UO2 pellets and Zircaloy, can be a significant contributor to the total
radiological risk in the disposal of used fuel [2]. It was originally anticipated that, due to the
high fabrication temperatures of both UO2 pellets and Zircaloy cladding and the volatility of Cl,
that its residual concentration would be negligible. Recent analyses on Zr/2.5Nb pressure tubes
[20], however, indicated that Cl impurity levels were typically 1 to 5 ppm (jJ-g/g Zr). This led to
speculation that Cl impurities may also be present in the Zircaloy cladding and in the UC^ fuel
pellets at similar levels.

To address this concern, the release of 36C1 and total Cl impurity concentration in used fuel
pellets and unirradiated UO2 pellets have been measured [21]. Used CANDU fuel pellets were
analyzed for total 36C1 content by dissolving in nitric acid, precipitating the chloride as AgCl, and
analyzing the precipitate for 36C1 using Accelerator Mass Spectrometry (AMS). Total Cl
impurities were determined for several unirradiated UO2 pellets by pyrohydrolytic extraction
(thermal decomposition), collection of the evolved gases and analysis by ion chromatography.
The leaching behaviour of 36C1 was studied by leaching used fuel pellets in DIW or in a borate
buffer solution, precipitating Cl as AgCl and analyzing for36Cl by AMS.

Analysis of four ceramic powder samples of UQ2 used in the manufacture of Canadian
CANDU fuel pellets and a sintered unirradiated pellet showed Cl impurity levels ranging from
1.6 to 3 ppm, with an average impurity level of 2.3 ±1.1 ppm [21]. The Cl impurity
concentration in five irradiated CANDU fuels was derived from the total 36C1 content and
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ORIGEN-S code calculations on a fuel with a burnup of 190 MWh/kg U with an assumed 5 ppm
Cl impurity. Since3 Cl activation will be directly proportional to burnup; the total Cl impurity in
each fuel could be calculated. The derived Cl impurity levels ranged from 0.3 to 3.4 ppm with an
average of 1.5 ± 1.1 ppm. Measurements of the release of 36C1 indicated that a significant
fraction of the total 36C1 is readily accessible to leaching ("instant" release fraction) when
contacted by aqueous solution.

Aqueous leaching measurements indicated that from 0.5 to 20% of the total 36C1 inventory
could be released to solution, and that release was directly correlated with both fuel burnup and
the stable Xe gas release (and thus fuel power) [21]. For a moderate power and average burnup
CANDU fuel, the average 36C1 release to solution would be about 2%. However, for fuels with
high linear powers, the release increases substantially. For a fuel with an average fission gas
release of 2.2% (based on an analysis of fuel power histories [22]) the average 36C1 "instant"
release (i.e. the readily accessible gap inventory) would be about 9%. It appears that the
"instant" release 36C1 fraction is present at fuel pellet surfaces and cracks in the UQ? fuel (gap
region) rather than at grain-boundaries. It is likely that since Cl is initially present as an impurity
in the UO2 fuel, segregation of Cl to the gap region at fuel operating temperatures will occur
throughout the in-reactor period. This is in contrast to fission products such as I, that diffuse to
grain boundaries and the gap region only after they are formed by fission. This likely accounts
for the higher percent total release to solution for 36C1 compared to 129I.

POTENTIAL IMPACT OF IMPURITIES ON UQ> FUEL TECHNICAL SPECIFICATIONS

As previously mentioned, the three radionuclides that are the greatest potential contributors to
total radiological dose in environmental assessments of the disposal of used fuel [1, 2, 3] are 129I
> 36C1 > I4C (Figure 2a). The production of J29I is controlled by the burnup of the fuel and in
most cases will provide an upper bound to the risk. The quantity of 129I that would be "instantly
released" from UO2 pellets on contact with groundwaters in a disposal vault can be predicted
from the fuel burnup and linear power rating (LPR) for fuels with peak LPR's <47 kW/m. For
high power fuels (>48 kW/m peak LPR), the release appears to be much less than that predicted
from a linear extrapolation of the low-power fuel behaviour [16]. This would imply that the !29I
released from high LPR fuels would not be much greater than that from an average LPR fuel.

The developing trend with future CANDU fuels is to higher burnup, higher power fuels
(>48 kW/m peak) where 129I production would increase proportionately with burnup, but where
its "instant release" fraction to groundwaters may be approximately the same as that from the
highest low-power fuels (<47 kW/m peak). Although this is positive from a disposal aspect, the
other contributors to dose (14C and 36C1) may become increasingly important at high burnup and
power, as they are continuously produced from the initial impurity concentration of 14N and 35C1.

Carbon-14.

Carbon-14 is the third highest contributor to dose in the EIS case study, which used an initial
N impurity of 100 ppm for the reference fuel (burnup of 190 MWh/kg U) [1, 23]. As described
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above, measurements of total 14C content in seven irradiated fuels [11] established that impurity
concentrations of N in the fuel were approximately 10 ppm. The second t;ase study postclosure
assessment [3, 19] 14C concentrations were derived using the 10 ppm N impurity concentration.
This study also indicated that for nuclides whose production is not derived from fission products,
14C continues to be the third largest contributor to dose (Figure 2a).

If N impurity concentrations were indeed typically near the 100 ppm limit assumed in the EIS
case study, the dose contribution from 14C would be similar to that from 36C1 (Figure 2a). A
strategy may thus be required to assist in the selection of more appropriate impurity limits for N
in UO2 powders or sintered pellets.

The final concentration of nitrogen impurities in the sintered UO2 pellets will depend strongly
on the sintering parameters and the behaviour of N during sintering is not known at present. A
strategy for providing a database on the behaviour of N impurities during fabrication would
involve analysis of both ceramic powdered natural UQ2 and as-sintered pellets from the
manufacturer to develop a history of the behaviour of nitrogen during the sintering process. It is
possible that nitrogen impurity limits for ceramic powdered UQ2 could be set higher than those
for the sintered product if significant losses occur during the sintering process.

Chlorine-36

As described above, Cl impurity concentrations in used UO2 fuel pellets and in unirradiated
fuel pellets and ceramic powder source materials, have been shown to be less than about 5 ppm.
Radiological risk assessments of the impact of 36C1 on the disposal of used fuel [2, 3] indicate
that the contribution from 36C1 arising from a reference fuel burnup of 190 MWh/kg U with a
5 ppm initial Cl impurity, would be about 4% of the total dose which is dominated by I29I. The
second case study [3] also identified individual simulations where the dose from 36C1 was as high
as that from the average 129I dose; this was due to the variability and uncertainty in the
parameters chosen for that particular simulation.

Another factor that could lead to high doses from 36C1 is the difference in production pathway
for 36C1 compared to 129I and the release behaviour of 36C1 to solution with burnup and fuel
power. Chlorine, unlike 129I, is present in the fuel pellets from the beginning of irradiation. As a
result, Cl will migrate to UO2 pellet surfaces and cracks throughout the reactor operational period
and the fraction of activated 36C1 available for "instant release" to groundwater will increase with
burnup. In addition, higher fuel temperatures (higher powers) will promote migration, also
leading to greater 36C1 concentrations at UO2 surfaces. Thus the release of 36C1 to solution will
increase with both fuel burnup and power, in contrast to 129I whose concentration would increase
with burnup, but whose release to solution has been shown to be less strongly dependent on
power history [16]. This suggests that the radiological risk from 36C1 released to the vault could
approach that of 129I as both fuel burnup and fuel power increase. This factor should be
considered when selecting appropriate technical specification impurity limits for fuel pellets,
particularly when higher burnup/power fuels or enriched fuel designs are proposed for CANDU
reactors or if the fraction of fuels discharged with high burnups/powers from current reactors
increases significantly.
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Another consideration for chlorine impurities is the relatively large Equivalent Boron Content
(EBC) factor for Cl which could also play a role in restricting the allowable impurity
concentration in fuel pellets. Chlorine has a high cross-section (33.5 barn), about 5% of that for
B (764 barn) and higher than many other specified "allowable" impurities in UO2 pellets.

Currently, there are no technical specifications for Cl impurity concentrations in CANDU
fuels (either for powders or sintered pellets). Early AECL technical specifications quoted a limit
of 100 ppm for an individual "unlisted" impurity element; however, current specifications do not
include "unlisted" elemental limits. Our measurements on Cl impurities in used fuels suggest
that the current Canadian manufacturing process typically produces fuels with Cl impurity
concentrations less than about 5 ppm [21]. In deriving technical specifications for Cl in both
ceramic UO2 powders and pellets, consideration should be given to establishing a Cl impurity
limit at a reasonable but conservative value. The safety assessment case performed for a 5 ppm
Cl concentration in the UO2 fuel has indicated that Cl is the second most important radionuclide
contributing to dose and that with higher burnups, its importance could approach that of !29I. If
Cl impurity limit concentrations significantly higher than 5 ppm were adopted for the sintered
product (and concentrations of Cl were actually present at these limits), the radiological risk
would be expected to increase proportionately. For example, if Cl impurity levels were typically
50 ppm, the predicted radiological dose rate for fuel disposal, using the results from the second
case study, are estimated as shown in Figure 2b. Were the 50 ppm value to be used to bound the
36C1 dose in a safety assessment, the total dose from all nuclides would increase by about 30%
relative to that for a Cl impurity concentration of 5 ppm. From a disposal perspective, it would
be appropriate to adopt a specification such that, even if Cl concentrations were typically 50% of
the specification, the total risk from all radionuclides would not be increased significantly.

As with N, the final concentration of chlorine impurities in the sintered pellets will depend
strongly on the sintering parameters and this behaviour is not known at present. A strategy for
providing a database on Cl impurities in powders and pellets similar to that discussed above for
N would allow a history of the behaviour of Cl during the sintering process to be developed. It is
possible that Cl impurity limits for powdered UO2 could be set higher than those for the sintered
product if significant losses occur during the sintering process.

Other Potential Impurities

The potential impact to the safety of used fuel disposal of the presence of about 80 light
element impurities (elements lighter than Pb) in CANDU fuel and the Zircaloy cladding has been
reviewed [24]. Other than N and Cl impurities, there were no other impurity elements identified
that would significantly impact on the safety assessment for disposal of these materials at
reasonable impurity concentrations. For example, potential fuel impurities, such as S and P
would produce 36C1 as a result of multiple neutron activation pathways; however, due to their
relatively low cross-sections for activation and the multiple neutron events required, the
efficiency of production of 36C1 is orders of magnitude smaller than that arising from direct
activation from 35C1 impurities [24]. Sulphur as an impurity, however, can have a deleterious
effect on the sintering of UO2 [25] at impurity levels above about 30 ppm.
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DISCUSSION AND CONCLUSIONS

The presence of specific impurities in UO2 fuel pellets can be used to illustrate the necessity to
consider the impact of impurities on both fuel irradiation behaviour (fuel neutronics and/or
physical and manufacturing characteristics) and radiological and environmental consequences
(permanent disposal) when reviewing and selecting impurity limits for technical specifications
for fuel pellets and reactor materials. For example, in the case of N or Cl impurities, if fuel
irradiation behaviour considerations were considered in isolation, a N or Cl impurity
concentration of 100 ppm in UO2 might be acceptable as it may not affect fuel fabrication or
irradiation characteristics; however when environmental consequences are considered, it may be
necessary to establish much lower impurity limits.

Conversely, in the case of S, for example, if environmental impacts were considered in
isolation, it might be concluded that hundreds of ppm S could be tolerated in the UO2 fuel pellets
before any radiological consequences of significance would arise from the production of Cl.
However, when taking into consideration physical consequences (grain growth etc.), it would
likely be necessary to limit S impurity content in UQ2 pellets to below about 30 ppm [24, 25].

In deriving impurity limits for fuel pellets and bundle/reactor components, a strategy should
be applied that considers the potential impact of impurities on all the important factors such as
neutronics, fuel behaviour (density, gas release, grain growth, integrity) and radiological
consequences of disposal. This may require establishing weighting factors and deriving an
evaluation strategy that would allow the most important of these factors to drive the selection of
impurity limits. This is likely to become more important in the future, given the trend to higher
fuel burnups for CANDU fuels and the development of high burnup advanced fuels for MOX
fuel cycles.

In addition, it may be desirable to strengthen the historical database of the behaviour of UQ2
and cladding impurities, such as N and Cl during the fabrication process. Knowledge of typical
impurity concentrations in the source materials, for example, would help to establish how their
concentrations are affected during the sintering/refining process. If impurity limits were
established for the source materials, and their behaviour during processing was well defined
through process controls, it could ensure allowable impurity limits would be met in the final
product with minimum qualification, and that fuel manufacturing and neutronic factors would be
satisfied.

There are both environmental and cost benefits to setting Cl and N impurity specifications at a
sufficiently low level that doses from 36C1 and 14C would easily meet regulatory criteria for fuel
disposal. These doses should typically be a small fraction of the dose from 129I, normally the
most important dose contributor.

The environmental perspective is illustrated in Figure 2, which shows that for the case study
describing in-room emplacement of long-lived copper containers of used fuel, the total
radiological dose is increased by about 30% if the chlorine level is assumed to be 50 ppm rather
than 5 ppm. Additional analyses have also been performed [26], based on a simple model that
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assumes releases from a pinhole failure in a single container where contaminants are transferred
directly to a well used for drinking water and irrigation (i.e., no credit is given for dispersion in
the geosphere). In this case doses were less than the de minimis dose rate of 50 jiSv-a"1 (i.e. a
dose rate so small as to not warrant institutional control), adopted by the Atomic Energy Control
Board [27]. Similarly, were Cl to be present in the fuel at the 50 ppm level, the dose from Cl
would be about 30% of the total dose of 1.5 jiSv-a"1. In the same study [26], it was noted that if
well water was used for crop irrigation, the total dose is dominated by 14C and would be
29 (iSva1 based on an assumed N impurity level of 10 ppm. Clearly, if the N impurity content in
UO2 was an order of magnitude higher, the de minimis dose rate would be significantly exceeded
for this scenario.

From a cost perspective, appropriately selected specifications for N and Cl would preclude the
need for further characterization of fuel for disposal from the perspective of 14C and 36C1 release.
A selective characterization of historical fuels has already established typical N and Cl impurity
levels in used CANDU fuels. If appropriate N and Cl impurity levels were designated that would
satisfy current assessment requirements these limits could be used in future assessments without
the need for further analytical verification. Because Canadian CANDU fuel manufacturers
appear to produce UO2 fuel with typically <5 ppm Cl and <10 ppm N, establishing specifications
at several times these values is unlikely to have cost implications for fuel manufacturing.
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ABSTRACT

The air-oxidation of Zry and the effects of adsorbates on the oxidation are found by the
intermittent measurement of the weight gain of specimens. NaCl enhances the oxidation,
where nonuniform stresses on the surface and Cl ions are the cause. LiOH also enhances the
oxidation, where the initial oxide formed by LiOH seems to the reason. The effects of
fluorides on oxidation are also measured. NaF is most harmful and KF follows next. LiF
does not effect the oxidation of Zry. Diffusion of fluorides in oxide determines the
enhancement.

I. INTRODUCTION

Zircaloy(Zry) cladding is the first protective barrier against the release of radioactive
fission products from the fuel during normal and accidental conditions. The oxidation of Zry
has been of great concern due to its importance on the safety of nuclear reactors. Zry
oxidation has been widely investigated in steam and water environments[l-5]; however,
relatively little data exist for the oxidation in air[6].

Spent nuclear fuels contain more than 96% of fissionable materials, and are considered
as energy resources in the future. Spent fuels are stored in both wet and dry methods.
Nowadays, dry storage facilities are more favored because of lower operation cost,
improved safety margin in criticality, and easier selection of available sites. However, the
spent fuel temperature in the dry storage facility is higher than that in wet storage. So,
corrosion and creep of spent fuels are important topics for the safety of dry storage facilities.

The air oxidation of Zry cladding has been an interesting topic, but there exist relatively
small amount of the experimental data. And, some adsorbates are possible to stay on the
surface of fuel claddings during dry storage. For examples, LiOH, a pH-controller in the
coolant of Pressurized Water Reactor(PWR), can be an adsorbate. NaCl also can be
adsorbed on the surface of fuels from the permeated air near the sea during storage. And,
organic dirt may be on the fuel surface. However, the roles of these adsorbates have not
been clarified, so far. In this paper, the effects of these adsorbates on the air-oxidation of
Zry are mentioned, and the possible mechanisms of these adsorbates are also discussed.
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II. EXPERIMENTALS

The oxidation rates of Zry claddings were determined by the intermittent weight-gain
measurements. Zry tubes are as-received Westing House products used in Kori PWR power
plants. The tubes were cut and etched to be used as specimens (hight ~ lcm). Two types
of specimens were prepared : specimens with adsorbates on the etched surface and those on
the oxide layer. Most probable adsorbates are LiOH and NaCl, the roles of which are
observed in both types. Fluorides (LiF, NaF and KF) which represent possible dirt on the
fuel surface are tested in the latter case only. Adsorption of these adsorbates is done by
drying after the insertion of specimens in 1 M solution for an hour at room temperature.
Experiments were done at three temperatures, 400, 450, and 500 °C. The specimens are
oxidized in the air with 80% relative humidity (referenced at room temperature). Figure 1 is
a diagram showing the experimental setup and the procedure.

HI. RESULTS

3.1. Adsorbates on the etched surface.

Etched Zry specimens without adsorbates on the surface were oxidized intermittently
and the results are shown in Fig.2. The results are compared with those of Suzuki and
Kawasaki (dashed lines)[6]. The experimental data (points and solid lines) are very close to
those of Suzuki and Kawasaki (dashed lines). Transition points at 450 and 500 °C are
noticeable during the measurement period. While the color of oxide on Zry made in steam
or water looks white, most specimens oxidized in air take the color of (bright) yellowish
brown. Even the white oxide formed in steam turns into yellowish brown, when Zry is
reoxidized in air. The oxide formed in air contains small amount of ZrN, the color of which
is yellowish brown.

The oxidation rate can be expressed as follows:

Pre-transition : (A W)" = Kn.*t

Post-transition : (A W - A Wt)
m = km*(t- tt)

where n, m, Kn, Km are experimentally measured kinetic constants, A Wt is weight gain

at the transition point, and tt is transition time. Table 1 shows the kinetic constants for the

oxidation of etched specimens. The unit of weight gain is mg/m2.

The specimens adsorbed by NaCl are oxidized faster than the etched ones (Fig.3). There
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are deviations in weight gain measurements, which may come" from the concentration
difference of NaCl adsorbed on the surface. The transition points do not appear during the
measurement. The oxidation follows approximately the parabolic rate law. The kinetic
constants are shown in table 2.

The adsorbate, LiOH enhances the oxidation of Zry in air(Fig.4). The oxidation rate is
high initially; but after a transition point, the rate decreases. The kinetic constants for the
oxidation of LiOH adsorbed specimens are in Table 3. It is not clear whether the trend of
the decreased oxidation rate continues; but, seems to have another transition at 500 "C
during the measurement period.

3.2. Adsorbates on the oxide surface.

The role of adsorbates staying on the oxide layer was examined by putting adsorbates
on the surface after the oxide layer formed. Figure 5 shows the experimental results. Clean
Zry specimens are oxidized in air up to 2 mg/m2(pre-transition region), then pulled out and
immersed in the solution containing the adsorbates. After adsorption, the specimens are
reoxidized at the same temperature. The temperature was 450 "C in the case of figure 5.
Adsorbed NaCl enhances the oxidation of Zry, while enhancement of LiOH on oxidation is
negligible. Adsorbed LiOH seems to affect only initial oxide formation of Zry. Fluoride
except LiF enhances oxidation more than NaCl does. NaF is a most harmful adsorbate, and
KF is the next. LiF does not influence Zry oxidation.

TV. DISCUSSION

The oxidation of specimens NaCl-adsorbed on the etched surface approximately follows
a parabolic rate law. Figure 6 shows the specimen surface after adsorption(Fig. 6. a) and the
surface after 36 hour oxidation at 450 °C(Fig.6.b). Several size salt crystals form on the
etched surface. When oxidation begins, cracks start to show up just nearby salt crystals.
Cracks surrounding big salt crystals are frequently observed (Fig.6.b). Based on the
observation, the following oxidation mechanism is proposed.

When NaCl crystals adsorbed on Zry surface, strong bonding between Zry and NaCl
prevents the oxidation at the sites beneath salt crystals. Compressive stresses exist in the
oxide layer due to the high value of Pilling-Bethworth ratio. The oxide adjacent to crystals
relieves the compressive stress more easily than the bulk oxide does, since metal or thinner
oxide exists beneath the crystal. As oxide thickens, tension comes first on the sites near the
salt crystals, where the compressive stress is already relieved. This nonuniform stress-relief
mechanism induces many cracks surrounding NaCl crystals.

The crack length is dependent on the size of NaCl crystals. Abnormally porous oxide
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regions are also observed at the region where tiny NaCl crystals were occupied. The
parabolic rate law comes from crack-enhanced oxidation. The cracks formed near salt
crystals enhances the oxidation by expanding their length and depth. Cl ion in the oxide
layer also helps cracking.

Figure 7 shows NaCl crystals adsorbed on the oxide layer. Large salt crystals are
observed on the surface, initially(Fig.7.a). After 146 hour oxidation at 450 °C, salt crystals
become smaller and seem to evaporate and also diffuse into oxide (Fig.7.b). Salt crystals are
still seen at 434 hour oxidation; however, they become vague(Fig.7.c). Fast diffusion
along grain boundaries and dislocations is dominant in this temperature range. However, the
diffusion of NaCl during oxidation needs more study, since dominant point defects of
zirconium oxide are mainly oxygen vacancies during oxidation, and cation diffusion is
known to be very slow. EDX analysis indicates Na and Cl are almost equally found across
the depth of oxide.

When LiOH is adsorbed on the etched surface of Zry, the oxidation rate increases at the
initial stage. After a transition point, the oxidation rate decreases. However, in the case of
LiOH on the oxide layer, the oxidation rate does not change. Figure 8 shows the surface of
specimens just after LiOH adsorption on the etched surface (Fig.8.a), 30 hour oxidation
(Fig.8.b), and 736 hour oxidation(Fig.8.c) at 450 °C in air. On the surface of the specimens
oxidized for 30 hours, spherical particles (or crystals) are observed. This structure seems to
do an important role in enhancing oxidation, that needs more detail analyses. The
composition and structure of these particles are under examination. These particles totally
disappear after a certain period of oxidation(Fig.7.c). LiOH are known to work as a
mineralizer during corrosion in high temperature water[7]. LiOH makes the initial oxide
layer very fine structure enough to oxidize abnormally fast. The fine grain of the oxide gives
many fast paths for oxygen diffusion. As oxidation continues, columnar oxides start show
up, and the oxidation rate decreases.

When LiOH is adsorbed on the oxide surface, the oxidation rate is rarely affected. LiOH
crystals are observed on the surface of the specimen oxidized for 144 hours after adsorption
(Fig.9.a). LiOH barely penetrates the oxide layer and stays on the surface, and evaporates.
After 720 hour oxidation, LiOH particles are still observable (Fig.9.b). Hence, LiOH affects
the oxidation of Zry only when it is adsorbed on the etched surface, and the enhanced
oxidation is mainly due to the oxide structure initially formed.

NaF is the most powerful oxidation-enhancer among the adsorbates tested in the
experiment. Fluorides were adsorbed on the oxide surface and reoxidized. There appear
many cracks (and even spalling) on the surface of NaF-adsorbed specimen oxidized up to
108 hour(Fig,10.a). KF adsorbed specimen shows spalling at the oxide surface, but crack
density seems lower than NaF-adsorbed one(Fig.l0.b). Cl and F ions are known to make
oxide very brittle. The diffusion of F in oxide is interrelated with cation movement.
Assuming that only fluorine ion changes the oxide property, the diffusion rate of fluoride in
oxide is the important factor controlling the oxidation rate of Zry. NaF seems diffuse faster
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in oxide than KF does. LiF on the oxide surface barely diffuses into "oxide. Most LiF on the
surface stays after enough time of oxidation (Fig.lO.c), and LiF does not affect the
oxidation of Zry.

V. CONCLUSION

The air-oxidation of Zry and the effects of adsorbates on the oxidation are found by the
intermittent measurements of the weight gain of specimens. Pure Zircaloy air-oxidation
results are almost identical to those of Suzuki and Kawasaki. NaCl enhances the oxidation
of Zry, where nonuniform stresses on the oxide surface and Cl ions are the cause of cracks
that make the enhancement of oxidation. LiOH also enhances the oxidation, where initial
oxide structure formed by LiOH seems to the reason. Hence, LiOH adsorbed on the oxide
layer does not affect the oxidation of Zry. The role of fluorides on the oxidation of Zircaloy
is studied to see the effect of harmful dirt. NaF turned out to be most harmful adsorbate
tested in the experiment, and KF follows after. LiF does not enhance the oxidation. F ion
changes the oxide to be brittle. So, the diffusion of fluoride in oxide decides the degree of
enhancement.
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Tabel 1. Kinetic constants for the oxidation of etched specimens

Temp(C)

500

450

400

n

2.36

2.38

2.95

Kn

0.657

0.153

0.0321

tt

44.9

245.6

-

JWt

4.195

4.606

-

m

1.07

1.01

-

Km

0.092

0.017

-

Table 2. Kinetic constants for the oxidation of NaCl
adsorbed specimens.

Temp(C)
500

450

400

n
2.32

2.14

2.04

Kn

0.123

1.78

13.9

Table 3. Kinetic constants for the oxidation of LiOH adsorbed
specimens

Temp(C)
500
400

n
1.42
1.44

Kn

2.59
0.56

tt

9.2
32.8

9.2

8.0

m
4.1

5.1

Km

963
1316
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Figure 1. Expromental Diagram.
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Figure 6. NaCl adsorbed Zry surface
a) just after adsorption
b) oxidized for 36 hours at 450 *C

a)

Figure 7. NaCl adsorbe on the oxide layer
a) 1 hour oxidation
b) 146 hour oxidation
c) 434 hour oxidation after adsorption.

Temperature is 450 V.



424

Figure 8. LiOH adsorbed Ery surface
a) just after adsorption
b) oxidized for 30 hours
c) oxidized for 736 hours. Temperature

is 450 "C.

Figure 9. LiOH adsorbed on the oxide
a) 144 hour oxidized
b) 720 hour oxidized.

Temperature is 4501:
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ABSTRACT

The literature on the rate of U3O8 formation on UO2 has been critically reviewed.
Even after inappropriate data have been culled, there remains a large uncertainty in the
reported values of the activation energy. We have thus developed an X-ray diffraction
technique to measure specifically U3O8 formation on the surface of UO2 pellets, and an
appropriate mathematical model to analyse the kinetic data. The resulting Arrhenius
expression yields a value of 146 ± 10 kJ mol'1 for the activation energy for the formation
of U3O8. The kinetic data presented herein can be used to assess the performance of used
fuel under dry air storage conditions.

1. INTRODUCTION

The two-step oxidation reaction of UO2 to form U3O7, followed by U3O8, is of
interest because of the large molar volume change associated with U3O8 formation. This
can cause swelling and splitting of defective fuel elements, as well as powdering of the
oxide fuel, when it is exposed to air at sufficiently high temperatures under dry storage
conditions. Therefore, it is important to have a sound understanding of the kinetics of
U3O8 formation, in order to determine limiting temperatures for air storage or to predict
fuel oxidation behaviour in the event that air gains ingress to an inert-gas-filled fuel-
storage container.

Nearly all of the available kinetic data for U3O8 formation has been obtained at
temperatures above 200°C - indeed, much of it above 300°C - whereas dry storage of
CANDU® fuel typically involves temperatures well below 200°C. Therefore, prediction
of fuel behaviour under storage conditions requires an accurate estimate of the activation
energy for U3O8 formation. Also, there is much more kinetic data on oxidation of
unirradiated UO2 than irradiated fuel. It is thus desirable to understand the differences in
oxidation kinetics between unirradiated and irradiated UO2, so that data for the oxidation
of the former can be used judiciously in predicting the behaviour of the latter material.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
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Many of the data on UO2 oxidation are based on gravimetric experiments. One
serious limitation of this approach is that U3O7 formation often interferes'with
determination of the U3O8 formation kinetics. We have thus developed an X-ray
diffraction (XRD) procedure to measure directly the formation of U3O8 (without
interference from U3O7) on unirradiated fuel surfaces. Our improved method is
described, and then applied to the derivation of an activation energy for the formation of
U3O8. Finally, we discuss the judicious application of the results to prediction of the
oxidation of irradiated fuel in air under dry storage conditions.

2. EXISTING ACTIVATION ENERGY ESTIMATES

Although the importance of UO2 oxidation has long been recognized, and a great deal
of effort has been expended internationally on its investigation, the oxidation kinetics are
not yet fully understood, and there remains a large range in the reported activation
energies for U3O8 formation. In a recent review (1), we tabulated reported estimates of
this activation energy that ranged from 48 to 194 kJ-mol"1. These estimates, and the
temperature ranges over which they were obtained, are depicted in Figure 1. Clearly, the
selection of an activation energy for predicting fuel oxidation behaviour under dry storage
conditions requires a careful, critical review of these reported values, and preferably also
further experimental evaluation.

Several authors have noted a reduction in the apparent activation energy for U3O8
formation at temperatures above about 300 to 325°C (Ref. 1, and references therein).
This is apparent in Figure 1, which shows that all of the activation energy values below
100 kJ-mol"1 were obtained at temperature ranges extending well above 300°C; therefore,
such values can be excluded from consideration for predicting fuel oxidation below
200°C. Moreover, several kinetic studies on U3O8 formation were based on gravimetric
procedures, which are prone to interference from U3O7 formation, especially at
temperatures below 300°C.

Taking the above concerns into account, we obtained a "best estimate" of the
activation energy for U3O8 formation on unirradiated UO2 by averaging the following
values:

(a) three independent values, estimated by Boase and Vandergraaf (2), of
170 kJ-mol"1 for UO2 pellets, 163 kJ-mol"1 for powder, and 172 kJ-mol"1 based on
oxide front progression;

(b) estimates of 124 and 139 kJ-mol"1 based on semi-quantitative XRD measurements
by Taylor et al. (3);

(c) 146 kJ-mol'1 for UO2 powder by Aronson et al. (4);
(d) 160 kJ-mol"1 for the advanced stages (post-spallation) of oxidation of unirradiated

LWR fuel by White et al. (5);
(e) 143 kJ-mol"1 for oxidation of UO2 pellet fragments by You et al. (6); and



427

(f) 170.2 kJ-mol"1 for oxidation of advanced gas-cooled reactor fuel pellet fragments
by Tucker (7). ' ~ "

This "short list" includes only those estimates that both explicitly relate to U3OS
formation (as opposed to overall oxidation rate), and most were obtained at temperatures
below 300°C. The resulting average is 154 kJ-mol"1. The above values are depicted in
Figure 2, which also includes our experimental value, as described below.

3. X-RAY DIFFRACTION PROCEDURE

Samples used in the present study were disks (~2 mm thick) cut from unirradiated
CANDU fuel pellets, and consistently polished to a 400-grit finish. Earlier work (3) had
shown that such sample preparation prior to oxidation yields the most reproducible
oxidation kinetics. X-ray powder diffraction is a useful tool with which to measure the
rate of formation of U3O8 on UO2 because it uniquely distinguishes between U3O8 and
intermediate oxidation products of the U3O7/U4O9(1) type. As described previously by
Choi et al. (8), the fraction a(t) of conversion of the surface (outermost ~1 |im) of a
UO2 specimen to U3O8 can be calculated from the integrated intensities of specific XRD
peaks associated with U3O8 and U3O7/U4O9, using equation [1].

I(U,O8)
n VV^ T
[l(u3O8)+£l(U3O7)J

where I ^ O s ) is the integrated intensity of the combined [200] and [130] U3O8 peak at
d = 0.34 nm, I(U3O7) is that of the [111] U3O7/U4O9 peak at d = 0.31 nm, and £ is an
empirically determined factor that corrects for the different absolute XRD intensities and
mass absorption coefficients of U3O8 and U3O7. A value of £ = 0.450 ± 0.033 was
determined by measuring the appropriate XRD peak intensities for a series of UO2 disks
(cut from unirradiated CANDU fuel pellets) oxidized at 250°C for various periods of time
(8).

In the present study, as in our previous work (8), XRD data were obtained directly
from disk surfaces, using a Rigaku Rotaflex diffractometer equipped with a 15-kW
rotating-anode X-ray source and a diffracted-beam monochromator. Routine XRD phase
identification was performed with a scanning speed of 10°(26)min"1, but quantitative data
for the two selected peaks (see above) were collected at l°(29)-min"', to minimize
background noise in the XRD signal.

u> By the time appreciable U3O8 has formed, the UO2 sample surface is covered with a thin film of
U3O7/U4O9.
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4. PRINCIPLES OF THE MODEL

The effective XRD sampling depth for UO2 is small (<1 |j.m) relative to the dimensions
of the individual fuel grains (-10 |im), and it is thus possible to analyse the kinetic data
using a two-dimensional nucleation-and-growth model. In this model, it is assumed that
the rate of nucleation on the surface is constant (per unit area of unconverted fuel) with a
rate constant KN (m'2 s'1). The nuclei subsequently grow isotropically as circular islands
of U3O8 with a rate of linear growth KG (m s"1). It has been shown (9) that the fraction,
a(t), of a two-dimensional surface covered by products for such a nucleation-and-growth
reaction can be described by

( ma* nW I ITTVV 5n4K4t12)

where t is the time, and K is a composite rate constant defined by

K=K2
GKN [3]

It is thus possible to determine the reaction kinetics for the formation of U3O8
directly by using XRD to determine the fraction, a, of the surface oxidized as a function
of time. The kinetic data can then be analysed by using a least-squares procedure to
determine the optimal value of K according to equation [2].

5. RESULTS AND DISCUSSION

Kinetic data were obtained for air oxidation of unirradiated CANDU fuel pellets over
a wide temperature range (168 to 300°C) in order to determine accurately the effect of
temperature on the rate constants. As in previous studies, specimens were prepared with
a 400-grit rough finish that had previously been shown to yield the most reproducible
results on U3Os formation (3,8). Specimens were oxidized in a variety of tube furnaces
and convection ovens.

The integrated intensity (I(U3Og)) of the U3O8 peak at d = 0.34 nm and the intensity
(KU3O7)) of the U3O7 peak at d = 0.31 nm were measured from the XRD spectra of each
sample after heat treatment. The XRD data were converted to a(t) values using equation
[1], In cases where a single oc(t) value was obtained from one specimen, this was
converted to K using equation [2]. In cases where several values of oc(t) were obtained by
sequential oxidation of one specimen, then a value of K was obtained by a least-squares
regression procedure using all the data for that specimen. A summary of the resulting rate
constants (K, h"3) is provided in Table 1; more detailed data have been provided elsewhere
(9).
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The validity of equation [2] is illustrated by comparison with experimental data in
Figure 3. To facilitate comparison of all experimental data with equation [2], the values
of time in Figure 3 have been calculated in terms of the reduced time, i.e., the ratio t/ti/2
where ti/2 is the time required to achieve 50% reaction. The individual values of the data
points in Figure 3 cannot be compared to the curve because the values of K displayed in
this figure were calculated by empirical fit to equation [2]. However, there is good
agreement between the shape of the curve and the pattern of the data points, which
suggests validity of our model (equation [2]).

Values of K were plotted against 1/T(K). The resulting Arrhenius plot was linear over
the full temperature range (168 to 300°C), as shown in Figure 4. A weighted linear
regression of these data yielded the expression:

lnfc = (-52,808±3,442)-y+86.165 [4]

which yields a calculated activation energy of 146 ± 10 kJ mol"1 (the experimental
uncertainty is expressed at the 90% confidence level). This value agrees well with the
estimate of 154 kJ-mol"1 that was derived from a critical review of the available literature
on UO2 fuel oxidation.

The results of our experiments enable us to extrapolate data on the kinetics of U3O8
formation with reasonable confidence to temperatures (typically below 150°C) that are
more representative of the dry storage of used nuclear fuel. For a given temperature, the
rate constant, K, can be calculated from equation [4], and the fraction of the surface
oxidized to U3O8 can be calculated as a function of time using equation [2]. As an
illustration, the extent of surface oxidation was calculated as a function of time at 130,
140 and 150°C and the results are presented in Figure 5. One can then assume that the
rate of bulk (i.e., three-dimensional) oxidation of a UO2 sample is the same as the rate of
U3O8 formation on the surface of a similar sample. Clearly this is a conservative
assumption because the rate of U3O8 growth into a UO2 fragment will probably be less
than two-dimensional growth along the surface. In particular, this calculation does not
take account of the finite time required for the oxidation front (U3O7/U4O9 formation) to
penetrate the grain-boundary network of the fuel. This step is important because the
associated 2% volume contraction causes intergranular cracking, which exposes the
interior of fuel fragments to air ingress and U3O8 formation.

Application of our two-dimensional nucleation-and-growth kinetic data to the rate of
U3O8 formation in used fuel is also conservative because fission products in solid
solution tend to inhibit U3O8 formation. For example, Choi et al. (8) examined the rate of
U3O8 formation on SIMFUEL and reported that the rate of oxidation is slowest for those
samples having the highest simulated burnup. These data have recently been supported
by similar experiments on unirradiated UO2 doped with a single rare-earth element (Nd)
(10). We thus conclude that the results reported herein for unirradiated fuel represent a
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conservative case, that is, that the rate constants for the formation of U3O8 on irradiated
fuel are always lower than they are for unirradiated material.

6. CONCLUSIONS

Critical evaluation of the literature on the rate of U3O8 formation has shown that there
is a very wide range of reported activation energies. Culling the data of inappropriate
results yields a better range of activation energies, and an estimated value of 154 kJ mol"1

for the activation energy.

A novel method has been developed to analyze quantitatively U3O8 formation kinetics
by using XRD to measure the rate of product formation on the surface of unirradiated
UO2 disks. Rate constants were determined over the temperature range 168 to 300°C.
The resulting Arrhenius plot was linear and yields an estimated value for the activation
energy of 146 ± 10 kJ mol"1.

It would be most useful to perform an experiment in which the present method was
applied to the oxidation of used fuel. Such a test would lead to a significantly improved
estimate of the time required for U3O8 formation on used fuel.
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TABLE 1. EXPERIMENTAL VALUES OF THE RATE CONSTANT, K,
AS A FUNCTION OF TEMPERATURE. " "•

Temperature (°C)
300

295
288
275

265
263
260
255
250

K,h"3

1.37x10"'
2.69 x 10"'
2.61 x 10"'
5.97 x 10"3

2.49 x 10"3

3.22 x 10"'
3.85 x 10''
1.75 x l 0"4

5.51 x 10"'
8.13x10''
2.42 x 10"'
3.14 x 10"'
9.30 x 10"7

1.86 x 10"6

1.66 x 10"7

9.01 x 10"8

1.78 x 10"6

Temperature (°C)
245
240
230
225

2J0

200

168

K,h"3

2.47 x 10"6

6.60 x 10"8

1.41 x 10'7

5.10xl0-'°
6 .05x10"
3.09 x 10'9

7.52x10"'°
4.09 x 10'9

9.50 x lO ' "
1.64 xlO"'2

1.21 x 10'14

1.20 xlO"14

7.60 x 10-"

Note that different values of K at the
same temperature were obtained in

different experiments.

100 200 300

Temperature (°C)

400 500 600

FIGURE 1: REPORTED VALUES OF THE ACTIVATION ENERGY FOR U3O8

FORMATION AND THE TEMPERATURE RANGES OVER WHICH THEY APPLY,
AS COMPILED BY McEACHERN AND TAYLOR (1).
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FIGURE 2: SELECTED VALUES OF THE ACTIVATION ENERGY FOR U3O8

FORMATION AND THE TEMPERATURE RANGES OVER WHICH THEY APPLY,
AS REVIEWED BY McEACHERN AND TAYLOR (1). THIS FIGURE INCLUDES

THE EXPERIMENTAL VALUE OBTAINED IN THE PRESENT STUDY.

1.U

o.o
0.0 0.5 1.0 1.5

Reduced Time
2.0 2.5

FIGURE 3: EXPERIMENTAL DATA FOR THE FRACTION OF THE SURFACE
CONVERTED TO U3O8 AS A FUNCTION OF REDUCED TIME (i.e., XJim, WHERE

ti/2 IS THE TIME REQUIRED TO ACHIEVE 50% REACTION.
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1000/T (T in K)

2.2 2.3

FIGURE 4: ARRHENIUS PLOT FOR THE AVERAGE RATE CONSTANT (K) FOR
THE FORMATION OF U3O8 ON UO2. THE FITTED LINE IS BASED ON A

WEIGHTED LINEAR REGRESSION AND YIELDED AN ACTIVATION ENERGY
OF146±10kJ-mor'.

0 2 3 4
Time(h)x1E6

FIGURE 5: CALCULATED EXTENT OF SURFACE OXIDATION (OUTER 1 |nm)
OF UO2 TO U3O8 AT 130 ( ), 140 ( ), AND 150°C ( ), BASED ON K
VALUES DETERMINED USING EQUATION [4].
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SESSION SUMMARIES: PLENARY SESSION 1

International Experience and Programs
Chairs: P. G. Boczar & K.K. Sinha

This session summarized CANDU fuel-related developments in five CANDU countries:
India, Korea, Romania, Argentina, and Canada.

India continues to have an ambitious nuclear program based on heavy water reactors
(HWR), and an aggressive advanced fuel cycle program. Performance of the units has
been good. Experience is being gained on the recycle of self-generated plutonium as
MOX fuel, from recycled spent natural uranium fuel, and on the irradiation of thoria fuel
bundles (instead of depleted uranium) in initial cores, for the purposes of reactivity and
flux suppression. An advanced HWR is being designed, utilizing thoria fuel, with MOX
as driver fuel. This reactor has vertical fuel channels, boiling light water coolant,
negative void reactivity, natural circulation, and a high degree of passive safety.

Korea has two main reactor types, PWR and CANDU, and the fuel cycle flexibility of the
CANDU reactor provides motivation for the development of advanced CANDU fuel
programs such as CANFLEX and DUPIC. CANFLEX with natural uranium (NU) fuel is
a near term product, which may be used in older CANDU 6 units to counter the effects of
aging. CANFLEX with recovered uranium (RU) or slightly enriched uranium (SEU)
around 0.9% U-235 will offer lower fuel cycle costs, improved uranium utilization, and
reduced spent fuel volumes. This conference saw the display of a CANFLEX bundle,
fuelled with recovered uranium derived by BNFL from reprocessed spent PWR fuel. In
the longer term, the DUPIC (Direct Use of spent PWR fuel In CANDU) fuel cycle offers
a means of recycling spent PWR fuel into CANDU using a process having a very high
degree of proliferation resistance. The current DUPIC program aims at establishing
technical feasibility, and at obtaining technical information that will enable an economic
comparison to be made with alternate technologies.

Romania has seen great CANDU accomplishments since the last International
Conference on CANDU Fuel. The CANDU fuel fabricator, FCN, was successfully
qualified in 1995 December. The CernavodaNGS unit 1 started commercial operation on
1996 December, and starting 1997 January, has been refuelled with bundles fabricated by
FCN. To the end of 1997 July, 2524 bundles produced by FCN have been loaded into the
station, without difficulties. An evaluation was made of fuel produced before 1990, and
the decision was taken that only the uranium would be recycled. This program
demonstrates the successful transfer of CANDU fuel fabrication technology from Canada
to Romania.

Argentina is pursuing some exciting advanced fuel developments. One is the design of a
common fuel assembly for both the CANDU Embalse reactor, and the Atucha pressure
vessel, heavy water reactor. This would reduce the overall nuclear fuel cycle costs,
particularly for Atucha. A 61-element, 1-m long bundle is being considered, with low



linear element rating, improved CHF, advanced pellet design, and homogeneous SEU
enrichment. In another development, SEU with 0.85% U-235 has been irradiated in
Atucha 1 since 1995 January, with good performance, to a burnup of about 11.5 MWd/kg
U, and maximum rating of 50 kW/m. To date, more than 15 fuel assemblies out of 253 in
the core have been discharged with excellent performance. During 1997, 60 fuel
assemblies, equivalent to 720 CANDU fuel bundles, will be irradiated.

In Canada, the COG Fuel Technology Program (Working Party 9) has the goal of
maintaining and improving the reliability, economics and safety of CANDU fuel in
operating reactors. The COG program in 1997/98 includes determination of the reactor
operating conditions during which fuel has failed; compilation of a post-irradiation
examination (PIE) database for power reactor fuel; completion of the "Fuel Engineers
Manual", which covers in detail all aspects of the current CANDU fuel; review and
update of fuel specifications; the irradiation in a power reactor, and PIE of fuel
manufactured at the limits of specifications; integration of two existing fuel design and
performance codes (ELESIM and ELESTRES) into one integrated package (ELESTRES-
IST) that will be part of the "industry standard toolset", and validation of that code.
AECL's advanced fuel cycle program provides advanced fuel technology to ensure the
competitiveness of CANDU reactors into the future. This technology package includes
CANFLEX with natural uranium and with RU/SEU, low-void reactivity fuel, the DUPIC
cycle, thorium, MOX fuel with plutonium from either reprocessed spent PWR fuel or
from dismantled weapons, actinide burning, and generic technology development (e.g.,
fuel improvements that can be applied to a range of fuel cycles).

These programs reflect a vigorous international CANDU fuel program that will help
ensure the continued success of CANDU.



SUMMARY OF SESSION 2A

CANFLEX* Fuel Bundle Design
Chairs: W.W.Inch & H.C. Suk

The session was opened by Dr. Sim with a paper on the analysis of the CANFLEX bundle
design. Dr. Sim outlined the systematic process of defining acceptance criteria, applying
validated analysts techniques and assessing results against the criteria. All results meet the
criteria.

Parva Alavi outlined the strategy used to verify the CANFLEX design. The program meet
N286.2 for all design work. Z.299 was applied to the Mechanical Flow tests. A Design
Verification Plan was established to identify all verification activities and acceptance
criteria. Each verification test had a lest specification outlining objectives, test procedures
outlining methods and test reports to document the work. Each document was peer
reviewed and approved by the project.

Dr. Chung presented results from the Mechanical Flow tests on CANFLEX. All tests
identified in the Design Verification Plan have been successfully completed with results
meeting the acceptance criteria. The results for the endurance tests are available for the
500 h period with the remaining period still underway.

Geoff Dimmick presented the results of the pressure drop and CHF test program.
CANFLEX has been tested in Freon-134a to establish CHF in nominal and 3.3% crept
pressure tubes. The CHF in a CANFLEX bundle was shown to be 5 -15% higher than
37-elemenL Pressure-drop data shows that the CANFLEX bundles has a marginally lower
pressure drop than 37-element. Analysis shows that CANFLEX has a 4% enhanced
critical channel power over the 37-element design. A water CHF test is underway to
provided licensing data for CANFLEX critical channel powers.

The session closed with Morgan D'Antonio's paper on the use of recycled uranium fuel in
a CANDU-6. RU has the potential to reduce fuelling costs, reduce waste volume and
raise reactor power for a given core size. Morgan presented the results for a 500 FPD
core flow simulation, which showed that CANFLEX-RU is a satisfactory fuel for an
equilibrium CANDU-6 core.

CANFLEX will offer a fuel solution to issues such as aging, void reactivity and fuel
economics. As CANFLEX approaches the point of implementation, it is important that
the basis for CANFLEX verification and qualification be presented and peer reviewed in
the setting of this International Conference on CANDU fuel. Five fine papers were
presented to an appreciative audience.



SUMMARY OF SESSION 2B

Fuel Design and Development
Chairs: E. Kohn & F.C. Dimayuga

Development Program in Indonesia was described by Dr. Suripto. The rapid load growth is
expected to be met by nuclear power development. The fuel program is an effort to be in a position to
supply the fuel for those plants. The purchased CERENE fuel fabrication technology is similar to
CANDU.

Likewise, Dr. Can described the Turkish fuel program which is designed to provide an
indigenous, fuel manufacturing capability. Thorium/uranium oxide fuel is being developed as an option
for a once through cycle to use the Turkish thorium reserves.

Dr. Min described the option of using graphite rods in the centre of standard and CANFLEX
fuel bundles. This option is considered to reduce the void reactivity in CANDU reactors when fueled
with recycle uranium.

Dr. B. Cox presented an option for improving the corrosion resistance of Zircaloy-4 fuel
cladding by treating the coolant with boric acid. Since the lithium hydroxide in CANDU coolant could
concentrate in the oxide, dissolution of the oxide could lead to porous oxides and high oxidation rates
at high fuel burnup. Boric acid plugs the oxide and prevents the process. This solution may be needed
in CANDU fuels which are enriched.

Mr. B. Surette presented work on the fatigue resistance of the end plate/end cap welds. Heat
treatments were shown to have little effect. Weld geometry could improve the resistance slightly, but
the biggest benefit was an increase in the weld diameter.



Summary of Session 3A

Fuel Model Development-Part 1
Chairs: B.J. Lewis & H. Sills

This session considered the full range of activities necessary for fuel model development.
Presentations were given on the validation of best-estimate computer codes used for the prediction of
fuel performance during normal operation (i.e., the ELESIM code), and for the simulation of
fuel/channel thermal mechanical behaviour during transient conditions (i.e., the FACTAR code). The
remainder of the session focused on the development of models and correlations that can be used as
modules in these and other best-estimate codes. Models were proposed for the deterministic prediction
of low-volatile fission product release and the transport of steam/hydrogen/fission products in the fuel-
to-sheath gap of defective fuel rods. An empirical approach was also considered for the prediction of the
cesium release during accident conditions based on the methodology of an artificial neural network.

Verification and Uncertainty Analysis of the Thermal Module in the
ELESIM Code - V.I. Arimescu et al.

A general methodology for the validation of computer codes was presented utilizing the
measured and predicted fuel temperatures for experiment FIO-142, a soak irradiation of a CANDU fuel
element for use in the Blowdown Test Facility (NRU), in a sample validation exercise. The methodology
involved data reduction, data qualification, a staged factorial design to isolate important parameters, the
creation of a response surface via regression to a second order polynomial, and a Monte Carlo analysis to
generate a theoretical distribution of fuel centreline temperature. Sources of uncertainty include
geometric input and operational data. Modelling of the fuel-to-sheath gap as an eccentric open gap
provided the smallest simulation error. The authors' goal was to demonstrate that the predicted
distribution for fuel centreline temperature was bounded by the measurement distribution of the same
parameter and thus demonstrate code validity.

FACTAR 2.0 Code Validation - P.B. Middleton et al.

Two experiments from the Blowdown Test Facility program, BTF-104 and BTF-105A, were
used as validation exercises for the FACTAR 2.0 fuel channel code for application to large break Loss-
of-Coolant Accident scenarios. BTF-104 used a fuel element irradiated to a burnup of 156 MWh/kgU
which required validation data to be obtained from post irradiation examination as fuel element
thermocouple data was not available. BTF-104 used a fresh fuel element and a ten day soak to establish a
representative short-lived fission product inventory and provided fuel and sheath thermocouple data
during the transient. Comparing to post-test sheath oxide layer thickness measurements, simulation of the
oxidation process provided temperature estimates with a mean error of 2°C and an RMS error of 65°C.
Simulations based on indirect data coolant flow data, provided temperature estimates within ±100°C of
measured values. These qualification exercises indicated that FACTAR 2.0 provides realistic predictions
of fuel element temperature. However, further integrated tests are planned to expand and enrich the
available data sets used for validation.

Simulation of the Transport of Volatile Fission Products Within the Fuel-to-Sheath Gap of Defective
CANDU Reactor Fuel Rods - H. W. Bonin and B.J. Lewis

This simulation showed that, during normal operating conditions, the short-lived species are held
up as they diffuse in the fuel-to-sheath gap. On the other hand, little credit can be offered for the decay



of these products during their transport in the gap for accident situations. In the latter case, more rapid
migration results due to a significant stable fission gas release from the fuel matrix, which gives rise to a
rapid bulk-convective flow in the gap. The presence of (oxidized) cladding, however, can limit the entry
of steam into the gap as a result of a counter-current flux of stable fission gas and hydrogen (produced
from the Zircaloy and fuel oxidation processes). This effect can in fact lead to a reduced oxygen
potential in the local gap environment which, in turn, will limit the amount of fuel oxidation and
subsequent release from the fuel matrix.

Modelling the Release of Volatile Fission Product Cesium from CANDU Fuel under Severe Accident
Conditions Using Artificial Neural Networks - W.S. Andrews et al.

This paper demonstrated that an artificial neural network model could be used to encompass a
vast amount of experimental data on the cesium release kinetics from fission fragment and mini-element
specimens in the HCE-1, HCE-2 and MCE-1 annealing test series. The experiments were conducted
under varying atmospheric conditions (steam, air or argon/hydrogen atmospheres) from 1350 to 2100°C.
With an appropriate balancing of the data, the present approach is capable of generalization.
Consequently, the model can provide for a capability of real-time prediction and interpolation of test
results, and can also be easily implemented into computer codes as a stand-alone module for volatile
release prediction. It was further established that by examining the weight distribution one could
identify the more important parameters which influence the release behavior (e.g., time, temperature and
atmospheric conditions).

Vaporization of Low-Volatile Fission Products under Severe CANDU Reactor Accident Conditions - B.J.
Lewis et al.

A physically-based model was developed to describe the low-volatile fission product release
behavior based on classical mass transport theory and equilibrium thermodynamic computations. The
present treatment accounts for the influence of varying atmospheric (oxidizing and reducing) conditions
that can exist during a severe reactor accident. The extensive thermodynamic analysis provided for a
prediction of the partial pressures of 174 compounds. This analysis is based on a Gibbs-energy
minimization with the FACT code, and these results have been condensed into a stand-alone algorithm
for implementation into a computer code using the method of chemical potentials. The model accounts
for both the vaporization of fission products (as the rate-determining step), and the effect of solid fuel
volatilization that results in the "matrix stripping" of fission products. The model has been successfully
bench marked against a fuel fragment test (MCE2-T19) conducted in steam at 2300 K.



SUMMARY OF SESSION 3B

Manufacturing and Quality Assurance

Chairs: M.R. Wash (ZPI-Canada) & Dr. O. Budan (RENEL-GEN-Romania)

The six papers presented in the frame of this session were of excellent quality.

These papers were presented in the order according to that mentioned in the Final Program.

1. The first paper was presented by Mr. A. Pascu (RENEL-FCN-Romania).

Nuclear CANDU-6 fuel manufacturing started in Romania in 1983, without any
Canadian support. Before June 1990, more than 31,000 fuel bundles were fabricated.

After 1990 the Romanian Nuclear Fuel Plant (FCH) was qualified by AECL and ZPI as
a recognized CANDU-6 fuel supplier. After the qualification, FCN performed a
detailed evaluation of the quality of the fuel produced before 1990.

The conclusion of this evaluation program was that this fuel is not suitable for in
reactor use. Only the uranium can be recovered and used to produce new fuel bundles.

2. The second paper was presented by Dr. U.C. Gupta - Nuclear Fuel Complex (NFC) -
Department of Atomic Energy - India.

NFC, was established in the early 70's for more than 25 years. This paper highlighted
the excellent results obtained with reference to development of nuclear fuel processing
technologies, equipment development (qualification) and future prospects of fuel
manufacturing in India.

3. The third paper was presented by Dr. P.G. KuDcarni - Atomic Fuel Division, Bhabha
Atomic Research Center - India.

This paper highlighted the achievements in India regarding Quality Surveillance
activities. Development in nuclear fuel manufacturing and Quality Assurance program
have been the ongoing activities since 1970.

4. The fourth paper was presented by Mr. S.M. Kuchurean - CAMECO - Canada.

The paper gave an excellent general view related to the operation of CAMECO
Corporation. It was mentioned that 100% of CAMECO ceramic grade UO2 powder
produced since mid-1989 has been accepted by the fuel manufacturers.



5. The fifth paper was presented by Mr. Michael D. Gabbani - GE - Canada.

The development of six sigma program at GEC was described. This program focuses
on nianufacturing variables and the products produced. In achieving Six Sigma,
costs of failure are reduced.

6. The sixth paper was presented by Mr. A.P. Barr - ZPI - Canada.

ZPI overall goal, a nuclear fuel manufacturer, is to ensure that its customers do not
incur increased operating and administrative costs due to the manufacturer and this
applies to total quality satisfaction.

It is imperative that a manufacturer diligently pursues the goals in all aspects of
manufacturing in order to avoid the unpleasant surprise of fuel manufacturing related
reactor defects.

The quality assurance program at ZPI was described.



SUMMARY OF SESSION 4A

Fuel Performance
Chairs: D. Teed & R. Cirimello

Nineteen-fuel-element bundle becomes standard design for 220 MWe Reactors in India.
Cumulative fuel failure rate is 0.1% and primary circuit activity is below 2 uCi/L

An assessment of a comprehensive data base on sheath strain and FGR compiled from 20 years
of PIE in Canada obtain maximum values of 0.5% and 8% respectively.

In Gentilly II only 21 fuel bundles out of 60000 discharged were defective.

An AECL paper recommended that technical specification have to keep pace with fuel
performance and manufacturing experience accumulated.

High hydrogen content within fuel element resulting from insufficient baking of graphite
coating was the root cause of failures at Wolsong I from September 1995.

A quality programme for the assessment of sintered UO2 pellet was developed in Egypt.
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SUMMARY OF SESSION 4B

FUEL SAFETY
Chairs: R.H. Hu & C. Blahnik

Six papers were presented in this session. Two papers described the current status of
computer codes used to model CANDU fuel response to accidents. Three papers
presented information on experimental programs investigating the fuel behaviour under
off-normal conditions. One paper described the analytical study examining the behaviour
of advanced CANDU fuel in loss of coolant accidents. All papers were well received.
No technical issues were raised, and the comments or questions involved mainly points of
clarification.

Dr. Arimescu presented a paper "Evolution of the ELOCA code: MK6 and Beyond"
describing the current code capabilities. New features include an oxide strengthening
model, a pellet bottoming model and a post failure model. A brief discussion followed
regarding the availability of data to verify the oxidation model.

Dr. Kohn presented a paper "Understanding CANDU Fuel Element Bowing in Dryout:
An Industry Approach". He described a current experimental program that employs
pressurized water. The paper was well received, with only a few points of clarification
raised.

Dr. Sutradhar presented a paper " The Effect of Element Bow on Dryout Power and Post-
Dryout Heat Transfer in CANDU Fuel Bundles" describing results of CRL tests in Freon.
The paper was well received, with only a few points of clarification raised.

In the fourth paper, the success of the BTF 105 A test was described by its Test Director
Dr. Devaal of CRL. The primary objectives were to test instrumentation of fuel
centreline and sheath temperatures under transient conditions. The high temperature
rhenium clad thermocouples attached with Zircaloy clamps were proven to be reliable for
surface measurements and the technology has been adopted for the upcoming BTF 105B
test. The results also indicate that the low burnup CANDU fuel was fairly robust; it
retained a coolable geometry after quenching, and failure came much later than
previously-tested high burnup fuel. High-quality data were acquired for validation of
safety analysis codes such as FACTAR 2.0. The paper was well received, with only a
few points of clarification raised.

The fifth paper, delivered by CRL's Carlucci, discussed the advance in fuel and fuel
channel code development. In a severe accident, the fast transient and interaction of
various factors call for direct coupling of the thermal mechanical behavior of fuel and
pressure tube with coolant thermalhydraulics. A system of codes, called CANSIM, has
been developed to link up ASSERT-PV, ELOCA, GENGEOM-ID, RADIAT and
PTWALL for modelling coupled behavior. This code system has been used for flow
blockage analysis by the industry team consisting of AECL and the utilities. During the
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discussion period, several points of clarification were raised , dealing with specific code
features and capabilities.

Lastly, Doria of AECL (Sheridan Park) presented a conceptural design of highly
advanced core (HAC) conceived under a joint AECL/EPDC (Japan) study. The 1326
MWe HAC reactor would consisit of 640 CANDU type fuel channels, each containing
twelve 61-element bundles with 5 rings of elements. The maximum linear power (40
kW/m) of the HAC fuel is however much lower than the current CANDU 6. HAC is
able to feature large safety margin in a LOCA due to its low linear power and zero-void
reactivity. Again, only few points of clarification were raised during the discussion of
this paper.
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SUMMARY OF SESSION 5A

CANDU Advanced Fuel Cycles
Chairs: D.S. Cox & B. Rouben

This session on CANDU advanced fuel cycles was dominated by papers with a MOX fuel
theme. Dispositioning plutonium from dismantled weapons as CANDU MOX fuel was a
subject common to the first two papers.

• The Parallex Project has been initiated as a first step towards qualifying ex-weapons
MOX fuel for use in CANDU reactors, and towards demonstrating the feasibility of
the infrastructure involved in a large-scale plutonium dispositioning mission that
includes Canada, Russia and the United States. This is an important undertaking, with
implications on the CANDU system, on fuel cycles, and potentially on global peace
and security.

• The second paper summarized results of a joint Russia-Canada feasibility study on
utilization of weapons-derived plutonium as CANDU MOX fuel fabricated in Russia
and transported to Canada. The study concluded that two facilities would need to be
constructed; a plutonium conversion facility for production of oxide feedstock, and a
plant for manufacturing CANDU MOX fuel. Various transportation routes were
identified, and the study determined that a new transportation package for the MOX
fuel would need to be designed and certified.

• One of the key properties of MOX fuel is the homogeneity of the plutonium
distribution in the fuel matrix. The third paper described a quantitative procedure to
determine Pu and U concentration distributions, based on WDS micro-analyses in a
shielded SEM. The technique has been used to quantify the composition of Pu-rich
particles in as-fabricated MOX fuel samples. The technique offers the potential to
calibrate surface autoradiographic measurements, on as-fabricated or irradiated MOX
fuels.

• Some promising results have been obtained to support the selection of silicon carbide
(SiC) as an inert-matrix fuel material for Pu or actinide waste annihilation. Reactor-
physics aspects of using SiC in CANDU cores appear to be positive. Simulations of
fission-fragment damage using high-energy-ion implantation suggest that SiC will
exhibit good irradiation stability. Similarly, fabrication trials of SiC pellets containing
cerium (as a Pu surrogate) and various sintering additives have been successful. The
actual fabricability and stability of SiC containing Pu or other actinides remains to be
established.

• A campaign to fabricate MOX fuel simulating mid-burnup CANDU fuel was
successfully completed in March 1997 in the rehabilitated Recycle Fuel Fabrication
Laboratories (RFFL) at Chalk River. A total of 37 MOX bundles were fabricated over
a 6 month period. Delivery of the fuel for physics testing was an important step
towards experimentally verifying the coefficient of void reactivity in equilibrium
CANDU reactor cores. Completion of this campaign also re-establishes the RFFL as
a strategically important facility for the CANDU industry.
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The final paper in this session outlined progress in the DUPIC program at AECL.
This program has evolved from laboratory and hot-cell fabrication process
development work towards demonstration of technical feasibility of the DUPIC fuel
cycle. Excellent progress has been made towards fabrication of several DUPIC fuel
elements for irradiation testing. All the associated equipment has been developed and
commissioned for use in hot cells, and fabrication work has progressed to sintering of
DUPIC fuel pellets, using spent PWR fuel as the feedstock material.
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SUMMARY OF SESSION 5B

Fuel Model Development - Part II
Chairs: F. Iglesias & L.N. Carlucci

Session 5B: Fuel Model Development - Part II, dealt mostly with thermal and
mechanical aspects of fuel behaviour.

• Mr. Alvarez of CNEA, described the application of the BACO code to simulate the
behaviour of a CANDU fuel element for a typical power history at relatively high
linear power. The code was used to quantify the effects on fuel performance
parameters (e.g., fuel centerline temperature, gas pressure, sheath hoop stress and
fission product release) of variations in the fuel-to-sheath gap due to statistical
variations in manufacturing tolerances.

• Dr. Baron of EDF described the development of a mechanistic model for fuel
fragment relocation, based on rigid body displacement. The model was incorporated
into the CYRAN03 fuel performance code and calibrated using the time evolution of
sheath diameter during a power history that included a number of shut-downs and
power ramps. The emphasis of the model development was on improving the
prediction of sheath strain rather than fuel temperatures; a different relocation model
is used for the gap conductance.

• Mr. Reid of New Brunswick Power presented fundamental models for specific heat
and thermal conductivity of stoichiometric and non-stoichiometric UO2 over the
entire temperature range, including fuel melting. The models, which directly account
for phonon and polaron contributions, show significant effects of deviations from
stoichiometric UO2, particularly for thermal conductivity. These models are
recommended for incorporation into the SOURCE 2.0 code for fission product release
during accidents.

i

• Dr. Mathew of AECL discussed experimental results of thermally-induced bow of a
fuel element simulator, together with predictions from the ABAQUS code. He
concluded that the permanent bow due to the plastic deformation of the sheath
increases with the degree of mechanical interaction between the fuel pellet and the
sheath.

• Dr. Yu presented the last two papers. The first dealt with an extension of the FEAT
code to model transient two-dimensional (radial-axial, or radial-circumferential)
temperatures distributions in nuclear fuel, while the second dealt with the extension of
the BOW code to model the creep bowing of CANDU fuel. In both cases, the validity
of the new capabilities was confirmed by comparing code predictions with a number
of analytical solutions and good agreement was obtained. The codes were then
applied to solve practical problems. FEAT was used to assess end-flux peaking
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effects on fuel temperatures during a LOCA. BOW was used to assess the extent of
post-irradiation bow of CANDU fuel bundles due to gravitational forces; in general
permanent bow was found to be small, in agreement with post-irradiation
measurements.
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SUMMARY OF SESSION 6A

Fuel Performance Assessment
Chairs: R.G. Steed & M.H. Schankula

There were four papers in the session, two dealing with fuel performance in CANDU
power reactors and two presenting information on experimental techniques to assess fuel
performance.

Fuel performance in the EMBALSE NPP station in Argentina was presented and the
good performance of fuel fabricated in the local commercial fuel manufacturing plant was
discussed. More than 30,000 fuel bundles have been irradiated to an average burnup of
7400 MWd/tU and the overall failure rate was 0.18 %. The reasons for these failures
were identified and no failures have been detected so far in 1997. They are currently
pursuing fuel design optimizations intented to improve fuel utilization and reduce
manufacturing costs.

A paper from AECL's Fuel Design branch discussed the impact of increased Uranium
content on CANDU fuel defect thresholds. There is concern that increased sheath tensile
strain from increased U mass might reduce the margin to dryout and lower the power
ramp threshold for SCC failure. There was no evidence that either would be reduced
within the range of values experienced to date.

The third paper presented results of an investigation of the CANLUB/sheath interface in
extended burnup fuel using XPS and SEM/WDX techniques. Results of fission product
deposition as a function of burnup were presented and showed that even at high burnup
carbon was still present on the sheath. The data provides some new insights into possible
mechanisms for the visible degradation of the CANLUB graphite layer.

The final paper discussed the development of a technique using a 12 MeV electron
accelerator to measure the axial thermal diffusivity in irradiated fuel pellets. A small
cask for holding the active fuel samples was designed and fabricated and some results
were obtained on a high burnup UO2 fuel sample. The results showed the strong
influence of cracks in irradiated fuel on the value of thermal diffusivity. The technique
shows good promise for obtaining thermophysical property data on irradiated materials.
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SUMMARY OF SESSION 6B

Spent Fuel Management
Chairs: N.N. Macici & L.H. Johnson

Papers in the Spent Fuel Management Session dealt with a range of issues related to the dry
storage and final disposal of spent fueL N. Macici of Hydro Quebec reviewed the status of spent fuel
dry storage at the Gentilly-2 reactor. The design, fuel transfer operations and overall performance of
the CANSTOR modules was summarized. The modules are providing safe cost-effective storage of
spent CANDU fuel and modules can easily be added to provide on-site interim storage of all the fuel
that will be discharged over the lifetime of the reactor.

L.H. Johnson of AECL discussed the significance of the N and Cl impurities in unirradiated
UO2 and their importance in safety assessments of spent fuel disposal as a result of I4C and ^Cl
production. The issue of an appropriate technical specification for the impurity levels of N and Cl in
UO2 powders and pellets was noted.

K. Park of Kyunghee University studied the effect of absorbates such as LiOH, NaCl and NaF
on air oxidation of Zircaloy at temperatures of 300 - 350°C. An important result observed was that
LiOH which may be present as a result of absorption from the primary coolant enhances only the initial
stage of Zircaloy oxidation, but does not affect the long-term rate.

R. McEachern of AECL described a model for UO2 oxidation to U3Og applicable to typical dry
storage temperatures at 100 - 200°C. The data obtained from experiments with unirradiated UO2
agreed well with a critical review of activation energies for the oxidation of UO2 to U3Og. The model
shows good prospects for giving reduced uncertainties in assessing oxidation of defected fuel in dry
storage.
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TRENDS IN DESIGN & MANUFACTURE OF
NUCLEAR FUELS IN INDIA

K.K.SINHA,
CHIEF EXECUTIVE

NUCLEAR FUEL COMPLEX
GA0000095 HYDERABAD, INDIA

ABSTRACT

India has adopted PHWR technology as a major contributor in its nuclear power
generation programme. Over the years the engineers and scientists of Department of Atomic
Energy have contributed immensely in realising total self reliance in all fields of this technology.
The paper highlights the achievements made so far and also action plans for further advancing
the nuclear technology in the country.

1.0. INTRODUCTION:

Development and application of nuclear energy for peaceful purposes has been the main
objective of Department of Atomic Energy, India. While generation of nuclear power
constitutes a major portion of this activity the other interests include application of nuclear
technology in the fields of agriculture and medicine. Nurtured over four decades, today the
Department has acquired a good deal of indigenous capability in all spheres of nuclear fuel
cycle.

Better design and improved methods of manufacture are integral to safer and more
reliable operation of nuclear power stations and to achieve this goal various units of the
Department work in close co-ordination through feed-back methods. Fig-1 shows the
facilities established in India, their functions and networking relationships. Nuclear Power
Corporation of India Limited (NPCIL) playing the role of nodal agency, designs, constructs and
operates nuclear power plants by taking R&D support from Bhabha Atomic Research Centre
(BARC). The R&D functions include evolution of new reactor concepts, ratification of
new fuel designs through out-of-pile tests in engineering loops and in-pile tests in research
reactors, development of computer codes for fuel designs & it's in-reactor behavior, PIE of
irradiated fuel in hot cells, etc.

The Nuclear Fuel Complex set up at Hyderabad, India, 25 years ago is the sole
manufacturer and supplier of nuclear fuels and core structural components / assemblies for ail
the nuclear power reactors in India. These reactors include PHWRs, BWRs and FBRs. The
complex is unique in the world where all the above mentioned activities are carried out right
from ore to finished products under one roof. Starting from Magnesium Di-Uranate received
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from Uranium Corporation of India Limited, and Zircon sand from Indian Rare Earths, NFC has
been fabricating the required quantity of nuclear fuel assemblies and zircaloy structurals to
sustain the nuclear power programme drawn up by the Department of Atomic Energy.

As depicted in Fig-1, there has been continuous interaction among various units of the
department to develop and upgrade various process technologies and optimise the reactor
operating conditions so as to achieve the goal of commercial power generation in conformity
with the stipulations of the Atomic Energy Regulatory Board.

2.0. FUEL DESIGNS & MANUFACTURE:

Based on the fuel manufacturing and reactor operating experience the developments that have
taken place in design, manufacturing and fuel management are enumerated below:

2.1. I9-Eleme0t Split Spacer Fuel Bundle:

The nineteen element wire wrap fuel design was used for RAPS Unit-I, which was drawn
from Canadian design initially. Subsequently designs were frozen for 19-element split spacer
fuel bundles and at NFC the flow sheets were standardised for manufacture and quality control
of this type of fuel. The special feature of this fuel bundle is the attachment of split spacers
and bearing pads by employing resistance welding techniques in place of conventional
beryllium brazing methods (1).

This 19-element split spacer bundle design has become a standard fuel for all the 220 MWe
reactors in India since 1986.

2.2. 22-EIement Fuel Bundle:

Prominent among the new designs is the concept of 22-element fuel bundle having split
spacer attachments. This design was evolved aiming for generating 15% higher power yet
making it compatible with the existing 220 MWe reactor systems. The other strength of this
design is its graded structure which permits improved distribution of heat generation
amongst the outer and inner fuel elements thus making the average LHGR low. This design
is a promising candidate for fuel being developed for achieving high burn-up in advanced fuel
cycles that would employ U-Pu MOX fuel. NFC had successfully developed necessary
equipment and standardised production parameters for manufacturing these bundles. 560
bundles of this design have been successfully evaluated for their performance in the core (2).
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2.3. 37-EIement Fuel Bundle:

37-element split spacer fuel bundle design was explored for 500 MWe PHWRs which is an
extension of 19 element fuel design. In this design one more ring of elements has been added.
This fuel bundle is designed to generate a bundle power of about 1 MW and has been studied
for physics, fuel management and safety aspects. Proto-type fuel bundles fabricated by NFC
are undergoing extensive type tests like pressure drop tests, endurance test, fuelling
machine compatibility test, etc. Thus NFC has established capability in the production of fuel
for 500 MWe PHWRs.

2.4. Depleted UO2 Bundles:

Since inception, NFC has produced about 3,000 depleted fuel bundles which were used for
flux flattening purpose during the commissioning of new reactors.

3.0. FUELS FOR ADVANCED CYCLES:

India has taken-up studies for improvements of fuel utilisation through Advanced Fuel
Cycles which will increase the fuel burn-up and decrease spent fuel volume. Various design
options were worked out and the action plans are initiated for the manufacture of fuels for these
cycles.

3.1. MOX Fuel for PHWRs:

From the beginning of nuclear power programme based on PHWRs, India has decided
to go in for reprocessing option. Though the most desirable way of utilizing the Pu available
from reprocessing of PHWR fuel is to use it in Fast Breeder Reactors, a programme to recycle
the self-generated Pu in the PHWRs has been thought of as a short-term option (3). Towards
this end, a MOX fuel bundle design of 19-element type containing 0.4% PuO2 along with
natural UO2 is under study. Out of the total 306 channels in a PHWR reactor, only the
peripheral channels will contain MOX fuel bundles of the above design. The core composition
in terms of the number of fuel elements containing natural UO2 and MOX is indicated in Fig-2.
With this scheme of refuelling the following objectives will be achieved:

• Improvement in fuel utilization

© Shrinking of spent fuel discharge rate due to improved burn up of fuel & thereby
reducing the back-end costs of fuel cycle

• Saving in uranium requirement
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A flowsheet consisting of physical mixing, cold compaction and high temperature
sintering will be followed for fuel fabrication. Work is planned to be carried out for
introducing a number of MOX fuel bundles in one of the PHWRs, following fabrication in the
MOX fuel fabrication plant at Tarapur, where at present BWR-MOX programme has been in
progress for some time. The experience obtained in the production of MOX fuel for our Tarapur
reactors, which has been performing quite satisfactorily, will enable fabrication of fuel to
high quality standards expected of this fuel. A test fuel cluster fabricated by the above route
is undergoing irradiation in the Pressurized Water Loop (PWL) of our research reactor and
has reached a bum up of 9,000 MWD/Te successfully (planned target bum up of 15,000
MWD/Te).

3.2. Throrium Oxide Bundle for PHWRs:

India's 3-stage nuclear power programme has been drawn up with an aim to use the large
thorium resources available in the country in the second and subsequent stage of the power
programme, which envisages Fast Breeder Reactors and Heavy Water Reactors using
advanced fuel cycles. In this context, there has been a need to gain experience in
manufacture, irradiation and subsequent reprocessing of thorium.

The use of thorium bundles in the existing PHWRs is envisaged for flux flattening during
the initial start-up of the reactors having all fresh fuel in the core. Based on the properties of
thorium, the fuel bundle design was prepared, engineered and the necessary physics
calculations were completed for identifying the location and the string in the core so as to get
the desired flux flattening effect. Based on these calculations, it has been finalised that 35
thorium bundles in the fresh core will suffice for flux flattening as against about 400 depleted
uranium oxide bundles that were needed for the same purpose earlier. After gaining first
hand operational experience of this design by irradiating few bundles in Madras Atomic
Power Station, a decision was taken for use of these bundles during start-up of Kakrapara
Atomic Power Stations I & II. These bundles have been successfully used in both these
reactors during start-up and simiiar initial fuel loading pattern is being adopted for all new
PHWRs in India.

NFC, having already established its capability in processing of thoria for Fast Breeder
Test Reactor by innovative techniques (4), has played a vital role in fabricating these
bundles.

3.3. Fuel for Advanced Heavy Water Reactor (AHWR):

The strategy of realising large scale power generation from thorium has been clearly
laid down right from the inception of Indian Nuclear Power Programme. An Advanced Heavy
Water Reactor is being developed as a part of this strategy which generates most of its energy
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from U-233, bred in situ from thorium (5). The reactor is of the vertical tube type construction
with heavy water as moderator, the coolant being boiling light water.

AHWR fuel cluster of about 4 meters overall length will have 52 fuel pins arranged in a
square array. The cluster shall incorporate MOX as well as ThO2 fuel pins, the ThO2 pins
surrounding the MOX pins, and zircaloy-2 being the clad material. The fuel pins will be
separated at regular intervals along their length by suitable spacers.

4.0. IMPROVEMENTS IN PHWR FUEL:

Consequent to the decision taken to switch over from wire wrap to split spacer design,
extensive studies were carried out at NFC and BARC to carry out the attachment of spacers
/ bearing pads on fuel sheath by employing resistance welding techniques. This involved design
of specially coined components and standardisation of their fabrication route, design and
manufacture of special purpose equipment for welding, standardisation of process parameters,
testing and qualification procedures. Since 1986, NFC has been continuously producing split
spacer fuel bundles and has so far manufactured about 100,000 bundles of this type. It may be
mentioned here that today India is the only country employing resistance welding for
appendages which is safe, cost effective and superior process as compared to beryllium
brazing (1).

Keeping in pace with the developments taking place the world over, NFC had successfully
developed and standardised the process for graphite coating the inner surface of fuel tubes.
The equipment required for graphite coating and baking has also been indigenously developed
and used for regular production. As expected, the provision of this layer of graphite coating has
reduced the incidence of fuel failures due to reduced pellet clad interaction during power ramp
situations.

In addition to the above, NFC had incorporated innovative process changes at various stages
of fuel production and has established indigenous capability in equipment manufacture for the
entire fuel fabrication route. These points will be discussed in detail in another paper at this
Conference.

5.0. FUEL DEMAND AND MANUFACTURING PROGRAM:

NFC is the only facility in India, where the fuel required for all the nuclear power reactors
is manufactured. Hence, as Nuclear Power Corporation decided to establish more nuclear
power stations at Kaiga and RAPS III & IV, NFC took upon itself the task of increasing its
fuel manufacturing capacity. Accordingly, NFC has drawn time bound schedules to manufacture
and supply the required quantity of fuel bundles to sustain the targeted nuclear power
generation by indigenously developing additional equipment for the new production plants.



23

6.0. QUALITY CONTROL AND QUALITY ASSURANCE:

Over the years NFC has evolved Quality Control and Quality Assurance procedures to be
adopted at various stages of fuel manufacturing so as to meet the stringent nuclear standards.
NFC is also currently in the process of developing IPM (Intelligent Processing of Materials)
techniques by employing latest NDT tools like Acoustic Emission, Thermography, etc., in
the critical areas like end cap welding, spacer / bearing pad welding and calandria tube
welding. These techniques, apart from monitoring the parameters employed in the production
process, can also give feed back for corrections as necessary if the quality is suspected to be
going out of accepted band.

7.0 ZIRCALOY STRUCTURALS:

Starting from zircon sand, NFC has full-fledged facilities for converting it to zircaloy
material of various shapes like sheets, rods and tubes. While the production of zircaloy
structurals has been taking place since its inception, NFC has standardised and produced
different grades of zircaloys equivalent to Zircaloy-2, Zircaloy-4, Zirc-Niobium and ZIRLO
materials for reactor applications. The rigid production parameters and quality control steps
adopted during the production of zirconium hardware has resulted in NFC becoming a
significant exporter of nuclear grade fuel materials to advanced countries. The first
consignment of Indian Hafnium-free Zirconium Oxide to be exported to America consists of 40
tonnes of nuclear grade Zirconium Oxide, a key material in production of nuclear fuel bundles.
In the recent past NFC has already executed three orders from Korea Nuclear Company for
supply of zircaloy-4 bars.

NFC has developed the production of pressure tubes by hot extrusion followed by two
passes of cold pilgering instead of extrusion and cold drawing. This change has resulted in
better recoveries, homogenous microstructure, better ductility coupled with high strength and
good roll joints. The mechanical properties were found to be in a narrow band. NFC also
achieved the distinction of making very thin walled calandria tubes (D/t ratio of 80 to 90) by
the seamless route. The expanded ends of these tubes are more concentric with the rest of the
tube as compared to welded tubes. The absence of three distinct zones namely weided, heat
affected and unaffected zones is a distinct feature of these tubes. The seamless route of
manufacturing process has additional advantages of better material recovery, amenability
to ultrasonic and eddy current testing, better roundness, etc.

8.0. PLANT AUTOMATION:

Keeping pace with the technological changes taking place in the manufacturing lines, NFC
has initiated actions for construction of new fuel manufacturing plants having state-of-the-art
technologies in the areas of automation and mechanisation. This has resulted in the
construction of New Fuel Plants, likely to be commissioned shortly, having inter-machine and
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intra-machine automation systems for material movements. Feed-back control of process
parameters at various critical stages such as powder production, pelletisation and assembly
operations has been successfully incorporated in these plants.

9.0. FUEL PERFORMANCE:

Matured over 25 years of fuel fabrication experience, NFC has introduced a number of
improvements in the process lines and quality control areas as mentioned in the preceeding
paragraphs. This has resulted in significant reduction in the fuel failure rates as compared to
the initial periods. More details about fuel performance in Indian PHWRs will be discussed in
the subsequent sessions of this Conference.

In order to understand the mode of fuel failure in the reactor, NPC has drawn-up a scheme
for detection of failed fuel and subsequently subjecting it to Post Irradiation Examination. This
facility established at pool side, consists of specially designed sniffing equipment, sample
collection unit and vacuum pump which can confirm the presence of failed fuel bundle
qualitatively from a pair of suspected failed fuel bundles (Fig-3). This facility is
supplemented to the already existing systems such as DN Scan and Dry Sipping method which
are being used in fuel transfer system. After detecting the failed bundle qualitatively it is sent
for PIE for farther quantitative analysis.

10.0. INDIGENOUS RECONSTRUCTION OF RAPS:

Rajasthan Atomic Power Station Unit-I was malfunctioning because of problems in the end-
shield as also because of leakage in pressure relief valves. The Unit-II was also under shut
down for defects observed in coolant channels which required total replacement and system
upgradation. Repair works on both these units required the job to be carried out in totally hostile
environment, impossible to approach manually. It is the marvel of the Indian engineers and
scientists who have taken up the task of developing technological hardware for the repair
operation and sophisticated robots which alone could tackle repairs in the highly radioactive
areas in the reactor chamber, that has made the success story. The Unit-I has come back on line
and is fully operational, while the work on the replacement of coolant channels of Unit-II is
well ahead of schedule. Not only these excellent works are completed at a fractional cost as
compared to the global quotations, these technological investments have become permanent
assets for India for tackling future radioactive-sensitive repairs.

11.0. OTHER ACTIVITIES OF THE DEPARTMENT:

Apart from some of the important mile stones reached by DAE like commissioning of U-
233 fuelled research reactor "KAMINI" and pre-commissioning trials of the most sophisticated
Indian Fuel Reprocessing plant, the following are the other activities of the Department in
specialised fields:



25

11.1. Development of Computer Codes:

A three-dimensional computer code TRIVENI is used to simulate the reactor operation to
arrive at the bundle power and burnup. A post processor ITIHAS, further uses the output from
TRIVENI to keep up-to-date history of any bundle in the core. Reactor physicists at each
station, use the bundle power and burnup values along with fuel defect criteria and fuel
rescheduling ground rules to arrive at a channel to be fuelled.

India has participated in the IAEA sponsored Coordinated Research Programme on "Fuel
Modelling at Extended burnups" (FUMEX). Out of a total of 19 agencies all over the
world, three computer codes were presented from India with code names "PROFESS",
"FAIR" and "FUDA" (6). These codes were successfully evaluated for accounting the
interdependence of different parameters like fuel pellet temperatures, pellet expansions,
fuel-sheath gap heat transfer, sheath strain and stresses, fission gas release and gas
pressure, fuel densification, etc.

11.2. Production ofCobaIt-60:

Apart from generation of nuclear power, the Department has been working continuously
on the production of Cobalt-60 for use in medicine and industry. Over the years NPCIL has
evolved various designs of cobalt elements which are being successfully fabricated and
supplied by NFC to various reactor sites. The aim of continuous evolution of cobalt pencil
designs has been to further simplify the process of fabrication of the pencils and also to
easily retrieve the cobalt slugs from the pencils after irradiation.

113. Dry Storage of Spent Fuel:

In view of the increased quantity of fuel discharged from the reactors at RAPS the need has
been felt for the dry storage of spent fuel. One of the strategies employed for management of
spent fuel prior to their final disposal / reprocessing is their dry storage in casks, after they
have been sufficiently cooled in spent fuel pools. Accordingly, NPCIL in co-ordination with
BARC has taken-up interim dry storage of RAPS fuel by taking into consideration suitable
limits on maximum burn-up of fuel, minimum cooling period in storage pool and optimum
arrangement of fuel bundles in the storage cask from the heat removal point of view (7).
Storage is planned in concrete flasks which can be latter opened to transfer fuel to standard
fuel shipment flasks for transportation to reprocessing plants.

12.0. CONCLUSIONS:

The Department of Atomic Energy, India has achieved indigenous capability in PHWR
technology. Nuclear Power Corporation of India Limited (NPCIL)has gained expertise not only
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In design, construction and operation of PHWRs. but also in reconstruction / repair of reactors.
Nuclear Fuel Complex has made strides in introducing innovative process techniques in the
manufacturing lines of fuel and zircaloy. NFC has also achieved success in manufacturing all the
equipment required for fuel production indigenously. Currently NFC is setting up new fuel /
zircaloy fabrication plants having state-of-the-art technologies to meet additional fuel demands,
thus adapting itself to the changing needs of fuel technology. R&D Programmes are also in
progress for evolving designs for Advanced Fuel Cycles, development of Codes for Fuel
Modelling and Spent Fuel Management.
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Abstract

This paper describes the CANDU® fuel development activities in Canada during 1997 through
1998. The activities include those of the Fuel Technology Program sponsored by the CANDU
Owners Group. The goal of the Fuel Technology Program is to maintain and improve the
reliability, economics and safety of CANDU fuel in operating reactors. These activities, therefore,
concentrate on the present designs of 28-element and 37-element fuel bundles. The Canadian fuel
development activities also include those of the Advanced Fuel and Fuel Cycle Technology
Program at AECL. These activities concentrate on the development of advanced fuel designs and
advanced fuel cycles, which among other advantages, can reduce the capital and fuelling costs,
maintain operating margins in aging reactors, improve natural-uranium utilization, and reduce the
amount of spent fuel.

Introduction

CANDU fuel has an excellent performance record. More than 1.3 million fuel bundles were irradiated in
Canada by 1996. Of these, less than 0.1% had defects. As most failed bundles have single-element
failures, the cumulative fuel element defect rate is about 0.003%. The defect rate is even lower if the
failures from the earlier years of the CANDU program are excluded. For example, the cumulative bundle
defect rate for fuel irradiated in Canada from 1991 to 1994 is about 0.02%. Moreover, from 1992 through
1997, the Gentilly-2 reactor operated without any single fuel bundle failure. All of these indicate significant
improvements in performance over the years.

The successful performance of CANDU fuel is the result of a number of contributing factors, including a
simple and robust fuel design with conservative design margins, reliable and specialized manufacturing
processes developed over the years, and fuel operations conforming to the fuel operating limits.

Another reason for the success of CANDU fuel performance is the openness and cooperation with which
the fuel designers, the reactor operators, fuel procurement staff, the fuel manufacturers, and the UOa
suppliers disclose and discuss fuel-related problems. When a fuel problem occurred at a particular nuclear
station, the reactor operators, the fuel designers and the manufacturers collaborated to identify the root
cause and eliminate the problem.1"2 Such openness and cooperation enable the industry to learn and benefit
from the fuel failure incidents and avoid reoccurrence.
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The need for continuous improvement is also recognized by the industry. The industry cannot afford to be
complacent because of the good fuel performance record to date. It has to actively maintain and improve
the fuel performance. Fuel defect excursions have occurred periodically, and effort must be exerted to
avoid re-occurrence. Under the auspices of the CANDU Owners Group (COG), Hydro Quebec, New
Brunswick Power, Ontario Hydro and Atomic Energy of Canada Ltd (AECL), jointly or in part, sponsor
work programs under the Fuel Technology Program to maintain and improve the reliability, economics and
safety of CANDU fuel in operating reactors. The work programs centre on the present fuel designs of 28-
element and 37-element CANDU fuel bundles, and address issues related to fuel operation and
performance.

In addition, to be competitive with other reactor systems and, in fact, with other energy generating systems,
there is a need for continuous advancement of the CANDU fuel products. AECL has maintained an
integrated development program to develop advanced fuels and fuel cycles/'4"5'6 The goal of the Advanced
Fuel and Fuel Cycle Technology Program is to develop fuel and fuel cycle products that can reduce both
capital and fuelling costs, increase the operating margins, improve natural-uranium utilization and provide
synergy with other reactor systems to improve resource utilization and spent fuel management.

This paper describes the fuel development activities in Canada during 1997 through 1998. The activities
are discussed in two parts: the work packages in the COG Fuel Technology Program and the work
packages in the AECL Advanced Fuel and Fuel Cycle Technology Program.

COG Fuel Technology Program

The COG Fuel Technology Program has the goal of maintaining and improving the reliability, economic
and safety of CANDU fuel in operating reactors. The program has been in existence for many years,
originating in the late 1970s when it was a part of the Common Development Program. The scope of the
program, or work packages, is defined and agreed to by the sponsoring organizations at the beginning of
each fiscal year. Some work packages are multi-year programs, whereas some work packages span one or
two years. In the following, the 1997 through 1998 program is described:

Data on Failed Fuel

In CANDU stations, failed fuel bundles can be removed while the reactor is on-power, then canned and
stored in the fuel bay. To determine the root cause of failure so that remedial action can be taken, the fuel
bundles may be inspected at the fuel bay. Bundles or elements may also be shipped subsequently to a hot-
cell facility for detailed destructive examination. Our experience has shown that the manufacturing data
for these bundles, the operating conditions under which the bundles have been irradiated, and the inspection
or examination results will be useful in determining the cause of failure. Also, the information, when
compiled over time, will be useful for monitoring whether there have been any changes in the fuel
behaviour, brought on by changes in operation conditions, manufacturing processes, or other causes.

A work package in the Fuel Technology Program will compile the operating conditions to which failed fuel
has been exposed in Canadian nuclear stations. As the first step, a reporting specification had been
prepared for use at stations to report data regarding failed fuel. The specifications recommend important
parameters that should be reported, for example, the power burnup histories, locations of the fuel in the
channel, fuel manufacturers and gross fission-product signals. This year, the cumulative failed fuel data
from a CANDU station will be compiled according to these specifications. This database will then be used
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to define the conditions for which the fuel has been exposed in the station and for which fuel failures
resulted

A companion work package is to compile and examine the post-irradiation examination (PEE) data obtained
in hot cells for power reactor fuel. Reference 7, presented at this conference, shows an application of such
a database. It determines the range of sheath strains and fission-gas releases from power reactor fuel over
the last 20 years. Recently, under this work package, the PEE of fuel that had experienced load following
in the Bruce B Nuclear Generating Station was documented and compared with a reference fuel
examination. It confirmed that the load-following power transients applied had no negative effect on the
fuel performance. Reference 8, also presented in this conference, uses the database to evaluate the effect of
uranium mass increase in CANDU fuel bundles in Canada over the years.

Fuel Design Experience and Methodology

Another work package in the Fuel Technology Program is the preparation of the Fuel Engineers Manual.
This is a "sequel" to the Fuel Encyclopedia that was prepared in 1988. The Fuel Engineers Manual covers
in detail all aspects of the present CANDU fuel bundles, including CANLUB coating, design development
testing, fuel materials, fuel manufacture, as well as design evolution and history. The Manual is being
prepared by authors in their field of expertise, and the document is expected to be a valuable resource to
help to understand design and operational problems regarding fuel. It can also be used as a training tool for
new members entering the nuclear fuel industry. This manual is expected to be ready for industry use by
mid-1998.

Fuel Specifications Update

From the many years of fuel operating experience, fuel PIE and development work, the knowledge on fuel
behaviour, fuel design and fuel manufacturing have significantly advanced. To ensure that new important
information is captured in the fuel technical specifications, the Fuel Technology Program has a work
package to review and update the specifications. The fuel specifications are the working documents for fuel
design and procurement. To date, the review of the specifications of Zircaloy tubing and UO2 powder have
been completed. Reference 9, presented in this conference, describes the review and the conclusions.
During 1997 through 1998, additional specifications including "UO2 pellets" and "Beryllium Metal for
Brazed Joints" will be reviewed.

Special Bundles Irradiation and Examination

To guide the designers to confirm, and refine if required, the fuel specifications, the Fuel Technology
Program also sponsors the irradiation and PIE of special bundles. To date, well-characterized bundles
manufactured at the specification limits of density and pellet/sheath radial gap have completed their
irradiation at Point Lepreau Nuclear Generating Station. They have been shipped to the hot-cells at the
Chalk River Laboratories (CRL) where they are awaiting destructive examination. Two additional bundles
with and without the CANLUB coating have also been irradiated, discharged and will be shipped to CRL
after the required cooling period. The irradiation of fuel at the specification limits of density and gap can
provide information that may affect the uranium mass in a bundle, and hence the fuel burnup and the
fuelling cost. The CANLUB irradiation will provide further insight into the chemistry of CANLUB in-
reactor and the active ingredient of CANLUB in protecting the sheath from stress-corrosion cracking.10
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In-Bay Fuel Inspection

Fuel behaviour is often the first indicator of a performance problem in the reactor. Therefore, defects in the
fuel need to be found and the root cause determined as soon as possible. In addition, safe response of the
fuel in any safety assessments requires that the fuel condition be in a defined state. All of these often
require fuel examination in a hot-cell facility, which tends to be time-consuming, relatively expensive, and
therefore rather infrequent. For example, fuel bundles normally cannot be transported to hot-cells until
after a cooling period of about 3 to 6 months after discharge. There is an incentive to maximize the
information gained by inspection at the fuel bay, thereby increasing the value and the frequency of data
collection on the condition of fuel. A new work package is being set up and implemented to develop, design,
and construct prototype equipment for in-bay inspections. The first step in this work package is to identify
the type of inspection required and develop the specifications for the prototype equipment.

Fuel Failure Maps

For postulated fuel-handling accidents, irradiated fuel is held up during its transfer from the reactor to the
fuel bay. As a result of this delay that may cause degraded cooling, a fuel bundle may heat up at decay
power. The time to sheath failure governs the response time that cooling should be restored to the fuel
bundles. The time to failure is dependent on the bundle power and the specific heat transfer environment in
which the bundle is located. To provide the operator with realistic estimates of the response time, several
work packages have been implemented in the Fuel Technology Program. In one package, electrically
heated fuel bundle simulators have been used to assess the heatup transients of the sheath under various
cooling conditions. Work this year will deal with heatup in a fuelling machine. In another package, the
failure criteria of the fuel sheath that is due to sheath oxidation and hydriding were confirmed by laboratoiy
oxidation tests. This year, a work package is underway to combine the results of the two programs into
fuel failure maps. The maps provide the predicted failure times as a function of decay power and various
cooling conditions.

Fuel Performance Modelling

For reactor operation, fuel performance models can be used to assess whether certain power U"ansients may
have a greater chance of causing fuel defects, or whether certain fuel manufacture deviations may have an
adverse effect on the fuel performance. For design, a model can be used to evaluate the performance of a
new fuel design, and reduce the total cost of implementing changes that would otherwise require expensive
laboratory tests to simulate the fuel performance. The Fuel Technology Program has been supporting the
fuel modelling effort for a number of years. Because of development history and priority, two fuel
performance models are now available, each focusing on different aspects of fuel behaviour. The
ELESIM code l u 2 concentrates on the behaviour of the UO2 and fission-gas release during irradiation. The
ELESTRES code 12J4 concentrates on the pellet hourglassing behaviour and local ridge strain on the
sheath, while using similar UO2 and fission-gas release models as ELESIM. Both ELESTRES and
ELESIM are mature codes, and have been used in design and safety work in their areas of applications.
The work package in this current year is to physically combine the two codes into one integrated package
(ELESTRES-IST) with a common numeric solution scheme. This new Industry Standard Tool (1ST) will
then be subjected to validation using the databases that have been or are being compiled within the Fuel
Technology Program. Further code development will be based on ELESTRES-IST.
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Advanced Fuel and Fuel Cycle Technology Program at AECL

Present CANDU fuel bundle designs, based on natural uranium, have been successful in meeting the needs
of the CANDU reactor program. The excellent performance record, the simplicity in design and the ease of
manufacture localization have made the CANDU fuel one of the distinguished features of the CANDU
reactor system. All countries that have CANDU reactors have also developed the capability to
manufacture their own fuel. However, at some point in the future, the incentives for using the current fuel
bundle design and natural uranium may be outweighed by the advantages of advanced fuel bundles and fuel
cycles, on the basis of either economics, resource utilization or performance.

To advance CANDU fuel products, AECL has maintained an integrated Advanced Fuel and Fuel Cycle
Technology Program. Figure 1 shows a schematic of the program. The program consists of the
development of specific fuel products such as the CANFLEX bundle, the development of generic fuel
technologies such as an improved CANLUB coating and improved welding technology that are independent
of fuel type and geometry, and the development of advanced fuel cycles such as enriched uranium, thorium,
or plutonium.

CANFLEX is the next step in the evolution of the CANDU fuel bundle geometry. The CANFLEX bundle
has been developed jointly by AECL and KAERI since 1991, and before that by AECL since 1986.15The
CANFLEX fuel bundle has lower linear element rating for the same bundle power as a result of the greater
element subdivision and the use of two element sizes, and is therefore is well suited for use in advanced fuel
cycles, particularly those that can attain high fuel burnup. The CANFLEX bundle has also incorporated
the latest critical heat flux (CHF) enhancement technology developed by AECL and therefore can also be
used in existing reactors to offset the reduction in dryout margins when the reactors age.

Because of the lower linear element rating and higher CHF performance, AECL's vision is that the
CANFLEX bundle will be the preferred carrier of advanced fuel cycles. Successive improvements in the
CANFLEX bundle will continue. Beyond the improved CANFLEX bundles, an advanced CANDU bundle
is being developed as the fuel bundle for the next generation of CANDU reactors.

Complementing the fuel product development is the development of generic fuel technologies. This
includes improved welding techniques to replace beryllium brazing as the attachment method for the bundle
appendages (i.e., bearing pads, spacers); low void reactivity fuel (LVRF) concept that can reduce void
reactivity to any given value; the cool fuel concept to reduce the fuel operating temperature; CHF
enhancement techniques to further enhance the CHF performance; improved CANLUB coating and
optimized internal element design to enable the fuel to operate at high burnup. These technologies will be
selectively incorporated into the CANFLEX bundle as the needs for their applications are required.

The CANDU reactor system has the highest neutron economy of all commercial power reactors, and is the
only commercial reactor capable of using natural uranium. The on-power refuelling feature also allows
flexibility to adjust reactivity and to shape the flux without reactor shutdown. The CANDU reactor system
is therefore well suited for the use of advanced fuel cycles. The Advanced Fuel and Fuel Cycle Program
contains work packages in slightly enriched uranium (SEU)/recovered uranium(RU) fuel, plutomium
mixed-oxide (MOX) fuel, the DUPIC cycle (Direct-Use of spent PWR fuel in CANDU), thorium and inert
matrix fuel.

Fuel and fuel cycle development involves a multidisciplinary effort The program therefore integrates work
activities in many disciplines, including fuel design, fuel bundle thermalhydraulics, fuel materials, reactor
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physics and fuel manufacture. In the following, the program activities for 1997 through 1998 are briefly
described.

CANFLEX (natural uranium) Bundles

The CANFLEX natural-uranium bundle, with its CHF enhancement, is able to offset the reductions in
dryout margins that occur as the reactor ages. The CANFLEX bundle design and qualification are now-
near completion. Enhancements in the critical heat flux have been confirmed in the thermalhydraulic test
loop at the Chalk River Laboratories (CRL).'6 The tests were performed with a 12-bundle-length
CANFLEX heater string in Freon. Prototype bundles have been irradiated successfully at the NRU reactor
at CRL. All mechanical tests to qualify that the bundle meets its requirements have been completed at
KAERI and AECL, except for the 3000-h endurance test that is targeted for completion by the end of
1997.17>18 Work activities in Canada this year include the completion of the safety and licensing analysis,
bundle fabrication, demonstration irradiation of 24 CANFLEX natural-uranium bundles which is planned
for the Point Lepreau Nuclear Generating Station, and preparation for the critical heat flux tests in water.

SEU/RU Fuel

The easiest first step in the CANDU fuel cycle evolution is the use of SEU fuel with 2j5U content between
0.9% and 1.2%. Generally, enrichment between 0.9% and 1.2% can increase the burnup in a CANDU
reactor by a factor of 2 to 3, and reduce the fuel cost by 20 to 30%.^ Alternatively, reactor power can be
uprated by flattening the channel power distribution across the reactor core with the use of enriched fuel.19

A variant of the SEU fuel cycle is the use of RU. Recovered uranium is a by-product of conventional
reprocessing of spent fuel from light-water reactors (LWRs). Recovered uranium has an enrichment of
about 0.9%, with the actual enrichment depending on the spent fuel that it originated from. The fuel cost
savings with RU, which is a by-product of reprocessing, will be greater than for conventional SEU.

AECL has established bilateral programs with British Nuclear Fuel Limited (BNFL) and KAERI to
demonstrate the use of RU in the CANFLEX bundles in CANDU reactors. Reactor physics studies were
completed confirming that existing CANDU reactors can change to the use of RU fuel.20 BNFL has
identified that for RU, the integrated dry route (IDR) process is their preferred "conversion route" from
uranyl nitrate solution to UO2.

AECL has extensive experience with the irradiation of enriched fuel over the years. The enriched UO2 was
obtained by the ammonia di-uranate (ADU) process. Because the RU uses the IDR process, an irradiation
program to compare fuel from the two types of powder is planned. In this year, CANFLEX bundles with
RU (IDR) pellets and SEU (ADU) pellets will be fabricated for irradiation in the NRU reactor at CRL.
Other works related to the RU program this year include the development of a model to study the
economics of using RU fuel in an existing CANDU reactor.

DUPIC

The DUPIC cycle involves converting spent PWR fuel into CANDU fuel using a dry process. The process
avoids selective element removal, and with the remaining high radiation field, offers a very high level of
protection from proliferation. The DUPIC program is a joint program supported by AECL, KAERI and
the US Department of State. The objective is to confirm the technical feasibility of the processes, process
optimization, and obtain technical information for cost evaluation. A detailed discussion of AECL's
progress in DUPIC fuel development is provided in Reference 21, a paper presented at this conference. The
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program this year centres on the fabrication, using the OREOX process21 (i.e., oxidation/reduction of the
spent PWR pellets), of several DUPIC elements at AECL's Whiteshell Laboratories for test irradiation in
the NRU reactor in Canada and the HANARO reactor in Korea.

Low Void Reactivity Fuel

Positive void reactivity is an inherent feature of the current CANDU lattice design. It is accommodated
through the reactor design in such features as the provision of two independent fast-acting shutdown
systems, each having a high degree of reliability and each being able to act alone to effectively shut down
the reactor. Nonetheless, some countries may require reduced or even negative void reactivity for licensing,
political or other considerations. As a response, AECL has a development program for this type of fuel.

The LVRF bundle uses a combination of fuel elements containing enriched fuel and elements containing
depleted uranium with dysprosium, which is a neutron absorber. The enrichment and dysprosium levels
can be adjusted to result in a given value of void reactivity. The LVRF concept can be embodied in a
number of geometries, including the 37-element and the CANFLEX bundle. Testing related to 37-element
bundles for natural-uranium burnup applications is being performed this year. This includes
thermalhydraulic testing, reactor physics assessments, and irradiation and PIE of two prototype bundles
and elements in a demountable bundle geometry. Testing of CANFLEX geometries intended for higher
burnups is in progress. For the longer term, more advanced options are also being developed, that would
achieve a significant reduction in void reactivity while preserving good neutron economy.

Thorium Fuel

AECL has many years of experience with thorium fuel, ranging from scenario studies of the different
thorium cycles, fuel management studies, reactor physics measurements with ThO? fuel and the fabrication
and irradiation of the ThCb fuel. The program this year includes re-analysis of earlier reactor physics
measurements using more updated core physics methods, evaluation and improvement of core physics
methods for treating flux-history dependence of cross sections in reactor, fuel cycle scenario studies to
obtain the fuel management strategies in thorium cycle implementation, and the continuation of TI1O2 fuel
irradiations in the NRU reactor.

MOX Fuel and Dispositioning of Weapons Plutonium

The higher initial enrichment and discharge burnup of LWR fuel, compared with the CANDU fuel, result
in a higher concentration of plutonium in the spent fuel. Moreover, the CANDU reactor is a more efficient
burner of fissile material. Twice as much energy can be derived from the plutonium in spent LWR fuel by
burning it in a CANDU reactor than by recycling it in a LWR. These features form the basis for the
plutonium MOX fuel cycle in which plutonium MOX fuel is used in the CANDU reactor, with the
plutonium coming from the reprocessing of LWR fuel. A variation of this is the dispositioning of weapons
grade plutonium, in which plutonium from the weapons programs could be fabricated as MOX fuel and
burned in the CANDU reactors. Details of the plutonium dispositioning programs that AECL participates
in are discussed in References 22 and 23, both of which are papers presented at this conference.

Actinide Burning

This is a fuel cycle in which transuranium actinides separated by reprocessing can be fabricated into fuel
and burned (transmuted) in a CANDU reactor. To ensure that no further plutonium is generated in the
process, a suitable inert material needs to be selected to contain the actinides for irradiation. The AECL
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program on actinide burning focuses on silicon carbide as a candidate matrix material, and is described in
Reference 24, a paper presented at this conference.

Generic Technology Development

Generic improvements in fuel technology are being developed, which can be exploited by a range of fuel
cycles and bundle geometries. For example, elements with various CANLUB coatings have been
fabricated and will be irradiated and power ramped in the NRU reactor to test the stress-corrosion
resistance of the coatings. Elements with optimized internal element designs had been fabricated and are
under irradiation in the NRU reactor. Freon tests will be performed later this year to further improve the
CHF enhancement technology.

Conclusions

Present CANDU fuel bundle designs, based on natural uranium, have been successful in meeting the needs
of the CANDU reactor program. To further enhance the competitiveness of operating and new CANDU
power stations, fuel development activities are continuing in Canada. The Fuel Technology Program,
sponsored by the CANDU Owners Group, has the goal of maintaining and improving the reliability,
economics and safety of CANDU fuel in operating reactors. The Advanced Fuel and Fuel Cycle
Technology Program at AECL concentrates on the development of advanced fuel designs and advanced
fuel cycles.



37

7*****«cta * *

Figure 1
Schematic of AECL's Advanced Fuel & Fuei Cycle

Technology Program



38

References

1) A.M. Manzer, R. Sejnoha, R.G. Steed, T. Whynot, N.A. Grahm, A.P. Barr and T.J. Carter, "Fuel
Defect Investigation at Point Lepreau", in Proceedings of the 3rd International conference on CANDU
Fuel, Chalk River, Canada, October 4-8,1992.

2) M.R. Floyd, R.J. Chenier, D.A. Leach, R.R. Elder, "An Overview of the Examination of Fuel as
Follow-up to the 1988 November Overpower Transient in Pickering NGSA-A Unit 1", in Proceedings
of the 3rd Intemational Conference on CANDU Fuel, Chalk River, October 4-8,1992.

3) P.G. Boczar, PJ. Fehrenbach and D.A. Meneley, "CANDU Fuel Cycle Development Potential", in
Proceedings of the Fifth International Topical Meeting on Nuclear Thermal Hydraulics, Operations and
Safety (NUTHOS-5), Beijing, China, April 14-18, 1997.

4) P.G. Boczar and A.R. Dastur, "CANDU/PWR Synergism", in Proceedings of IAEA Technical
Committee Meeting on Advances in Heavy Water Reactors, Toronto, Canada, June 7-10,1993.

5) R.E. Green and P.G. Boczar, "Advanced Fuel Cycles in CANDU Reactors; Reconfirming the Need",
AECL-10156, 1990.

6) D.S. Cox, E. K0hn, J.H.K. Lau, G.J. Dicke, N.N. Macici and R.W. Sancton, "Canadian Fuel
Development Program and Recent Operational Experience", in Proceedings of 4th International
Conference on CANDU Fuel, Pembroke, Canada, October 1-4,1997.

7) P.L. Purdy, A.M. Manzer, R. Hu, R. A. Gibb and E. Kohn, " Assessments of Sheath Strain and Fission
Gas Release Data from 20 Years of Power Reactor Fuel Irradiations", to be presented at the 5th

International Conference on CANDU Fuel, Toronto, Canada, September 21-25, 1997.

8) S.J. Palleck, R. Sejnoha and B. Wong, "Uranium Content and Defect Thresholds of CANDU Fuel", to
be presented at the 5th International Conference on CANDU Fuel, Toronto, Canada, September 21-25,
1997.

9) R. Sejnoha, "Technical Specifications and Performance of CANDU Fuel", to be presented at the 5th

International Conference on CANDU Fuel, Toronto, Canada, September 21-25, 1997.

10) P.K. Chan, K. Kaddatz, K. Franklin and D. Guzonas, "The Active Ingredient in CANLUB", in
Proceedings of the 4th International Conference on CANDU Fuel, Pembroke, Canada, October 1 -4,
1995.

11) V.I. Arimescu, "Modelling Intragranular-Fission-Gas-Atom Diffusion", in Proceedings of the 4th

International Conference on CANDU Fuel, Pembroke, Canada, October 1-4, 1995.

12) M.J.F. Notley and I.J. Hastings, "A Microstructure-Dependent Model for Fission Product Gas Release
and Swelling in UO2 Fuel", Nuclear Engineering and Design 56 (1980).

13) M. Tayai, A. Ranger, N. Singhal and R. Mak, "Evolution of the ELESTRES Code for Applications to
Extended Burnups", AECL-9947, 1990.

14) M. Tayai, "Modelling CANDU Fuel Under Normal Operating Conditions: ELESTRES Code
Description", AECL-9331, 1986.

15) K.S. Sim, H.C. Suk, M. Tayai, P. Alavi, I.E. Oldaker and J.H. Lau, "Some Considerations in the
CANFLEX-NU Fuel Design", to be presented at the 5th International Conference on CANDU Fuel,
Toronto, Canada, September 21-25,1997.



39

16) G.R. Dimmick, D.E. Bullock, A. Hameed and J.H. Park, "Thermalhydraulic Performance of
CANFLEX Fuel", to be presented at the 5th International Conference on CANDU Fuel, Toronto,
Canada, September 21-25,1997.

17) P. Alavi, I.E. Oldaker, C.H. Chung and H.C. Suk, "Design Verification of the CANFLEX Fuel Bundle
- Quality Assurance Requirements for Mechanical Flow Testing", to be presented at the 5th

International Conference on CANDU Fuel, Toronto, Canada, September 21-25,1997.

18) C.H. Chung, S.K. Chang, H.C. Suk, I.E. Oldaker and P. Alavi," Performance of the CANFLEX Fuel
Bundle under Mechanical Flow Testing", to be presented at the 5th International Conference on
CANDU Fuel, Toronto, Canada, September 21-25,1997.

19) P.S.W. Chan and A.R. Dastur," The Role of Enriched Fuel in CANDU Power Uprating", in
Proceedings of the 8th Annual Conference of the Canadian Nuclear Society, Saint John, New
Brunswick, Canada, June 14-17,1987.

20) M. D'Antonio and J.V. Donnelly, "Explicit Core-Follow Simulations for a CANDU 6 Reactor Fuelled
with Recovered-Uranium CANFLEX Bundles, to be presented at the 5th International Conference on
CANDU Fuel, Toronto, Canada, September 21-25,1997.

21) J.D. Sullivan, M.A. Ryz and J.W. Lee, " AECL's Progress in DUPIC Fuel", to be presented at the 5th

International Conference on CANDU Fuel, Toronto, Canada, September 21-25,1997.

22) J.I. Saroudis, E.G. Kudriavtsev, E.I. Tyurin, L. Petrova, A.I. Tokarenko, R.D. Gadsby, L.R. Jones and
E.G. Bazeley, "The Utilization of Russian Weapons Plutonium in Canadian CANDU Reactors: A
Feasibility Study", to be presented at the 5* International Conference on CANDU Fuel, Toronto,
Canada, September 21 -25,1997.

23) D.S. Cox, F.C. Dimayuga, G.L. Copeland, K. Chidester, S.A. Antipov and V.A. Astafiev, "The
Parallex Project: CANDU MOX Fuel Testing with Weapons-Derived Plutonium", to be presented at
the 5th International Conference on CANDU Fuel, Toronto, Canada, September 21-25,1997.

24) R.A. Verall, H.R. Andrews, P.S. Chan, I.M. George, P.J. Hayward, P.G. Lucuta, S. Sunder, M.D.
Vlajic and V.D. Krstic, "Development of Inert-Matrix Materials for Pu- Burning or Actinide-Waste
Annihilation", to be presented at the 5th International Conference on CANDU Fuel, Toronto, Canada,
September 21-25, 1997.



\

V

- , - • ' , ; • • : . V - - - . - . I ••••;



40

CANDU. BUILDING THE FUTURE
CA0000097

Some of you may have read the article in the Chicago Tribune, written by a young lady called
Mary Schmich. This got wide attention on the Internet. The title is "Advice, like youth, is
probably wasted on the young." As far as I can see, everybody here is young, and since I'm
going to hand out some advice tonight, I'll just use, slightly altered, the first two paragraphs of
Mary Schmich's article:

"Inside every adult lurks an after dinner speaker, dying to get out, some world weary pundit
eager to pontificate on life to young people who would sooner be rollerblading. Most of us,
alas, will never be invited to sow our words of wisdom among a learned audience, but there's no
reason we can't entertain ourselves by composing a guide to life for such an audience.

I encourage anyone over 26 to try this, and thank you for indulging my attempt.

Ladies and gentlemen, wear sunscreen.

If I could only offer you one tip for the future, sunscreen would be it. The long term benefits of
sunscreen have been proved by scientists, whereas the rest of my advice has no basis more
reliable than my own meandering experience. I will dispense this advice now."

My advice is intended to help you to succeed in building a solid future for CANDU. If I have
had a modicum of success in my life, it has mostly been by getting others to succeed. I have
always used a very simple technique to achieve that, when faced with a daunting problem.
Simply by suggesting solutions, sometimes off the wall or even outrageous, sometimes bordering
on the practical, my colleagues were forced to think in competition with me, and a sound
solution would result. I hope that my advice tonight will make a small contribution to achieving
that, and it should be seen in the light of this technique.

Let us first take a look at the somewhat daunting problems that face us. Seen from the broadest
perspective, we are talking about energy for the future of mankind. On our planet, energy and
life are synonymous. Whenever a new source of energy is discovered by mankind, there is not
only a great increase in the population, but also an increase in the general health and life-span.

Right now, most of our energy comes from recycling the carbon and hydrogen created by
billions of years of photosynthesis, and locked in the outer crust of the planet. This is really in
the nature of an experiment; we have little understanding of the eventual effects of turning the
carbon back into CO2, but we're doing it by billions of tons. I know that I am preaching to the
converted when I say that this is a risky experiment, and we should proceed very cautiously. Of
course we are not; instead we are rushing into burning more and more hydrocarbons because
they are cheap. All of us here, I am sure, agree that the only really practical, benign source of
energy known at this time is nuclear fission, and that CANDU is an excellent implementation.
We have the solution to this problem, but will we be allowed to implement it in our lifetime on
an adequate scale? That is the problem on the planetary scale; let's call it problem #1.

A little closer to home, while our fuel is excellent at meeting the performance criteria, our
reactors are not ageing well. When they are new, they are quite competitive with fossil energy,
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but as they age, the cost per kWh mounts. This feeds right back into problem #1, even if the
populations of the western world wake up, will CANDU be part of the solution? Let's call that
problem #2. There are of course many more problems, but I have considered them outside the
scope of this conference.

How can we, the CANDU fuel community, help in dealing with these problems? Obviously, we
cannot do it in isolation from the rest of the CANDU community. But neither can they do it
without us, so we have to do our bit. Are there any problems in our area which need to be
addressed? Well, my feeling is that there are, and this conference has presented the evidence
that indeed you are doing a lot about them.

I know many people who want to set the world to rights in one simple step, mostly by having
others do as they tell them. My answer to these folks has always been that the only effective
way I have discovered to better the world is to do better one's self. If example helps to persuade
anyone else, that's a bonus. So my first bit of advice is never to be satisfied with how well you
are doing, you can do even better.

The theme of our conference is "Building on Excellence". The Oxford English Dictionary
defines "excellence" as "the possession of chiefly good qualities in an unusual degree,
surpassing merit, virtue etc." This tells me that excellence cannot be judged in isolation, but
must be based on comparisons, however odious you may think comparisons are. Also,
excellence tends to be temporary unless a continuous effort to improve is made. We must
realize that the competition has not stood still. Joe Lau, in his presentation on the "Canadian
Fuel Development Program" mentioned the danger of complacency. The president of AECL,
Mr. Morden, also alluded to this in his speech at the last CNA conference. For anybody who did
not hear or read Mr. Morden's speech, what I got out of it, in a nut shell, was that the future is
bright as long as we work very hard to lower the cost and raise the quality of the product, and
refuse to rest on our laurels. He also addressed problem #1, i.e. the need to change the public's
perception of nuclear energy production, and I would like to say a little more about this later.

I feel strongly on the point of complacency right now because of what's happened at Ontario
Hydro. Top management there has openly admitted that this was a management problem, and it
may have started at the very top, so what could anyone at a lower level have done about this?
Usually, complacency at the top is a communications problem. People are very pleased to hear
good news, and get upset by bad news. The bearer of bad news thinks that he may become
persona non grata, and sometimes the levels above tend to massage the news and act as filters.

I don't know if that was the only problem or even part of the problem; I'm sure that there were
many other complications, but, supposing it was, I want to examine what you and I might have
done to alleviate the situation. Obviously, the situation could not have deteriorated to an extent
where seven reactors have to be shut down post haste, without some early warning signs, i.e.
some very bad news, along the line.

My personal approach has always been to reward the bearer of bad news on the basis that, if the
news had reached me later or not at all, the situation could have become much worse. As soon
as I had ascertained the facts, I have passed them on to the next level. I always feared that
filtering out the bad news might have a profound effect on my job security in the long run, and I
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advise you to share the bad news with your superior at whatever level you are, as soon as you
know the facts. This should be a lesson learned from the unfortunate situation at Ontario Hydro
and all of us should realize that, when we are faced with such problems, we must do something
about it.

Now I'm going skating on really thin ice. In order to plan our strategy for the future, we need
not only to understand our present problems, but must forecast what the environment for energy
producers will be in the first quarter or more of the twenty-first century. We all know that
anyone who forecasts the future is usually proved wrong by actual events. One should really
follow Sam Goldwyn's advice, which roughly was "Never make predictions, particularly about
the future". History abounds with examples:

hi the sixties, the big worry was how the banks could possibly finance the.many nuclear power
stations which would be required all over Canada and the world. The seventies was the decade
of the "Energy Crisis", hyped in due course by President Jimmy Carter, as "The moral equivalent
of war". By 1990, the price of crude was to be $90 per barrel. The price of uranium was going
to hit the roof and practically bankrupt Westinghouse, but that great company found a better way
to get to the brink, namely real estate investments, because, in the eighties, real estate had only
one way to go, up. Yet, building a bright future for our industry requires a reading of the crystal
ball.

Here, for what they're worth, are my predictions of future trends:

Competition will increase in all fields of human endeavour. Hong Kong, eventually, is going to
take over the Republic of China and liberate the energies of over one billion people. This will
provide many opportunities, but also fierce competition. The trend to privatise state owned
enterprises will continue, and not just in China, but in the western democracies as well. I predict
that there will be further reductions in the restrictions to free trade and international finance.
Competition will take the place of the wars which have bedevilled mankind's past. As a result,
prosperity will increase and people will have more time to indulge their fads and more fads to
indulge.

I regard these trends as inevitable because, for the first time in human history, the flow of
information, as well as mis-information, can no longer be controlled by governments or anyone
else. If I'm right, there is great danger in resisting them. There is a natural tendency for
monopolies to resist the trend towards competition, whether in the energy or any other sector,
only to face wrenching adjustments when restriction on trade are removed.. To resist these
trends is like resisting water rising behind a dam by raising the dam, higher and higher until it
bursts. It may be better to let the water through gradually, channelling the outflow in the least
destructive path.

Dr. Robin Jeffrey, Vice Chairman of British Energy, gave a talk in Toronto last week describing
the gradual way in which the British nuclear energy industry has been privatized between 1989
and 1995. This is an excellent example of what I'm talking about. British energy is now a
privately owned utility, operating all nuclear reactors in Britain except for the old Magnox plants
which are due to be shut down shortly. Since the company went public in July of 1995, the
output has increased by 64%, per unit operating cost is down 35%, output per employee is up
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112%, operating profit has turned from a loss of M$628 in 1989 to a profit of M$675 in 1997.
The group accident rate has been halved. The employees are mostly shareholders as well, and I
bet they feel a lot happier and more secure in their jobs than they did in 1989.

Going back to the fads I mentioned, I would never have predicted the enormous popularity of
sports utility vehicles in spite of the steep increases in tax on gasoline. One fad that has been
thriving for a long time is anti-scientism. Most of you will have heard of the Scopes "monkey"
trials in 1925, when the state of Tennessee passed a law forbidding any reference in state schools
to Darwin and his theory of evolution. A similar manifestation in recent years is the resistance
to cleaning our food and even our sewage by means of irradiation, in spite of the proven fact that
this would save hundreds of lives annually not to mention millions of hours of suffering
"stomach flu". In view of this, it seems quite irrational to me that I also predict that the
concerns with public health and safety will continue to escalate, which, if I am right, will prove
that logic and reason simply don't come into it at all.

Yet I believe that we all can do something about it. We have tried for the last forty years to
convert the anti-nuclear lobby to our point of view by reasoning with them, and have, if
anything, had the opposite effect. I predict with confidence that, if we set ourselves realistic
goals and achieve them, the activists will fade away and take up different causes. Imagine how
weak their case would be if all 20 OH reactors were functioning, even at only 75% capacity
factor, right now. There was just as much opposition to pasteurization of milk and fluoridation
of drinking water. The value of these measures has been amply proved and few activists would
think of picking them for a cause now. I am sure that we can prove the value of the CANDU
contribution to the Canadian and global energy pool if we all work together to show the world by
the results, that our reactors are safe and economically sound.

We have a lot of hard work in front of us to demonstrate the economic soundness of CANDU.
We must not only overcome the ageing problems, but greatly simplify design and construction,
lowering the capital cost considerably while improving the quality and meeting increasing safety
requirements. Nobody said it would be easy, but I know that we can do it. If we don't, the
competition will defeat us; accepting the challenge will strengthen us.

The light water fuel industry has had strong competition in all sectors for a long time, but the
fuel manufacturers appear profitable. Some are customers at Stern Labs., and never stop
experimenting with new fuel assembly designs and minor improvements to older designs,
thereby strengthening the competitive position of the LWR's. A couple of years ago I was at the
Nureth conference in Saratoga Springs, co-presenting a joint paper with one of our BWR
customers. They manufacture fuel in Europe. Their representative spoke first and got right to
the crux of the matter by saying that his company had increased the critical heat flux of their
BWR fuel by 25% over the last 12 years. He was talking about fully qualified fuel being sold to
and in use by utilities at that time, and his CHF results were based on full scale tests in water.
We know from the goods and services they buy from us that our other customers in the LWR
fuel business are not standing still but are continually proof testing their design improvements.
You have to compete with them.

We, at Stern Labs, have always had a competitive attitude. In order to survive, we have had to
keep a tight leash on overhead costs and salaries, and look for customers wherever we could find
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them. What little success we have had has been due to this and a lot of luck. There are many
legends about Napoleon, but I have always liked the one about a soldier being recommended to
him for promotion to General on the basis that he was very clever. As it has been told to me, he
replied :"What I need is lucky Generals, not clever ones." It may be that we have helped our
luck along a little by listening carefully to our customers' problems and setting out to solve
them, rather than making a big profit, or offering a service which would suit our capabilities
better. I think that all our employees must be interested in solving technical problems, because
they will work nights and weekends to get to the solution. There is many a time I have told one
or the other of them that I would charge them rent if they did not go home soon to their wives
and children.

Please forgive me if this is going to sound a little self serving; I kid myself that it is true. I have
always treated all my employees as professionals, and found that they all quickly develop a
professional attitude. The dictionary defines this as "(1) being characterized by or conforming to
the technical or ethical standards of a profession, (2) exhibiting a courteous, conscientious, and
generally businesslike manner". This requires complete openness in the workplace. I am always
amazed how much each individual, regardless of education or age, can contribute to the quality
of our work, if given the opportunity.

Mutual respect and recognition are essential to the safe and smooth operation of a laboratory,
where experiments involving many megawatts of energy and high pressures and temperatures
are involved. To operate safely, we must respectfully listen to the concerns of everyone, and
never dismiss them with just a shrug. Another rule we have is that if you notice something that
really needs to be done, and nobody else is available to do it, then ityour job, whether you are
the chairman or floor-sweeper. I unreservedly predict that these approaches will be helpful in
other work situations also.

The CANDU system has many other great resources in the private sector here in Canada. The
manufacturers of major reactor components, fuel, steam generators, special valves and fittings,
and instruments. Then there are the consultants. Like Stern Labs., they must be looking to
broaden their bases by selling to other industries and developing export markets. The stock in
trade of consultants in the nuclear industry is in the form of experience. Unfortunately, the trade
unions have worked hard to shut them out, and it is a case of use them or lose them. It often
simply is not good business, i.e. it's bad for our industry, to hire them as full time employees.
My advice is to use them, or their experience will drift away. You can absolutely rely on my
next prediction; the unions will disagree with me. But sometimes it is necessary to jettison even
valuable goods to save the ship.

CANDU has been doing well in overseas markets, competing very successfully with LWR's.
But quite apart from competing with each other, international nuclear reactor vendors will be
faced with increasingly severe competition from other energy sources over the coming years.
The strongest competitor is likely to be natural gas. New geological tools and drilling
techniques seem to be able to discover and develop endless supplies of natural gas at relatively
low cost. So much for the energy crisis. Gas turbine manufacturers are now able to deliver a
generating station in less than three years, at about US $300 per installed kW (say roughly one
billion US dollars for the Darlington station equivalent) and thermal efficiencies over 60% for
combined cycle machines.
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Many turbine manufacturers worldwide are competing fiercely to outdo each other in this
relatively young technology; further improvements are bound to be plentiful. Obviously, the
price of gas will increase with increasing demand, and eventually the price we all pay for the
release of carbon dioxide and oxides of nitrogen will be collected from the user of gas in the
form of a carbon tax, raising the cost of electrical energy from gas turbine generators
considerably, but that won't be enough to offset the difference, we must severely sharpen our
pencils to achieve that. At some locations where electrical energy is urgently required, natural
gas is not readily available but the competition from LWR's will continue to be fierce there. To
strengthen the position of CANDU, we must solve the ageing problems quickly.

So, let's have no illusions; Mr. Morden paraphrased Mark Twain, saying that the rumours of the
demise of CANDU have been greatly exaggerated, but it can go the way of the Stanley Steamer,
which was also an excellent product for its day. We have to face it, competition is coming at us
from all sides, and the nay sayers are rubbing their hands with glee.

How then can we help to build a bright future for CANDU? First of all we have to accept that
we are surrounded by great difficulties. I favour a real siege mentality, a closing of ranks; we
must realise that the success or failure of the CANDU reactor depends greatly on the effort of
every one of us. Some of you may ask, if energy is so cheap and plentiful, why struggle? The
simple reason is that the other energy sources will get scarcer and will not be available at a
reasonable price for ever and their excessive use may well endanger the environment on our
planet. I believe nuclear energy to be the most benign, and therefore in the long run the least
costly source of energy, and this is worth fighting for, quite apart from the pleasure I have had
from spending a lifetime wrestling with the technical challenges presented by the field, and
working with so many like-minded, professional people.

As Mr. Morden prescribed, we must focus on making major improvements in the cost and
quality of the CANDU system. He has my best wishes in getting this going, whatever way he
tackles it. It is something which has no end point. In my opinion, as long as we want to sell one
more CANDU reactor, we must make improvements in cost and quality. I believe that the
private sector should have a growing part in this effort. Public sector R&D is very necessary
when the national interest demands work involving large investments and great risks or low
returns. The private sector should be making a contribution to the highly focused effort we now
need to make our products more competitive.

I think we have plenty of excellent people in our industry, and I use the word excellent
advisedly, but it is again a case of use them or lose them. They must have an environment which
motivates them; they must feel that they are members of the team, the winning team. They must
understand where the real competition is. They need the best tools available and clear
objectives, best of all objectives with which they can agree wholeheartedly, and they need direct
channels of communication with top management. Let's not put them into procedural
straitjackets, let's de-emphasize protocol, forget about turf battles and search for better ways of
doing everything all the time. I hope that the current events at Ontario Hydro were sufficient to
get our attention, because that would turn them into an advantage and may really be all we need
to succeed.

Frank Stern
1997-09-16



X®

,»- ," ,».,-_.



46

SOME CONSIDERATIONS IN THE CANFLEX-NU FUEL DESIGN1
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(Korea Atomic Energy Research Institute)

vl. Tayal, P. Alavi, I.E. Oldaker and J.H. Lau
(Atomic Energy of Canada Limited)

CA0000098
ABSTRACT

The CANDU Flexible-natural uranium (CANFLEX-NU) fuel bundle is being developed as the
next logical evolution of CANDU fuel. Several design details of the CANFLEX bundle differ
from the current 37-element fuel bundle. For example, the CANFLEX bundle uses buttons that
enhance critical heat flux, smaller element diameters, and thinner sheaths. These changes
contribute to the many advantages offered by the CANFLEX bundle. Nonetheless, the impact of
these modified parameters on fuel failure mechanisms must be examined. For example, smaller
diameter may lead to increased potential for flow-induced vibration and fatigue. Similarly,
thinner sheaths may potentially lead to increased likelihood of collapse of the sheath into
concentrated axial gap in the element due to the coolant pressure. Likewise, thin sheath and
altered pellet dimensions may also potentially influence the defect threshold for stress-corrosion
cracking during power ramps. The fatigue behaviour of the element may be different from the
standard 37-element bundle under the condition of the significant number of power cycles. As
part of the design verification of the CANFLEX bundle, the above failure mechanisms were
analysed using well-established methods with reasonable support from relevant experiments or
operating experience. As the analysis results show, the CANFLEX-NU fuel bundle is expected
to exhibit excellent integrity during its lifetime in the reactor.

INTRODUCTION

The CANFLEX fuel bundle with natural uranium fuel, known as CANFLEX-
NU, is being developed jointly by AECL and KAERI, and is now at the stage of final design
verification. Verification of the design of the CANFLEX fuel bundle is performed in a way that
shows that design criteria are met, and is mostly covered by proof tests such as flow and
irradiation tests. However, some design parameters are verified by analyses rather than by
experiments because appropriate experimental simulations are unavailable in some areas or
because they take a long time to provide results. This paper discusses some design parameters of
the CANFLEX-NU fuel bundle that have been verified by analyses rather than by experiments.
The next paragraph outlines the parameters that are of prime interest in this paper.

1 Presented at the Fifth International Conference on CANDU Fuel, Canadian Nuclear Society, Toronto, Canada.
1997 September 21-25.
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The CANFLEX fuel bundle is composed of 43 elements of two sizes. Of these,
35 are small-diameter elements that are located in the two outer rings. As a result, the peak
element ratings of the bundle are reduced by 20% compared with the peak element ratings of the
standard 37-element bundle. Despite this good performance, the small-diameter elements may
show greater flow-induced vibration due to the axial flow of the coolant, compared to the
37-element bundle. This could lead to fatigue failure at the weld between the endcap and
endplate, or in the endplate webs. To maintain good neutron economy, a thin-walled sheath was
chosen for the small-diameter elements. This design feature, along with the differences in pellet
dimensions, may have potential for stress-corrosion cracking (SCC) failure due to power ramps.
Sometimes, the axial gap is not evenly distributed in both ends of the element and among pellets
but is concentrated in one end of the element. Collapse of the sheath into, the concentrated axial
gap in the element due to the external coolant pressure is also of interest because of the thin-
walled sheath. The thin wall tubing and lower element ratings may lead to different mechanical
behaviour of the element from the standard element and result in different fatigue behaviour
under the condition of a significant number of power cycles.

FATIGUE ANALYSIS FOR CANFLEX-NU ENDPLATE

Fuel bundles in CANDU 6 reactors are cooled by heavy-water coolant which is
forced to flow at a high velocity of about 9 m/s. As a consequence, flow-induced lateral
vibration of the element occurs in this axial flow, and the potential for fatigue at the weld
between the endcap and the endplate, or in the endplate webs, must be considered.

Analysis Model

Stress Equations

Tayal and Choo [1] extended the classical elasticity theory and developed a
method for assessing the influence of lateral vibrations of a fuel element on the endplate stresses.
Their model was derived with the assumption that the element is represented as a beam with a
uniformly distributed load that is supported at both ends by torsional springs representing the
endplates. This model is used here for the analysis of the CANFLEX-NU endplate stresses (for a
detailed discussion and equations, see reference [1]).

The flexural rigidity of an element is calculated by considering the element as a
composite beam comprising of the sheath and the pellet: Tight radial contact is expected between
the pellet and the sheath during reactor operation because of the thermal expansion of the pellet
and the coolant pressure on the sheath. The UO2 pellet is likely cracked, even at very small
levels of tensile stress; therefore, the neutral axis for the bending of the element is not the same
as the geometric centreline of the element. In the classical approach of elastic bending, the
location of the neutral axis (77) from the geometric centre, is determined by balancing the
compressive and tensile forces. This leads to the following equation:

E p A p y p - E s A s 7 = 0 (1)
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Similarly, the flexural rigidity of the fuel element is determined by summing the contributions to
the local bending moment by the pellet and the sheath, and then relating it to the net curvature at
the cross-section. This gives the following equation for the flexural rigidity of the composite
beam comprising of the sheath and the pellet:

£jl ~ ^P \ x
P " r ^p-yp) ~l~ •c's\i5 "*" ^ v / / \£)

where E, A and I represent modulus of elasticity, cross-sectional area and moment of inertia,
respectively. Subscripts p and s represent pellet and sheath, respectively. As illustrated in
Figure 1, 77 is the distance of the neutral axis of an element from its geometric centre, and yp is
the centroid distance of the segment of solid circle which simulates the compressive part of the
UO2 pellet. The sheath inside radius is R, and the angle of the segment of the solid circle is 2a.
The parameters in Equations (1) and (2) are calculated by Roark's formula [2], as given below:

Ap = R2 ( a - s i n a cos a )

2 sin3 a
= R, - cos a

3 (a - sin a cos a )

a - sin a cos a + 2 sin3 a cos a -

(3)

16 sin 6 a

9 (a - sin a cos a)
fora > —

4

' 1

Ap = - R 2 a 3 ( l -0 .2 a 2+0.019 a 4 )

yp = 0.2 R,a2 ( l - 0.0619 a 2 + 0.0027 a 4 )

Ip = 0.01143 R4 a 7 (l - 0.349 a2 + 0.0450 a 4 ) for a < —
4

Vibration Amplitude

(4)

As described above, the moment and stress in the endplate are significantly
dependent on the lateral deflection of the element. The lateral deflection is considered here as
the amplitude of the flow-induced vibration due to the axial flow of the coolant.

Paidoussis [3] derived a model to predict the lateral amplitude of vibration, 6,
for a cylinder subjected to axial flow.
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A v / D

4 (u 2 Re8 2 ) 4 / 5 ( ^ ) , .
a'4 K . . J I T^—Z I (l x 10-5)

where a =

l + 2u2 U + 4(3,
1/

(m + M) L4

El

and was given as 4.73 for the cylinder fixed at both ends,

A,, = the lateral amplitude of vibration of the element,
D = the diameter of the element,
L = the length of the element,
M = the mass of the flow per unit length = 7iD2p/4,
m = the mass of the fuel element per unit length,
co = the circular frequency of oscillation of the fuel element

at zero flow,

M V / 2

u = dimensionless flow velocity =
Vill/

U = the average velocity of the axial flow,
Re = Reynolds number,
s = L / D ,

H M + m
p = the density of the flow.

Calculated Results and Discussions

Validation of the Paidoussis Correlation for Application to
CANFLEX Fuel Elements

The Paidoussis correlation was adapted to the results of the CANFLEX fuel
element excitation tests which were conducted in axial flow in an air-water mixture. From the
database of the CANFLEX element excitation test, some measurements in the range of Reynolds
number greater than 105 and void fraction (x) less than 50% were selected for the validation of
the Paidoussis correlation. The selected measurements cover the hydraulic conditions of
CANDU 6. The comparative results between the measurements and the predictions showed
good agreement, as represented in Figure 2. The average difference was -0.7%. This result
indicates that the Paidoussis model predicts very well the lateral amplitude of vibration of
CANFLEX fuel elements subjected to axial coolant flows.
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Fatigue Analysis of the CANFLEX Endplate

This assessment addresses fatigue of the endplate due to lateral vibration of the
fuel element. The midplane deflections of the small-diameter and large-diameter elements were
predicted as 53 p.m and 45 u.m, respectively, by the Pai'doussis correlation given by Equation (5).
These were obtained without consideration of restraints from spacers. To take into account the
restraints imposed by spacers, the predicted midplane deflection was compared to the maximum
spacing between matching spacers and corrected appropriately. With the consideration of the
restraints, the midplane deflections were 53 p.m for the outer element, 22 p.m for the intermediate
element, 21 um for the inner element and 42 yun for the centre element. For the calculation,
conservative values were applied to the parameters affecting the vibration amplitude of the
element; that is, Re = 5.8 x 105 and U - 9.6 m/s.

For the stress analyses of the endplate weld, the weld diameter was assumed to
be the same as the width of the endplate ring. The highest stress at any endcap-endplate weld
was calculated to be 18 MPa. This occurred in the centre element even though the midplane
deflection was highest in the outer element. The centre element is welded to the centre rib of the
endplate, and the width of the rib is smaller than that of the ring on which other ring elements are
welded. Therefore the centre element has the smallest weld diameter which in turn leads to the
highest weld stress. This maximum weld stress is lower than the appropriate fatigue limit as
discussed below.

Tayal and Choo [1] suggested the fatigue strength of the endplate weld as
22 MPa. Below this level fatigue failure is not expected at this weld. The fatigue strength (i.e.,
endurance limit) of Zircaloy depends in part on the residual stress. The value of residual stress in
the endplate weld is not known, but welding can generate local residual stresses up to the yield
strength. It was assumed that the initial residual stress in the endplate weld is equal to the yield
strength. Under the operating temperature and neutron flux of the reactor, stress relaxation is
expected to rapidly reduce the initial residual stress. But for conservatism, it was also assumed
that the residual stress maintains its initial high value. Further, a safety factor of 2 was applied to
cover the effects of specimen size, environment and surface finish. Under the above
assumptions, Tayal and Choo determined the fatigue strength from O'Donnell and Langer's
curves for the endurance limit of Zircaloy for 1 million cycles at 300°C to be 55 MPa. A
reduction in fatigue strength is possible because the sharp reduction of the fuel element diameter
in the endcap region acts as a notch. The strength reduction factor was calculated to be 2.5 after
evaluating Peterson's delta concept in conjunction with Neuber's equation for bending of
notched bars. On the above basis, the fatigue strength of the endplate weld was determined as 22
MPa.

The endplate stress is proportional to the lateral deflection of the element. Since
the outer element showed the highest value of the lateral deflection, the highest stress appeared at
the web connected to outer ring of the endplate. The highest stress was 25 MPa, and was lower
than the fatigue limit at the endplate web which was derived as 28 MPa by Tayal and Choo [1]
using the same methodology and under the same assumptions as the fatigue strength applied to
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the endplate weld. The fatigue stresses at the webs connected to other rings of the endplate were
far below the fatigue limit.

FUEL DEFECT ANALYSIS AT POWER CHANGES

The fuel experiences power ramps during a variety of conditions such as axial
movement during normal refuelling, trip recovery and refuelling of a channel next to recently
refuelled channels. The power ramps expose the fuel elements to the possibility of stress-
corrosion cracking (SCC). In the Fuel Design Manual of the CANDU standard 37-element fuel
bundle, the above cases are described for the assessment of fuel defect performance. The
integrity of the CANFLEX fuel elements is also evaluated for the above cases with power ramps.

Analysis Method

SCC defects may occur when the operating values of element power, power-
boost, and burnup exceed their allowable limit called the defect threshold. Thus to assess the
likelihood of defects from this mechanism, we need to compare the operating values of the above
parameters to the appropriate defect thresholds. With respect to the operating values, we have
already noted that for a given bundle power the peak element ratings in a CANFLEX fuel bundle
are about 20% lower than in a 37-element bundle. By itself this would tend to increase the
margins to failure. Next we examine if the element diameter has a significant effect on the other
part of the equation, the defect thresholds.

The FUELOGRAM model [4] is a representative correlation used to determine
the defect thresholds of CANDU fuel elements due to SCC. In this model the defect thresholds
are expressed in terms of operating parameters such as power ramp, ramped power and burnup.
The model has the advantage of easy handling. However, since this model is empirical, its
applicability is -strictly- limited to the range of its database. CANFLEX sheaths and pellets do
have dimensions outside this database. In order to overcome this constraint, the SCC defect
thresholds of CANFLEX fuel elements were determined by using a more recent model,
INTEGRITY [5]. INTEGRITY is a semi-mechanistic model and is able to account for the
effects of sheath and pellet dimensions on SCC defect thresholds [5]. It does have the
disadvantage of requiring more complicated handling in that it receives necessary data from two
other codes. The model is linked to the ELESTRES code [6] to get the data of fission-product
concentrations and also to the FEAST code [7] to get the work density of the sheath.

To determine the SCC defect thresholds of CANFLEX fuel elements, the
ELESTRES-FEAST code combination was used to determine the work densities and fission-
product concentrations for many cases. Each input case had a standard power history with a
single power ramp. For an input power level and a particular total burnup, the test cases
consisted of power ramps ranging from 1 kW/m to 60 kW/m, in steps of 1 kW/m. By running a
large array of cases in combination with the INTEGRITY model, the appropriate combinations
of initial power, power ramp and burnup were determined for the cases that result in a 1% defect
probability.
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Defect threshold curves were obtained for both sizes of CANFLEX fuel
elements. It was found that the smaller diameter of the CANFLEX fuel element leads to lower
concentration of fission products, which reduces the severity of the corrosive environment. This
is compensated by the higher expansion of the pellet due to subtle differences in pellet
dimensions/shapes. The net result is that the 1% defect thresholds are similar for 37-element and
CANFLEX bundles. This indicates that the FUELOGRAM model which has been used for the
licensing calculations of the standard 37-element bundle can be used for the CANFLEX-NU
bundle for the same purpose.

Reactor Physics Data

In the simulation of 600 full-power days operation of a CANFLEX-NU core, the
peak bundle power was 887 kW, and the bundle-average discharge burnup was 175 MW.h/kgU.
To be consistent with previous licensing assessments of CANDU 6 reactors, the high-power
envelope was renormalized to a peak value of 935 kW, which is the licensed bundle power in the
CANDU 6 reactors. This reference high-power envelope was used for the defect analyses for
CANFLEX-NU.

The highest ramp during an 8-bundle shift was found to be 570 kW from the
simulation. This increase in bundle power corresponds to an increase of 30 kW/m in the peak
element linear ratings. The value of 30 kW/m was used for the CANFLEX-NU fuel defect
analyses due to power ramps described in this paper.

We assessed the defect probability for CANFLEX-NU fuel following a trip
recovery in a CANDU 6 reactor in a configuration with adjusters out of core. The power boosts
from a trip-recovery simulation (in which a % core was considered) were combined with the
results from a time-average simulation. During a trip recovery, the maximum fuel power may
exceed the steady-state power typical of reactivity shim operation (adjusters out of core). We
defined the power boost in this case as the difference between the peak power and the steady-
state power; this was found to be less than 10 kW/m in element rating.

Results and Discussions

Power Ramp Due to Refuelling

Figure 3 compares the reference high-power envelope with the FUELOGRAM
defect threshold for increased power, and also compares the highest power ramp of each element
with the FUELOGRAM defect threshold for power increases. For fuel failure probability to
exceed 1%, both threshold curves must be exceeded. No defects were predicted for CANFLEX
fuel.

Trip Recovery

Figure 4 shows the prediction of defect probability during trip recovery in a
CANDU 6 reactor. Curves for 1% and 2% defect probability are shown; the former is also called
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the defect threshold. The power increase was considered to be the power overshoot from the
previous steady-state power. To assess the fuel defect probability, the ramped power was
determined by adding 10 kW/m uniformly to the nominal design power envelope of CANFLEX
fuel over the whole burnup range. Since the nominal design power envelope bounds all steady-
state powers of the bundles, the uniform addition of 10 kW/m is conservative. With this
conservatism the defect threshold for ramped power is exceeded slightly in the burnup range of
80-150 MW.h/kgU.

For fuel defect to occur, both the ramped-power and power-boost thresholds
need to be exceeded. Considering the power-increase versus burnup curves in Figure 4, in
almost all individual bundles the power boost is the variable that controls the defect probability.
The plots of power increase vs. burnup show that very few bundles in the core during the trip
recovery would be over the defect threshold, and in fact only slightly over this threshold.

Previous simulations of trip recovery have shown that in a CANDU-6 reactor the
maximum power-boost in 37-element fuel is 12 kW/m, and the fuel performs well. In
comparison, the CANFLEX fuel experiences a smaller power-boost (maximum of 10 kW/m),
and hence is at even lower risk of SCC defects. Considering that our assessment is conservative
and yet the failure probability is very low, the performance of CANFLEX fuel is acceptable.

Normal Refuelling of a Channel next to Recently Refuelled
Channels

In the 8-bundle shift fuelling scheme, the worst-case bundle from the standpoint
of power-ramp defect predictions is a bundle that starts in position 1 and is moved to position 9
in a normal refuelling operation, the bundle then being subjected to a further power ramp. This
power ramp would be due to refuelling in a neighbouring channel; for example, a normal
refuelling is done in one channel and is followed by an abnormal refuelling to remove defective
bundles from the neighbouring channel. Because of the normal and abnormal refuelling in
neighbouring channels, the bundle that starts in position 1 and is moved to position 9 will be
subjected to a 25% increase in bundle power. Even though the peak bundle power reaches 1,000
kW and the largest power ramp is 38 kW/m, no defect was predicted; see Figure 5.

SHEATH COLLAPSE INTO THE CONCENTRATED AXIAL GAP OF THE CANFLEX
FUEL ELEMENT

An axial gap is provided to accommodate the weld upset generated by the
welding of the sheath to the endcap and to accommodate the differential axial expansion between
the pellet stack and the sheath. A simple calculation shows that an axial gap will be maintained
following axial expansion of the pellet stack. Therefore, it is necessary to evaluate the potential
for sheath collapse into the concentrated axial gap due to external pressure. This analysis is also
required for the Fuel Design Manual.
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Instantaneous Collapse

A statistical treatment method which is based on Donnell's model plus the
Monte Carlo method has been used in licensing calculations of the CANDU standard fuel
elements to analyse the instantaneous collapse of the sheath into the axial gap in an element.
This statistical model was also used for the same purpose in evaluating the CANFLEX fuel
element design.

The analysis, using parameters representative of CANDU 6 CANFLEX fuel,
predicts that a 0.01% probability of collapse of the sheath occurs at a pressure of 23.6 MPa for
the small-diameter element and 21.6 MPa for the large-diameter element (see Figure 6). These
are much higher than the coolant pressure in the CANDU 6 reactor. These predictions were
compared with the finite-element analysis results, and were found to be more conservative.

Creep Collapse

The FEAST code [7], which analyses the stresses and strains in the structural
material by the finite-element method, was used to evaluate the sheath collapse into the axial gap
in the element subjected to high external pressure and temperature. The MATPRO model [8] for
Zircaloy creep was used, and the analysis was performed for the case of 10 000 h. The analysis
showed that no additional deformation of the sheath in the axial gap zone occurred due to creep
for 10 000 h after loading. This result qualitatively indicates that creep collapse of the sheath
into the element would not occur.

FATIGUE ANALYSIS OF THE ELEMENTS SUBJECTED TO POWER CYCLES

For licensing in Korea, the CANFLEX fuel bundle is required to withstand
many hundreds of power cycles. Hence we assessed if the repeated expansion and contraction of
the pellet could possibly lead to sheath fatigue.

For the analysis all bundles were assumed to experience 1500 power cycles in
the reactor. Actually, this is 10 to 60% higher than the maximum number derived from the
expected in-reactor residence times of the bundles. In reality, inner-core bundles experience
comparatively smaller number of power cycles but at higher power, while outer-core bundles
experience comparatively larger number of power cycles at lower power. But, in this analysis,
all bundles were assumed to be operated with the nominal design power envelope. The power
cycles were considered to be composed of 1246 daily cycles, 250 weekly cycles, 1 nominal start-
up after a poison-out shutdown, 1 trip recovery after 30 minutes, 1 poison-prevent recovery and 1
shim operation. For daily and weekly cycles, the power was assumed to cycle 100%-60%- 100%
intermediate power. For reactor start-up cases, the full power was assumed to be recovered at the
rate of 1%/s. In the shim operation, the full power was assumed to be recovered from 50% to
100%.

For each transient, the fatigue damage of the element was obtained from
O'Donnell-Langer model. That is, the maximum alternating strain in the sheath was calculated
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by the ELESTRES code, and this value was adapted to the O'Donnell-Langer model to obtain
the permitted number of cycles. By comparing the permitted number to the design number of
cycles, a fatigue damage ratio was obtained.

The cumulative fatigue damage was obtained by summing the fatigue damage
ratios from all the transients. For the CANFLEX-NU fuel bundle, the cumulative fatigue damage
was obtained as 0.02 for both inner and outer elements. These are very low compared with the
conventionally accepted limiting value.

CONCLUSIONS

Some design considerations that are not assessed by experiments but which
should be evaluated from the standpoint of fuel integrity were analysed with the use of
well-established analytical methods with reasonable support from similar experiments or
applicable experience. The following conclusions were reached from these analyses:

1. Fatigue failure at the endplate weld and the endplate web due to lateral vibration of fuel
elements subjected to axial flow of coolant in CANDU 6 reactors will not occur in the
CANFLEX-NU fuel design.

2. SCC defects due to various kinds of power ramps have a low probability of occurring in
CANFLEX fuel elements and will be lower than 37-element bundles.

3. Sheath collapse into the concentrated axial gap in CANFLEX fuel elements will not occur. It
is also expected that there will be no additional deformation of the sheath in the axial gap
zone due to creep.

4. Fatigue failure of the element subjected to a significant number (1500) of power cycles will
not occur.

ACKNOWLEDGEMENT

The authors thank Mr. P.G. Boczar of AECL for his valuable suggestions during
the preparation of this paper.

REFERENCES

[1] TAYAL, M, and CHOO, C.K., "Fatigue Analysis of CANDU Nuclear Fuel Subjected to
Flow-Induced Vibrations", AECL report AECL-8331,1984.

[2] ROARK, RJ. and YOUNG, W.C., "Formulas for Stress and Strain", McGraw-Hill
Book Company, Fifth Edition, 1975.

[3] PAIDOUSSIS, M.P., "The Amplitude of Fluid-Induced Vibration of Cylinders in Axial
Flow", AECL report AECL-2225,1965.



56

[4] HARDY, D.G., WOOD, J.C. and BAIN, A.S., "CANDU Fuel Performance and
Development", AECL report AECL-6213, 1978.

[5] TAYAL, M., HALLGRIMSON, K., MACQUARRIE, J., ALAVI, P., SATO, S.,
KINOSITA, Y., and NISHIMURA, T., "INTEGRITY: Semi-Mechanistic Model for
Stress Corrosion Cracking of Fuel", AECL report AECL-10792, 1994.

[6] TAYAL, M., "Modelling CANDU Fuel under Normal Operating Conditions:
ELESTRES Code Description", AECL report AECL-9331, 1987.

[7] TAYAL, M., "FEAST: A Two-Dimensional Non-Linear Finite Element Code for
Calculating Stresses", AECL report AECL-8763, 1986.

[8] "MATPRO-Version 10, A Handbook of Materials properties for Use in the Analysis of
Light Water Reactor Fuel Rod Behaviour", NUREG/CR-0497.

[ Store: WORD\h\Canflex\Simpaper_971024 ]



57

SHEATH

(A) GEOMETRY (B) STRESSES

Figure 1 Geometric Model of the Fuel Element as a Composite Beam Comprising of the
Sheath and the Pellet
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THE USE OF GRAPHITE
IN CANDU FUEL WITH RECOVERED URANIUM

BJ. MIN, B.G. KIM, K-S. SIM AND H.C. SUK . ^ p '

Korea Atomic Energy Research Institute

P.O. Box 105
Yusong, Taejon 305-600, Korea

ABSTRACT

Introducing recovered uranium(RU) into CANDU reactors derives double energy output due
to the neutronic benefit of RU. However the coolant void reactivity at mid-burnup is
somewhat increased due to the use of this RU. Therefore, graphite is introduced into the
CANDU fuel of recovered uranium to reduce the coolant void reactivity. The lattice
characteristics are calculated and analyzed for both 37-element and 43-element(CANFLEX) fuel
bundles. The use of graphite rods in the RU bundle will improve the consequence of LOCA,
as well as the power coefficient in CANDU reactors.

1. INTRODUCTION

With the good neutron efficiency of CANDU and the neutronic characteristics of RU, more
energy can be extracted from RU than natural uranium. As well, RU offers many of the same
benefits as SEU(Slightly Enriched Uranium) in CANDU. Hence, the use of RU has been
previously proposedtl] in the past.

Since the CANFLEX(43-element) fuel bundle can significantly reduce the linear power rate
and achieve a large burnup, it is considered as a means of introducing RU to CANFLEX
bundles. But the coolant void reactivity is increased by using RU in two types of fuel bundles
(37-element and 43-element) at mid burnup. Therefore, the use of graphite in RU fuel is
considered to reduce the coolant void reactivity.

The use of graphite in fuel bundles has already been proposed to reduce the coolant void
reactivity in CANDU reactors [2], based on the understanding of neutronic behavior in the
CANDU lattice under nominal and voided conditions. Graphite rods inside the fuel bundle play
a role as moderator/reflector under normal conditions, improving neutron economy. When
voiding occurs, these graphite rods eliminate the positive void reactivity which can be mainly
introduced by increasing the neutron thermal flux in the center region of the fuel bundle.
Therefore, coolant void reactivity can be reduced by using graphite in the fuel bundle.
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The concepts were evaluated for 37-element and 43-element(CANFLEX) RU(or NU)
bundles. The lattice characteristics are calculated for the two types of fuel bundles in this
study.

2. WIMS CALCULATIONS

Simulations were carried out using the WIMS-AECL code[3]. The ENDF/B-V library was
used for neutron cross sections. The neutron spectrum was calculated in thirty-three energy
groups. The PIJ option was used to model the fuel elements discretely in the WIMS
calculations.

In order to determine the discharge burnup, the reactivity of the lattice making a critical
state of reactor was obtained from a previous analysis of the CANDU 6 reactor. The
k-infinity of the critical lattice was 1.045. The excess reactivity of 45 mk is accounted for the
reactor leakage, as well as all the absorptions in the reactor, which are not considered in the
lattice calculations.

To be compatible with existing CANDU reactors, two types of fuel bundles were used to
evaluate the lattice characteristics in CANDU reactors. One is the 37-element fuel bundle and
the other is the CANFLEX fuel bundle. WIMS calculations were done for the fuel bundles
with NU(Natural Uranium) and RU. When using graphite with RU, the fuel bundles consist of
either a central graphite rod and three outer rings containing RU, or 7 ~ 8 graphite rods in
the inner and the outer two rings of RU fuels.

3. RESULTS AND DISCUSSIONS

Lattice characteristics are calculated for 37-element and 43-element (CANFLEX) fuel
bundles. Figure Ha) shows the relationship between MLHR(Maximum Linear Heat Rating) and
the burnup at outer ring of 37-element fuel bundles, because the value of MLHR in a
37-element fuel bundle is largest at the outer ring. Four types of fuel models consist of NU,
RU, RU with one graphite rod and RU with 7 graphite rods. The value of MLHR in the
37-element RU fuel with 7 graphite rods is too large(over 60 kw/m) to be used in CANDU
reactors.

Figure Kb) shows the relationship between MLHR and the burnup for 43-element fuel
bundles. The four types of fuel models consist of NU, RU, RU with one graphite rod and RU
with 8 graphite rods. The position of MLHR in 43-element fuel bundles with RU is moved
from the outer to inner ring at ~ 3700 MWD/T. Aa well, the position of MLHR in
43-element fuel bundles with RU and a graphite rod is moved from the outer to inner ring at
~ 2000 MWD/T. The largest values of MLHR in 43-element fuel bundles with NU and RU
are at the inner ring. The value of MLHR in 43-element RU fuel bundles with 8 graphite rods
is the largest at the outer ring. The value of MLHR for an RU with 8 graphite rods is the
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largest, but this value is still smaller than that of a 37-element bundle with NU. Therefore,
the use of RU with 8 graphite rods in the CANFLEX bundle is expected to be compatible
with CANDU reactors.

Figure 2(a) shows the relationship between coolant void reactivity and the burnup for four
fuel models of 37-element fuel bundles. The value of the coolant void reactivity of RU fuel is
smaller than that of NU fuel at initial burnup but the trend is reversed after ~ 4000
MWD/MTU burnup. The value of the coolant void reactivity of RU is larger than that of NU
after ~ 4000 MWD/MTU burnup, but when a graphite rod is used in the fuel bundle, the
value of the coolant void reactivity is decreased.

Figure 2(b) shows the relationship between coolant void reactivity and burnup for four fuel
models of 43-element fuel bundles. The value of the coolant void reactivity of RU fuel is
smaller than that of NU fuel at initial bumup, but the trend is also reversed after ~ 4000
MWD/MTU burnup. The value of coolant void reactivity in the CANFLEX bundle is slightly
larger than that of a 37-element fuel bundle, but when a graphite rod is used in the fuel
bundle, the value of the coolant void reactivity decreases.

Figures 3(a) and 3(b) show the relationship between fuel temperature coefficients and
burnups for four fuel models of 37-element and 43-element fuel bundles. The value of the fuel
temperature coefficients of NU fuel is larger than those of others. When using graphite rods,
the tendency and magnitude of the coefficients are almost same. Therefore, if the discharge
bumup decreases, the fuel temperature coefficient becomes more negative at mid-burnup.

Figures 4(a) and 4(b) show the relationship between coolant temperature coefficients and
bumups for four fuel models of 37-element and 43-element fuel bundles. The value of the
coolant temperature coefficients of NU fuel is larger than those of others. When using 7 or 8
graphite rods, the coefficient is significantly decreased.

Figure 5(a) and 5(b) show the relationship between moderator temperature coefficients and
burnups for four fuel models of 37-element and 43-element fuel bundles. The value of the
moderator temperature coefficients of NU fuel is slightly larger than those of others.

The average lattice properties of the reactor core depend on the average fuel burnup of
the core. In the CANDU reactor, the mid-burnup can be assumed to be the average fuel
bumup. Therefore, the lattice characteristics at mid-burnup may represent reactor core
characteristics in the CANDU reactors.

From the above results, the lattice parameters at mid burnup are calculated and
summarized in Table 1 and 2. In the tables, all of the reactivity coefficients, except the fuel
temperature coefficient, are positive. With the use of RU, as can be seen in Table 1, the
absolute value of the fuel temperature coefficient is reduced and the other values are
increased. Therefore, the use of RU fuel tends to make the CANDU safety characteristics
worse than the use of the current NU fuel.

The use of a central graphite rod within fuel bundles improves the lattice parameters a
little and its burnup penalty can be ignored because the amount is less than 0.35 %. As
shown in the table, however, this improvement is not enough when considering the power
coefficient, which is a function of both the fuel temperature coefficient and the coolant
temperature coefficient in CANDU reactors.

The number of graphite rods is increased up to the inner ring in the fuel bundles to
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improve the safety characteristics. In this case, the value of coolant void reactivity is
significantly reduced and the fuel temperature coefficient is also improved. Therefore, the
power coefficient becomes better than that of the current fuel. However its burnup penalty is
somewhat increased, up to 5.5 %. Also, since the value of MLHR is significantly increased,
the fuel performance should be evaluated.

4. CONCLUSIONS

When using RU fuels, the absolute value of fthe uel temperature coefficient is decreased
but the values of the coolant and moderator temperature coefficients are increased at
mid-burnup. This is not desirable in terms of safety in CANDU reactors. When using graphite
rods within RU fuel bundle, however, the value of the coolant temperature coefficient is
decreased. In addition, the absolute value of fuel temperature coefficient is increased. This will
improve the CANDU safety characteristics of the power coefficient and the consequence of
LOCA as well. Therefore, when RU fuel is introduced into CANDU reactors, the use of
graphite in the center region of an RU fuel bundle is strongly recommended. These findings
will be especilly important in countries where regulations require that power coefficients should
be negative. A more extensive study on core calculations will be continued in the future.
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TABLE 1. THE VALUES FOR VARIOUS FUEL TYPES BASED ON

Fuel Types ^ " ~ \ ^ ^

37-elm. (NU37)

37-elm. (RU37)

CANFLEX (NU43)

CANFLEX (RU43)

MLHR
(kW/m)

58.044

58.884

48.821

49.288

Coolant Void
Reactivity

(mk)

14.44756

14.73053

15.46555

15.76631

Fuel Temp.
Coeff.

(mk/°C)

-.00126

-.00080

-.00147

-.00091

Coolant
Temp. Coeff.

(mk/°C)

.05254

.05599

.05619

.05866

Moderator
Temp. Coeff.

(mk/°C)

.02751

.03744

.02893

.03831

Discharge
Bumup

(MWD/MTU)

6988

12548

6939

12485

TABLE 2. THE VALUES FOR VARIOUS TYPES OF RU FUEL WITH GRAPHITE RODS

Fuel Types ^ * \ ^ ^

37-elm. (C1+RU36)

37-elm. (C7+RU30)

CANFLEX (C1+RU42)

CANFLEX (C8+RU35)

MLHR
(kW/m)

59.768

67.438

51.256

57.249

Coolant Void
Reactivity

(mk)

14.34245

12.17765

15.30020

12.56472

Fuel Temp.
Coeff.

(mk/°C)

-.00085

-.00108

-.00106

-.00149

Coolant
Temp. Coeff.

(mk/°C)

.05468

.04878

.05780

.05084

Moderator
Temp. Coeff.

(mk/°C)

.03705

.03954

.03861

.04186

Discharge
Burnup

(MWD/MTU)

12507

12103

12445

11833

* NU : Natural Uranium
* RU : Recovered Uranium
* C '• Graphite in Center or Inner Ring
* N# : Number of Rods

* All Temperature coefficients and coolant void reactivity at Mid Bumup
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ABSTRACT

Cracking of end plates, in the Darlington NGS, was attributed to high-cycle fatigue resulting
from flow-induced vibrations. Because the cracks were predominantly associated with the
bundle assembly welds and with certain element positions, a program was initiated to study
whether the microstructure and geometry of the weld zone affected the fatigue behaviour of the
assembly welds.

Assembly weld samples were subjected to different heat treatments, resulting in different
microstructures of the weld zone. Results of fatigue testing suggest that heat treatment of the
welds (i.e., microstructure) had little effect on the fatigue life. Assembly welds were also
produced with different weld notch geometries, and compared with samples having notches
produced by machining (instead of welding). The results of these tests showed that geometry of
the weld had a significant effect on fatigue life. However, the geometry of the weld notch
required to significantly improve fatigue life is not achievable using the current assembly
welding process. A small improvement in fatigue life of welded samples appears possible by
increasing the weld diameter.

1. INTRODUCTION

Fuel channel flow pulsations have been shown to cause fuel-bundle end-plate failures in the
Darlington reactors [1]. The pulsations were eliminated by changing the impellers of the heat
transport system pumps from 5-vanes to 7-vanes. As a result, a program sponsored by the
CANDU Owners' Group (COG) was initiated to study the possible effects of microstructure and
geometry on the assembly weld fatigue strength.

To study the effect of microstructure on bundle assembly welds, several identical samples
were prepared; some were then heat-treated, to alter their microstructure. To study the effect of
geometry, assembly welds were developed with different weld notch radii, by changing the weld
preparation or the weld conditions. The assembly weld samples were subjected to fatigue testing
and evaluated on the basis of number of cycles to failure. Figures 1 and 2 show typical test
samples.
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2. EXPERIMENTAL

2.1 Assembly Welds to Study Microstructure

Identical assembly weld samples were produced by welding a Zircaloy-4 strip to an end cap to
simulate the end-plate-to-element-assembly weld To test the assembly welds, the Zircaloy strip
was held, and the end cap was pulled in tension-tension fatigue. Figure 3 shows a schematic of
the gripping mechanism used for these tests.

2.2 Heat Treatment of Samples

The assembly weld samples were subdivided into different groups: some received no further
treatment and were tested in the as-received and as-welded condition; some were post-weld
stress-relieved, to determine the effect caused by a change in material strength; others were
subjected to heat treatment that would alter the microstructure of the entire sample. The
temperature for stress relief (400°C) was not sufficiently high to alter the microstructure, and
therefore the as-welded and stress-relieved samples were treated as identical, from the viewpoint
of microstructure. The range of heat treatments was chosen to give a difference in material
properties and microstructures. The heat input (during welding) changes the microstructure of
the Zircaloy, from cold-worked to recrystallized-alpha microstructure.

The identical assembly weld samples were subjected to the following heat treatments, under
vacuum, to obtain the desired metallurgical condition:

As-Welded: Samples were not heat-treated
Stress-Relieved: 400°C for 24 h, furnace-cooled
Recrystallized-Alpha: 800°C for 1 h, furnace-cooled
Transformed-Beta: 1000°C for 2 h, furnace-cooled

Metallographic examination of the cross-sections showed that the microstructure in the last
two conditions had completely changed and that the weld heat-affected zones had been altered.

2.3 Fatigue Testing

Samples were fatigue-tested in tension-tension (under load control mode) at deflections,
ranging from 0.03 to 0.15 mm at cycle frequencies of 5 or 10 Hz. Load control mode was
selected for testing as it is more representative of the conditions experienced by fuel bundles in-
service. Representative samples were tensile tested to evaluate the different material strengths
(resulting from heat treatment) by pulling the end cap and sheath away from the test strip until
the weld broke, or until the sample deformed sufficiently to release it from the grip. All tests
were conducted at 310°C.
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2.4 Prototype Welds to Study the Effects of Geometry

A constraint imposed on the development of these prototype welds was to retain an overall
configuration compatible with current production fuel (element-to-end-plate position and
spacing) and equipment (resistance welding processes). The welding characteristics of prototype
assembly welds were established for a variety of different weld-preparation angles and different
overall heat input using a single-phase resistance welder. Figure 4 shows a shadow profile of a
typical bundle assembly weld sample.

2.5 Samples with a Machined Notch

To provide a measure of the maximum potential for improvement in the fatigue performance
of assembly welds, "idealized" samples were machined from solid bar stock to simulate assembly
welds having either a square or round end-plate-to-end-cap intersection (notch). The square
notch was machined with a sharp cutting tool (Figure 5), and the round notch was machined with
a tool having a 1 mm radius (Figure 6). These samples were designed to be free of weld-induced
microstructural discontinuities, associated with the welded samples.

Some of these machined-notch samples were also heat-treated into the beta-transformation
region (1000°C for 2 h and furnace-cooled), for comparison with results of the previous heat-
treated welded samples.

3. RESULTS

3.1 Tensile Tests

Tensile testing of assembly welds confirmed that heat treatment of the samples reduced the
strength of the assembly welds. Welds in the as-welded condition were typically strongest
(average 2.8 kN), followed by the stress-relieved welds (average 2.5 kN), and welds with
recrystallized-alpha microstructure (average 1.8 kN); and the welds that were heated into the
beta-transformation range failed at the lowest load (1.3 kN).

3.2 Fatigue Tests on Heat-Treated Welds

The results of the fatigue tests are summarized graphically in the deflection versus number of
cycles to failure curve (Figure 7). The results of all the tests, with different heat treatments,
follow a similar trend. In most samples, the cracks appear to have typically initiated in the
region near the weld notch.

As-Welded Samples: The number of cycles to failure on samples tested in the as-welded
condition (no heat treatment) ranged from 90 000 to 1 000 000. Failure at 90 000 cycles
occurred at a peak-to-peak amplitude of 0.090 to 0.100 mm. Failure at 1 million cycles occurred
at an amplitude of 0.044 mm (peak to peak).



75

Stress-Relieved Samples: In samples that were stress-relieved, the number of cycles to failure
ranged from 100 000 to just over 1 million. Again, failure time was dependent on the amplitude
used. Failure at 100 000 cycles occurred at an amplitude 0.074 to 0.096 mm; failure at 1 million
cycles occurred using an amplitude of 0.036 mm (peak to peak).

Alpha-Recrystallized Samples: Samples that were isothermally heat treated in the alpha-
recrystallization temperature range, failed between 100 000 to 1 million cycles. Crack initiation
typically occurred near the root of the weld notch.

Beta-Transformed Samples: Samples that were isothermally heat-treated in the beta-
transformation range, exhibited a very coarse uniform (prior-beta) alpha microstructure, both in
the weld area and the Zircaloy strip. Samples failed at over 100 000 cycles, at a deflection of
0.069 mm; 1 sample failed at over 1 million cycles, at a lower deflection of 0.039 mm. In these
samples, failure occurred at the root of the notch and progressed through the coarse alpha
microstructure (prior-beta grain boundaries).

3.3 Effect of Geometry on the Fatigue of Assembly Welds

The 4 types of prototype assembly welds tested (2 angles, 2 heats) suggest a small effect of
welded geometry on fatigue life, as shown in Figure 8. Although there is some overlap, the
following trends are apparent: welds having a low heat input failed at lower cycles than did those
that had a higher heat input for both shallow and steep weld-prep angles. (Note that these welds
also exhibited lower torque strengths to failure.) Note that these tests were conducted under
identical load conditions, and the different deflection for each weld group indicates a different
joint stiffness. Consistent with this observation, there appears to be a correlation between weld
diameter and the number of cycles to failure (Figure 9); a larger weld diameter has the effect of
increasing stiffness.

3.4 Fatigue Tests on Samples With a Machined Notch

The deflection versus cycles to failure for machined notch samples is shown graphically in
Figure 10. The number of cycles to failure in these tests is significantly higher than in all
previous tests, and the behaviour of the machined round notch is distinct from those with a
machined square notch. In fact, at lower deflections (0.068 to 0.078 mm) the samples with the
machined round notch did not fail, even after 2 000 000 cycles, indicating that these may be
below the fatigue threshold limit. Conversely, samples with a machined square notch performed
only slightly better than the welded samples of this study; that is, the number of cycles to failure
was only slightly higher, for the same deflection. Note that with the machined round notch
samples, higher loads (and hence a greater deflection) was required to achieve failure.

In these tests, there was little difference in the fatigue behavior of samples machined from the
as-received bar stock and those subsequently heat treated to the Beta-transformation region.
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4. DISCUSSION

4.1 Effect of Microstructure on Fatigue

These results indicate that heat treatment of assembly welds (beta or alpha microstructures)
does not significantly affect their fatigue behaviour compared to the as-welded or stress-relieved
samples.

The data plotted as Figure 7 suggests that, within the experimental scatter, these results fall
roughly along a linear trend of deflection and cycles-to-failure. The results also indicate that
there is a slight difference in the deflection (under similar loading) of as-welded and stress-
relieved samples compared with the samples that were heat-treated to the alpha- and beta-
transformation temperatures.

The results from the as-received and stress-relieved samples indicated that failure occurred in
the notch region, which hosted the fine-grained recrystallized-alpha microstructure. Surprisingly,
the number of cycles to failure was higher, although marginally, than for the alpha heat-treated
samples. One might have expected that the combination of weaker microstructure and notch
effect would have resulted in a decrease in the number of cycles to failure.

To refine or alter the microstructure in order to avoid recrystallized-alpha microstructures, the
temperature of the weld pieces would need to stay below the recrystallization temperature during
assembly welding. To accomplish this, the manufacturer would likely have to resort to a
different welding technique, which would not be feasible or economical, considering the results
obtained. As the results suggest that microstructure has little effect on fatigue life, assembly
welds associated with large heat-affected zones (such as for producing dished end-plate profiles)
should not be cause for concern.

4.2 Effect of Geometry on Fatigue

Within the range of conditions tested in this study, there appears to be a small effect of weld
geometry on fatigue life, in the welded samples. Figure 8 shows that although there is some
slight difference in the fatigue life of samples having a shallow versus a steep weld preparation
angle (which resulted in a different weld notch) there is some overlap in the results. The results
from the samples with machined geometry however, indicate that if the notch radius is large, then
the effect is significant.

Fatigue tests on complete bundle assemblies indicate that end-plate design may be of greater
importance in fatigue behaviour than the current tests suggest [2]. The stiffness of the bundle
end plate, especially with respect to different element positions has been shown to result in
preferential fatigue cracking, as in the Darlington end-plate failures [3]. This is considered to be
outside the scope of this study. The correlation between weld diameter and fatigue life confirms
that the stiffness of the weld joint has some effect on fatigue life.
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As in this work, the above references observed that the fatigue cracks usually initiated in, and
progressed through or near, regions of recrystallized-alpha grains. The implication is that
metallurgical discontinuities may affect crack initiation and reduce fatigue life.

Comparing all tests in this study, it is concluded that only samples with a round notch (1 mm
radius), machined from bar stock, have fatigue behaviour that is significantly better than the
fatigue behaviour of the welded samples. At lower deflections, the samples with a machined
round notch appear to fall below the fatigue threshold (Figure 11). Unfortunately, this type of
geometry is not achievable with current welding processes.

There does not appear to be any improvement likely from heat treatment or re-design of the
weld with the current production processes. However, an improvement in assembly weld fatigue
life appears to be possible if a significant change in geometry can be effected using a different
joining process.

5. CONCLUSIONS

The following conclusions are drawn from this study:

• Microstructure has little effect on the fatigue life of bundle assembly welds.
• Geometry of the weld notch has a significant effect on the fatigue life of welded

samples. However, different joining processes may need to be considered if
significant improvements in assembly welding are required in the future.

• With current fabrication processes, there appears to be only a small improvement in
fatigue behaviour of assembly welds may be possible by increasing the weld diameter.

Although significant improvement of bundle assembly welding (such as enlarging the weld
notch radius) is not readily feasible, the current bundle assembly welds are not expected to result
in further end plate cracking, since the severe flow pulsations, which caused the cracking in the
Darlington reactor, no longer exist.
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Figure 1.
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Different Views of Machined Test Samples

Test Weld

Top Grip

Bottom Grip
(tension-tension fatigue)

Figure 3. Schematic of Set-Up Used to Fatigue-Test Assembly Welds
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Figure 4. Shadow Profile of a Typical
Welded Sample

Figure 5. Shadow Profile of a Machined
Square Notch Sample

Figure 6. Shadow Profile of a Machined Round Notch Sample



80

O.I IOT

0.090-•

§ 0.070-•

«
SB
Q

0.050 4

0.030

\

oo

o As-Welded

_l_ Stress-Relieved

n Alpha-Treated

o Beta-Treated

\

\
\

\

\

104 105 106

Cycles to Failure
10?

Figure 7. Deflection (Span) versus Cycles-to-Failure for Heat-Treated Assembly Welds

0.10

A Shallow/Cool
* Shallow/Hot
a Steep/Cool
• Steep/Hot

10-

Cycles to Failure

10'

Figure 8. Deflection (Span) versus Number of Cycles to Failure
for Prototype Welded Samples



8 1

jjs

fa
3

U
A Shallow/Cool
* Shallow/Hot
D Steep/Cool
• Steep/Hot

3 4

Weld Diameter (mm)

Figure 9. Cycles to Failure as a Function of Weld Diameter

U. 1U

0.14

| 0.12

e
• | o.io

D
ef

lc

0.08

0.06

\
>

-

-

I

\

N

\

\

\

\

•

\

\

3̂ ^̂
, nfnf

10-

Cycles to Failure

10'

a Square Notch
o Round Notch
• Square Beta-Treated
• Round Beta-Treated

nf no failure

10

Figure 10. Deflection (Span) versus Number of Cycles to Failure for
Machined Notch Samples (Including Heat-Treated Samples)



82

0.19 -

0.17

0.15

| 0.13

0.09 |-

0.07

0.05

0.03

10

Machined Square \ ,

\ ^
\ N>

Welded Geometry \ \

\ Machined Round

\

\

\
Microstructure

10 10 10 10

Cycles to Failure

Figure 11. A Comparison of the Fatigue Life of All Samples Tested in this Study



L :NT - PART i



83

Verification of the Thermal Module in the ELESIM Code

and the Associated Uncertainty Analysis

by
CA0000101

V.I. Arimescu, A.F. Williams, M.E. Klein

W.R. Richmond and M. Couture

1. Introduction

Temperature is a critical parameter in fuel modelling because most of the physical processes that occur in fuel
elements during irradiation are thermally activated. The focus of this paper is the temperature distribution
calculation used in the computer code ELESIM, developed at AECL to model the steady-state behaviour of
CANDU fuel. A validation procedure for fuel codes is described and applied to ELESIM's thermal calculation.
The effects of uncertainties in model parameters, like UO2 thermal conductivity, and input variables, such as fuel
element linear power, are accounted for through an uncertainty analysis using Response Surface and Monte Carlo
techniques.

The magnitude of the fuel-to-sheath gap has a significant impact on fuel temperatures through its effect on the fuel-
to-sheath heat transfer coefficient. Previous versions of ELESIM assumed a closed gap for the heat transfer
coefficient calculation. While this is appropriate for most conditions typical for CANDU fuel and nominal pellet-to-
sheath gap sizes, inclusion of a finite gap is necessary for low power situations or for gap sizes at the upper bound
of the tolerance interval. For Light Water Reactor (LWR) fuel, "fragment relocation" is important to determining
fuel-to-sheath heat transfer. The physical process proposed for fragment relocation is incomplete re-fitting of fuel
pellet fragments caused by cracking during a thermal cycle, and it is typically modelled in LWR fuel codes with
semi-empirical correlations. It has been suggested that the collapsible cladding for CANDU fuel would assure an
almost permanent restraint on the pellet and prevent major fragment relocation. One of the goals of this study was
to assess the possible need of a fragment relocation model for CANDU fuel.

To this end the latest developmental version of ELESIM, herein called ELESIM, includes a pellet eccentricity
model for the fuel-to-sheath gap. When the gap is open the extent that the pellet is off-set from the sheath is
considered a model parameter. By definition, full pellet off-set occurs when the pellet and the sheath are touching
at one point for free-standing cladding, or at two diametrically opposed points for collapsible cladding. The typical
condition for CANDU is collapsible, but large internal gas pressures can change the condition to free-standing.

To evaluate the pellet eccentricity model, ELESIM was used to simulate experiment FIO-142 with different options
from a closed gap to a fully-eccentric gap. Experiment FIO-142 was a well-instrumented single element irradiation
with measurements of both centerline temperature and neutron flux at two locations along the element.

The centerline temperature data from the FIO-142 experiment can also be used to validate ELESIM's temperature
calculation. For the validation procedure, a unitless measure, e, the relative difference between the calculated and
measured values is used to qualify the agreement between calculations and measurements. Response Surface and
Monte Carlo methods coupled with factorial design sampling techniques are used to create a simulated distribution
of s from knowledge of the uncertainties in the experimental conditions that are input variables for the code and in
the measured values that are output variables for the code. By comparing the simulated e distribution with the
measured distribution it is possible to assess whether the discrepancies between measured and calculated data lie
within the range expected from the uncertainties associated with the experiment and determine at the same time any
systematic deviations of the models.

2. Simulation of the FIO-142 Test

2.1 Brief Description of the Experiment
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Experiment FIO-142 consisted of a single fuel element irradiated in the NRU reactor in pressurized water coolant at
a linear power of up to 55 kW/m for one operating cycle of 17 days. The fuel element was instrumented with
thermocouples to measure sheath, end cap and upper and lower centerline fuel temperatures. The centerline fuel
temperatures were measured with Type C thermocouples, while the remaining thermocouples used in the
experiment were Type K, both having a precision of ±1% of the measured reading. Two flux detectors were also
mounted on the fuel stringer.

Following irradiation, the fuel element was destructively examined with two sections of the element being analyzed
for chemical burnup. Chemical burnup for the two sections was reported as 18.7 MWh/kgU and 20.6 MWh/kgU,
with a measurement uncertainty of ±5% (2<r).

2.2 Estimation of the Linear Power of the Experimental Fuel Element

The procedure for estimating the linear power of the fuel element is based on the assumption that the power is
directly proportional to the flux detector readings (Equation 1) throughout the irradiation. In reality, the
proportionality will change during the irradiation due to factors such as fission product buildup and plutonium
disposition. Nevertheless, in the simulation of FIO-142, the proportionality is assumed to remain constant as the
fuel element was irradiated to only a low burnup.

Therefore, the linear power, P, can be expressed in terms of a scaling factor, alpha, and the flux detector reading, R,
as:

P = alpha * R (l)

The process used to determine the value of alpha is described below. In general, the burnup, Bu, is given by:

Jp(t) * conv * dt
Bu(MWh/kgU) = - r (2)

7rV*r 2 *(238/270)

where:
conv - unit conversion factor (MW/1 x 106 W) * (1 OOOg/kg)
p - density of the UO2(g/cm3)
r - fuel pellet radius (cm)

Using Equation (1) and replacing the integral in Equation (2) by the corresponding sum:

„ ,, - alpha * (RT) * conv
Bu(MWh/kgU)= — - — ~ — (3)

7r*p*r2*(238/270)
where RT is the sum of the product of flux detector readings and time intervals for the irradiation:

n (R1s a v + R2: avVtime. - time- 1

and:

R1, + Rt.
R\av
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R2, + R2M

Rlj and R2; are the i* readings for the two flux detectors.

Now, from Equations (2) and (3), alpha can be expressed in terms of burnup as

a l p h a J L ( 5 )
RT * conv

Since the chemical burnup is known at two positions in the fuel element, the corresponding values of alpha can be
determined. The chemical burnup was determined by assuming an energy per fission for 235U of 200.8 MeV. The
reported energy per fission for 235U in the NRX experimental reactor is about 185.0 MeV. While this value will
vary among reactors, it is used in calculations for the NRU experimental reactor. As a result, the chemical burnup
must be multiplied by the ratio (185/200.8) to correctly account for the burnup in the NRU reactor. Applying the
ratio and accounting for the central hole, the following values of alpha were obtained:

Position (1) Burnup(l)= 18.7 MWh/kgU alpha(l) = 843.4872

Position (2) Burnup(2)= 20.6 MWh/kgU alpha(2) = 929.1831

Therefore, from Equation (1), the power histories at both locations in the fuel element can be estimated using alpha
and the average flux readings for each history point.

The power history was reduced from more than 30,000 points to a more manageable number by averaging over
eight hour intervals. Intervals were made smaller if the change in power was in excess of 2 kW/m from one step to
the next. The measured centerline temperatures corresponding to the averaged power in each interval were also
recorded. This resulted in a power history of just 136 steps, and a data set of 136 corresponding fuel centerline
temperature measurements. The power histories resulting from this "condensing" process were used to complete an
ELESIM input file for FIO-142. The geometry data used in the input file came from the fabrication report for this
test element.

2.3 Simulation Results

ELESIM test cases were created to account for different fuel-to-sheath gap conditions. All power histories were
simulated for (a) an open, concentric gap, (b) an open, eccentric gap, and (c) a closed gap. In terms of fragment
relocation models used for LWR fuel, case (a) corresponds to no relocated fuel fragments, case (b) corresponds to
partial relocation, while case (c) corresponds to 100% relocated fuel fragments.

An initial comparison revealed that the measured and calculated results agreed reasonably well except during times
when the flux (and hence power) was changing rapidly. It was concluded that this discrepancy was due to the
response time of the flux detectors (the rhodium flux detectors have a response time of about 5 min), rather than the
performance of the code and the decision was made to reject data points that occurred during periods when the flux
was changing rapidly i.e. during power ramps and shut downs.

For the open concentric fuel-to-sheath gap (case (a)), the calculated centerline temperatures follow the measured
temperature trends throughout the irradiation for both power histories. For the first power history (Figure 1), the
calculated temperatures are higher than measured with an average difference between calculated and measured
temperatures of 47 K. The second power history (Figure 2) also results in temperatures that are higher than
measured with an average difference of 67 K. For both power histories, the fuel-to-sheath gap is calculated to be
open for most of the irradiation, resulting in a low fuel-to-sheath heat transfer and higher fuel temperatures. In
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addition, the difference between measured and calculated temperatures increased with time at power for both
histories.

The calculated temperatures for case (b), the open eccentric gap (Figures 3 and 4), show better agreement with the
measured temperatures for both power histories. The average difference between calculated and measured
temperatures is 27 K for the first power history. The calculated temperatures are slightly higher than measured for
the second power history with an average temperature difference of 37 K. As for the open concentric gap case, the
fuel-to-sheath gap is calculated to be open for most of the irradiation history. However, the gap is smaller resulting
in better agreement between calculated and measured temperatures relative to case (a). For the second power
history, Figure 4 shows the difference between calculated and measured temperatures to be increasing with time at
power.

For the closed gap case, the calculated centerline temperatures are lower than the measured values for most of the
irradiation (Figures 5 and 6). The average temperature difference for both power histories is about 47 K. For the
closed gap option, ELESIM Modi 1 calculates the fuel-to-sheath heat transfer coefficient for a closed fuel-to-sheath
gap, even if the gap may be open. This results in a higher heat transfer coefficient and lower fuel temperatures
relative to the other gap cases. As seen in the other simulations, the difference between calculated and measured
temperatures increases with time for both power histories.

The increasing difference between calculated and measured temperatures over time likely indicates that the scaling
factor, alpha, used in the power estimation may not be constant throughout the irradiation as originally assumed. To
account for this, the FIO-142 power histories should be generated by a reactor physics code to include the effects of
fission product buildup and plutonium disposition in the fuel.

The uncertainty on the measured chemical burnup was estimated to be ±5%, which translates directly to a ±5%
uncertainty in the estimated power. To investigate the effect on calculations, several of the ELESIM simulations
were rerun using power histories that were modified by ±5%. Note that only the power history corresponding to the
lower burnup was used for these simulations.

Figure 7 compares the calculated centerline temperatures for the original and the ±5% power histories with the
measured temperatures for the open eccentric gap case. Changing the power history by ±5% results in calculated
temperatures that bracket the measured temperature.

For the closed gap, the calculated temperatures were slightly lower than measured throughout the irradiation.
Therefore, the simulation was rerun using a power history that was increased by 5%. This resulted in temperatures
that are slightly higher than measured in the first half of the irradiation, and in good agreement with measured
thereafter (Figure 8).

These initial temperature comparisons did not take into account other uncertainties associated with the models used
to calculate the fuel temperatures. If these uncertainties can be properly included, our confidence in the agreement
between the measured and calculated temperatures for the estimated power histories improves. To account for
uncertainties in measured values of both input and output parameters, we are proposing a validation methodology
that investigates the differences between a set of experimental data and the corresponding code calculations. If both
the experiment and code were perfect, the differences would be zero. In fact, there are uncertainties in the
experimental results which are stochastic in nature, and we expect the differences between calculated and measured
values to be non-zero, but distributed around the zero value. That is, we expect the mean of the differences to be
zero. In addition, the models implemented in the code rely on approximations and idealizations, and can contain
mistakes that induce systematic errors. If the code has a tendency to over- or under-predict, the mean of the
differences will not be zero. Therefore, one requirement for validation is that this mean must be less than a
specified value.

It is possible that the code both over- and under- predicts values for the set of validation data. In this case, the mean
of the differences between the calculated values and measured values may be close to zero. Therefore, it is not
sufficient for the mean to be close to zero to consider the code validated. The differences must be further analyzed
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in terms of the distribution around the mean. Our proposed technique assesses the response of the code to
uncertainties in the experimental and input data, and this information is used to predict the variance in the
differences between measured and calculated values. If the code is accurately simulating the behavior of the
relevant physical phenomena, the predicted variance between the measured and calculated values should match the
observed variance. If the predicted variance is less than the observed variance, there are differences between the
calculated and measured results that can not be explained by uncertainties in the experimental conditions and input
values.

The following section outlines a validation exercise based on our proposed technique. The pellet eccentricity option
has proven to give the most satisfactory results, and consequently was chosen for the validation exercise.

3. The Validation Procedure

The complete validation procedure is outlined in this section as a series of steps.

1) A suitable validation data set is identified and the corresponding code simulations are performed.

2) The code simulations are compared to the validation data using the dimensionless parameter, s. The e
values are calculated according to:

yc -ym

where, yj0, is a calculated value and y™, is the corresponding measured value.

3) The frequency distribution of the s values is plotted and the mean value of s is examined. If this is greater
than a specified maximum value, the code results and the experimental results disagree, i.e., the code fails
the validation exercise.

4) Uncertainties are assigned to each input parameter of the code, including parameters that describe the
experimental conditions (the descriptive parameters), material data, model parameters and other input data
that characterize the test materials.

5) The response of the code is sampled around each data point, with a variance on each input parameter using
a Plackett and Burman two level experimental design.

6) A linear response surface is fitted to the response values.

7) Backwards elimination is used to determine which of the input parameters contribute to the response of the
code.

8) The code is sampled in greater detail with variances only on the reduced parameter set determined in step
7.

9) A combination of forward selection and backwards elimination is used to fit a second order response
surface to the new sampled code results.

10) The fit of the response surface is checked by re-sampling the code, and the response surface is modified if
necessary.
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11) The frequency distribution calculated from the code response and the distribution associated with the
uncertainty in the experimental measurements of the output parameters are combined by Monte Carlo
sampling to produce a theoretical distribution for s.

12) The theoretical variance in 8 is compared with the observed variance in £. If the theoretical value is greater
than the observed value, any discrepancy between the code and the experimental data can be explained by
uncertainties in the input parameters and the code can be said to be valid.

4. Validation Exercise for FIO-142

In this validation exercise, each time step calculated by the code was treated as an independent experiment and a
response surface was required for each time step. Rather than carry out the complete response surface fitting for
each time step, it was expected that the general form of the response surface would be the same for every data point,
meaning that a complete stepwise regression analysis was only required for one point. Once the general form of the
response surface had been determined, it was easy to fit the general form to the actual sampled code response at
each time step by least squares. The final result was a series of response surfaces, all with the same form, but
individually fitted to the code response at each time step. The time at the end of the tenth time step was chosen for
the determination of the general form of the response surface.

4.1 Computation of e

The measured temperatures and corresponding calculated values were used to calculate the dimensionless parameter
s in accordance with equation (6). The resulting values are plotted in Figure 9.

4.2 Calculation of the Frequency Distribution of e

Once the e values had been found, the frequency distribution was determined and plotted. The range of values was
divided into 10 equal intervals (or bins) and the number of s values contained by each interval was counted. The
counts were normalized to the total number of data points and the resulting frequency distribution plotted, Figure
10. The mean value of the distribution is 0.008 or 0.8% which can be interpreted as indicating a very good match
between the calculated and measured data. The spread of the distribution is characterized by the standard deviation
which in this case is 0.031 or 3%.

4.3 Uncertainties in the Input Parameters

The next step was to assign uncertainty distributions to the code input parameters. For this exercise only ten input
parameters of the ELESIM code were chosen for study, based on expert judgement and previous knowledge of fuel
behaviour (Table 1). At this stage only the extreme limits of the uncertainty ranges for each parameter were
required. Note that ELESIM includes input parameters that allow for the adjustment of the power history and UO2

thermal conductivity through scaling factors. The ten input parameters include 1) parameters that have an influence
on the centerline temperature, and 2) parameters that were thought to have no (or very little) effect on the fuel
temperature. The latter were included to illustrate the ability of the regression fitting process to identify which
parameters are necessary for the analysis and which may be rejected from the study.

4.4 Initial Sampling of the Code Response

The first stage of fitting the response surface required sampling the response of the code so that the effects of the
individual parameters could be distinguished in the following regression analysis. This was achieved by using a
Plackett and Burman, two level experimental design for the ten chosen parameters. Plackett and Burman supply
optimized experimental designs which involve N simulations for values of N up to 100. Two restrictions apply: 1)
N must be a multiple of four, and 2) N must be greater than the number of parameters being studied. In this
exercise with ten parameters, the design for N=12 would have been adequate. However, the design with N=16 was
chosen as it reduced the effects of second order confounding without overly increasing the computational effort.
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The two levels used for each parameter were the extremes of the range of uncertainties given in Table 1. The
sampling matrix is shown in Table 2, where a - or + sign indicates that a parameter has been assigned the lower or
upper limit of its uncertainty range, respectively.

4.5 Fitting of the Linear Response Surface

Following this initial sampling, a linear response surface was least squares fitted to the sampled data. The linear
response surface initially contained all 10 of the input parameters in the study and was of the form:

y = PQ+/3xxx+p2x2+ y?10x I0 (7)

4.6 Backward Stepwise Regression

Backward stepwise regression was used to eliminate those parameters that did not significantly contribute to the fit
of the regression surface. A measure of the contribution to the fit of a given input parameter is, t, the absolute value
of the ratio of the corresponding coefficient in relation (7) to its standard deviation [1]. The parameter with the
minimum t ratio was rejected if that t ratio was less than 2. At this first step parameter 10, the sheath thickness, had
the smallest t ratio (and it was less than 2) so it was rejected and the surface was fitted to the remaining nine
parameters. Removing parameters from the regression surface has the effect of changing both the P coefficients and
t ratios of the remaining parameters. After four more steps, the minimum t ratio calculated was greater than 2
signifying that the remaining five parameters significantly contributed to the fit of the response surface. The
remaining five parameters with p coefficients and t ratios are shown in Table 3. Also shown in Table 3 is the
coefficient of multiple determination R2=99% for this first stage linear response surface fitted to the sixteen sampled
points of the Plackett and Burman design.

4.7 Second Stage Sampling of the Code

The fitting of the linear response surface to the first stage sampling of the code allowed the parameter set to be
reduced to five parameters. Therefore, a second-order fit was achieved with a full two level factorial design with
just 32 code simulations. To provide the additional information required to uniquely determine the quadratic terms,
5 additional code simulations were conducted. In these five new tests one parameter at a time was varied from the
nominal values, to generate an additional data point along each axis in the parameter space.

4.8 Fitting of the Second Order Response Surface

To fit the second order response surface to the results of the second stage experimental design, a combination of
forward selection and backward elimination was used. The first step was to fit the linear terms of the five
parameters to the 37 results of the factorial design and the result of the nominal run. As the response surface would
be Monte Carlo sampled around the nominal value, it was clear that the response surface should be "forced" to pass
through the nominal code result. This was achieved by use of a simple coordinate transformation to make the origin
of the parameter space correspond to the nominal value.

The coefficients were again determined by a least squares fit and as before, the t ratios were calculated. The next
stage was to add the higher order terms using forward selection and backwards elimination. The higher order terms
were tried one at a time in the regression surface and either accepted or rejected based on the corresponding t ratio.
In some cases, the addition of a term caused the t ratio of an existing term to fall below 2. This implied that either
of the parameters, but not both, should be included in the response surface. When such a situation arose, the term
with the larger t value was retained. After all the terms of the second order equation had been tested and rejected or
retained, a nine term response surface remained with a coefficient of multiple determination of 98%.

In an attempt to improve the fit of the response surface, some of the terms that had been initially rejected but had t
ratios that came close to 2 were retried in the response surface. It is interesting to note that on trying these terms
again, after additional terms had been added to the response surface, they showed increased t ratios. Finally, a 12
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term response surface was settled upon and the (3 values and t ratios are shown in Table 4. This response surface
has a coefficient of multiple determination of 98.7%. Although the t ratios of the last two terms are less than two,
and they contribute little to the fit of the response surface, it was decided to keep these within the response surface
as the additional computational effort involved in the following steps would be very small.

The final stage was to generate the complete set of response surfaces by linear least squares fits to the data for each
time step.

4.9 Testing the Response Surface

The coefficient of multiple determination, R2, is a measure of the amount of variation in the sampled data that is
explained by the response surface. In the generation of the response surface, the majority of the code samples were
taken at the extremes of the expected ranges of the input parameters. The R2 calculated from these samples need not
necessarily be a good measure of the match between the response surface and the true code response at intermediate
values. In order to test the match at intermediate values of the input parameters, ten further samples were taken of
the code response. As both the fit of the response surface achieved in step 9 and the selection of parameters from
step 7 were to be tested, all ten of the parameters identified in step 4 were included in the sampling. The values of
the input parameters were assigned with a random number generator and scaled to provide values between the
identified extreme ranges for each parameter.

The sampled values were compared with calculations made with the response surfaces and R2 was found to be
99.4%. While this high value for R2 indicates that the overlying trend of the sampled data is well matched by the
response surfaces, it does not give a good indication of local deviations. To investigate local deviations, the
percentage error between the sampled data and the response surface was calculated at each time step for each of the
sample simulations. The average absolute percentage differences indicate that the difference between the response
surfaces and the code response is typically ~1.7%, but has a maximum value of 10%.

There is the temptation to include the code results used for this testing of the response surfaces in the fitting of
additional higher order terms. This should be avoided as the addition of these samples will weight the fit of the
response surface around the test points and give misleading information on the accuracy of the fit achieved.

4.10 Monte Carlo Sampling of the Response Surface

The next stage in the exercise was the determination of the theoretical distribution of s, by Monte Carlo sampling of
the response surface. The measured £; values are given by relation (6). The theoretical distribution of z, was
determined by Monte Carlo sampling the distributions of the measured and calculated values. The former is the best
estimate of the uncertainty in the direct measurement of y™, while the latter is determined by sampling the code
response to uncertainties in the input.

4.11 Comparison of the Theoretical and Measured Frequency Distributions of s

Having completed the calculation of a theoretical set of s values, the theoretical frequency distribution of s was
plotted in the same manner as described in step 3. Figure 11 shows a graph of both the theoretical and measured
distributions. It is readily apparent from the graph that the theoretical distribution straddles the measured
distribution indicating that the differences between the code calculated and measured values can be explained as
uncertainty in the input parameters. This is further supported by the values for the variances of the distributions:

a,,, = 0.05 and <jcm = 0.03

CTth2 > ĉm2 fulfills the validation criteria. Therefore, the fuel centerline temperature calculations of ELESIM have
been successfully validated against the experimental data. The minimum uncertainty that can be quoted for the fuel
centerline temperature is a variance of 5% (based on G^ = .05).
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5. Conclusions

Experiment FIO-142 has been simulated using ELESIM. The power histories used in the simulation have been
estimated from the flux detector readings and the chemical burnup at two locations in the fuel element. Simulation
results show both closed and open fuel-to-sheath gap models in ELESIM capture the trends in measured
temperature behaviour. The temperatures for a closed gap are slightly lower than the measured temperatures
throughout the irradiation. The temperatures for an open eccentric gap are in good agreement with the measured
values, and the temperatures for an open concentric gap are slightly higher than measured. Since the closed gap
model corresponding to 100% relocated fuel fragments does not provide the best agreement, it is unlikely that a fuel
fragmentation model is required for CANDU fuel.

A trend of increasing difference between the calculated and measured temperatures over time was seen for most
simulations. This indicates that the scaling factor used in the power estimation may not be constant throughout the
irradiation as originally assumed. Therefore, the FIO-142 power histories should be generated by a reactor physics
code to account for the effect of fission product buildup and plutonium buildup and disposition in the fuel.

The thermal module of ELESIM code was subjected to a validation procedure and shown to meet the two validation
conditions identified in the procedure said to be validated within the uncertainty of the predicted variance, 5%.
Included in this variance are all the uncertainties in the input values and the experimental procedures used in the
generation of the validation data. This variance represents the current state of knowledge of the uncertainty of the
code and is the least uncertainty that may be applied to a code calculation.

It should be stressed that this is not the uncertainty that may be quoted for other applications of the code. Clearly
other code applications may involve greater uncertainties in the input parameters than those involved in the
validation exercise. Every application of the code requires its own uncertainty analysis. This validation exercise
has only placed a lower limit on the possible uncertainty of a code simulation.
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Number
1
2
3
4
5
6
7
8
9
10

Parameter
Power

Pellet / Sheath Gap (mm)
Thermal Conductivity of UO2

Fill Gas Volume
Roughness of Pellet (um)
Roughness of Sheath (^m)

Grain Size (um)
Dish Depth (mm)

Density of Pellet (Mg/m3)
Sheath Thickness (mm)

+
+5%
0.15

+15%
+40%

3.0
1.4
30

0.25
10.8
0.45

-
-5%
0.05
-15%
-40%
0.5
0.8
7

0.18
10.4
0.38

Table 1. Ranges of the ten initial input parameters.

Sample

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Input
1
+
+
+
+
-
+
-
+
+
-
-
+
-
-
-
-

2
-
+
+
+
+
-
+
-
+
+
-
-
+
-
-
-

3
-
-
4-

+
+
+
-
+
-
+
+
-
-
+
-
-

4
-
-
-
+
+
+
+
-
+
-
+
+
-
-
+
-

5
+
-
-
-
+
+
+
+
-
+
-
+
+
-
-
-

6
-
+
-
-
-
+
+
+
+
-
+
-
+
+
-
-

7
-
-
+
-
-
-
+
+
+
+
-
+
-
+
+
-

8
+
-
-
+
-
-
-
+
+
+
+
-
+
-
+
-

9
+
+
-
-
+
-
-
-
+
+
+
+
-
+
-
-

10
-
+
+
-
-
+
-
-
-
+
+
+
+
-
+
-

Table 2. The Plackett and Burman sampling matrix.
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Parameter
0
1
2
3
5
9

t ratio
7.967022
8.006105

7.7487
24.37161

3.29679
3.871562

beta
2475.528
9.375833

907.439
-9.51375
15.44329
-113.348

R squared
0.986737

Table 3. The coefficients of the remaining five parameters at the end of the fitting of
the linear response surface.

Parameter
1
2
3
5
9

x2
2

x3
2

XiX2

X3X9

X2X5

XjXg

X2X3

t ratio
12.08267
7.165223
30.25039
3.161279
10.94431
7.00198

8.683666
3.739828
3.183308
2.27098

1.737267
1.53563

beta
1087.722
721.2384

-908.9
10.18684

-219.42
-1061.38
2107.001

-2017.3
428.9158
146.9969
-702.145
828.3301

R squared
0.986736

Table 4. The final twelve term response surface.

1
2
3
5
9
Output

Parameter
Power
Radial gap
UO2 thermal conductivity
Pellet Roughness
Pellet Density
Fuel Centerline Temperature

Type
Normal
Square
Normal
Square
Square
Normal

mean
1
0.102
1
0.81
10.7

sigma
2.5%
-
7.5%
-
-
3.3%

range
-
0.082-0.122
-
0.65-0.97
10.6-10.8
-

Table 5. Distributions assigned to the five parameters for Monte Carlo sampling.
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CAOO00102 FACTAR 2.0 CODE VALIDATION

P.B. MIDDLETON, R.C.K. ROCK, S.L. WADSWORTH

Ontario Hydro
Reactor Safety and Operational Analysis Department
700 University Avenue, Toronto, Ontario, M5G-1X6

ABSTRACT

The FACTAR code models the thermal and mechanical behaviour of a CANDU fuel
channel under degraded cooling conditions. FACTAR is currently undergoing a process
of validation against various data sets in order to qualify its use in nuclear safety analysis.
This paper outlines the methodology being followed in this effort. The BTF-104 and
BTF-105A tests, conducted at Chalk River Laboratories, have been chosen as the first in-
reactor tests to be used for FACTAR validation. The BTF experiments were designed to
represent CANDU fuel behaviour under typical large LOCA conditions. The two tests are
summarized briefly, and the results of code comparisons to experimental data are outlined.
The comparisons demonstrate that FACTAR is able to accurately predict the values of
selected key parameters. As anticipated in the validation plan, further work is required to
fully quantify simulation biases for all parameters of interest.

1. INTRODUCTION

The fuel channel thermal mechanical code, FACTAR 2.0 [1], is being validated using a
standardized validation methodology. This process has been recently adopted by the
Canadian nuclear industry [2]. The first application of this process to FACTAR addresses
predictions of key channel integrity parameters associated with large Loss of Coolant
(LOCA) licensing scenarios. These parameters include UO2 temperatures, fuel sheath
temperatures, and pressure tube average strain for combinations of cooling flows and
power transients which produce conditions prototypic of a large LOCA. Parameter values
are governed by the interaction of various physical, chemical and thermodynamic
phenomena which could potentially occur in a given accident scenario. For large LOCA, a
specific validation plan has been developed to identify biases, and thereby assess the
accuracy of the code calculations of these parameters. The Fuel and Fuel Channel
Validation Matrix document is used as a resource to identify data sets in which the
primary phenomena are represented. Implementation of this plan will lead to an
assessment of whether the primary phenomena and their interactions are realistically
represented by the FACTAR modeling.
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2. DESCRIPTION OF TESTS USED

Currently, validation work includes individual model validation in parallel with integrated
code validation. The first two data sets chosen for integrated code validation are the
BTF-104 [3] and BTF-105A [4] experiments conducted in the Blowdown Test Facility
(BTF), installed in the NRU reactor at Chalk River Laboratories [5]. Each of these tests
subjected a single CANDU fuel element, operating in a steam cooled environment in a
vertical test section, to a blowdown depressurization. In both tests, the blowdown phase
was followed by a stepped power transient under conditions of degraded steam cooling.
BTF-104 and BTF-105A provided validation data for conditions prototypic of the early
and late blowdown periods of a large LOCA.

The BTF-104 test took place in September 1993, and BTF-105A took place in March
1996. In both experiments, the test section, encompassing the fuel element, coolant flow
annuli, and surrounding thermal insulation, was instrumented with thermocouples to
record the transient thermal response of these components. In addition, pressure
transducers and flow meters were installed to measure coolant conditions. During the
BTF-104 test, difficulties were encountered with fuel sheath instrumentation, and only
qualitative trends were obtained. Post Irradiation Examination (PIE), however, yielded
information on the distribution and extent of fuel sheath oxidation. The experiment
proved useful to demonstrate that the integrated sub-models within the FACTAR code
interact to produce realistic predictions. Figure 1(A) provides an illustration of the BTF-
104 test section, and indicates the approximate location of thermocouple instrumentation
which is referred to in this paper.

The BTF-105A experiment featured improved instrumentation technology, and fuel
centreline thermocouples. As a result, fuel element temperatures were successfully
recorded. BTF-105A provided superior transient data, however, coolant flow rate
boundary conditions were more variable than in BTF-104. For reference, a schematic
diagram of the BTF-105 A test section is provided in Figure 2(A).

3. DESCRIPTION OF CODE VERSION AND DATA SETS USED

The FACTAR code series was developed in order to model the thermal and mechanical
response of a CANDU fuel channel under LOCA conditions. As a result, a typical
application involves the representation of a string of fuel bundles, in a coolant channel
bounded by a pressure tube/calandria tube assembly. Since data from full scale
components under accident conditions are not available for a nuclear heating environment,
the code must be validated against smaller scale experiments. As a result, the code model
must be adaptable to the available experimental apparatuses.
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The central task in the validation exercise involves representing the experimental apparatus
and the test conditions using code input data. The input data required to do this can be
classified according to the following categories:

• geometry;
• materials and their physical properties;
• initial (steady-state) conditions; and
• transient conditions.

FACTAR 2.0 contains a generalized geometry specification which can be used to
represent the BTF test-section. The code contains thermodynamic properties for both
H2O and D2O coolant. As a result, the base version of the FACTAR 2.0 code was
appropriate for performing validation exercises using data obtained from BTF tests. The
resulting idealization, as represented by FACTAR 2.0, is summarized as:

• a multi-segment or single segment fuel element, concentric within a single flow
channel, which employs the same axial segmentation as the fuel;

• the thermal shroud, represented as a specified number of solid layers, bounded by gap
resistances (the shroud retains a fixed geometry throughout the simulation);

• axisymmetric conditions; and
• a representation of a CANDU-prototypic fuel element. Endcaps, and appendages are

not modeled. A central hole used to house the centreline thermocouples was included
in BTF-105A simulations.

To characterize the test section, details of geometry, fuel element soak irradiation history,
materials used, and their thermophysical properties, were required. These were obtained
from and verified by the experimental group. The initial and transient conditions were
obtained either directly or indirectly from measurements recorded before, during and after
the transient phase of the experiment. Care was taken that proper quality assurance
practices were employed in the development of this data set.

The best approach to assuring data set quality is to use directly measured experimental
data wherever possible. This experimental data is initially qualified by separating the
measured parameters into three groups: (a) qualified data; (b) trend data; and (c) failed
data. Only qualified data is used in the data sets with trend data used under certain
circumstances when it can be collaborated from other sources.

Qualified data sets have been prepared for the FACTAR validation exercises using data
from tests BTF-104, and BTF-105 A. Conditions in the BTF test section during these tests
are illustrated in Figure 3 and Figure 4, respectively.
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4. COMPARATIVE ANALYSIS OF CALCULATION AND EXPERIMENT

4.1 BTF-104 Comparisons

This section describes comparisons between a FACTAR simulation, referred to as the
'nominal case', and results from the BTF-104 test. The nominal case was conducted using
the best-estimate experimental conditions (Figure 3) , consisting of fuel power, test section
coolant pressure, coolant flow rate, and coolant enthalpy at the elevation of the top of the
element1. The radial boundary condition was obtained using the average of the transients
recorded by the 'TSTO' thermal shroud thermocouples2. This representation is illustrated
in Figure 1(B). The only transient data available for comparison came from the interior
shroud 'TSTF thermocouples. PIE, however, included measurement of the thickness of
zirconium oxide which formed on the sheath surfaces over the course of the transient.

4.1.1 Sheath Oxide Thickness

The oxide thickness measured on the sheath outer surface are plotted in Figure 5(A). The
plot indicates that the slope of the oxide thickness increases as a function of distance from
the top of the fuel stack. Both the data and the code calculations for the nominal case can
be successfully fit to an exponential curve as a function of distance along the element.
Such a curve ignores the effect of appendages such as bearing pads, which are expected to
act as cooling fins, producing a localized sheath temperature reduction. The curve can be
used to clearly illustrate such deviations from the overall trend within the data. The code
itself does not account for this geometric complexity, and thus, predicts that the oxide
thickness increases monotonically with distance along the element. The measured data
points at 42 mm, 251 mm and 269 mm indicate values which are somewhat lower than the
exhibited trend. The location of the bearing pads is indicated by heavy lines on the x axis
of Figure 5(A). These show that the points at 42 mm. 251 mm, and 269 mm, may indicate
such regions of cooler temperatures. The point at 387 mm is a bearing pad length
upstream of the nearest appendage, and its low oxide thickness is not likely indicative of
this effect3.

In the nominal case, the code predicted outer surface oxide production which ranged from
an overprediction of 13% at the top of the element, to an underprediction by 13% at the
bottom of the element4. Because the coolant flow rate was relatively constant, the sheath

1 Enthalpy was calculated for superheated steam using measured temperature and pressure, using light
water steam tables.
2 There was little temperature variation along the length of the outside of the thermal shroud, due to its
insulating properties, and the effect of the bypass coolant flow.
3 The deviation may be attributed to asymmetric temperatures, or uncertainty in the original location of
the measured sheath fragment.
4 These values are with respect to the curve fit through the mean oxide thickness data points
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temperature evolution was governed primarily by the power transient. As a result, the
sheath oxide thickness provides a good indication of the sheath temperature history. The
deviation in measured and predicted oxide thickness suggests overprediction of the
temperatures at the top of the element, and underprediction at the bottom. This assertion
is supported by the metallurgical evidence which suggests maximum sheath temperatures
of approximately 900°C at the top of the element, and minimum temperatures of
approximately 1500° C over the bottom 116 mm. The temperatures at the top of the
element may have been biased downward by a small amount due to heat transfer by
conduction to the convectively cooled hangar bar. The temperatures at the bottom of the
element did not likely exceed 1500°C by a significant margin. This conclusion is
suggested by the presence of sheath material in this region which was not completely
oxidized. At temperatures in excess of 1500°C, rapid through-wall oxidation would have
been expected.

The FACTAR oxidation model was used to estimate an end-of-transient sheath
temperature which would result in a predicted oxide thickness equal to each available PIE
measurement, including upper and lower bounds. This resulted in an axial profile of the
expected sheath temperature just before the reactor shutdown was initiated. These
temperatures are provided in Figure 5(B), and strengthen the conclusion that FACTAR
has captured the magnitude of the sheath temperatures during the test, but has not
succeeded in defining the axial profile accurately.

4.1.2 Thermal Shroud Interior Temperatures

The code calculations of thermal shroud interior temperatures are plotted against
thermocouple data in Figure 5(C). The FACTAR data used to compare with these
measurements is a calculated gap temperature which is assumed equal to the mean of the
bounding Nilcra and Zircaloy temperatures. The thermocouples that were used to obtain
the data were located in vertical rectangular channels manufactured into the outside
surface of the Nilcra portion of the thermal shroud. The channels were bounded on the
outside by the innermost Zircaloy shell. As a result, they indicate a Nilcra outer surface
temperature that is biased by the thermocouple's exposure to the fluid environment in the
channel. It is known that at some point in the test, steam was able to enter this space,
either by flowing downward between the Nilcra and the Zircaloy, possibly using the
thermocouple channel as a conduit, or by ingression through cracks in the Nilcra5. Cracks
were observed during the PIE that lead directly to the thermocouple wells, probably due
to their effect as a stress concentrator.

The code assumes that the thermal shroud geometry remained fixed during the course of
the test, and hence that the gap thickness was equal to the manufactured radial clearance

5 At times where the inlet coolant was saturated, the interior shroud thermocouples indicated the
saturation temperature, a strong indication of the presence of coolant at the measurement locations.
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between the shroud components. The axisymmetric heat transfer model does not account
for the presence of the thermocouple wells, or the possibility of radial cracks. Since the
code can only model a stagnant fluid condition, the possibility of steam flow through the
gap and / or thermocouple well is not simulated.

Figure 5(C) reveals that the code's predictions of the shroud temperature response
exhibits more gradual slope changes in response to the power steps than do the actual
thermocouple data. The data at 3250 s, 3400 s, 3600 s, and 3900s show distinct slope
changes, while the code predictions indicate more smoothly varying trends.

The code predicted temperatures at the mid and bottom planes do not reach the values
exhibited by the thermocouples in the period just prior to shutdown, where thermocouple
TSTL06 rapidly passed through 1250 °C, tripping the reactor and terminating the test.
The sudden drop in measured temperature recorded by TSTLO2 and TSTL06 at 4250 s,
was postulated to have occurred as a result of coolant condensing on the inside of the
pressure tube, and occasionally being flushed through the test section. The presence of
coolant flow on the exterior of the Nilcra may have dropped the indicated temperatures
rapidly, before allowing them to recover to the level of the nearby shroud solid surfaces.
This effect would explain the apparent discrepancy in the time response between the code
predictions and experimental measurements. The underprediction of peak shroud
temperatures is consistent with the evidence that sheath temperatures at the bottom of the
element were underpredicted.

4.2 BTF-105 A Comparisons

This section describes comparisons between a FACTAR simulation and results from the
BTF-105A test. As in the BTF-104 case, the FACTAR simulation was conducted using
the best-estimate experimental boundary conditions (Figure 4). The radial boundary
condition was obtained using the transients recorded by the 'TSTT interior thermal
shroud thermocouples. This representation is illustrated in Figure 2(B). There was a
significant axial variation in the temperature recorded by these devices, and for this reason,
the temperatures input to the code were specified at each axial segment using values
interpolated/extrapolated from measurements. The use of the interior shroud as a
boundary condition also helped to reduce the simulation bias introduced by coolant flow
into the Nilcra / Zircaloy gap.

For the BTF-105 A test, transient data was available to compare to code predictions of
coolant, sheath, and fuel centreline temperatures. At the time this paper was written,
oxide data was not available from PIE.
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4.2.1 Coolant Temperature

The FACTAR calculated coolant temperatures are plotted for comparison to the
temperatures measured by thermocouples TC08B and TC09B in Figure 6(A). The
measured coolant temperatures were taken at a location 4 cm below the bottom of the fuel
stack (FACTAR calculates coolant temperature only to the bottom of the fuel), and thus
are somewhat displaced with respect to the calculated values they are being compared to.

The hot junctions of the coolant thermocouples, while protruding into the central flow
annulus over the fuel, were located beneath a centering spider, and thus had some
shielding from radiative heat transfer from the bottom of the fuel element, when it reached
elevated temperatures. Radiated energy, if absorbed by the thermocouple, would tend to
bias the measurement upwards. These devices exceeded their operational limit at about
2900 s into the transient when peak sheath temperatures likely reached 1700°C6. Without
shielding from the centering spider, radiative biasing of the thermocouples would be an
issue at this temperature.

Until 2400 s in the transient, coolant temperatures agree most closely with measurements
made with device TC08B. The general agreement with the average of TC08B and TC09B
is quite good for the first 1700 seconds of the experiment. The upward and downward
spikes which are observable at about 100 s intervals, most prominently between 1600 and
2100 s, are an artifact of the technique used to evaluate the coolant flow rate in the
absence of direct flow measurements in the test section. As described in Reference 4, the
flow transient was developed using the slope of the blowdown tank mass transient,
corrected for pressure variations between the interior and exterior of the tank, and
compressibility effects of trapped gas. The choice of the differentiation intervals was
somewhat arbitrary, and the noisiness of the original signal was carried through with the
differentiation process. Note however, that the time-averaged agreement between code
and experiment is quite good7 in the interval between 0 and 2900 s. The degree of
smoothness of the measured data gives an indication that such low frequency variation
was not present in the actual flow rate.

Centered on 2000 s is a sudden prolonged drop in predicted outlet coolant temperature,
which, again is thought to be an artifact of the differentiation process used to produce the
flow rate transient. This is evidenced by the fact that the predictions of fuel sheath and
centreline temperatures also undergo large deviations below the measured trends over this
period. A study using measured coolant temperatures as boundary conditions indicates
that these deviations are almost entirely due to this noise.

At the local peak in measured temperatures observed at 2400 s, the code prediction most
closely tracks the measurement from device TC08B. The two thermocouple tips were
located on opposite sides of the flow channel. Asymmetric cooling conditions, or other

6 An approximate value, inferred from strapped thermocouple measurements, and code calculations.
7 The time-averaged difference between the FACTAR prediction, and the mean of TC08B and TC09B was
2°C, while the RMS difference was 60°C (the noise dominates the RMS error).
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environmental factors (not modeled by FACTAR) could have produced a true physical
difference in the coolant temperature that these two thermocouples were exposed to.
From 2500 s until the time at which the instrument signal reached full-scale, the code trend
was to underpredict the measurement by about 100°C. The code is likely also
underpredicting sheath temperatures as well, if one accounts for biasing of TFS04 (as
explained in section 4.2.2). The fact that coolant temperatures appear underpredicted at
this point has implications on fuel element predictions because coolant temperature is a
boundary condition for the fuel thermal model. At 3000 s, the predicted temperature
corresponded to the maximum enthalpy for which steam properties are available in the
code, and thus predictions are not usable after this point.

4.2.2 Sheath Temperatures

Three of the BTF-105A fuel sheath thermocouples are judged to have provided reliable
data for the bulk of the transient period, these being TFS02, TFS03 and TFS04 [4]. The
data provided by the clamped thermocouples, TFS02 and TFS03, is difficult to interpret,
because the presence of the clamp strap has a biasing effect on the measurement with
respect to the true temperature of the underlying sheath. In fact, code studies show that in
the local vicinity of the thermocouple, the strap can perturb the fuel and sheath
temperatures from the trend which would have occurred in the absence of the strap. This
is true also of the thermocouples attached by welding, of which TFS04 is an example,
though the effect is believed to be much smaller. In general, smaller diameter devices
provide less of a biasing effect, but present survivability problems in an in-reactor test.

As a consequence, it was decided to compare the FACTAR predictions only to the
functioning welded thermocouple, TFS04 (Figure 6(B)). The results of the comparison
provide support to the intuitive suspicion that the bias would be largest during periods of
relatively high flow rate, where the fin efficiency of the device would increase. The first
such instance where the thermocouple bias is apparent is during the initial high power
period which extended into the first 125 seconds of the transient time. During this
relatively steady, high flow period, the predicted temperatures exceed the indicated
temperature by about 75° C. If TFS04 were providing a true indication of the sheath
temperature, such a discrepancy would imply a factor of three error in the effective
convective heat transfer coefficient from the sheath to the coolant. A significant finning
bias is probably in effect again during the period from 2400 s to 2600s when coolant flow
rate increased, driving the test section temperatures downward. In general, though, the
magnitude of the predicted temperatures is within 100°C of the indicated values over the
whole of the transient. As mentioned in section 4.2.1, the noise in the coolant flow rate
transient contributes to the deviation of the measured and predicted trends at some points,
particularly in the period between 1800 and 2300 s. Sensitivity cases using measured
coolant temperatures as a boundary condition demonstrate that during low flow periods,
the deviations between experimentally measured TFS04 and the code are almost entirely
attributable to the error in power to coolant. The fact that the mean magnitude is close to
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the measured values may attest to the accuracy of the total integrated flow, and the chosen
flow split8.

4.2.3 Centreline Temperature

A comparison of FACTAR predictions to the measured TFC02 temperatures is provided
in Figure 6(C). As discussed in section 4.2.2, thermocouple straps appear to perturb the
underlying fuel temperatures. Since FACTAR does not model this effect, and since
TFC01 was located in one of these regions, it was decided to compare the code
predictions only to TFC02. It is not expected that the thermocouple straps would
appreciably affect the temperatures at other locations far removed from the straps.
Because the width of the straps is very small in relation to the length of the element, and
because the transport time of the coolant over the element is quite short, the straps will
not greatly affect the axial profile in coolant temperature. In other words, the effect of the
coolant velocity and conduction along the element is to axially smooth the effect of the
straps. Similarly, the temperature profile on the interior of the thermal shroud will not be
appreciably impacted. The sheath communicates directly with the thermal shroud via
thermal radiation. The presence of the strap provides an impedance in the radiation path
between the sheath surface beneath the strap and the shroud, as energy is intercepted by
the strap. The beneath-strap sheath surface can still 'see' the shroud, however, though
less effectively than would occur without straps. As a result, the measurements taken at
the locations of TFS04 and TFC02 can be compared directly with simulations which do
not address the effect of the straps.

Initially, the centreline temperatures are not well predicted, being about 100 °C too low.
The reason for the discrepancy is not evident. One possible explanation is that the element
power was underestimated. If this were true, then the coolant temperature predictions
would likely be too low, unless the flow rate was coincidentally underestimated. In turn,
the convective coefficients would have to be biased low as a function of flow rate to
explain the degree of agreement in the transient sheath and fuel centreline temperatures.
As a result, the apparent level of agreement between code and experiment would have to
be a result of fortuitous cancellation of errors if the fuel power were truly underestimated.

For the period between 125 seconds and the time of element failure, the agreement
between TFC02 and the FACTAR predicted value is generally within 100°C, with the
RMS difference amounting to 84°C. The deviation below the measured trend in the
period between 1900 and 2250 s is attributable to the deviation in coolant temperature,
since the coolant temperature represents a boundary condition to the fuel element model.
The sensitivity study using measured coolant temperatures as a boundary condition
demonstrated that fuel element temperatures are generally underpredicted, however.

8 The test section flow consisted of the central flow path over the fuel element, and the bypass flow over
the exterior of the thermal shroud. During the transient 80% of the flow was assumed to pass over the
fuel.
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5. CONCLUSIONS AND RECOMMENDATIONS

• The data from the BTF-105A simulations indicate that the code is capable of
predicting transient fuel and sheath temperatures to within ± 100° C for a low burnup
fuel element subjected to degraded steam cooling and sheath temperatures
approaching the threshold of high-rate sheath oxidation (i.e. peak sheath temperatures
in the vicinity of 1500° C). BTF-104 simulations produced comparable accuracy in
sheath temperature predictions for a moderate burnup element.

• The code-predicted sheath oxide profile intersects the curve-fit through the measured
sheath oxide thickness for the BTF-104 test, but does not match the axial distribution.

• The only transient indications of the BTF-104 test section response came from the
Nilcra liner thermocouples. The code does not account for the possibility of coolant
flow through the thermocouple channels, and this bias impeded interpretation of the
results.

• As anticipated in the validation plan, further integrated code validation, against
additional data sets, is recommended to more rigorously quantify the accuracy of
FACTAR predictions.

• Since the BTF tests were designed to acquire information of fuel thermal behaviour,
additional specialized tests are required to assess the accuracy of the fuel mechanical

. response models.
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THE MANUFACTURING ROLE IN FUEL PERFORMANCE

A. P. BARR

Zircatec Precision Industries Inc.
CA0000103

Port Hope, Ontario, Canada, L1A 3V4

ABSTRACT

Manufacturing companies have been involved in the CANDU fuel industry for more than 40 years.

Early manufacturing contributions were the development of materials and processes used to fabricate

the CANDU fuel bundle. As CANDU reactors were commissioned, the manufacturing contribution

has been to produce economical, high quality fuel for the CANDU market.

INTRODUCTION

This year, Zircatec is celebrating the 40th Anniversary of manufacturing for the nuclear industry in

Canada, at our facilities in Port Hope and Cobourg, Ontario.

Anniversaries are traditionally a time to examine the past and the future and this 40th Anniversary is

a good time to share, from a manufacturing view point, our role in fuel performance.

We have had, over the last 40 years, 3 owners of the Port Hope plant.

AMF Atomics - 1957 - 1964

Westinghouse - 1964-1988

Zircatec Precision Industries Inc. - 1988

During the first 15 years our role was to develop processes for fuel manufacturing starting from a

conceptual fuel bundle design. Through an interactive process which combined bundle design

refinement, manufacturing procedure development, the development of inspection techniques and

manufacturing equipment design and development, the technology for a unique Canadian fuel bundle

was developed. This design was evaluated in test loops in the NRX/NRU research reactors and in

early power reactors such as NPD and Douglas Point. This experience led to further refinements in

bundle design and manufacturing techniques which enabled the high volume manufacture of fuel

bundles to exacting quality standards.
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The result was the design evolution of the three styles of CANDU fuel bundles that we have at

present; the Pickering 28 element bundle, the Bruce/Darlington 37 element bundle and the CANDU 6

37 element bundle.

The last 20 - 25 years have been a period of growth and new challenges for fuel manufacturing as new

CANDU reactors were commissioned world wide.

MANUFACTURING ROLE

Development

The early collaboration between the designer, AECL, and the manufacturers paved the way for the

manufacturing role today. AECL designed the reactor and the fuel bundle. Through contracts with

industry, the manufacturers developed the processes and equipment to build the bundles.

This collaboration produced a set of design requirements in the form of Technical Specifications for

a fuel bundle which define the materials, the components and the fuel bundle. The design

requirements set limits for mechanical strength, hydraulic resistance, compatibility with fuel handling,

and power output. Additionally, computer codes were developed to assess the bundle against the

design requirements, and to model fuel performance.

In the development period many manufacturing processes were tried, tested and finally proven to be

sound technology and incorporated into the CANDU design. These methods are used today by

manufacturers of CANDU fuel.

brazed appendages using beryllium metal pre-placement

pressing and sintering high density UO2 fuel pellets

resistance welding of element closure plugs (end caps)

resistance welding for bundle assembly

application of Canlub coating in fuel elements
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Manufacturing

The role of manufacturing has been to work within the limits of the design requirements. This has

required detailed manufacturing drawings for components, and assemblies to enable the design and

development of equipment to build the components; the sub-assemblies and the fuel bundles that

conform to the design requirements. In addition to manufacturing drawings, product specifications

were developed to better define the requirements of components in manufacturing terms and to

determine the quality level necessary to assure compliance with the design.

The result is that each manufacturer produces a fuel bundle that meets the design requirements but

is characteristically unique to that manufacturer. The "pride of ownership" is part of the force to

continually produce a better bundle.

MANUFACTURING CHANGE

The significant change in the last 20 - 25 years has been an increase in production rate from about

10 or 20 bundles/day to about 200 bundles/day. The emphasis for the manufacturer has changed from

a development role to that of a high volume and high quality producer.

Table 1 lists some of the manufacturing operations and the quantity of parts produced for a

manufacturing rate of 200 bundles/day. As can be seen, the annual rate of the operations listed

exceeds one million components for each of the significant operations.

The increase in production level and the competitive environment in Canada has required significant

developments in manufacturing technology. The design of equipment used for manufacturing had

to be improved to increase productivity and quality of all components. The equipment changes have

been to improve:

handling of the components

quality of the components

reliability of the equipment

inspection methods

health/safety of workers

inventory control

data collection
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Additionally, as a manufacturer in Canada, we are required to change our production line to any of

the three fuel types a number of times each year. It is essential to design equipment that is versatile

for the change over.

MANUFACTURING CHALLENGE TODAY

It is our overall goal, as a manufacturer, to ensure that our customers do not incur increased

operating or administrative costs due to the manufacturer. Our goal applies to total quality

satisfaction. It includes reports, data disks and packaging as well as bundle recall or bundles

defecting in the reactor.

Most of our goals can be measured in a timely manner by customer feedback. However, feedback

which will help us achieve one of our most important goals, "zero reactor defects" due to

manufacturing, is delayed by 1 - 3 years due to inventory, residence time in the reactor and the

subsequent post irradiation inspection. It is imperative that a manufacturer diligently pursues the

goals in all aspects of manufacturing in order to avoid the unpleasant surprise of manufacturing

related reactor defects.

How well we do in meeting our goal, will reflect how well we do in business; our reputation and our

future is at stake.

Should any manufacturer of CANDU fuel around the world fail to meet their customer's expectation;

the reputation of all CANDU reactors is adversely affected; thus, to some extent all fuel

manufacturers are affected.



1 1 9

MANUFACTURING QUALITY

The Contract

The contractual requirements for fuel bundle manufacturing have been to CSA Quality Standard

CAN3-Z299.1or .2. To comply with these requirements we have written policies, procedures and

work instructions. We demonstrate by audits to our customers that the quality requirements stated

in the contract are being complied with. The compliance with the contractual requirements provides

a measurement but in itself does not ensure we will meet all our goals.

Working to PPM

It has been recognized that CANDU fuel has experienced a low defect rate due to manufacturing

causes(1) that equates to parts per million (ppm) defective components.

Few industries talk in terms of defects in the ppm level. When you look at Table 1 you can quickly

determine, that to meet our goal, we must as a manufacturer apply ourselves to work to better than

ppm defectives. This quality level must be built into the fuel bundle by the manufacturing equipment,

the process and the employees.

We can simplify the task of working to ppm levels and apply our efforts in the most effective manner

when we define the following:

(1) Defect - a deviation that may cause a measurable incident for the customer

(2) Non-conformance - deviation that will not cause a measurable incident for the

customer.
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Determining the cause of defects and nonconformances by Fault Tree Analysis is a significant step

to determine which deviations one must eliminate or reduce by manufacturing methods or by

employing inspection methods to segregate the deviation with an excellent confidence.

example: - The sorting process at ultrasonic inspection of tubing for lap defects

allowed about 2 ppm of the laps into production that were later

discovered by the helium leak test. Changing from a manual to an

automated sorting system has not allowed a helium leaking lap defect

in 10 million tubes.

Quality Improvement

Manufacturing quality is not only a matter of meeting the specification. Within a manufacturing

organization there is

(1) the need to constructively criticize from within to improve

(2) the need to constructively answer this one question "what if ?" to obtain the best

machine design and the best employee training program.

In order to achieve continuous quality improvement we must measure our current performance in

order to establish new performance objectives.

Typical quality indicators used to measure performance are:

quality deviation at each operation (nature, quantity, trends)

process deviations at each operation (nature, quantity, trends)

tooling life trends

preventative maintenance observations

process control data

audit findings

customer feedback
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Improving Equipment

The quality indicators are thoroughly analysed by production, process engineering and quality

assurance and are used to establish the root cause at production and quality concerns. The analysis

becomes an input to the equipment designer in order to modify or replace manufacturing or inspection

equipment to meet todays' production and quality requirements.

On the positive side, the analysis of the quality indicators may show there is no immediate

improvement required. In this case the analysis helps to confirm or re-establish controls used to

maintain the quality level.

Employee Training

Equally as important as machine design is employee training. All machines are created by employees

and all machines interface with employees. Zircatec has adopted the philosophy of "Building Nuclear

Excellence" for one of our goals. To meet this goal employee training goes further than how to do

the job. All employees need to understand the company policies, the products and the quality system

requirements. Each employee needs to understand the importance of their job. To reinforce this

training aspect for all employees, one of the methods we have adopted is to organize an ongoing

number of Work Awareness workshops that bring employees together to interact on a number of

topics. Keeping the groups small, 10-20 employees, encourages discussion between the speaker and

employees. The discussions result in two-way communication to increase awareness of all

participants.
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SUMMARY

1. The manufacturing role has changed from development to production.

2. The manufacturing role must be to total customer satisfaction. This role is much more than

just meeting the specification, it must be to "Building Nuclear Excellence".

3. The manufacturing role, as one of the three partners in the CANDU industry, along with the

designer and the utility, is to make CANDU succeed.
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TABLE 1

Production Rate -

200 37-Element Bundles/day

Manufacturing
Operation

Tube manufacturing

Pellet manufacturing

Brazing .8mm spacers
2mm spacers
bearing pads

End Cap Welds

End Plate Welds

Quantity per day

7,400

222,000

26,400
4,800

10,800

14,800

14.800

Quantity per year
(millions)

1

49

5
1
2

3

3

.6

.0

.8

.1

.4

.2

.2
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ABSTRACT

At present India has eight 220 MWe Pressurised Heavy Water
Reactors (PHWRs) in operation and four under different stages
of construction. The operating PHWRs RAPS, MAPS, NAPS and
KAPS use natural uranium dioxide nineteen element fuel
bundles. We have accumulated more than 35 years of full power
operating experience of these PHWRs. This covers irradiation
of more than 125 thousand fuel bundles. Based on the reactor
operating experience, the fuel design, manufacturing and the
reactor operating practices are under continuous evolution in
order to improve the fuel performance. This paper discusses
the changes introduced in the fuel design, various steps taken
for improving the manufacturing and quality control plan and
plant operation to improve fuel performance. The paper also
reviews the consequent fuel performance data from the operat-
ing plants.

1.0 INTRODUCTION

Indian Pressurised Heavy Water Reactor (PHWR) of 220
MWe capacity is a pressure tube type reactor with heavy water
as moderator and coolant and natural uranium dioxide as fuel.
Pressure tubes, numbering in all 306 and made of zirconium
alloys are arranged horizontally in a square lattice pitch of
22.86 cm inside a large cylindrical vessel referred to as
calandria. These pressure tubes contain fuel and heavy water
coolant at high temperature and pressure. The fuel bundle is
about 500 mm in length and 81.7 mm in diameter. The bundle is
a cluster of 19 elements arranged in a circular configuration
of 1, 6 & 12 elements as shown in Figure-1. There are 12
bundles per channel. Only 10 bundles lie within the active
region of the core.

2.0 REACTORS IN OPERATION AND UNDER CONSTRUCTION

The first PHWR reactor in India went critical way back in
1972 at Kota, Rajasthan. The second unit at Kota, Rajasthan
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went critical in 1980. These reactors were a collaborative
project with Atomic Energy Canada Limited (AECL), Canada.
Subsequently, 6 more reactors have been made operational. The
details of their criticality are given in Table-l. We have
gained more than 35 years of full power operating experience
of these reactors and irradiation experience of more than 125
thousand PHWR fuel bundles.

Four more units, two each at Kaiga, Karnataka and at Kota,
Rajasthan are under construction, to be commissioned by the
year 1999.

3.0 FUEL DESIGN

3.1 Design Improvements

The present nineteen element fuel bundle design being used
in our operating plants is an improved version of the wire
wrap fuel bundle as was used in Douglas Point Reactor in
Canada. The salient design changes are split spacer design,
graphite coating and modified scooped end cap (l).

Split Spacer Design : In the earlier design, the inter element
gap and gap between pressure tube and elements was maintained
by helical wire wrapped and spot welded around elements. In
order to avoid the possible fretting damage by these wires to
the neighbouring elements sheath surface, split spacer design
has been adopted. Skewed split spacers in this design main-
tain gap between the fuel elements. Short bearing pads on
outer elements as shown in Figure-1 are used to provide de-
sired gap between fuel bundle and pressure tube. The spacers
and bearing pads are attached to fuel elements by spot weld-
ing. In this process the zircaloy inventory is also reduced
by about 8-9% which is equivalent to a gain in burnup of about
60 MWd/TeU (1).

Graphite Coating : In order to overcome the fuel failure, if
any, induced due to power ramps or stress corrosion cracking
of zircaloy and in general to increase the potential of the
fuel element to resist the power ramp failures, development of
the graphite coating on the inside surface of the sheath was
accomplished at Bhabha Atomic Research Centre (BARC). The
production of the graphite coated fuel bundles was introduced
in our manufacturing plant at Nuclear Fuel Complex (NFC) in
the year 1989.

Modified Scooped End Cap : The end plug design parameters are
either specified from compatibility with the reactor fuelling
machine or from manufacturing considerations eg. overall form,
contact with sheath and end plate for satisfactory welding
etc. The only other significant dimension to be specified is
the thickness of the end cap. After providing the minimum
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thickness based on axial strength consideration, the modified
end cap design has been provided with a scooped out conical
portion (Figure-2), which otherwise was flat surface in the
original design. The modification avoids the high temperature
gradient in the end cap due to its possible contact with flat
end of the fuel pellet. This modification further increases
the free volume available for accommodation of fission gases,
which in turn reduces the internal fission gas pressure by
about 10% at the end of the life of the fuel bundle in the
core. In the end cap design the zircaloy content per
bundle is reduced by about 25 gms, giving rise to increase in
the burnup by about 20 MWd/TeU (2).

3.2 Thorium Oxide Fuel

Thorium bundles in general are identical to 19 element
natural UO2 pellet fuel bundles except that the UO2 pellets
have been replaced by ThO2 pellets. Based on the properties
of the thorium fuel, the fuel bundle design was prepared,
engineered and fabricated. The first hand operational experi-
ence of this design was gained by irradiating four thorium
bundles in Madras Atomic Power Station (MAPS) Unit-l(l).
Based on this experience 35 thorium bundles were loaded in
the initial cores of Kakrapar Atomic Power Station (KAPS)
Unit-1&2 for flux flattening and to achieve full power in the
initial phase of reactor operation.

4.0 FUEL MANUFACTURING AND QUALITY CONTROL

The fuel used in our reactors is manufactured at NFC,
Hyderabad. The improvements in fuel fabrication and quality
control plan is a continuous process. The major change in the
PHWR design was use of graphite coating on the inner surface
of the fuel sheath and was introduced in the regular produc-
tion in the year 1989. The standardised fuel now being manu-
factured at NFC is a result of number of steps which have been
taken in the fabrication of UO pellet, sheath, end cap to

2
sheath weld joint, fuel bundle assembly, etc. to ensure con-
sistent quality (3).

5.0 REACTOR OPERATION

The number of steps have been taken to reduce the fuel
failures due to power ramps. Since the beginning of our
nuclear power programme, we have been using 8 bundle shuf-
fling refuelling scheme. Apart from this, following operating
procedures have been introduced to reduce power ramp
failures(4).
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5.1 Core Simulations

Physics core simulations are performed to provide the
guidance for routine on load fuel scheduling. In earlier days
dedicated computers were not available at each station and
simulations were performed at a central point in BARC. More-
over, because of long distance between station and the central
place, the simulations were planned to be at an interval of
one month. Many a times, refuelling was done based on expe-
rience and on thumb rules, which might have caused some fuel
failures. To reduce such uncertainties, dedicated computers
were installed at each station. In India, the reactor phys-
ics simulations and fuel scheduling are done .by physicists
stationed at each station prior to each refuelling.

5.2 Criteria For Refuelling

Apart from other reactor operating considerations, flux
shape, power and power ramps to the bundles of the refuelled
channel and also the neighbouring channels are considered
before refuelling.

5.3 Regularity In Refuelling

Due to non availability of fuelling machines, if the excess
reactivity has been lost from the core, the excess reactivity
is regained gradually with due care to the flux shape, control
rod positions and consequent power ramps to fuel.

5.4 Thorium Fuel For Initial Flux Flattening

The thorium fuel bundles are used in the initial core for
initial flux flattening to achieve full power operation in
initial phase of reactor operation. The selection of the
number of bundles and their locations in the core is based on
the detailed physics and fuel management studies of the
reactor. The performance of the reactor and the reactivity
devices during the irradiation period of these thorium bundles
in the reactor is assessed by performing prior physics simula-
tions. Based on the operational experience of the thorium
fuel bundles in the initial core of KAPS-1&2, similar initial
fuel loading pattern is being adopted for future PHWRs.

5.6 Detection Of Failed Fuel

Concentration of 1131, 1132, 1133, 1134, in the heat trans-
port system are measured on a routine basis. A first order
estimate of the nature of defect in fuel and the coolant
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contamination caused by them is made by systematic analysis of
these isotopes (3). However, a particular channel with a
failed fuel bundle is detected during reactor operation by the
Delayed Neutron (DN) detection system which is provided for
all Indian PHWRs. The suspected failed fuel is removed from
the channel based on the DN ratio trend. Till 1988, a value
of 1.4 as the ratio of channel DN counts to average DN counts
of group of similar power channel in the DN system was consid-
ered a threshold limit to signal out a failed fuel channel.
It is suspected that this DN ratio of 1.4 sometimes permitted
sufficiently large residence time for the fuel defect to grow
in the core, resulting into higher contamination of the core,
leading to increase in iodine activity and increased back-
ground DN counts as well. During 1988, for early detection of
the failed fuel bundle, the threshold DN ratio was brought
down to 1.2. This has been further supplemented by the DN
ratio trend monitoring. Only after observing a continuously
increasing trend in the DN ratio, the channel is considered to
be a suspected failed fuel channel. The DN background read-
ings of the PHT circuit is also analysed. This method togeth-
er with monitoring of 1-134 is a good means of indication of
deterioration in status of defect and its contribution to core
contamination.

6.0 FUEL PERFORMANCE EXPERIENCE

Fuel performance can be gauged by the fuel failure rate and
also by the iodine activity in the coolant. Close monitoring
of the 1-131 activity is done. Even though Technical Specifi-
cations for operation permit 100 micro curies per litre of I-
131 in PHT, a significantly low alert level of 10 micro curies
is adopted by operation.

As has been discussed above, on the basis of the fuel
performance experience of our earlier plants RAPS-1&2 and
MAPS-1&2, some changes have been incorporated in our fuel
design, manufacturing and reactor operating guidelines (1, 2,
3, & 5). The performance of KAPS-2 unit which went critical
in the year 1995 can really be used to judge the effect of all
such improvements simultaneously. The fresh core of KAPS-2
had been loaded with a fuel which can be considered to be
present standard 19 element fuel bundle from the consideration
of the fuel design, manufacturing and also from the considera-
tion of the reactor core operation. The reactor has shown an
excellent fuel performance, with a cumulative fuel failure
rate of 0.1%. The recent 1-131 activity observed in KAPS-2 is
given in Figure 3. It can be seen that the 1-131 activity in
the reactor has generally remained below 2 micro Ci/lt.



129

The Fuel Reliability Indicator (FRI) has been defined by
WANO (World Association of Nuclear Operators). The median FRI
value reported for world PHWR is 170.0 bq/gm for the year
1996. The FRI of 120 bq/gm has been achieved for KAPS-2
reactor for the first half of 1997.

Similar trend is observed in other PHWRs in India where
fuel of earlier type was also present in the core for quite
some time. RAPS and MAPS units showed fuel performance simi-
lar to KAPS-2. The NAPS-1 reactor which went critical in the
year 1989, experienced high fuel failure rate in the year 1992
due to global power ramp (2). The power ramp experienced was
due to sudden rise in reactor power after prolonged low power
operation. It may be brought out here that the fuel bundles
in the NAPS-1 reactor core at that instance were nongrapha-
tised. The global power ramp gave rise to about 33 fuel
failures in the core. The failed fuel channels were detected
and refuelled systematically. The iodine activity which had
reached to a value of 80 micro Ci/lt took almost about one
full power year to come to a steady value below of 10 micro
Ci/lt. NAPS-1 had a major fire incident in March 1993, and
both units of NAPS remained shutdown for considerable period.
The impact of the changes in fuel design and manufacturing has
been experienced at these units, later on only after signifi-
cant refuelling operations on their restart. At present, the
fuel performance in these reactors has also converged to that
in KAPS-2 and 1-131 values of less than 5 micro Ci/lt are
being maintained.

In Indian PHWRs thorium fuel bundles have been loaded in
the initial reactor cores of KAPS-1&2. The performance of
these bundles is quite satisfactory. In all 74 bundles have
been irradiated. The thorium bundles have experienced a
maximum burnup of 3146 n/Mb and a maximum bundle power of 433
KW.

7.0 CONCLUSIONS

The first charge of KAPS-2 reactor core was loaded with
fuel manufactured with improved fuel design and manufacturing
procedures. The updated reactor operating practices were
followed from the initial days. Where as the earlier reactor
cores were refuelled by the improved fuel during the course
of the normal refuelling. Same operational guidelines have
been implemented at these plants as well. All round improve-
ments made in design, manufacture of the fuel and the operat-
ing guidelines followed at stations have resulted in improved
fuel performance in all operating reactors and fuel failure
rate is now steady at the value less than 0.1%.
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STATION

RAPS-1

RAPS-2

MAPS-1

MAPS-2

NAPS-1

NAPS-2

KAPS-1

KAPS-2

TABLE-1

PHWR OPERATION REACTORS

FIRST CRITICALITY

11-8-72

08-10-80

02-07-83

.12-08-85

12-03-89

24-10-91

03-09-92

08-01-95

FPD*

1898

3203

2418

2048

1033

938

762

549

12,849

* Full Power Days of reactor operation as on 31-3-97
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ABSTRACT

Over the past 20 years, many fuel elements or bundles discharged from Canadian
CANDU® power reactors have been examined in the AECL hot cells. The post-irradiation
examination (PIE) database covers a wide range of operating conditions, from which fuel
performance characteristics can be assessed. In the present analysis, a PIE database was compiled
representing elements from a total of 129 fuel bundles, of which 26% (34 bundles) were
confirmed to have one or more defective elements. This comprehensive database was assessed in
terms of measured sheath strain and fission gas release (FGR) for intact elements, in an attempt to
identify any changes in these parameters over the history of CANDU reactor operation. Results
from this assessment indicate that, for the data that are typical of normal CANDU operating
conditions, tensile sheath strain and FGR have remained within 0.5% and 8%, respectively. Those
data beyond these ranges are from fuel operated under abnormal conditions, not representative of
normal operation, and thus do not indicate a trend toward unexpected fuel behaviour. The
distributions of the PIE measurements indicate that maximum expected sheath strains and FGR
for normally operated fuel are 0.7% and 13%, respectively.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
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1. INTRODUCTION

For many years, post-irradiation examination (PIE) has been performed on fuel elements
or bundles discharged from Canadian CANDU power reactors. The examined fuel has been
exposed to a wide range of operating conditions that is much larger than the range of conditions
that CANDU fuel is normally exposed to [1-2]. The extensive PIE database, from the early 1970s
to current reactor operation, can be analyzed to aid in the assessment of CANDU fuel
performance characteristics.

In this analysis, a PIE database has been compiled, representing a total of 129 fuel bundles
composed of thirty-four 28-element and ninety-five 37-element bundles, as shown in Table 1.
These bundles were irradiated in the reactor units at either the Bruce-A, Bruce-B, Pickering-A,
Pickering-B, Darlington or Point Lepreau nuclear generating stations. The bundles were
fabricated by General Electric Canada (GEC), Westinghouse Canada Limited (WCL) - now
Zircatec Precision Industries (ZPI), or Combustion Engineering Superheater (CES) - no longer a
CANDU fuel manufacturer. Of the total 129 bundles, 26% (34 bundles) were confirmed to have
one or more defective elements (see Table 1). Since measurements on defective elements are not
representative of those that exist in the reactor core, only PIE data from intact (i.e., non-
defective) elements were included in the database. A number of these intact elements, however,
were from bundles in which other elements failed.

The compiled database includes measurements of sheath strain, ridge height, element bow,
fission gas release (FGR), and appendage fretting and wear. The data were analyzed in order to
identify any changes in these parameters over the past 20 years of Canadian CANDU power
reactor operation.

It should be recognized that the fuel bundles in the database were often examined either as
part of a surveillance program, or in order to determine the root cause of failures or because the
fuel operated near some threshold. As such, the database is not a statistically random sample over
time. The data do span the typical range of reactor operating conditions, however, and can still
be used to examine general trends of power reactor fuel performance. In this paper, the mid-
pellet circumferential sheath strain and FGR data and assessments are presented.

2. POST-IRRADIATION EXAMINATION DATABASE

In order to obtain a database that was within normal CANDU fuel operation, it was
necessary to consider the irradiation history of each bundle. For instance, some bundles
experienced burnups greater than 475 MW-h/kg U because of abnormal fuelling restrictions that
led to those bundles remaining in the channel until a regular maintenance shutdown. In other
cases, again because of abnormal fuelling restrictions, a small number of bundles were ramped to
high powers after having resided in low-power positions for extended periods. Hence, the
available PIE data that can be considered to be within normal CANDU operating conditions
excludes end-of-life power-ramped bundles and bundles with burnups greater than
475 MW-h/kg U resulting from abnormal fuelling restrictions.
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Of the 129 examined fuel bundles, many were not measured for sheath strain or for FGR.
Hence for the analysis presented here, the data consist of sheath strain measurements on 44
bundles and FGR measurements on 70 bundles (see Table 1). Moreover, the available PIE
database that can be considered applicable to normal CANDU operating conditions (i.e., not
experiencing fuelling restrictions) contains intact elements from 39 bundles for the sheath strain
assessment and intact elements from 63 bundles for the FGR assessment (Table 1). The
remaining data, not typical of normal operation, are also included in this analysis, however, as a
comparison to the data that are representative of normal CANDU operating conditions. These
bundles, subjected to abnormal operation, have experienced average burnups as high as
686 MW-h/kg U, as illustrated in Figure 1. Normally operated bundles are discharged with
burnups below 450 MW-h/kg U.

As shown in Figure 1, the database consists of peak outer-element average linear powers
(i.e., the outer-element average linear powers corresponding to the peak bundle powers) and
bundle average burnups that are quite evenly distributed over the 20-year period under
investigation. Hence the distribution of the irradiation history data should not bias the data into
artificial trends with time. It should be noted, however, that UO2 density and bundle uranium
mass have increased during this time frame [3], which may introduce some bias, particularly to the
sheath strain results.

The PIE data were analyzed in terms of trends with time and of the dependence on power
and burnup. The outer, intermediate and inner elements, where the central element was included
as an inner element for the 37-element bundles, were divided into separate data subsets to provide
a direct comparison of the sheath strains and gas releases as a function of element location within
the bundle. For those bundles that had a number of elements examined, the data from elements of
the same ring (i.e., outer, intermediate or inner elements) were averaged to represent that ring of
elements for the power and burnup conditions experienced by the bundle.

It is possible that the compiled database does not contain all of the PIE that has been
performed during the 20-year period. More data will also be available as future PIE is performed.
The frequency distributions of the strain and FGR measurements from the current database were
therefore used to predict the expected range of sheath strain and FGR data for bundles
experiencing powers and burnups within those of the current database. Moreover, since the
current data span the normal range of reactor operating conditions (see Tables 1 and 2), in-reactor
plastic sheath strains and FGR can be expected to be within those given by the distribution results.

3. SHEATH STRAIN ASSESSMENT

Post-irradiation measurements of fuel element diameters were used to quantitatively assess
circumferential plastic sheath strain by taking the ratio of the post-irradiation measurements to the
as-fabricated nominal element diameters. Mid-pellet sheath strains were investigated in the
present analysis, where the average strain for each element was used since, in many cases, the
diameters were not measured along (or reported for) the entire element length.
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Results from the mid-pellet sheath strain measurements are provided in Figures 2 and 3,
where positive values represent tensile strains and negative values indicate compressive strains.
Sheath strain is plotted over time in Figure 2a, where there is evidence that strains have increased
slightly over time. This may be a result of the increased uranium mass, however, as discussed in
Reference 3. Even so, outer-element tensile strains have remained below 0.5% for normal
operation, and have remained below 1% for abnormal conditions. Normally operated
intermediate and inner elements exhibited strains below 0.1%, indicating that element strains are
not uniform throughout the bundle, but decrease towards the centre of the bundle.

The frequency distribution of the strain measurements is plotted in Figure 2b. For normal
operation, the distributions of the strains are centred about an average value of 0.09% for outer
elements, -0.26% for intermediate elements and -0.25% for inner elements (see Table 2). When
the data from abnormally operated fuel are also included, the average is 0.11% for outer elements,
0.05% for intermediate elements and -0.03% for inner elements (Table 2). From the normal
distribution of the data, the outer-element strains for normally operated bundles are expected to
be less than 0.7%, to within 99% confidence (i.e., 3 standard deviations). Although there are only
a few data for intermediate and inner elements, resulting in large standard deviations (Table 2),
the intermediate and inner element strains should be less than 0.7%, since strain decreases towards
the centre of the bundle where the element power ratings are lower (see Figure 3).

In Figure 3, the measured sheath strains are plotted versus peak outer-element average
linear power (Figure 3a) and versus bundle discharge burnup (Figure 3b). For the envelope of the
maximum strain values, a very mild trend of increasing strain with power and burnup is evident
from Figure 3. The scatter of data within these envelopes indicates, however, that a more
complex relationship exists with the power history (i.e., time at power, power at burnup and
power ramps), bearing in mind that there may be some uncertainty in the power and burnup
measurements. Since outer, intermediate and inner elements are identified in Figure 3, it is again
evident that intermediate and inner elements exhibit lower strains than do the outer elements.
This is because of the lower power ratings of the intermediate and inner elements.

4. FISSION GAS RELEASE ASSESSMENT

During irradiation, a fraction of the gases produced by fission eventually migrates to the
internal void volume. If the pressure becomes too high, this released fission gas can reduce the
heat transfer from the fuel to the sheath, resulting in increased fuel temperatures and additional
gas release. As a consequence, the risk of failure due to stress corrosion cracking could increase
due to the higher concentrations of corrosive fission gases in the gap. A measure of FGR into the
fuel-to-sheath gap during irradiation can be obtained from that fraction of the total amount of
xenon produced during irradiation that is released into the gap. This ratio is expressed as a
percentage.

Results from the PIE FGR measurements are provided in Figures 4, 5 and 6. As can be
seen in Figure 4a, FGR has been measured as high as 25%, but has consistently remained below
8% for outer elements operated under normal CANDU reactor conditions. Of the few
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measurements on normally operated intermediate and inner elements, FGR has remained below
1%, indicating that FGR decreases towards the centre of the bundle. None of the elements from
the normally operated bundles were reported to exhibit evidence of abnormally high temperatures
or high gas pressures (i.e., above coolant pressure) that could lead to sheath lift-off from the
pellet.

The frequency distribution of the gas release measurements is plotted in Figure 4b. For
normal operation, distributions of FGR are centred about an average value of 2.6% for outer
elements, 0.2% for intermediate elements and 0.2% for inner elements (see Table 3). When
abnormally operated fuel is included, the average is 3.6% for outer elements, 1.3% for
intermediate elements and 0.2% for inner elements (Table 3). Unlike the sheath strains, the FGR
data do not follow a normal distribution. Hence the standard deviations could not be determined
for the FGR data, and are not included in Table 3.

The range of expected FGR data was determined by using the cumulative distribution of
the data. Figure 5 illustrates the fraction of the measurements that are greater than the specified
incremental gas releases. As shown in Figure 5, the data are represented by an exponential
equation which asymptotically approaches 0. The equation, as given in Figure 5, was fitted to the
data where it was constrained to a value of 1 for FGR greater than 0% (i.e., all of the data are
greater than 0% gas release). The equation was then used to determine the FGR value of 13% at
which only 1% of the data can be expected to exceed (i.e., 99% confidence interval). This
method was not performed for the intermediate and inner elements because of the small number of
data. Gas release from the intermediate and inner elements should also be less that 13%,
however, since FGR decreases towards the centre of the bundle where the element power ratings
are lower (see Figure 6).

Figure 6a illustrates how FGR, as a percentage, remains near zero for outer-element linear
powers below 40 to 45 kW/m. An increase in gas release is then seen to increase with increasing
linear power at around 40 to 45 kW/m. This behaviour is consistent with reduced fission product
mobility in the UO2 matrix at temperatures below about 1000°C [4]. Maximum FGR is seen to
gradually increase with burnup in Figure 6b for all available PIE data. This is to be expected with
the buildup of long-lived fission products as irradiation proceeds. For normally operated fuel, the
maximum measured gas release remains at or below 8%. Intermediate and inner elements are
identified in Figure 6, where the gas releases are lower than in the outer elements.

5. CONCLUSIONS

Based on a review of CANDU power reactor fuel PIE data, sheath strain and fission gas
release have not increased significantly over a 20-year period. Hence in terms of these
parameters, the performance of the fuel has not changed. Specifically, the trends in the data
confirm:
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• Circumferential sheath strain and FGR increase with increasing power and burnup. These
parameters are not uniform throughout the bundle, where maximum values are found among
outer elements that have the highest power ratings in the bundle.

• High strain and FGR have been predominantly found in high-power and high-burnup or end-
of-life power-ramped fuel bundles. These bundles are outside the range of normal CANDU
power reactor operation.

For the current PIE database of bundles operated under typical CANDU conditions,
tensile sheath strains and FGR have remained within 0.5 and 8%, respectively. Those data beyond
these ranges are from fuel operated under abnormal conditions, and thus do not indicate a trend
toward unexpected fuel behaviour.

The frequency distributions of the strain data indicate that, for normally operated fuel, the
average outer-element sheath strain is 0.09%. Within 99% confidence, the maximum sheath strain
that can be expected is 0.7%, for fuel operated under conditions that are within the range
experienced by the bundles in the database.

The frequency distributions of the FGR data indicate that, for normally operated fuel, the
average outer-element FGR is 2.7%. Within 99% confidence, the maximum that can be expected
is 13%, for fuel operated under conditions that are within the range experienced by the bundles in
the database.

Since the range of powers and burnups experienced by the bundles in the database span
that which is typical of normal reactor operation, the plastic sheath strain and FGR of 0.7% and
13%, respectively, represent the maximum that can be expected in-reactor under normal operating
conditions.
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TABLE 1: Summary of CANDU Power Reactor Fuel Bundle PEE Database.

Database:

Total Number of Bundles
Number of Intact Bundles
Number of Bundles Having Defective Elements

Sheath Strain Assessment:

Total Number of Bundles
Number of Bundles Representative of Normal Operation *
Number of Bundles Not Representative of Normal Operation

Fission Gas Release Assessment:

Total Number of Bundles
Number of Bundles Representative of Normal Operation *
Number of Bundles Not Representative of Normal Operation

28-Element

34
26
8

28-Element

22
22
0

28-Element

23
23
0

37-Element

95
69
26

37-Element

22
17
-5

37-Element

47
40

- 7

Total

129
95
34

Total

44
39
5

Total

70
63
7

Excludes end-of-life power ramped bundles and bundles with burnups greater than 475 MWh/kgU
resulting from abnormal fuelling restrictions.

TABLE 2: Average Mid-Pellet Sheath Strains.

Sheath Strain

Assessment

Normal Operation Only:
Outer Elements
Intermediate Elements
Inner Elements

Normal & Abnormal Operation:
Outer Elements
Intermediate Elements
Inner Elements

Sample Size
.<# of bandies)

40
6
5

41
10
8

Bundle Discharge Bomnp

(MWh/kgU)
High

409
409
409

477
686
686

Low

74
74
74

74
74
74

Average

194
149
160

201
324
333

Peak Outer-Element Average

linear Power (kW/m)*
High

61
53
53

61
58
57

Low

22
24
24

22
24
24

Average

46
42
41

46
47
46

Sheath Strain
(%)

Average

0.09
-0.26
-0.25

0.11
0.05
-0.03

StdDev

0.19
0.32
0.13

0.23
0.48
0.37

* Represents the outer-element average linear power corresponding to the peak bundle power.

TABLE 3: Average Fission Gas Releases.

Fission Gas Release

Assessment

Normal Operation Only:
Outer Elements
Intermediate Elements
Inner Elements

Normal & Abnormal Operation:
Outer Elements
Intermediate Elements
Inner Elements

Sample Size
(<ot bandies)

65
3
2

69
8
5

Bundle Discharge Burnup

(MWh/kgU)
High

409
390
390

686
686
673

Low

74
99
194

74
99
194

Average

184
228
292

207
441
453

Peak Outer-Element Average

Linear Power (kW/m)*
High

61
47
45

61
58
57

Low

22
42
42

22
42
42

Average

48
45
44

48
50
49

Fission Gas Release

(%)
Average

2.7
0.2
0.2

3.6
1.3
0.2

* Represents the outer-element average linear power corresponding to the peak bundle power.
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Abstract

The cornerstone of the CANDU concept is its natural uranium fuel, and the success of its reactor
operation hinges on the fuel condition in the reactor. Neutron economy, on power refuelling, and simple
fuel design are among the unique characteristics of CANDU fuel.

In Canadian CANDU 6 reactors (Gentilly 2 and Point Lepreau), the 37-element fuel has provided
an enviable record of safe, economic and reliable plant operation for 29 reactor years to date. The fuelling
cost is among the lowest in the world - a corollary of high neutron economy, simple fuel design, and
judicial fuelling scheme. The reliability of fuel is high: only 21 of the 60000 bundles discharged from
Gentilly 2 were confirmed defective and the five-year period from March 1992 to February 1997 saw no
defect at all at Gentilly-2. Also, thanks to the inherent on-power refuelling capability and an effective
defect detection and removal system, the primary coolant loops are kept extremely clean (very low activity
level) - benefitting both maintenance and safety. Moreover, the inventories of fission products in the core
and in the channel are maintained within the safety analysis envelope, due to on-power fuelling and
sophisticated fuel management

In this paper, CANDU 6 fuel performance is reviewed against the feedback from post-irradiation
examinations, and the findings from our ongoing R&D program. The results suggest that the fuel behavior
in reactor are basically as originally anticipated, despite an evolutionary 3% increase in bundle uranium
mass in the 1980's. For operating conditions within the CANDU 6 37-element experience, the average
strains are typically 0.09%; and fission gas release, 2.7%. The UO2 fuel remains stoichiometric after
irradiation. In-core measurements of pressure tube fretting are generally low. All these observations are
consistent with the excellent fuel performance statistics coming out of the two Canadian CANDU 6
reactors.

Additionally, this paper will briefly discuss our experience in some situations which are not
normally encountered by the fuel, such as return to full power after a long period of low power operation,
response to the loss of electric power, and sustained shim-mode operation.

** Paper presented at the 5th International Conference on CANDU Fuel, Toronto, Sept 21-25,1997
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1. Introduction

Over the past 15 years, Canada's two pioneer CANDU 6 reactors (Gentilly 2 and Point
Lepreau), together with their two overseas contemporaries (Korea's Wolsong 1 and Argentina's
Embalse) have provided a solid technical and performance base for AECL's CANDU 6 family to
grow worldwide. CANDU 6 reactors are now in operation or under construction in Europe
(Romania) and in Asia (Korea and China), in addition to North America and South America. The
CANDU Station Performance Newsletter (Reference 1) published by CANDU Owners Group
(COG) for December 1996 reported the gross capacity factors since in-service date of these four
reactors as follows: Gentilly 2, 80.2%; Pt Lepreau, 88.0% (Figure 1); Wolsong 1, 84.6%;
Embalse, 82.1%. A note may be in order here that in the early four years of operation, Gentilly 2
was not allowed to produce full power because of the grid surplus situation. Table 1 contains a
summary of all CANDU units in the world: their gross ratings, their in-service dates, and then-
gross capacity factors since in-service and for the past five years (Reference 1).

The initial need for an assessment of fuel condition in CANDU 6 was occasioned by the
fuel defect excursion in Darlington, which was later diagnosed as due to accoustic pressure
pulsations peculiar to their pumps and the problem was resolved by installing 7-vane impellers.

On the CANDU 6 front, in response to a regulatory action, a joint study on the fuel
condition was launched at AECL by Hydro-Quebec and New Brunswick Power in 1995. The
main conclusion of this study, completed in late 1996, suggested that fuel related problems
identified by the regulatory body are not a concern for CANDU 6, and that the integrity of the
fuel and fuel channels is not challenged by in-service fuel degradation. Since the CANDU 6
channels are not acoustically active, and CANDU 6 fuel strings are supported by shield plugs
rather than latches, the damage mechanisms which had occured in Darlington would not be
present in the CANDU 6 reactors Therefore, no severe vibration and fretting wears were
observed on either the pressure tubes or the fuel, no worn-out pads or spacers, and no end plate
cracking. A companion paper (Reference 2) for this conference will feature a historical
perspective on post-irradiation examinations (PIE) of CANDU power reactor fuel sheath strain
and fission gas release, based on this joint study.

The motivation of this paper is to present a general assessment of the fuel condition in
these two Canadian CANDU 6 reactors, with focus on normal operations and potential impact on
safety assessments. More specifically, this paper will make an attempt to link fuel design and
performance to reactor safety concerns.

The presentation will begin with a brief review of fuel performance in Canadian CANDU
6 reactors, with special reference to current heavy uranium mass bundles. This will be followed
by a general treatment of relevant post-irradiation examinations, current operating practices,
safety considerations, fuel operating flexibility, as well as COG R&D program of special interest
to CANDU 6 fuel. Finally, a discussion section will be devoted to the main findings, before the
conclusions are drawn for this paper.

It is worth mentioning at the outset that because of the principal author's deep involvement
and easy access, Gentilly 2 infomation and experience will be largely called upon for
presentation of the argument.
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2. Fuel Conditions

2.1 Performance

Normal Operation

High performance fuel has been the cornerstone of CANDU 6's enviable record of safe,
economic and reliable operation. The defect rates in the two Canadian reactors have been very
low. Of about 60 000 bundles which have been irradiated in Gentilly 2 to this date, only 21
bundles are found defective, for a defect rate of 0.035% on bundle basis, or 0.001% on element
basis. Most of these few defects occurred in the early two years of operation (Reference 3). In a
five-year period (March, 1992 to February 1997), Gentilly 2 was operating at high capacity
practically defect free (Figure 2). At Pt Lepreau, the number of defects is slightly higher because
of the 20-bundle defect excursion in 1991/92 which resulted from the residual hydrogen left in
the fuel elements due to under-curing of CANLUB coating during manufacture (Reference 4).

Common to the two reactors, the known defects have been attributed to manufacturing faults or
debris fretting (Figure 3). There have not been any defects attributable to sheath stress-
corrosion-crack (SCC) associated with power ramps.

The average bundle exit burnup has been around 180 MWh/kgU since 1986. This is achieved
through: upgrading of heavy water, decrease of excess reactivity, increase in uranium contents in
fuel, and judicious fuelling scheme.

In the final analysis, the excellent fuel performance has been made possible by a combination of
sound design, quality fabrication, strong R&D support, prudent reactor operation, and rapid
response from industry to prevent problem escalation: a genuine industry effort and achievement.

High Uranium Mass Bundle

The excellent fuel performance record also speaks eloquently for the current high uranium
mass fuel. Here, high uranium mass (19.2 to 19.3 kg U per bundle) is a relative term, relative to
the slightly lower mass fuel produced in the early 1980's (18.7 kg U). Because of improved
manufacture process and better economics (mainly, cost and burnup), the 37-element bundles,
manufactured since 1986/87, contain about 3% higher uranium mass; yet, they are all within the
specified limits for internal dimensions.

Higher mass comes mainly from higher density of the UO2 pellets. It was expected, in our
previous internal analysis, that higher density would result in higher thermal conductivity, lower
UO2 temperatures and fission gas releases, thus outweighing the minimal adverse effect of
reduced porosity and increased sheath strain.

Ten years (or many many thousands of defect-free heavy bundles) later today, in retrospect, the
high performance of the heavy fuel might have also benefitted from the CANDU 6 8-bundle
refuelling scheme which requires all fresh bundles to travel past the highest flux region before
returning to their normal in-reactor positions (Figure 4). This in essence is equivalent to an early
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preconditioning of the fresh fuel for improved tolerance to later power ramps: the benefit of
which has long been postulated (Reference 5). Within limits, the small difference in dimension
due to higher mass might have been "benignly" absorbed by the initial "high-power" fuel
expansion. It is not surprising that only a weak correlation (Reference 6) was found between the
content of uranium and the fuel sheath strain and the database for CANDU 6 offered no evidence
to suggest that fuel performance was adversely affected by the increase in uranium mass to 19.3
kg-

2.2 Post Irradiation Examination

Dimensional stability, the key to reliable and safe fuel operation in reactor, is usually
confirmed by post-irradiation examinations (PIE) in AECL's hot cells under the auspices of
COG or utilities directly involved. As reported in Reference 2, review of all available PIE data
obtained over the past 20 years indicates that the 37-element fuel's sheath strain, and fission gas
releases were generally mild and small under operating conditions applicable to CANDU 6. For
typical Gentilly 2 and Pt Lepreau conditions, the average tensile sheath strains on the outer
elements remained at about 0.09%, while the intermediate and inner elements saw small
compressive strains only. It was noted that higher strains in the data bank were always
associated with higher power rating and/or higher burnup that were beyond the normal range of
Gentilly 2 and Pt Lepreau. Meanwhile, the distributions of fission gas releases averaged about
2.7% for outer elements, 0.2% for intermediate elements and 0.2% for inner elements. Severe
wear of spacers was observed only on fuel discharged from reactors having acoustically active
channels. As noted earlier, the CANDU 6 reactors are not acoustically active.

The inference from CANDU 6 operation is : there is no large sheath strains or severe inter-
element spacer wear that would lead to significant coolant subchannel area reduction and
element bowing. Thus, CHF should not have been affected to any great extent. The maximum
measured outward bow for acoustically inactive channels in Darlington, according to the review,
is about 0.3 mm. Gentilly 2 and Pt Lepreau channels are acoutically inactive. The absence of end
plate cracking and severe fretting wear on inspected Pt Lepreau bundles also corroborates our
belief that resonant acoustic vibrations, if present, must be negligible in both reactors. It should
be noted that Gentilly-2 and Pt Lepreau have 7- and 5-vane implellers and have different acoustic
driving frequencies.

2.3 Fuel Failure Detection

Equipped with an effective system to detect, locate and remove fuel defects, CANDU 6
operators are able to remove defective fuel as early as optimally possible. The fuel status of the
core is continuously monitored by the failed fuel detection system, commonly referred to as the
Gaseous Fission Product (GFP) system. It provides the first indication of defect in either of the
two HTS loops. Coolant samples are analyzed at the chemistry laboratory daily. The failed fuel
location system, referred to as Delayed Neutron (DN) system, helps pin down which bundle pair
contains the defect by measuring the delayed neutrons emitted from sample lines attached to the
outlet feeder of each channel. The Gentilly-2 experience suggests that Xe-133 is the most reliable
indicator for onset of a defect; Kr-88, for indicating deterioration of sheath; 1-134, for uranium
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release; 1-131, as monitor for public safety; and Xe-135, for information about iodine release
when the purification system is operational.

To keep the loop activity low for operational safety and for accidents such as iodine spiking
coinciding with a small LOCA, Gentilly 2 has kept activity levels well below the target values.
Take 1-131 for example, the target level is <10 (ici/kg D2O, as compared to 13500 jxCi/kg D2O for
shutdown limit. The actual 1-131 level, as shown in Figure 4 with other isotopes (Xe-135, Xe-
133, and Kr-88), was maintained below 2 uCi/kg D2O for four consecutive years, the period
covered by the plot. From coolant activity viewpoint, this is a clean heat transport system for
both daily operation and maintenance as well as for any eventuality of accident. The radioactive
release to the public has been maintained well below 1% (i.e. 0.05 mSv) of the limits stipulated in
the Canadian standard, i.e. 5 millisieverts (mSv) per year (Table 2). In CANDU 6, nonnal
operation has ensured favorable initial conditions in case any postulated accident transient occurs.

3. Safety Considerations

In any postulated accident, evolution of the event and hence the consequence will start
from the intitial condition of the fuel in the reactor. In practical terms, this initial conditon is
reflected by the sheath and UO2 temperatures and deformations, fission gas release, UO2
stoichiometry, radionuclide distribution in the element, and whether there is any defected fuel
already in existence; all these combine to impact on the source term. The ability to detect and
remove defective fuel helps to ensure that coolant fission product inventories are low, and that the
consequence of defective fuel in accidents is minimal. Based on the excellent performance of the
fuel in normal operation in terms of the number of defects and the PIE results on sheath strain and
fission gas release, there is no evidence to suggest that the intitial condition is not equal or better
than that originally anticipated. The strict enforcement of restrictions on bundle and channel
powers, as discussed later, further lends support to our view in this regard.

Insofar as initial conditions for CANDU 6 are concerned, our safety analyses have been
based on maximum bundle power of 935 kW and maximum channel power of 7.3 MW. To
account for uncertainties involved in the calculation of reactor power, Gentilly-2 introduced in
1996 stricter operating targets of 882 kW and 6.95 MW (for high power channels), respectively.
The record for the year of 1996 showed that the target for maximum bundle power was met
throughout the year, while the maximum channel power of 6.95 MW was exceeded three times,
each resulting in an imposed reduction of reactor power until the operating target was again met.
These statistics demonstrate that the fuel has been operated strictly within their analyzed limits.

To ensure that the source term is within the boundaries of the safety analyses, calculations
were done for the total core fission product inventories and the quarter core free inventories. The
results indicated that the maximum gap inventory for the quarter core from the postulated failed
elements based on actual power and bumup histories was within the safety analysis release value
(Reference 7).

To check against very unlikely event of flow blockage in the channel, monthly verification
is made of all channel outlet temperatures at 80% full power. Also, routine check of channel
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pressure drop is done during refuelling to provide early warning against any unlikely intrusion of
foreign matter when the channel is open to the fuelling machines.

4. OPERATION FLEXIBILITY

Low Power Operation

During the first four years of Gentilly operation (1983 to 1987), an over-capacity existed
in Hydro-Quebec's power system and Gentilly-2 was operated at only 50% of its rated capacity
over long periods of time. There was concern that each return to full power would entail some
fuel failures. Mainly through prudently managing power rise from low power, Gentilly 2 went
through several high-low-high cycles without any fuel failure (Reference 3).

Loss of Class IV Power

Prior to 1995, Gentilly-2 had experienced several loss of Class IV power events; none of
which had resulted in any significant power transient. In September 1995, an overpower trasient
due to loss of electric power occurred where all four PHT pumps tripped simultaneously at full
power, with the coincident loss of liquid zone system pumps. The station was automatically shut
down within two seconds by Shutdown System No 1 (SDS 1). Subsequent analysis (Reference 8)
placed maximun overpower at 10 % (well below the safety analysis value of 24%) in a period of
1.6 second. There were no reported fuel failures in this worst-ever loss of electrical power
excursion.

Shim Mode

One unique CANDU feature which is not well publicized but deserves credit is "shim"
operation (Reference 9). Shim capability permits continued reactor operation near full power or
at substantially reduced power, depending on the duration of the fuelling machine unavailability.
The process involves using the adjusters to add or remove small amounts of reactivity. The local
power perturbations caused by adjusters' withdrawal must not cause systematic fuel failures.
Shim operation was necessary on two occasions at Gentilly. The first lasted about ten days in late
1989, with reactor power down to 87%. The second lasted four months starting in February
1990. During this period, reactor operation continued at various power levels, including a five
bank shim operation for two months at 50% power. In view of the relatively highburnupofthe
fuel in the core, some consideration was given to the rate of power rise when Gentilly-2 was
returned to full capacity following the sustained shim operation. No fuel defects occurred during
adjuster removal, or during the return to full power in June 1990.

5. Research and Development

Hydro-Quebec and New Brunswick Power, together with Ontario Hydro and AECL, are
founding members of COG. Like all other reactors in Canada, Gentilly 2 and Pt Lepreau
operations are supported by COG ongoing R&D for better understanding of system and material
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behavior, and for resolving safety concerns and issues. In the area of fuel, under the Fuel
Technology program (Working Party 9), COG sponsors studies aimed at improving the reliability,
economics and safety of CANDU fuel (Reference 10). More specifically, the fuel programs
under COG range from correlating fundamental properties to fuel performance, reviewing fuel
specification (Referece 11), to pursuing applied research into fuel operating limits and root causes
of defects. Among the topics undertaken by COG R&D, the following are of particular interest to
current CANDU 6:

• As an industry effort to gain better knowledge in reactor aging effect on fuel behaviour, two
Gentilly 2 bundles discharged from its highest crept channel (P 16) will be shipped to Chalk
River this year for post irradiation examinations in the hot cells next year.

• Special bundles built to different UO2 densities, to lower specified limits of internal clearances
or built with alternate elements without standard CANLUB treatment, have been irradiated
without any incident at Pt Lepreau. Some bundles have already been shipped to Chalk River
for PIE. The results are expected to shed some light on fuel tolerance to internal
manufacturing variations.

• There was concern expressed that as fuel increases in burnup, fission liberated oxygen may
turn UO2 into hyperstoicheometric UO2+X thereby degrading its thermal conductivity,
increasing fuel temperatures and accelerating fission product diffusion. Recent studies at CRL
indicate that, even though the CANLUB coating may have prevented the sheath from
gettering oxygen, one of the fission products, molybdenum, binds oxygen into MOO3, acting as
an oxygen buffer in the fuel. Therefore, UO2 remains near stoichiometric for current normal
burnups; and the concern over fuel operating at higher temperature due to fuel oxidation has
not been borne out by experimental evidence.

• Fuel bowing has received considerable attention since badly worn-out spacers permitting large
element bow were observed on fuel discharged from reactors having acoustically active
channels. Experimental bowing investigations were launched by COG at three laboratories:
Whiteshell, Stern, and Chalk River. The Whiteshell experiments, using helium gas as cooling
medium, involved single fuel element simulator (FES) heated on one side to 600° C and 300°
C on the other. The results showed that circumferential temperature distribution, pellet/sheath
interaction, and creep were the three major factors affecting transient and permanent bows.
The Stern program, still in Phase 1 of three Phases, had similar temperature gradient, but
consisted of a trefoil arrangement and with more reactor representative thermalhydraulic
conditions in steam. The Stern experiments may eventually arrive at a well-defined threshold
of element bow above which CHF and post dryout characteristics would become seriously
affected. It is worth pointing out again that severe spacer wear observed on Darlington fuel
has been eliminated and CANDU 6 has not seen any severe spacer wears on their discharged
fuel. CRL tests, conducted in Freon-134a with an element of the 37-element bundle
mechanically bowed towards the pressure tube showed very small effect on CHF. A moderate
3% decrease in dryout power occurred as the gap size was reduced from nominal (1.07mm) to
about 40%. These three programs are each represented by a paper presented at this conference
(References 12,13, and!4).
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• As part of the experimental program investigating fuel damages at Darlington and Bruce due
to coolant pressure pulsation, a series of tests were done by COG at Stern Laboratories,
comparing fuel string resonance characteristics and amplitudes of CANDU 6 fuel with those of
Bruce type fuel. The results (Reference 15) indicate that the response of the CANDU 6 end
plate displacement to the pressure pulse at the shield plug ring, over a wide range of frequency
(15 to 270 Hz), was substantially less; static deflection of the end plate was 50% less, and the
pressure pulse amplitudes were generally lower.

• Ethyl cellulose left in CANLUB after baking appears to be the ingredient immobilizing the
corrosive species and preventing SCC. Baking at too high a temperature would drive off this
ingredient, leaving the sheath vulnerable to iodine attack. Baking at too low temperatures
could lead to residual hydrogen in the sheath.

• There are two completed COG programs which promise some long-term benefit to fuel
economics or channel performance. These are thin-wall fuel (Reference 16) and improved
"T-type" bearing pad (kefernce 17).

6. DISCUSSION

• The theme of our last international conference on CANDU fuel, according to the summary
published in the CNS bulletin (Reference 18), was that CANDU fuel is safe, reliable and
economic. In reviewing the normal operation, the departures from normal operations
(sustained low power operation and shim mode) as well as the operational transients (such as
power excursion due to loss of Class IV) experienced over the years, we find the fuel not only
safe, economic and reliable, but also flexible: flexible in the sense it has coped with such
unusual situations with considerable tolerance and resilience.

• A word about economics. CANDU is known for its low fuelling cost. This is obvious
because of high neutron economy, high resource utilization, simple fuel design, low
fabrication cost and on-power fuelling. However, we have to enrich the water (to D2O) as a
one-time capital cost, while LWR needs enriched uranium throughout the reactor life: both
enrichments are expensive undertakings. Meanwhile, using slightly enriched (1.2%) fuel in
CANDU reactors would provide potential for further reduction (29%) in uranium consumption
and in fuelling cost (Reference 19). As a result, the total unit energy is a trade-off between the
two enrichments. A comparison of CANDU (natural uranium) vs PWR fuelling costs and
trade-off was made in 1980 (Reference 20). The world economic situation has changed
tremendously since. A more recent study of fuel cycle economics by the OECD/NEA show
that CANDU fuelling costs are about half those of PWR fuel (Reference 21). Because of good
neutron economy, enrichment in CANDU can further reduce CANDU fuelling costs by 20-
30% compared to natural uranium (Reference 22). For this presentation, fuelling cost has not
been estimated because of commercial proprietary restrictions. In an open literature
(Reference 23), however, it was reported that in 1993 the unit energy cost for Gentilly-2 was
5.3 0/kWh, broken down as follows:
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Operating, maintenance and decommissioning** cost: 2.2 c'/kWh
Depreciation costs, interest and taxes 3.1 0/kWh

** funds set aside for dismantling the station and for disposal of spent fuel

• A caveat about fuel performance. The excellent fuel record reported in the foregoing has been
intimately associated with the normal range of power rating and burnup for the CANDU 6
fuel. The average discharge burnup is about 180 MWh/kgU; and the maximum burnup
recorded in the Gentilly 2 history was 382 MWh/kg U. It has been reported (Reference 24)
that bundles with higher burnup (> 500 MWh/kgU) and high power have shown sheath strains
and fission gas releases that are higher than would be expected for natural uranium bumups.
Even though this 500 MWh/kg U is far above the normal range of CANDU 6, it is
nevertheless important to point out that the high performance of CANDU 6 fuel owes a great
deal to reactor operations which respect the range and limitations of the fuel. Continued
vigilance in daily operation is always in order.

• From safety point of view, CANDU fuel in general has several inherent advantages over other
reactor fuels. The fuel temperatures, for the same rating, are lower because of thin,
collapsible sheath and high density UO2. On-power fuelling permits operation with minimum
excess reactivity and with an essentially constant power shape. Due to the lower burnups, the
total fission product inventory is somewhat less for CANDU reactors. The prompt neutron
lifetime is longer and the delayed neutron fraction is high: hence the power pulse is less severe
in a large LOCA and spontaneous fuel breakup is not a safety concern (Reference 25). UO2
dissolution in molten zircaloy in high temperature transient (in the 2000° C range) is smaller
because of the higher UCVZr mass ratio (Reference 26). The UO2 volume expansion
associated with fuel frothing in a severe accident would be lower in the low burnup CANDU
fuel due to the lower gas quantity generated in the fuel matrix (Reference 27). Detailed listing
and comparison is beyond the scope of this paper.

• In reviewing the fuel condition in the two Canadian CANDU 6 reactors, it has become
obvious that because of geographical proximity and effective feedback and exchange among
the operators, the fabricators, the designers, the inspectors, the analysts, and the researchers
from various organizations, a process is in place whereby any fuel-related problem or safety
concern occurring in Canada can be monitored, reviewed, tested and resolved in an efficient
and effective manner.

7. CONCLUSIONS

From a brief review of fuel condition in the CANDU 6 reactors, the following conclusions can be
drawn:



1 5 7

• The current heavy uranium mass, 37-element fuel has demonstrated high reliability in
Canadian CANDU 6 reactors: defect free for five consecutive years in Gentilly 2. Fuel defect
rate since inception has been very low (0.035% at Gentilly-2); heat transport system is clean,
public release is well within 1 % of the allowable dose limit. Fuel design has proved to be
robust and resilient to operational transients.

• CANDU 6 fuel has maintained a high degree of dimensional stability, partly due to absence of
pulsating flow in the heat transport system; partly due to support of fuel string by shield plugs.
As a result, the interaction with pressure tube and the effect on CHF due to strain or wear are
held to a minimum.

• Fuel condition in Canadian CANDU 6 has been enhanced by carefully observing bundle and
channel power limits and operating within the normal burnup range. The excellent CANDU 6
performance should be attributed to the combination of sound design, quality fabrication,
strong COG R&D support, and prudent reactor operation: a genuine industry collaboration
and achievement.

• There is a process in place where fuel condition is closely monitored, fuel inspected,
performance feedback analyzed, root cause of defect determined, corrective actions taken,
irradiated bundles selected for post-irradiation examination, fundamental properties studied,
and safety impact of fuel behavior evaluated. It is recognized that this is a dynamic feedback
process; further review may identify a few links in the chain which require some
strengthening.

• There are four keywords to characterize CANDU 6 fuel operation: safe, reliable, economical,
and flexible.
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Figure 1 Gross Capacity
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COMBUSTIBLE GENTILLY 2 - TAUX DE DEFAILLANCE DES GRAPPES \
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Figure 2 Gentilly-2 Fuel Defect Statistics

Source: Gentflly 2 Bilan Technique 1996: Indlcateurs de performance
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Figure 3 Gentilly-2 Fuel Defect Causes
Source: Gentilly-2 Bilan Technique 1996: Indicateurs de performance
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Figure 4 Fuel Changing at Gentilly-2 (Final Steps)
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Table 1

SUMMARY OF CANDU UNITS TO 1996 DECEMBER 31

Unit Gross Rating
Electrical Electrical

+ Steam
MWe MWe
680
67S(1)
678.68
648
708

542
S42
542
542

540
540
540
540

Pt.Lepreau
Gentilly-2
Wolsong-1
Embalse
Cernavoda-1

Pickering-1
Pickering-2
Pickering-3
Pickering-4

Pickering-5
Pickering-6
Pickering-7
Pickering-8

Bruce-1***
Bruce-2***
Bruce-3***
Bruce-4***

Bruce-5
Bruce-6
Bruce-7
Bruce-8

Darlington-1
Darlington-2
Darlington-3
Darlington-4

825
825
825
825

915
915
915
915

935
935
935
935

904
904
904
904

In-Service
Date Since

In-Service
\

88.0
80.2
84.6

Gross Capacity Factor

1996 1995

83 Feb 01
83 Oct 01
83 Apr 22
84 Jan 20 82.1
96 Dec 02 100

71 Jul 29
71 Dec 30
72 Jun 01
73 Jun 17

83 May 10
84 Feb 01
85 Jan 01
86 Feb 28

77 Sep 01
77 Sep 01
78 Feb 01
79 Jan 18

85 Mar 01
84 Sep 14
86 Apr 10
87 May 22

92 Nov 14
90 Oct 09
93 Feb 14
93 Jun 14

62,
60
69
69.6

76.3
82.0
84.3
83.1

67.4
60.2
72.6
70.5

82.8
80.5
81.4
81.6

81. 8
61.5
90.7
84.2

EFPD* %
4475 82.8
3884 94.1
4234
3882

81.0
92.6

30 100**

5787
5489
6223
5982

3802
3867
3697
3290

4821
4047
5065
4662

3581
3618
3189
2865

1235
1399
1286
1092

67.0
29.1
24.4
25.1

68.0
57.6
45.8
28.9

59.1
(2)
45.3
72.2

75.0
90.5
72.7
92.2

74.8
87.2
96.2
79.3

29
81
83
74.3

44.8
0
60.0
61.9

75.5
78.0
90.5
89.5

48.3
67.5
57.8
41.5

81.5
62.2
83.6
81.4

89.4
90.7
92.2
88.0

1994
%

94.1
97.4
82.6
97.7

20.0
86.6
91.5
88.9

68.7
90.2
82.7
96.8

53.0
53.4
37 i 6

50.6

75.1
86.3
73.7
86.4

62.5
88.2
85.2
91.8

1993
*

95.7
87.2
100.8
90.4

76.7
95.0
75.9
73.6

86.2
60.1
98.5
81.7

46.9
41.8
43.8
4.7

68.8
58.8
78.1
63.0

1992
%

86.8
84.6
86.8
82.6

64.7
90.8
89.8
0

29.9
90.2
83.0
93.5

62.0
4.8

77.9
78.9

85.5
70.4
85.0
72.3

78.7 96.7**
83.3 17.5
89.2**
72.3**

RAPS-1***
RAPS-2***

MAPS-1
MAPS-2

100
200

170
170

73 Dec 16 22.6 1898 0 0 0.9 24.7 9.4
81 Apr 01 59.7 3111 0 0 33.1 73.1 55.5

84 Oct 27 49.6 2361 47.1 5 47.7 31.9 63.8
86 Mar 03 48.9 1994 81.0 20.9 60.1 56.5 39.4

NAPS-1
NAPS-2

220
220

91 Jan 01 36.0
92 Jul 01 48.3

943 67.4
852 71.5

55.4
60.7

0
46.3

19.9
10.3

45.7
66.7**

KAPS-1
KAPS-2

KANUPP

220
220

137

93 May 06 46.9 688 77.1 56.5 8.7 44.3**
95 Sep 01 75.8 466 77.6 70.3**

72 Nov 28 28.6 2520 29.4 43.6 48.8 33.9 45.8

Noter * Equivalent Ful Power Oayt
Groat Capacity Factor for Sia year tinea ki-«e«vica date

~ Grow Capacity Factor it tor electricity • tJeam production
(1) GroMRa^e/Gent%-2i«viMdtx)m6^to875MW
(2) 8ruce-2 taken out <rf tetvice indeflnitaty on 1995 October 8 Rav 97/02/13

Source: CANDU Station Performance Newsletter (December 1996), published by COG
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Table 2 Average Radiation Doses From
Gentilly-2 Releases

1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996

0.0045 mSv
0.0022
0.0105
0.0061
0.0067
0.0073
0.0069
0.0077
0.0095
0.0185
0.0171
0.0128
0.0175
0.0172

1 % of Max Allowable 0.0500 mSv
Max Allowable 5.0000 mSv
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QUALITY ASSURANCE IN CANDU-TYPE FUEL MANUFACTURING
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ABSTRACT
This paper is concerned with fabrication of UO2 pellets from UO2 powder by powder

metallurgical methods (pelletizing and sintering). The effect of ejection to molding
force ratio on the fired pellets properties was studied. It is observed that pellets cold-
pressed at ratio less than 75% is cracked to two parts. The effect of the sintering
temperature on the fired pellets properties was studied. It was found that the sintering
of UO2 pellets at 1650 °C leads to production of pellets within the qualification
requirements.

The data and information available in the ASTM for each step in UO2 pellets
fabrication process and the technical experience (gained or published) are transformed
into a group of logic flow charts (LFC'S). These logic flow charts are collected to
form a module of a software to qualify the sintered pellets and also gives a technical
assistance according to the ASTM for each step in the fabrication process.

INTRODUCTION
A nuclear reactor requires a large number of similar reactor components of identical

and strict specifications (pellets, cladding tubes, fuel rods, etc.). This situation calls for
a very high degree of reproducibility at each production step and for the consistency of
raw materials over long periods of time. This reproducibility can be achieved only by
technological efforts and specific methods of control on the processes and
products (1).

The large numbers of identical items, combined with the requirement for high
reproducibility of processes and products and the relatively short time in the reactor,
lead to the possibility and necessity of establishing a statistical evaluation of process
parameters and product properties. Quality cannot be achieved only by control;
quality must be planned, produced and verified within each processes. Quality is not a
product of formalized actions; it is a consequence of logical approaches on the basis of
scientific and technical understanding of the products and processes under the
limitations of operational requirements (2,3).

The basic objectives of the quality documents includes the following: The quality
assurance plan (QAP), design drawings, technical specifications, process outline, the
quality assurance procedure manual (QAPM), the inspection and test plan,
manufacturing and QC instructions and traveller cards (list followers, route cards).
Each of these terms is clearly defined in the QA literature on nuclear industry (1-5).
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The present work is concerned with fabrication of UO2 pellets from UO2 powder by
powder metallurgical methods (pelletizing and sintering). Also* A program is designed
to qualify each process in the fabrication procedure according to the ASTM (6-13).
The program also gives a technical assistance and explanation for the reasons of
rejecting the pellets.

EXPERIMENTAL WORK

Green pellets production:-
The aim of pre-pressing is to produce UO2 slugs from natural UO2 powder. Press

(Komage K-6) is used to press the slugs and the green pellets. A die of 25mm
diameter is used to produce the slugs (about 25.5 mm diameter). The considered
parameters to be checked and adjusted were: fill position or depth and press settings
(die travel, top punch travel and final pellet length). UO2 powder was pressed at a
molding pressure of 490, 610, and 650 kPa. The slugs were crushed and the desired
particle fraction was obtained by sieving the crushed slugs. The tested sieve sizes are
10 and 12 mesh size. Zinc stereate was added to the granulates (0.02 wt%) and then
blended in a V-blender for 15 min.

The blended UO2 granules are transferred to the press and fed into the die. A die of
15.25 mm diameter is used to produce the green pellets. Final pressing done at 2.6
MPa. The effect of the filling depth, molding pressure and withdrawal pressure were
studied.

Sintered pellets production:
Initially, the green pellets were sintered in a tubular horizontal furnace (Heraus type,

Germany) in hydrogen atmosphere for 2 hours at 1600°C, 1650 °C and 1700 °C ±
20 °C.

Later on, The lab was equipped with a top loading tungsten/ molybdenum furnace
(Material Research Furnaces, INC, MRF, USA) with a maximum operating
temperature of 2000°C. The heating element is a tungsten mesh of 5.0* I.D. x 10.0*
inch height to yield a 4.0* diam. x 8.0* height uniformly-heated usable work space. The
experience gained in the old setting furnace was utilized in qualifying the new furnace.
The operating conditions were; Sintering temperature (1650 ±20 °C), sintering gas
(H2 gas), sintering time (2 hours), and heating and cooling rate (5 °C/min)

Visual Inspection:
Pits, inclusions, chipping of the dished and flat ends and chipping of the

circumferential surface of the each pellet were visually inspected

Density measuring:
The density was measured both geometrically and by immersion in water. The

accepted pellet density should be in the range of 10.6 ± 0.15 g/cm3.
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Microstructure examination:
Sintered pellets for microstructure examinations are taken. A longitudinal cross

section on the diameter of the pellet, was prepared and examined. The mean grain size
was measured. The accepted mean grain size is in the range of 5-30 am.

O/U ratio
The O/U ratio of the sintered density was determined gravimetrically. For more

details, the above measuring techniques are published elsewhere (14).

QACAF - Software
A nuclear reactor fiiel requires a very high degree of reproducibility at each

production step and consistency of raw materials over long periods of time. A software
program is designed to fulfill these requirements and to give a technological
assistance and to control the processes and products.

The prepared flow charts have been transformed into a computer software using
Borland C++ (under Windows) with Object Oriented Programming (OOP). Screen
displays were designed to facilitate with the user. Nested windows containing
successively linked menus that can be accessed by the user appear to be the best
interface. Simple indication of preference using a mouse affords a clear interaction.
The main features of Quality Assurance in Candu Fuel (QACAF) program are given
in Fig. (1). This program is divided into a group of subprograms, each subprogram is
dealing with one subject. All the information and data related to qualification of
processes used in UO2 fabrication published in ASTM are transformed into a logic
flow charts. The logic flow charts also include the technical experience (gained or
published).

The logic flow charts are given in the form of a group of "IF-THEN" rules. The
program covers the following topics; lot acceptance, production of sintered UO2
pellets, Inspection of pellets and the reports related to each process. The program also
define if the produced UO2 pellets are accepted or not and give technical reasons in
case of rejection. Fig. (2) gives an example (Qualification of sintered pellets) of the
logic flow charts which collected to form the program.

RESULTS AND DISCUSSION
Experiments were carried out to study the effect of pressing parameters (filling

depth, lower scale and pressing time) on the sintered pellets properties. The time of
pressing and ejection time was 4 seconds.

The filling depth was calibrated to get green pellets with 20 mm length. It was found
that filling depth with a range of 4.8 ± 0.2 on the filling scale satisfied this requirement.

The effect of the ejection force to the molding force ratio on the sintered pellets
properties was studied. It was found that if this ratio is less than 75%, the fired pellets
is cracked into two pieces.

It was also found that pressing the pellets at a molding force with a range of
4 6 - 5 1 kN resulted in getting sintered pellets satisfying the qualification requirement
(diameter not less than 12.15 mm). The sintering temperature experiments indicated
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that firing the pellets at 1700 °C resulted in pellets with diameters less than 12.15 mm.
Sintering temperature of 1650 °C fulfilling the qualification requirements with respect
the pellets diameter. The average grain size of fired pellets at 1700 °C (8.5 ±0.5) is
less than that of 1650 °C (12.4 ± 0.5) but still in the accepted range.

Experiments were carried out to calibrate the top-loading furnace. The sintered
pellets were qualified using the designed program. In the first experiment, 85% of
sintered pellets were rejected because of the cleanness of the gas. The H2 gas was
cleaned and tried again. For the second run, It was found that 90% of the pellets were
rejected and it was recommended to adjust the ejection to mold force. The pellets were
pressed at a force of 20/40 KN. In the third experiment, the effective heating zone was
calibrated. It was found that the effective heating zone should be 2 inches away from
each heater's ends. The pellets laid 1 inch away from heater's ends were unaccepted
because of the lower density than 10.45 g/cm3. The density was in the range of
10.3 g/cm3. In the fourth experiment, the pellets were pressed at ejection / molding
force of 37/48 KN and the pellets were qualified using the program. The qualification
report of the sintered pellets is shown in Table (1). Consequent runs are being treated
in the same manner.

CONCLUSIONS
• Filling depth with a range of 4.8 ± 0.2 on the filling scale satisfied the requirement

of 20mm green pellets length.
• The ejection force to the molding force ratio should not be less than 75% otherwise,

the fired pellets is cracked into two pieces.
• Pressing the pellets at a molding force with a range of 46 - 51 kN resulted in

getting sintered pellets satisfying the qualification requirement (diameter not less
than 12.15 mm).

• Sintering the pellets at 1700 °C resulted in over sintering, while, sintering at a
temperature of 1650 °C fulfilling the qualification requirement with respect the
pellets diameter.

• In QACAF program, the information required for qualifying each process in UO2
production in accordance with the ASTM have been transformed into a group of
LFC'S and then into a software program. This program also have a technical
assistance for less - skilled personnel involved in powder characterization or
sintered UO2 pellets qualification. This software program can be used on its own as
a substitute of the standards of so many processes and techniques used in fuel
fabrication process starting from powder receiving, characterization, pellets
production and qualification of the production processes and products.
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FIG (1): THE MAIN FEATURES OF THE QACAF PROGRAM.



TABLE (1) THE QUALIFICATION REPORT OF SINTERING PROCESS (EXPERIMENT NO. 4)

Lot No. (001) Container No. (01)
Sintering temperature (1650 °C) He,
Hydrogen flow rate (2.5 L/min) Dat
Measuring carried out by Ins
Pellet
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Foreign
color

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

cracked
to two
pieces

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

Spalled-
off

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

Inner
pellet/oute

r pellet
color

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

No of pellets (040) Green pellets status: (accepted) Purging ga
sting rate (05 °C/min) Cooling rate (05 °C/min) Sintering time: (2hr
e: / /1997 Sintering carried out by:
pection carried out by: Ex

location
in the

sintering
furnace

1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2

pits
chips

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

Length

15.25
15.25
15.24
15.23
15.23
15.21
15.26
15.23
15.24
15.25
15.23
15.23
15.22
15.24
15.24
15.23
15.24
15.23
15.24

Top
diameter

12.30
12.34
12.26
12.27
12.27
12.27
12.28
12.28
12.29
12.28
12.26
12.26
12.25
12.26
12.26
12.26
12.24
12.24
12.23

Middle
diameter

12.19
12.18
12.18
12.21
12.19
12.18
12.17
12.19
12.17
12.16
12.15
12.18
12.17
12.19
12.15
12.16
12.17
12.18
12.19

Bottom
diameter

12.31
12.35
12.26
12.26
12.26
12.26
12.26
12.25
12.24
12.25
12.25
12.25
12.25
12.26
12.26
12.26
12.26
12.26
12.26

Weight

18.810
18.856
18.731
18.808
18.778
18.720
18.756
18.724
18.688
18.703
18.648
18.711
18.676
18.782
18.703
18.671
18.683
18.739
18.777

density

10.47
10.47
10.48
10.50
10.50
10.49
10.48
10.47
10.46
10.47
10.47
10.48
10.48
10.50
10.49
10.47
10.47
10.50
10.51

s: Ar
s)

pertinent No. (4)
grain
size

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

accepted/
rejected

Accepted
Accepted
Accepted
Accepted
Accepted
Accepted
Accepted
Accepted
Accepted
Accepted
Accepted
Accepted
Accepted
Accepted
Accepted
Accepted
Accepted
Accepted
Accepted



TABLE (1) CONT.: THE QUALIFICATION REPORT OF SINTERED PELLETS.

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

2
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

15.23
15.24
15.23
15.22
15.24
15.24
15.24
15.24
15.23
15.26
15.23
15.24
15.23
15.23
15.23
15.23
15.24
15.24
15.23
15.23
15.24

Statistical analysis
Total no. of accepted pellets (cracks): (100%)pellets
Total no. of accepted pellets (density): (100%)pellets
No. of localized accepted pellets (density) (100% )pellets

12.28
12.27
12.21
12.24
12.27
12.22
12.23
12.30
12.30
12.28
12.29
12.26
12.27
12.28
12.27
12.26
12.26
12.24
12.27
12.26
12.26

12.21
12.16
12.18
12.19
12.21
12.22
12.18
12.19
12.17
12.17
12.17
12.18
12.18
12.18
12.18
12.17
12.17
12.17
12.18
12.18
12.18

12.27
12.27
12.26
12.25
12.28
12.28
12.27
12.27
12.27
12.27
12.27
12.28
12.26
12.26
12.26
12.26
12.26
12.26
12.26
12.26
12.26

18.842
18.698
18.681
18.717
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Fig. (2): The logic flow chart of qualification of sintering process
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1. Introduction

Knowledge of fuel element behaviour during off-normal and accidental reactor transients is important for
the safety and licensing of CANDU reactors. In transients such as a large break loss-of-coolant accident
(LOCA), fuel and sheath temperatures increase rapidly due to impaired heat transfer to the coolant, coupled
with a large power peak. This will result in an increase in internal gas pressure and a decrease in the sheath
strength. Ballooning deformation of the sheath will occur once the coolant pressure drops below the
element internal gas pressure, with the potential for sheath failure and subsequent release of fission products
into the reactor cooling system.

ELOCA is a computer code developed to model the thermo-mechanical response and associated fission gas
release (FGR) behaviour of CANDU fuel elements during high-temperature LOCA-type transients. The
latest version, ELOCA.Mk6 is capable of performing an axisymmetric analysis of a CANDU fuel element,
accounting for axial variations in sheath temperatures, metallurgical variables and reactor neutron flux.
ELOCA.Mk6 couples thermo-mechanical analysis with calculations for the formation, diffusion, sweeping,
swelling and release of gaseous fission products from the fuel.

2. ELOCA.Mk6

ELOCA.Mk6 is the latest version of a series of ELOCA codes [1], that combines axial segmentation with an
improved pellet-to-sheath mechanical contact model [2]. Also, ELOCA.Mk6 integrates the FREEDOM [3]
gaseous fission-product release model with the fuel-element thermo-mechanical response. This integration
allows for feedback mechanisms between gaseous fission-product release and swelling, and the
thermo-mechanical response, thereby providing a more realistic modelling of overall fuel element
behaviour.

ELOCA.Mk6 accounts for the following thermo-mechanical and gaseous fission product release (FGR)
phenomena:

Expansion, contraction, cracking, and melting of the fuel,
Variations in the element internal gas pressure,
Changes in the fuel-to-sheath heat transfer,
Deformation of the sheath,
Zr/H2O chemical reaction,
Beryllium-assisted cracking of the sheath,
Fission gas formation and loss by decay and neutron capture,
Grain growth,
Fission gas diffusion,
Grain boundary sweeping of fission gases,
Fission gas release by bubble growth and grain face separation, and
Fission gas swelling.
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EL0CA.Mk6 extends the capability of ELOCA to model element behaviour after sheath failure [4]. The
post-failure phenomena included are:

Element depressurization upon sheath failure,
Changes in gap conditions due to steam ingress,
Fission gas transport along the fuel-to-sheath gap and release to the coolant at the failure
location, and
Behaviour of a pre-defected element under LOCA conditions.

Other new features and improvements include:

Optional sheath oxide-strengthening based on the TOSS model [5],
Sheath failure due to oxygen embrittlement,
Effect of pellet-bottoming on fuel-to-sheath heat transfer,
Improved ELESIM-ELOCA interface,
Option to calculate release of user-specified gaseous isotopes,
Improved speed and robustness,
Capability to run on VAX/VMS, APOLLO/UNIX, HP/UNIX, IBM-RISC/UNIX and PC
systems, and
Consistent internal documentation for each module,

ELOCA.Mk6 also allows a fuel element to be subdivided into a maximum of 20 axial segments.
Segmentation is used to account for axial variations in thermalhydraulic conditions, element power, Zircaloy
microstructure, fuel physical state, fuel-to-sheath heat transfer, and sheath oxidation and deformation. The
axial segments are connected through a mechanical contact model, while the heat conduction equation is
solved independently for each axial segment. The internal gas pressure assumes rapid pressure equilibration
and thermodynamic equilibrium which allows the ideal gas law to be used to calculate the overall element
gas pressure from the moles of gas at different temperatures in the free volumes of all the segments.

Fuel and sheath temperatures are calculated using a semi-implicit (Crank-Nicholson type) finite-difference
method where the fuel element is subdivided into a maximum of 100 concentric radial annuli. The method
accounts for radial conduction (assuming axial symmetry) of heat through the fuel element (composed of
UO2 pellet, radial pellet-to-sheath gap and sheath), and includes heat generation from the Zircaloy/steam
chemical reaction and the effects of latent heat of Zircaloy phase change and UO2 melting. The sheath-to-
coolant heat transfer coefficient is an input to the code and comes from a thermal-hydraulic code (as
discussed below, ELOCA can be coupled with a thermal-hydraulic code can be done within an integrated
code system). As well, the heat generation rate is supplied as an input by a dynamic reactor-physics code.

The pellet-to-sheath mechanical contact model calculates the stresses generated when straining is imposed
by mechanical contact between fuel pellet and sheath, either radially, axially, or both directions
simultaneously. When there is no mechanical ontact, the strain rate is calculated based on stresses
determined by the internal gas pressure and the outside coolant pressure (which is the second input required
of a thermal-hydraulic code) and derived according to the thin membrane model.

The sheath plastic deformation model uses a strain-rate constitutive equation. It is a microstructurally based
model that includes the effects of grain size, recrystallization, phase change and hardening/recovery on the
creep rate [6]. The latter processes are represented in the model by an internal stress parameter.

Sheath oxide-strengthening and the effect of pellet bottoming (eccentricity) on fuel-to-sheath heat transfer
were two of the new features implemented in ELOCA.Mk6. They are discussed further below.

3. New ELOCA.Mk6 Features
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The models for sheath oxide-strengthening and pellet bottoming are briefly described and simulation results
presented for demonstration purposes.

Sheath Oxide-Strengthening

The sheath oxide-strengthening model implemented in EL0CA.MK6 is based on the work of Sagat et al. [5]. It
can be divided into three separate components. The first component deals with uncracked oxide and allows for
a reduction of the stress in the substrate by the amount of the applied stress that may be supported by the intact
oxide layer. The second component describes the opening of cracks in the oxide layer and the development of
their geometry, as well as their contribution to the total creep strain. The third component covers the
strengthening effect of dissolved oxygen in the a-Zr layer through the use of an empirical correction factor.

Uncracked Oxide

The first component of the model, describing the load supporting ability of the uncracked oxide layer, is based
on the assumption that this layer is made up of a purely elastic material.

Upon formation of the oxide layer, a compressive strain is introduced in the oxide layer, known as the
"formation strain", Sf. This is due to the lower oxide density, which results in a volume expansion of the oxide
layer.

The stress applied to the oxide layer is then given by:

a0 = E(so-Sj) ^

where
So = average strain across the oxide due to substrate deformation,
E = Young's Modulus.

A force balance across the sheath cross-section yields the stress applied to the metal substrate layer as:

wo+wm wo

(2)w w

where
Wo = thickness of the oxide layer,
Wm = thickness of the metal substrate,
a8apP

 = applied hoop stress due to external load.

If a e jpp and <re are of opposite signs, then the oxide layer supports the applied stress and creep will not occur. In
this case, the creep strain rate is set to zero.

If, however, these two stresses act in the same direction, then the strain rate is calculated such that both the
oxygen-rich a-Zr layer and the metal substrate layer are subjected to the same strain rate. This calculation is
performed numerically with the creep rate of the a-Zr layer being corrected for strengthening due to increased
oxygen concentration, as described below. The procedure consists of iteratively splitting the applied stress, as
given by Equation (2), into two components until the two creep strain-rates are equal within a convergence
limit.

Oxide Cracks and Resulting Sheath Deformation



181

Oxide cracking is deemed to start with a single crack when the average strain imposed on the oxide layer
exceeds 1.8% and to reoccur by doubling the number of cracks with every additional 0.5% average strain. A
maximum number of 12 families of cracks is allowed based on experimental data [5].

If a crack has just opened, then an initial crack width of zero is assigned. The depth of the crack is a function of
sheath temperature. For temperatures less than 1083 K (temperature at which the alpha to beta phase change
begins), the crack depth is assumed to be zero. For higher temperatures, the crack depth, dcrach is defined as a
function of the a-Zr layer thickness and is proportional to the oxygen penetration, which leads to the following
relation:

-crack \ n

L (3)

where
Dozr = diffusion coefficient of oxygen in the a-Zr layer,
W^r = thickness of a-Zr layer,
CaZr = parabolic rate constant for the growth of the a-Zr layer.

For existing cracks, a number of crack parameters under the crack tip are defined, including gauge length, lg

and stress, a^.:

lg = (Wzrc + WaZrc) eXpf- SOc)

= creWm
s (5)

where
WZrc = thickness of metal substrate under the crack tip,
WaZrc=thickness of a-Zr under the crack tip,
SQ,. = strain under the crack tip, estimated from the previous time step.

The thickness of the beta-Zr substrate (excluding the a-Zr layer) under the crack tip is diminished by the
growth of the a-Zr layer, while the crack width expands according to:

= 2lg(dsc/dt-ds,oc/dt) „ .

In the above relation, sc is the strain at the tip of the crack, calculated using the stress given by equation (5).

Finally, the contributions of all crack widths are summed with the contribution of the strain away from the
cracks to obtain an average sheath strain to be used in further calculations by the code.
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Strengthening Effect of Dissolved Oxygen

It is known that oxygen dissolves in the Zircaloy matrix as an interstitial and has a strengthening effect on its
deformation[5]. This effect must be considered for the oxygen-rich a-Zr layer that forms underneath the oxide
layer.

The following empirical correlation has been derived from experimental data, to describe the correction factor
on the cc-Zr creep, which depends on C[wt %], the local oxygen concentration [5]:

(7)

Since, the oxygen concentration varies in the cx-Zr layer, the global effect is calculated as the integrated
average, assuming that creep is uniform throughout the cc-Zr layer and that the total load is distributed to satisfy
this condition of uniform creep. Using a stress exponent of 5.3 for the creep of a-Zr the following relation can
be derived for the average correction factor, to be applied to the a-Zr layer as a whole:

i Y3

K J (8)

Figure 1 shows results from a simulation of the CANDU/PBF[7] test using the oxide strengthening
capability implemented in ELOCA.Mk6. Calculated plastic hoop strains, with and without oxide
strengthening, are compared to the measured values. The calculated plastic hoop strains underpredict the
measured strain in the upper-half of the element and overpredict the measured strain in the lower-half.
However, use of the oxide-strengthening option results in a strain profile that better captures the shape of the
measured profile. The average strain calculated with the oxide-strengthening option is in good agreement
with the average measured strain (10.7% versus 11.8%).

Effect of Pellet Bottoming

Pellet eccentricity (commonly called pellet bottoming) affects the fuel-to-sheath heat transfer, which in turn
changes the thermal-mechanical response of the fuel element and the fission gas release. A model was
implemented in ELOCA.Mk6 that calculates the effective fuel-to-sheath heat transfer coefficient under
pellet-bottoming conditions.

The model accounts for the eccentricity by including the local gap width in the local gap conductance
calculation for any angle:

Cr + Cc + Ct + d ( l - cos6>)

where:

kg - gas thermal conductivity
Cr - accounts for fuel and sheath roughness
Cc - accounts for the CANLUB effect
Ct - temperature jump distance
d - rs - rf (rf is the pellet radius and rs is the sheath inner radius)
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For a fully eccentric case, the eccentricity offset will equal d.

The effective gap conductance is defined as a circumferentially averaged value and is calculated as:

where f̂  is

f
Xecc

1
In

\

p %{0)d0

h,

cr + c

a

d

the eccentricity factor:

J
\

\

1

cr

\ 2

C, + dj

d V+ ct + d)

(10)

(11)

and hn is the nominal gap conductance calculated for a concentric pellet and cladding:

kg

K - \ + Cc + Ct + d

The results of a test run with for pellet-bottoming are compared with that of a reference case (concentric
pellet) in Figures 2 to 5. Starting from t = 900 s when a fuel-to-sheath gap is formed, a higher fuel-to-sheath
heat transfer coefficient and a lower fuel temperature are observed for the pellet-bottoming case (Figures 2,
3). The lower fuel temperature, in turn, results in less fission gas release (Figure 4) which contributes to a
lower gas pressure in the gap, and finally, to a lower sheath strain.

4. ELOCA.Mk6 Development

4.1 Subroutine Version of ELOCA.Mk6

A subroutine version, ELOCA.Mk6 Modi, was developed from ELOCA.Mk6 ModO for use as the fuel
model with thermalhydraulics codes such as ASSERT or CATHENA. As a result, the feedback between
various phenomena and processes in a fuel channel can be better modelled. A series of interface modules
were developed to coordinate the mapping and transfer of information between the separate codes. The
temperature solver in Mk6 Modi was supplemented by a two-dimensional (2-D) finite control volume
(FCV) temperature solver, TEMDRTV, as required for the 2-D treatment of the radiative heat transfer in a
channel.

Interface

The approach taken to coupling ELOCA.Mk6 to thermalhydraulics codes as a subroutine required minimal
changes to both codes while allowing flexibility for application to other code systems. The result was a
code coupling architecture involving several interface routines. Interface routines were written in
FORTRAN-77 to allocate memory for multiple ELOCA applications, to process thermalhydraulic boundary
conditions from a given thermalhydraulics code, and to feed back the calculated temperature, geometry, and
other desired output parameters from ELOCA. The overall structure of the interface is flexible enough to
accommodate different modes of operation and new features resulting from the future development of the
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component codes, with minor effort. When used as a subroutine, the specification of the ELOCA input is
handled by the thermalhydraulics code.

A driver program was written for the ELOCA interface to allow the subroutine version of ELOCA to be
used as a standalone program.

Two-Dimensional Temperature Solver

The 2-D FCV temperature solver, TEMDRIV, allows the circumferential variations in fuel temperature to be
calculated. It uses an alternating direction implicit (ADI) solver to solve the FCV equations and has
modifications for improved convergence and robustness (i.e., implicit over-relaxation of temperature).
TEMDRIV also includes models for the following phenomena: material properties for UO2, Zr, ZrO2, and
Graphite; latent heat effects due to phases change; pellet bottoming; latent heat effects due to UO2 melting;
and heat generation in the sheath from the metal/water reaction.

4.2. Other Recent Developments

Additional ELOCA.Mk6 development has focused on enhancing its fission gas release capability through
segmentation of the FREEDOM model and by modelling FGR in oxidizing environments.

Segmentation

Currently, as for its thermo-mechanical calculations, ELOCA can perform a FGR simulation for up to
twenty axial segments. The FREEDOM FGR model has been extended to handle axial segments allowing
the effects of axial variations in fuel power and geometry on FGR to be modelled.

Fission Product Release in an Oxidizing Environment

Additional development work in the FGR area has been concerned with implementing in ELOCA the
capability to model fission gas release in an oxidizing environment. To this end, the Turnbull et al. model
[8] of the effect of hyperstoichiometry of UO2 on the diffusion coefficient of fission products has been
implemented, with a UO2 oxidation model from experimental measurements made at AECL [9]. The latter
model is applied to each annulus in the pellet independently. Further work will provide a model for
coupling between the pellet annuli to account for oxygen diffusion in the concentration and thermal
gradients existing across the pellet.

6. Conclusions

ELOCA is a full-featured fuel code that has been continuously improved through the development and
implementation of new features as presented here.

Further improvements being considered for ELOCA include upgrades of the FROM.SFD oxidation module,
and replacing the FREEDOM numerical solution with an analytical solution. Nevertheless, the emphasis in
the near future will be on validation of ELOCA.Mk6 according to a rigorous and formal methodology,
known as the Validation Matrix Methodology.

7. References

[1] H.E. Sills, "ELOCA Fuel Element Behaviour during LOCA," AECL Report, AECL-6357, 1980.

[2] V.I. Arimescu, "An Elasto-Plastic Model for Mechanical Contact Between the Pellets and Sheath in
CANDU Nuclear Fuel Elements," AECL Report AECL-10426, 1991.



1 8 5

[3] L.D. MacDonald, D.B. Duncan, B.J. Lewis and F.C. Iglesias, "FREEDOM: A Transient Fission-
Product Release Model for Radioactive and Stable Species", AECL Report AECL-9810, 1988.

[4] Z.W. Lian, L.N. Carlucci, and V.I. Arimescu, "Convective-Diffusive Transport of Fission Products
in the Gap of a Failed Fuel Element," AECL Report AECL-11134, 1994.

[5] S. Sagat, H.E. Sills and J.A. Walsworth, "Deformation and Failure of Zircaloy Fuel Sheaths under
LOCA Conditions", AECL Report AECL-7754.

[6] H.E. Sills and R.A. Holt, "NIRVANA, A High Temperature Creep Model for Zircaloy Fuel
Sheaths", AECL Report AECL-6412, 1979.

[7] E. Kohn, PJ. Fehrenbach and J.H.K. Lau, "CANDU Fuel Behaviour Under LOCA Conditions,"
AECL Report, AECL-9788, April 1989

[8] J.C. Killeen and J.A. Turnbull, "An Experimental and Theoretical Treatment of the Release of
Kr85 from Hyperstoichiometric Uranium Dioxide", Workshop on Chemical Reactivity of Oxide
Fuel and Fission Product Release, April 7-9, 1987

[9] D.S. Cox, Z. Liu, P.H. Elder, C.E.L. Hunt, and V.I. Arimescu, "Fission Product Release Kinetics
from CANDU and LWR Fuel During High-Temperature Steam Oxidation Experiments", Technical
Committee Meeting, Pembroke 1992, IAEA-TECDOC-697, April 1993.



1 8 6

35

30 --

- 2 6

oo

o 15 i
X5
J2

10

5

0

_^-B_OCA.Mk6(no oxide)

_._BLOCA.Mk6(oxide)

——Measured

100 150 200 250 300

Axial Position (mm)

350 400 450 500

Figure 1: Comparison of ELOCA.Mk6 Calculated Plastic Hoop Strain (with and without
oxide strengthening) with Measured Values for CANDU/PBF

—Mkttief)
-«-Mfc6(PEBD

1000 1500 2000

Hme(t)

2500 3000 3500

Figure 2: Comparison of Fuel-to-Sheath Heat Transfer Coefficients under Pellet Bottoming and
Concentric Conditions



1 8 7

3000 T

S 2500 +
c

1
g. 2000-
«

J 1500 -

1000 +

500 - t -

Mk6(ref)
MK6<PEBT)

•+•

Figure 3:

500 1000 1500 2000 2500 3000 3500

Tlmefe)

Comparison of Average Fuel Temperatures under Pellet BQttoming and Concentric
Conditions

7 0 ••

60-

!
8 * o -
c

35 20 ;

10--

0

Figure 4:

-4-

SOO 1000 1500 2000

Time (s)

MK«PEBT)

2500 3000 3500

Comparison of Stable Gas Releases to the Gap under Pellet Bottoming and Concentric
Conditions



188

UNDERSTANDING CANDU FUEL BOWING IN DRYOUT: AN INDUSTRY
APPROACH

E K 0 H N CA0000109

Ontario Hydro
700 University Avenue, HI 1

Toronto, Ontario, Canada, M5G 1X6

R.HU

Hydro Quebec, Section Analyse
1155 Metcalfe Street, 8th Floor, Suite 880

Montreal, Quebec, H3B 2V6

G.I.HADALLER, AND R. A.FORTMAN

Stern Laboratories
1590 Burlington Street

Hamilton, Ontario, L8H 3L3

ABSTRACT

Fuel element bow induced by dryout could potentially perturb the coolant flow distribution and
heat transfer from the fuel element to the coolant. Some accident scenarios leading to dryout of
the fuel element are: loss of power regulation, pump trip, pump seizure, small and large break
loss of coolant accidents. In these accidents, it is desirable to show with confidence that the fuel
remains sufficiently cooled to maintain its geometry, even if it is in dryout. This can be
demonstrated if fuel elements are separated from each other and from the pressure tube, with a
sufficient (and stable) gap. Therefore, the prediction of the amount of bow, and its effect on
heat transfer conditions is required for the assessments.

The utilities have joined force in launching an experimental investigation at Stem Laboratories
to characterize the bowing phenomena.

This program will investigate the amount of deflection, transient and permanent, that results
from accident conditions which cause a dry patch on one side of the sheath. This is expected to



189

bound the consequences of fuel bowing due to dryout. Since the accident transients begin at full
power and high coolant pressure (about 10 MPa) they generate sharp thermal gradients (dry
patch) and it is necessary to develop a simulation with representative dry fuel sheath conditions
initiated from a normal full power and coolant state.

The amount of bow is driven by thermal gradients in both the fuel pellets and the sheath,
therefore, the thermal gradients should be representative. This program is structured in a series
of tests progressing from simple representation to complex simulation. It is divided into 3
experimental phases:

Phase 1 Thermalhydraulic simulation of fuel element bow by a heated tube.

Phase 2 Thermal and mechanical bow with a simulator which accounts for pellet / fuel
sheath interaction with internal pellet temperature distributions,

Phase 3 Fuel element bow with a simulator using Zircaloy-4 fuel sheath and internal
heater with UO2 fuel pellets.

This paper describes the strategy of the program and presents some of the test results from
Phase 1.

1. INTRODUCTION

This paper describes some of the background understanding of fuel element bow, the concerns
that it causes in safety analysis, and the experimental program developed by the Canadian
utilities to quantify the degree of bow under dryout conditions which might occur in safety
analysis.

The amount of fuel element bow is important to both safety and plant operation. The concern
in safety assessments is that the phenomena of fuel element bowing introduces an uncertainty in
the predictions of fuel temperatures in licensing based accident scenarios. The purpose of the
experimental program is to characterize the bowing phenomena with sufficient confidence such
that statements can be made and used in assessing the safety and operational impact of fuel
element bowing under dryout conditions. These statements are expected to be sufficiently well
supported by the experimental evidence that they can be generally applied to all CANDU
designs.

Fuel element bow is induced by dryout conditions. In a CANDU fuel bundle, the bow causes a
change in the sub-channel coolant flow areas and could potentially perturb the coolant flow
distribution and heat transfer from the fuel element to the coolant. If this perturbation is large, it
could lead to over-heating of the fuel and increases the potential for fuel deformation and
melting. If fuel elements are separated from each other and from the pressure tube, with a
sufficient (and stable) gap, the heat will be removed and the fuel integrity is maintained.
Therefore, the prediction of the amount of bow, and its effect on heat transfer conditions is
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required for the assessments. For plant operation, it is also necessary to show that the plant is
'fit for service' after process upsets that are within the design capability of the plant, such as in
the case of a loss of class IV power, hi many of these types of events, before the second
shutdown system trip is initiated, the fuel could be in dryout for a brief period of time.
Therefore, it is important to show that no permanent damage has been done to the fuel and that
the fuel can be considered to be fit for continued use.

The overall objective of the program is to ensure the consequences of fuel element bowing is
clearly defined. A prerequisite in safety analysis, is to demonstrate that fuel element bowing
will not result in fuel to pressure tube contact (a sufficient, but not a necessary condition). The
utilities have undertaken to support COG programs (in working parties #7, 8 and 9) which
should validate our understanding of the fuel element lateral deflection caused by realistic fuel
dryout conditions, assess the changes in thermal hydraulic conditions that may result, and
determine the degree of bow-thermal-hydraulic feedback that may exist.

2. BOW MECHANISMS AND CHF TESTS

2.1 Fuel Element Bow Mechanisms.

Fuel element bow is the result of a change in the axial strain around the circumference of the
element. If one side of the element becomes longer because of thermal expansion, then bowing
occurs towards that side. If the thermal gradient is linear across the section, then there are no
internal stresses built up within the material. However, if a non-linear thermal gradient exists,
stresses will result. The magnitude and non-linearity of the thermal gradients may result in
stresses beyond the yield stress of the material. If the material is at high temperature and creep
occurs (this may occur in a period of days at normal sheath temperatures of about 330°C, or
seconds at a temperature of about 700 °C), the stresses may cause permanent creep strains and
permanent bow.

Normal fuel operation may cause thermal gradients within the UO2 fuel pellet and the sheath,
(power gradients across the fuel from neutron flux gradients) hence the fuel element bows. If
the sheath is stressed and creeps or deforms as a consequence, the permanent strain results in a
"set" of the bow. These bows are small and of little concern.

In accident situations resulting in dryout at full power, thermal gradients could become large
around the circumference of the fuel element. In the sheath portion where dryout occurs and
heat transfer to the coolant is degraded, the predicted fuel sheath temperatures are much higher
than the sheath portion that remains wetted by the coolant. Therefore, the amount of bow is
larger than for normal operating conditions. There is also a strong potential for a permanent
bow because of the higher temperatures, increased plasticity of the sheath and the more severe
fuel to clad interactions. However, the duration of the transients may be short enough that the
permanent bow is negligible.
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Under degraded cooling conditions at decay power, heat transfer is mainly to the moderator
heat sink through the pressure tube boundary resulting in radial temperature gradients across the
fuel bundle and its elements. These cases result in a nearly linear thermal gradient across the
element because of heat conduction through the element (rather than the strong heat generation
and convective heat transfer at the element surfaces in post dryout under full power conditions).
Consequently, the thermal stresses induced within the sheath material are small.

The potential for permanent deflection is thus dependent on the stress developed in the sheath
and the duration of the transient. The mechanical stress in the sheath is a result of stresses
imposed from either the UO2 fuel, the constraints of the geometry, or the thermal gradients
within the material. Bow and fuel element deflections are restricted within the bundle and
channel by the constraints imposed on them by spacers, bearing pads, adjacent fuel elements,
and / or pressure tube boundary. These constraints will translate some of the thermal bow into
sheath stress. As discussed previously, UO2 and non-linear sheath thermal gradients can impose
stresses on the sheath . Hence, permanent bow can result from creep and plastic deformation of
the sheath.

The permanent direction of bow may be in the opposite direction of the hot dryout bow after it
returns to normal cooled conditions. This depends on the stress magnitude, thermal conditions,
and stress relaxation at high temperature. Bow reversal can occur because the transient bow is
set at temperature and on re-cooling, a greater contraction of the previously hot side occurs,
reversing the bow direction.

Past programs at AECL-WL(l) have focussed on the bowing deflections of fuel elements
caused by heating methods which resulted in linear temperature gradients across the element.
That program demonstrated that a simple tube deflection model would give good agreement
with the experiments if the UO2fuel pellet to sheath clearance was large, i.e. there was little
interaction between them. However if there was significant UO2 fuel pellet-to-sheath
mechanical interaction, the amount of bow was significantly increased, and it also resulted in
permanent creep deflections. For example, at a differential temperature of 300°C across the fuel
element simulator, the amount of deflection was 0.7 mm with loose pellets (similar to a
calculated tube deflection), and 1.6 mm with tight-fitting pellets and high eccentric heating (on
the 0.25 m measurement length). Thus the fuel pellets are responsible for a significant amount
of bow, and stress on the fuel sheath. Therefore, the thermal conditions of the pellet are critical
to assessments, as well as the fuel pellet-to-sheath contact pressures.

The effect of the thermal gradient in causing bow is complicated because the fuel element is
not a single solid. The UO2 fuel pellets form a fuel stack which has some axial and
circumferential clearance from manufacture. During operation, the fuel pellets expand and
coolant pressure causes the sheath and pellet to be in tight contact. The thermal coefficient of
expansion of the UO2 is greater than the Zircaloy-4. Thermal gradients within the UO2 fuel
pellet and the sheath, as a result of the dryout conditions, form the driving forces for the
deflections. Therefore, axial and circumferential heat transfer, expansions, and interactions
between the pellet and sheath, the element and bundle, and the bundle and pressure tube should
all be considered.
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2.2 CHF Test Results.

The full scale CHF tests conducted at Stern Laboratories Inc.(2) have shown the extent of dry
patches as the bundles were overpowered beyond the onset of dryout. The fuel element dryout
occurred first just upstream of an end plate or a spacer plane. The dry patch tended to spread
axially, and around the circumference. Even at overpowers of 14.5% at a flow of 17 kg/s, the
dry patch of an element extended only to about 120 mm, less than halfway toward the mid
spacer plane of the bundle from the downstream end. There are up to two sets of dry-patches on
each element, one extending from the endplate, one extending from the mid-plane; the two
patches may counteract the deflections. Up to half of the circumference of an element was in
dryout and the maximum observed temperature was below 600°C. The limited axial extent of
dryout could be expected to result in only a small amount of element bow. Thus the extent and
temperatures of dryout should be carefully considered in the evaluation of the bow of the
element in fuel bundles in transients.

3. EXPERIMENTAL PROGRAM PLANS

This program will provide the tools to estimate the amount of transient and permanent
deflections that results from accident conditions which cause a dry patch on one side of the
sheath. Those conditions generate non-linear thermal gradients while the coolant pressure is
high (up to about 10 MPa) due to a transient beginning at full power. Thus, it is necessary to
develop a simulation representative of fuel sheath dryout conditions; where realistic coolant
forces are applied to the element, which results in non-linear thermal gradients around and along
the length of the element.

The program is divided into 3 phases:

Phase 1 Tubular element hydraulic simulation and thermal conditions in dryout. It will
determine the bow of a tube based on the sheath temperature gradients. These
tests quantify the sheath surface temperature field in the assembly using direct
resistance heated elements so that this field can be used in the subsequent phases
of the program. This will provide the input conditions which will then be used to
infer the thermal conditions of the sheath in subsequent tests with fuel simulators.
The resistance heated tubular fuel element allows a full thermal map to be
developed using thermocouple assemblies which move axially and
circumferentially, inside the heated elements.

Phase 2 Fuel element bowing in realistic dryout conditions. This test will account for
pellet / fuel sheath interaction with internal pellet simulation. A ceramic pellet
(probably ZrO2) with a central heater will be used to develop the required power
to simulate the fuel expansion behaviour. A Zircaloy-4 fuel sheath with
CANLUB will be used, and this sheath may be resistance heated to generate the
total power necessary to cause dryout. The thermal distribution of the sheath will
be inferred from phase 1 and calibrated to a small number of fixed position
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thermocouples in these simulators. The bow is expected to be similar such that
additional corrections will not be required (The difference between the thermal
feedback between the two types of simulators, Phase 1 and Phase 2, is expected to
be small since the difference in the magnitude of bow is expected to be similar).

Phase 3 Evaluation of Zircaloy-4 element bowing. This will account for the thermal
properties of UO2 and internal gas pressure. This utilizes a fuel simulator using
Zircaloy-4 fuel sheath and internal heater as above, but with UO2 fuel pellets.
UO2 is required for simulating "real" fuel, but it is experimentally much more
difficult (low UO2 thermal conductivity may result in high inner heater
temperatures, possible element failure and loop contamination).The situation will
be re-evaluated after the second phase of the program is completed. This will
provide a simulator which has the mechanical interface of as manufactured fuel
(including CANLUB). Several experiments may be required to explore a range of
differential pressures across the fuel sheath (i.e. to simulate fuel of high burnup
and gas release, and fresh fuel with little internal gas pressure).

The Phase 2 and 3 tests will provide a reasonable simulation of the effects of coolant pressure
on fuel sheath and fuel pellet interactions. The intent is to conduct the tests over a wide range of
experimental conditions of coolant flow and pressure, so that they are applicable to the safety
analysis. However, as the program proceeds into Phases 2 and 3, the power limitations may
necessitate the experiments to be conducted with lower flows and "aggressively" achieve dryout
at lower heater powers. Nevertheless, the small but significant database can be used to validate
models and analysis methodology.

The following table shows how out- and in-reactor tests compare in their ability to simulate the
CANDU fuel element dryout. Some judgments are made in the table on the available
experimental techniques to do the tests.

Conditions for dryout

Measurements of thermal
distribution

Measurements of
deflection

Thermal hydraulic
feedback

Fuel performance feedback

OUT-REACTOR TESTS

yes
yes, by correlating spot
measurements to previously
calibrated tube distributions.

yes

yes

simulation

IN-REACTOR TESTS

yes
inference from spot
measurement

no

yes

real

The out-reactor tests provide a more complete measurement of the thermal distribution from
well calibrated tubular test assembly. The use of bow measuring devices will provide
deflections caused by the measured thermal distribution. However, since fuel element
simulators are used, the properties of a real fuel element has to be inferred by relating the
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simulated material properties to U02 fuelled elements. There are no phenomena associated with
in-reactor testing which are not incorporated in the out-reactor tests.

It is well understood that simultaneous measurements of the thermal distribution and bow can
not be provided with current state of the art instrumentation in-reactor tests. Achieving high
reliability of instrumentation in fuel experiments in-reactor is extremely difficult and expensive.
Moreover, direct measurements of fuel temperatures on the sheath surface and bow measuring
devices will perturb the flow and change the dryout characteristics, thus making the amount of
bow attributable to the thermal distribution of dubious value.

4. PRELIMINARY PROGRAM TEST RESULTS

Two series of tests have been completed as part of Phase 1 of the program at Stern
Laboratories Inc. These tests were designed to qualify the apparatus for dryout experiments.
Secondly, they explore the range of conditions that could be used in Phases 2 and 3 simulator
experiments.

VRADIAL

4.1 Test Conditions.

The Phase 1 experiments were designed to investigate the CANDU element bow under similar
conditions to those in full scale CANDU fuel. The test geometry consisted of a 1.5 m long
directly heated tre-foil fuel element simulator string. Each simulator consisted of three 0.5 m
long simulators of Inconel 718 tube with internal sliding thermocouples in the downstream
section. These tests quantify the sheath surface temperature field in the assembly using direct
resistance heated elements so that this field can be utilized in the subsequent phases of the
program.

The tre-foil is installed in a pressure housing with
internal ceramic liners (insulators) which were
designed to simulate the internal geometry of a
CANDU 37 element fuel bundle. The hydraulic and
heated equivalent diameters were 4.5 mm and 8 mm,
respectively. The average of these is nearly the same
as that of CANDU 37 element fuel, 6.3 mm. A cross
section of the assembly is shown in Figure 1.

One downstream element is instrumented at two
axial planes with LVDT probes, one at the mid plane,
and one at the 1/4 plane to measure the lateral
deflection and resolve into tangential and radial
components. This element operates at 10% higher F'S"™ l: CROSS SECTION
power than the other elements to ensure that dryout <looldns <»<»™treani)
occurs.
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The test loop provides a simulation of full reactor pressure, temperature and mass flux
conditions. The 2.5 MW direct power supply was sufficient of inducing the dryout conditions
over a wide range of selected mass fluxes. Two test conditions were chosen:

Table 1: TEST MATRIX

Test

1

2

Inlet Sub-Cooling
(temperature)

°C

5(298)

5 (298)

Mass Flux (kg.m^.s"1)
(equivalent CANDU
channel Flow kg.s'')

2000 (7.7)

1000 (3.84)

Predicted CHF1 kW.m"2

(Linear Power kW.m"1)

1350(55)

1040 (43)

Exit
Pressure

MPa

9

9
notes: 1) CHF power levels predicted using the Groeneveld look up table (3).

The test conditions were maintained constant and dryout was approached from lower power
with the thermocouples placed at the expected dryout locations. When dryout occurred, the
temperatures were scanned to confirm the location of the maximum temperature. The string
power was then incrementally increased in steps of 2% until about 10% overpower was reached.
At each step the temperatures were scanned to map the temperature distributioa While this was
taking place, the element displacements were also recorded.

4.2 Test Results and Discussion.

As expected, the preferential location of dryout patches were just upstream of the endplate
plane in both series of tests. Figures 2 and 3 show maps of the dryout patch for the two tests.
The figures show that the lower mass flux test has a dry patch approximately 10 mm longer for
nearly the same over power condition beyond the initial dryout power. Note that the actual
element power for Test 1 is nearly 30% higher.

Figures 4 and 5 show the radial and tangential bow deflections versus the peak temperatures
recorded. These figures show that the element bowed in the direction of the dry-patch that
occurred facing the inner subchannels in Test 1. The maximum displacement, resolved from
both the radial and tangential components of displacements, in Test 1, is -0.64 mm with a
maximum dry-patch temperature of «640°C. Similarly in Test 2, a maximum displacement of
-0.61 mm was measured at =600°C. In Test 2, the figures show that the element bowed
downward in the direction of the dry-patch which had formed adjacent to the sub-channel
between element 3 and the ceramic liner wall. The different locations of initial dryout may be
correlated to the flow regime condition in each test for horizontal channels; Test 1 is in
homogeneous annular flow, whereas Test 2 is in stratified annular flow(3). A small residual
bow of 0.11 mm was measured at the downstream end of the element after the maximum
temperature condition had been removed, for Test 1. Post test examination confirmed the degree
of permanent deflection, although on dis-assembly, the constraint condition of the channel was
removed and the measured element bow was not the same as the in-situ bow.
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5. SUMMARY

The utilities, through jointly supported COG programs (in working parties #7, 8 and 9) are in
the process of validating our understanding of the fuel element lateral deflection caused by
realistic fuel dryout conditions. This program has started to quantify the effects of dryout
induced bow. For dryout temperatures of 600°C, the bow was about 0.6 mm, for the test
conditions chosen and with inconel tubular heaters. This is an indication of the transient bow an
element could experience under severe temperature gradients. No significant feedback on CHF
characteristics was noted at this magnitude of bow.
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The Parallex Project consists of a parallel experiment in which weapons-derived
plutonium (WPu) from the United States and from the Russian Federation will be tested
as mixed-oxide (MOX) CANDU® fuel in the National Research Universal (NRU) reactor
at the Chalk River Laboratories in Canada. Plutonium derived from excess weapons will
be fabricated into CANDU MOX fuel at the A.A. Bochvar Institute in Moscow and at the
Los Alamos National Laboratory in the United States. The MOX fuel will be transported
to CRL, where it will be characterized, assembled into fuel bundles and then irradiated in
the NRU reactor. Following irradiation, the fuel will be examined in hot cells to assess
its irradiation performance. This paper describes the scope, rationale and current status of
the Parallex Project.

BACKGROUND AND INTRODUCTION

The end of the Cold War has created hundreds of tonnes of surplus weapons-usable fissile
materials in both the United States and the Russian Federation. In 1994, the US National
Academy of Sciences (NAS) warned that the vast excess stocks of fissile material (highly
enriched uranium and plutonium) pose a "clear and present danger" to international
security and non-proliferation because of risk of theft or diversion [1]. The NAS
recommended achieving as-soon-as-possible disposition of the excess plutonium (Pu) to a
"spent fuel standard". To achieve this standard, the Pu must be placed in a form in which
it is at least as difficult to recover for weapons use as is the Pu in spent fuel from
commercial reactors.

The US Department of Energy (USDOE) has been evaluating several options for the
disposition of excess Pu. One of the options being considered is to incorporate the Pu
into mixed-oxide (MOX) fuel for utilization in commercial power reactors. The
Canadian government with Atomic Energy of Canada Limited (AECL) and Ontario

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
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Hydro have agreed to consider the CANDU reactors at the Bruce A Nuclear Generating
Station as the reference for this mission. The feasibility of the CANDU MOX fuel option
was established by AECL and Ontario Hydro in a study sponsored by the USDOE in
1994. This feasibility study covered technical and strategic issues, schedule, and cost-
related parameters, with the objective of identifying an arrangement permitting
consumption of 501 of weapons-derived Pu as MOX fuel in CANDU reactors over a 25-
year period [2]. It was concluded that MOX fuel could be fabricated in the United States,
transported to Canada, and used as fuel for Bruce A reactors without significant
modification to the reactors, and only small changes to the fuel handling. An extension to
this study in 1996 further concluded that the duration of the Pu dispositioning mission
could be reduced to 15 years.

A parallel study in 1996 was conducted by Canada and Russia, to assess the feasibility of
fabricating CANDU MOX fuel to Canadian specifications in Russia and safely
transporting the fuel to the Bruce site in Canada [3]. The feasibility of utilizing Russian
MOX fuel was established, with consideration of technical, environmental, regulatory
and economic issues.

On 1997 January 14, the USDOE issued its Record of Decision [4], which announced a
two-track program to disposition surplus Pu. Most of the Pu will be converted to MOX
fuel for use in commercial power reactors (known as the MOX option), in parallel with
an immobilization option - encasing the Pu with radioactive waste in glass blocks and
consignment to an underground repository.

Within the MOX option, both light-water reactors (LWRs) and CANDU reactors are
under consideration. The use of CANDU reactors in the Pu dispositioning mission has
been retained in the United States as an option, in the event that multilateral agreements
are reached by the United States, the Russian Federation and Canada for joint disposition
of some portion of the American and Russian Pu.

The Parallex Project was initiated in 1996 May and represents the first step towards
demonstrating the feasibility of the CANDU MOX concept with weapons-derived Pu.
The test program builds on existing CANDU MOX fuel experience that has been
acquired over 30 years of R&D, related to MOX fuel irradiation performance and
fabrication development [5-7].

PROJECT SCOPE

The scope of the Parallex test covers fabrication, irradiation, and examination of one
experimental bundle of CANDU MOX fuel containing plutonium from weapons
disassembled in the United States and the Russian Federation. The conversion of the
plutonium from weapons components (pits) to PuO2 is not a part of the test but is a
prerequisite. The fabrication of MOX fuel pellets meeting the specifications of AECL
will be accomplished through blending the PuO2 with depleted UO2, pressing, sintering,
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and grinding. The loading of the pellets into elements and closure welding are to be done
at the Los Alamos National Laboratory (LANL) for the US fuel and at Bochvar for the
RF fuel. The assembly of elements into bundles and necessary tests and characterization
before irradiation will be done at the Chalk River Laboratories (CRL). In addition, CRL
will procure or fabricate the hardware and other elements to complete the bundles and do
the necessary analyses to support the irradiation. Irradiation will be done in the
pressurized loops of the National Research Universal (NRU) reactor at CRL for a period
of about 16 months. Then, the fuel will be examined in the hot cells at CRL to assess its
performance.

The original scope was for 4 bundles of joint US-RF fuel to be tested. The current plan
covers one bundle and retains an option for 3 additional bundles, contingent upon the
outlook of US-RF-Canada negotiations on the CANDU option, funding for additional
MOX fuel fabrication at LANL, and availability of facilities at LANL. Thus the first
bundle refers to the currently planned 1-bundle test, the full test refers to the original 4-
bundle test matrix, and contingency bundles refers to the 3 additional bundles. The first
bundle will contain about 10.6 kg MOX (280 g Pu), and the full test program includes 54
kg MOX (about 1 kg Pu).

Although the data from the Parallex Project will represent a significant first step, much
additional work will be required to qualify MOX fuel for use in the Bruce reactors
including additional irradiations of the final fuel designs in the NRU reactor, zero-power
reactor physics measurements, critical heat flux measurements, and irradiation of
prototype bundles in the Bruce reactors.

PROJECT OBJECTIVES

The objectives of the Parallex Project are twofold:

• to contribute to the database that would eventually qualify MOX fuel for use in
CANDU reactors, and

• to demonstrate the feasibility of the infrastructure involved in the disposition of excess
weapons plutonium as MOX fuel in reactors.

The first objective is met through careful design of both the irradiation test conditions and
the fabrication processes that will be used to manufacture the test fuel. The test conditions
in the NRU reactor will bracket those expected in the Bruce reactors and provide
meaningful data on performance of the MOX fuel. The test will also produce data
showing how production and processing variables, as well as the detailed design of the
pellets themselves, affect the performance of the CANDU MOX fuel. These comparisons
will also be used to optimize the MOX fuel specifications and fabrication methods.



202

Although only laboratory quantities of MOX fuel are being tested, and a research reactor
is being used for the irradiation, most elements of the infrastructure required to utilize the
excess weapons plutonium as MOX reactor fuel will be demonstrated as part of the
Parallex Project. This satisfies the second objective. Completion of this test will
demonstrate the conversion of Pu metal from weapon components into oxide, fabrication
of MOX pellets, loading into fuel elements, welding, transportation of MOX fuel to
Canada, assembly of bundles, irradiation, discharge, and storage in an interim facility
prior to eventual emplacement in a repository as spent fuel.

ROLES AND RESPONSIBILITIES

The Parallex test program is being funded by the USDOE. The Oak Ridge National
Laboratory (ORNL) is managing the program on behalf of the USDOE, and will
coordinate and oversee the activities of the other parties to ensure success of the project.

AECL, as the design authority for CANDU MOX fuel, has the principal responsibility of
ensuring that the irradiation test program is designed and conducted to confirm the
feasibility of the CANDU MOX option. AECL will provide specifications, drawings and
fabrication guidance to LANL and Bochvar and will inspect the finished fuel pellets and
accompanying data reports to ensure that they meet the quality assurance requirements of
the test. AECL will supply depleted UO2, Zircaloy components and some inspection
equipment to both fabricators, and procure or manufacture other components for the
MOX test bundles. As operator of the NRU reactor where the test will be conducted,
AECL is responsible for ensuring that the test is designed and operated in compliance
with all the safety and regulatory requirements of the Atomic Energy Control Board and
other agencies. Conduct of the NRU irradiation, post-irradiation examination, storage
and disposal of the waste materials and reporting the test results is the responsibility of
AECL.

The Bochvar Institute will be responsible, under contract to AECL, to develop process
parameters and fabricate the RF MOX fuel, using weapons-derived Pu provided by
MTNATOM. The fabrication of MOX pellets and fuel elements will be done in
accordance with AECL technical specifications, drawings and stipulated quality
assurance requirements. Bochvar, MINATOM and AECL are jointly responsible for
transportation of the finished RF MOX fuel to Canada.

The LANL is responsible for the following: to develop the process parameters and
produce the US test MOX fuel in accordance with AECL product specifications and
drawings; to secure a source of weapons-derived PuO2 feed stock, including the available
technical data showing its processing and characteristics; and to provide the required data
on the characteristics of the finished fuel pellets and elements, as specified in the AECL
requirements. In addition, the LANL will be jointly responsible with AECL for the
packaging, transportation, safeguards, and security of the finished fuel transfer to CRL.
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TEST DESCRIPTION

The Parallex test fuel is based on the reference design of CANDU MOX fuel, which is a
37-element bundle containing depleted UO2 as the matrix throughout the bundle. The
depleted uranium is mixed with 15% dysprosium (Dy, a burnable neutron absorber) in the
central 7 elements, with 3.1% Pu in the third ring of 12 elements, and with 1.6% Pu in the
outer 18 elements. With a bundle average burnup of 10.0 MW-d/kg HE, this fuel design
would disposition about 1.5 t of weapons grade Pu per year per reactor.

The NRU reactor has 2 pressurized test loops that provide 3 test sections, each of which
has 6 vertical positions for testing CANDU-sized bundles: positions 1 and 6 on the ends
are lower flux, positions 2 and 5 are intermediate flux, and positions 3 and 4 adjacent to
the centreline are the highest flux. The centre element in each bundle is removed to
accommodate a guide tube for assembling the bundles vertically in the NRU test loops.

An objective of the Parallex irradiations is to test the reference MOX fuel composition
(3.1% and 1.6% Pu in U) at heat ratings that bracket the range calculated for operation in
the Bruce reactors. However, the conditions in the NRU test loops are such that a 37-
element bundle of the reference design (containing 3.1% and 1.6% Pu in the intermediate
and outer rings) would operate at overly high linear powers. Accordingly, special bundle
configurations were devised for the Parallex tests.

The full Parallex test matrix consists of 4 bundles: two are standard 37-element bundles
with the central element removed (termed "fixed" bundles), and two are special
"demountable" bundles in which the outer 18 elements are mechanically attached and
may be removed and replaced between reactor cycles. The fixed bundles will be used for
testing the 3.1% Pu elements with the MOX elements located in the centre 2 rings to
lower the heat ratings. The outer ring will contain natural UO2 in one case, and depleted
UO2 mixed with 1% Dy to lower the power further in the second case. These 2 bundles
are named BD-1 and BD-2 respectively, and are shown schematically in Figure 1. The
BD-1 bundle is identified as the first bundle for testing.

The demountable bundles will be used for the 1.6% Pu elements with the test elements in
the outer detachable ring. The inner 2 rings will contain natural UO2 elements in one
case, and depleted UO2 mixed with 5% Dy to lower the power in the second case. The
cross sections of the demountable bundles, named DM-1 and DM-2, are shown in
Figure 2.

Each bundle will contain 2 fuel elements containing UO2 with low-enriched-uranium
(LEU) so that the power rating is approximately the same as the power rating of the
surrounding MOX elements. These UO2 "controls" will provide a standard of
comparison to the large UO2 database.
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The demountable bundles will be removed to the spent fuel bays and eight of the
demountable elements from each bundle will be replaced after about 100 d in reactor.
Visual examinations will be conducted during these handling operations in the bays.
Throughout the test, data will be acquired on loop power and reactor conditions and fuel
bundle powers will be calculated and documented for each irradiation period. At the
completion of irradiation, elements will be cooled for about 3 months in the spent fuel
bays before being sent to hot cells for a post-irradiation examination (PIE).

TEST MATRIX

The intent of the Parallex tests is to fabricate and irradiate CANDU MOX fuel with a
limited number of parameters controlled within specific ranges. The variables for the test
include the 2 loadings of Pu proposed for the initial Bruce A fuel (1.6% and 3.1%), 2
levels of PuO2 homogeneity, and a range of linear heat ratings to cover the complete
envelope expected for MOX fuel in the Bruce reactors. Other fuel characteristics that
could be expected to affect the fuel performance will be carefully controlled or
monitored, or both, but will not be intentionally varied.

The level of PuO2 homogeneity attainable by the various commercial MOX fabrication
processes has historically been a basis for claiming superiority of one process or another.
The primary incentive for attaining a very finely dispersed PuO2 mix in LWRs, the ability
to dissolve the fuel easily in reprocessing, does not apply here; however, below some
level of homogeneity it is believed that the PuO2 distribution could affect CANDU MOX
fuel performance. Although the PuO2 homogeneity within the range produced by the
current commercial MOX processes does not appear to affect the LWR fuel performance,
the peak linear heat ratings for the CANDU fuel in the Bruce A reactors are about 55
kW/m compared with typical peak ratings of about 30 kW/m in LWRs. Large PuO2-rich
areas could affect the burnup threshold where increasing gas release begins or could
produce hot spots on the cladding. On the other hand, arbitrarily setting a very tight
specification on homogeneity could possibly eliminate one of the existing commercial
processes from consideration or could add unnecessarily to MOX powder processing
costs.

The degree of PuO2 homogenization in the UO2 matrix will be intentionally varied during
fuel fabrication by the method of blending and milling the fuel mix. This can be
accomplished in both laboratories with existing equipment. In both levels of
homogeneity, a master mix containing 10% PuO2 will be blended and ball-milled. This
master mix will then be blended down to the required compositions of 1.6% and 3.1% Pu
in ball mills (for a short time) and a conventional V-blender. This technique is expected
to produce a relatively good PuO2 homogeneity (termed intermediate homogeneity in this
test). For the high homogeneity pellets, the entire mix will be given a final high intensity
milling following the dilution and V-blending. The high intensity milling method is
vibratory milling with steel balls at LANL and magnetically oscillated steel needles at
Bochvar. The homogeneity produced in each case will be characterized with the best
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available techniques. These data will be used later in establishing specifications for the
mission fuel.

The test matrix, shown in Table 1, thus requires that 4 batches of fuel be produced from 1
master mix from each fabricator. Table 2 shows the numbers of elements of each type and
the total quantity of MOX from each fabricator. Eight elements will be removed from
each of the demountable bundles after about 5 MW-d/kg HE burnup and replaced with
fresh elements. The remainder of the test will be irradiated to the peak burnup of about
15 MW-d/kg HE which is expected in the Bruce A reactors. The removal and
replacement will give intermediate burnup data on the 1.6 % Pu elements at about 5 and
10 MW-d/kg HE.

Other fuel characteristics that may affect performance but which will not be intentionally
varied include pellet surface finish, impurity content, sintered density, pore size and
distribution, and oxygen-to-metal ratio (O/M ratio). The density, pore distribution, O/M
ratio and other parameters are not expected to be affected greatly by the PuO2 additions,
and thus the normal UO2 CANDU pellet specification will be imposed. The surface
finish may be affected because dry centreless grinding is desirable for the MOX pellets,
whereas wet centreless grinding is normally used for the CANDU pellets. The surface
finish is important because it influences heat transfer from the pellet to the cladding. It is
hoped that the dry grinding will produce a finish that meets the usual specification;
however, this requirement may be relaxed if necessary. The impurity content is of
concern primarily because of the gallium that is present as an alloying agent in the WPu.
There is no experience to indicate whether gallium would be a problem. It has the
potential to affect in-reactor performance of the fuel through mechanisms such as stress-
corosion cracking of the cladding, or the microstructural evolution of the fuel.
Preliminary evidence shows that much of the gallium is removed during normal
fabrication during lubricant removal and sintering. Gallium content will be carefully
monitored in this test, but will not be an intentional variable. Because the Pu feedstocks
will be from weapons material, the only other major impurity is expected to be iron
pickup from the milling media. This and other impurities will be monitored.

POST-IRRADIATION EXAMINATION

An important output from the PIE tasks will be a summary of the Parallex MOX fuel
performance as a function of the homogeneity levels and the various power levels during
the NRU irradiation. Conclusions will be drawn about performance that would be
expected under conditions in the Bruce A reactors.

All the PIE data will be compared to pre-irradiation characterizations of the elements and
data for archive samples to quantify changes during irradiation, and to assess whether
these changes are consistent with the expected changes based on prior knowledge of
CANDU fuel performance. The data on irradiation conditions will be used to perform
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computer code fuel performance simulations to predict measured parameters such as gas
release, strain, void volumes, and grain size. The examination will include

• Visual Examination and Profilometry: Each element will be examined visually along
its length with a stereo microscope. Element diameters and profiles will be measured
over the entire length at 3 orientations.

• Axial Gamma Scans: Fuel elements from each bundle will be axially scanned for
gross gamma activity and isotopic activities to check for flux peaking and pellet-to-
pellet gaps.

• Element Puncture and Fission-Gas Analysis: Fuel elements will be punctured to
determine gas volumes and end-of-life internal pressures. A sample of the gas from 5
of the 10 elements will be analyzed by mass spectrometry to measure the fission-gas
composition and the Xe and Kr isotopic composition.

• Ceramographic and Metallographic Examination: Samples will be cut from the axial
midplane of fuel elements from each bundle for optical microscope examination of the
fuel and sheath. Samples will also be cut from both ends of some of the elements.
Oxide thickness will be measured, and fuel will be chemically etched to examine the
grain growth, porosity, and condition of the fuel sheath interface. Finally, the sheath
will be etched to examine the microstructure and hydride distribution. Alpha and beta
autoradiography will be applied.

• Burnup Analysis: Samples will be cut from the peak flux position for burnup
measurement. The fuel is chemically dissolved and burnup is determined by high-
performance liquid chromatography, which uses 139La as a fission monitor.

• Sheathing Hydrogen Analysis: Samples will be cut for analysis of the hydrogen
content in the sheathing. The fuel is removed using a combination of chemical and
mechanical methods. The hydrogen content of each sample is determined by vacuum
extraction mass spectrometry.

• Scanning Electron Microscope (SEM) Examinations: Fuel cross sections from 5
elements will be examined in a shielded SEM to check for Pu homogeneity in the fuel
matrix. Image analysis will be used to quantify the Pu homogeneity in the irradiated
fuel.

• O/M and Microdensity Measurement: Thin cross sections of fuel from 2 elements will
be cut into small samples at several radial positions using a numerically controlled
saw. These samples will have their densities determined using an immersion
technique with a high-precision micro-balance to yield information on densification
and swelling. O/M ratios will be measured on these samples using coulometric
titration.

STATUS

Detailed design of the NRU irradiation tests has been completed, including physics
assessments of the fuel element powers and burnups in the NRU reactor. Drawings and
specifications were prepared by AECL and transferred to LANL and Bochvar.
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Procurement of Zircaloy hardware and equipment is mostly complete. Canadian import
and export permits were obtained for shipments related to the project. The MOX
fabrication processes to be used were defined, and manufacturing and inspection plans
were prepared. MOX fabrication activities at LANL have produced intermediate
homogeneity fuel for the first bundle (BD-1). Following approval of the US export
permit, this fuel is expected to be shipped to Canada in early 1998. Contractual
negotiations with Russian organizations were completed with the signing of the AECL-
Bochvar contract on September 23,1997. The commencement of MOX fabrication at
Bochvar is expected near the end of 1997, with delivery of MOX to CRL in mid-1998.
The irradiation tests will commence shortly after receiving the required MOX from
LANL and Bochvar, in mid-1998.

SUMMARY

The Parallex Project is an important first step towards demonstrating the feasibility of
dispositioning weapons-derived Pu as MOX fuel in CANDU reactors. Many aspects of a
large-scale plutonium dispositioning mission are being demonstrated as the project
proceeds. It is expected that irradiation testing of the US and RF MOX fuel will begin in
the NRU reactor at CRL in mid-1998. The performance data from these tests will be
applicable to qualifying MOX fuel for use in CANDU reactors.
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Table 1. Parallex Test Matrix
Bundle
BD-1
BD-2
DM-1
DM-2

Pu, wt %
3.1
3.1
1.6
1.6

Homogeneity
high, intermediate
high, intermediate
high, intermediate
high, intermediate

Power Rating3

low, intermediate, high
low, high
high
intermediate

The power ratings are classified as "low" (35-45 kW/m), "intermediate" (45-55 kW/m)
and "high" (55-65 kW/m).

Table 2. Quantity of Elements and MOX From Each Fabricator
MOX Type

1.6% Pu, intermediate
homogeneity

1.6% Pu, high homogeneity
3.1 % Pu, intermediate

homogeneity
3.1 % Pu, high homogeneity

Totals

Number of Elements
14 (8+4+2)a

14 (8+4+2)
9 (8+l)b

9(8+1)
46

kg MOX
8.2

8.2
5.3

5.3
27

a 8 inserted originally, 4 replacements, and 2 archives.
b 8 inserted plus 1 archive.
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Bochvar, 3.1% MOX

TA-55, 3.1% MOX

Figure 1. Schematic cross section of a fixed bundle for testing in the
NRU reactor. The central tube is the guide tube and the next two rings are
the experimental elements. Bundle BD-1 will contain natural UO2 in the
outer elements and BD-2 will contain depleted UO2 with 1% dysprosium.

^
UO; Control
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o
Bochvar, 1.6% MOX

TA-55,1.6% MOX

Figure 2. Schematic cross section of a demountable bundle. The central
tube is the guide tube, the core elements are the next 2 rings, and the outer
ring contains the 18 removable elements. DM-1 is to contain natural UO2

core elements and DM-2 is to contain depleted UO2 with 5% dysprosium.
See Table 1 for definition of DM-1 and -2.
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C A 0 0 0 0 1 1 1 ABSTRACT

Significant effort is underway internationally to develop a non-U02-based inert-matrix fuel
capable of hosting fissile isotopes without generating new plutonium or high-mass carcinogenic
actinides. The intention is to be able to dispose of military or reactor-grade plutonium, or elimi-
nate carcinogenic actinides. AECL has a program that focuses on the development of SiC as the
candidate material for this new form of fuel; the program includes accelerator-simulation studies
of in-reactor behaviour of SiC, fabrication of SiC, compatibility of SiC with water and Zircaloy,
waste disposal of SiC, as well as examining reactor physics issues related to SiC. CANDU
reactors have been shown to be uniquely suited for this purpose. Results of this AECL program
are described.

1. INTRODUCTION

A worldwide effort is underway to find the best ways to dispose of the military plutonium that
is being freed by dismantling of nuclear weapons from the United States and Russia. The United
States Department of Energy (USDOE) has set this as one of its primary goals for the near and
intermediate future. Towards this end, Canada is investigating the potential of burning mixed-
oxide (MOX) fuel in one or two of its CANDU reactors [1]. In the United States, underground
disposal of the military plutonium as a waste-glass is also under serious consideration. And, a
number of institutions, including AECL, are investigating a new form of fuel, termed inert-
matrix fuel, as a way of burning the plutonium without generating new plutonium at the same

Now at Bubble Technologies Industries, Hwy 17, Chalk River, ON KOJ 1J0
t Now at ACERAM, Hwy 17, Chalk River, ON KOJ 1J0
* Now at Chalk River Laboratories, Chalk River, ON KOJ 1 JO
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time as MOX or any uranium-based fuel does. This paper addresses this last topic—inert-matrix
fuel.

In Europe, a significant program is underway, not on the disposition of military plutonium, but
on the annihilation of certain long-lived, carcinogenic actinides produced during normal reactor
operation, and concentrated by reprocessing of the fuel . Here, the intent is to make an inert-
matrix fuel incorporating these actinides (237Np, 24IAm, 244Cm) together with plutonium that is
usually separated with these actinides. The plutonium provides sufficient fissile material and the
neptunium, americium and curium are transmuted or fissioned to shorter-lived, less carcinogenic
nuclides. Without U in the fuel matrix, further production of these actinides does not occur.
The challenge to develop an inert-matrix material is the same as for plutonium annihilation,
above. Thus there are two separate possible applications for a proven inert-matrix fuel mate-
rial—plutonium annihilation and actinide-waste destruction.

There is also a third potential application—burning reactor-grade plutonium. The US efforts
on developing an inert matrix is for this application. The amount of plutonium produced in the
next 10 to 20 years, intended for use in MOX fuel or fast-reactor fuel, may necessitate the use of
inert-matrix fuel to help dispose of the plutonium.

CANDU reactors are particularly suited for all three of these applications [3] because no
major modifications to reactor design are required and because the neutron economy of CANDU
reactors means the annihilation of plutonium/actinide waste is more complete.

This paper surveys briefly programs that are underway worldwide and then describes AECL's
program and progress. It is an update of material given at the last CANDU conference [4].

2. PROGRAMS AND CANDIDATE MATERIALS

The major European effort is a multi-national program called EFTTRA (Experimental Feasi-
bility of Targets for Transmutation), which is directed towards actinide-waste annihilation. The
program includes fast-reactor irradiations of candidate materials. At the last EFTTRA meeting,
the participants issued an invitation to Russia and Canada to take part in a 2-d workshop in Paris
in mid-1998 to "compare the different approaches on the topics of matrices and actinides without
uranium". Although main results and approaches will be shared, detailed results from the
EFFTRA irradiations are proprietary, shared only by the countries participating.

Japan has a program directed towards annihilation of military plutonium (particularly Russian
military plutonium), which they call PROFIT (Plutonium Rock-like Fuel In-Reactor Technol-
ogy). Their idea is to use a combination of materials to produce a multi-phase inert-matrix
material that will resemble ordinary rock, even after irradiation, and thus facilitate underground
burial as a waste.

For deep geological disposal of spent fuel in an underground repository, Canadian assessments have shown that
the radiological risk from the actinides is negligible [2]
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The US program on inert-matrix material development, smaller than EFTTRA and PROFIT,
focuses on zirconia (Z1O2). Zirconia is one of the few materials that has already been shown to
behave acceptably as a fuel material (with the addition of U). Its major disadvantage is its
poor thermal conductivity (slightly lower than UO2), which means that fuel temperatures will be
as high as, or higher than, those in today's fuels. Most researchers are searching for an inert-
matrix material that, besides its ability to function acceptably as fuel host in-reactor, has a higher
thermal conductivity than UO2 does so that fuel temperatures will be lower, fission-gas release
from the fuel will be lower, and safety margins will be increased.

A listing of candidate materials and the properties that make them suitable as inert-matrix
candidates can be found in Ref. 2. Those that we have worked with include ZrSiCU (zircon),
MgAl2C>4 (spinel), CeC>2, CePC>4, ZrCVdoped with Ca, Ce, Er or Y, and SiC. Cerium oxide
(CeCh) has the same crystal structure as UO2, and was thought therefore that it would behave
well in-reactor. Zircon is a stable mineral found in the earth's crust, and therefore at least should
be a stable waste form. It is being evaluated as a candidate for hosting military plutonium for
direct burial in the ground. Cerium phosphate is a candidate supplied to us from the Netherlands
(via the Transuranium Institute in Germany).

3. AECL'S PROGRAM

Silicon carbide stood out early as a promising candidate material because of its high melting
temperature, very high thermal conductivity and known resistance to attack by many corrosive
agents, including oxygen, even at high temperatures. Because no other laboratory in the world
was examining SiC for this purpose, AECL focused its efforts on SiC, although the Tandem
Accelerator studies described in the next paragraph were used for many candidate materials. The
overall program was aimed at examining all issues that would be important in the selection of
SiC as an inert-matrix fuel candidate.

Because of the large number of candidate materials, we utilized the Tandem Accelerator to
simulate in-reactor conditions to help sort out those candidate materials that would behave well
as a fuel. The critical unknown issue for candidate materials is how they will behave in-reactor
under the severe damage inflicted by fission fragments blasting through the matrix at energies
greater than 70 MeV. Especially, will the candidate materials become amorphous or undergo an
unacceptable volume-change? Producing fuel from each candidate material for in-reactor tests is
expensive, particularly with plutonium, so the Tandem Accelerator at AECL was used to bom-
bard the candidate materials with a beam of 72 MeV iodine ions. This beam substitutes for
fission fragments, and the bombarded areas were examined for damage, especially swelling. To
increase the number of candidate materials available for testing, and to foster international
collaboration, AECL tested candidate materials from the countries of the European Union and
the United States, as well as its own.

Besides these accelerator-simulation tests, the program on SiC consisted of assessing:

• reactor-physics aspects of SiC fuels in CANDU reactors
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• fabrication issues associated with SiC —high sintering temperatures, handling plutonium, and
characterization of microstructures that form with the addition of plutonium and several sin-
tering aids

• compatibility of SiC with water at reactor coolant conditions and with groundwater for
eventual storage

• compatibility of SiC with Zr-based sheath materials under accident temperatures

• waste-disposal aspects.

4. REACTOR PHYSICS

Detailed fuel-management simulations demonstrate that an existing CANDU reactor can burn
inert-matrix fuel containing plutonium or actinides without major modification. Fuelling rate,
channel power, bundle power and element power ratings are all within current limits. The refer-
ence fuel, described in the next paragraph, would destroy 94% of the fissile plutonium.

The reference Pu-SiC fuel for Pu-annihilation contains 250 g of weapons-derived plutonium
mixed uniformly with SiC in the outer 30 elements of a standard 37-element bundle. The central
element contains 20 g of gadolinium. Another 40 g of gadolinium are distributed uniformly over
the 6 elements in the next ring. The distribution of the gadolinium, which has a very high
depletion rate, was optimized to suppress the excess reactivity of the fresh fuel and to minimize
the power ripple that is due to refuelling.

Detailed fuel-management simulations using a uniform 2-bundle-shift refuelling scheme in a
Bruce A reactor indicated that the maximum instantaneous channel power is below 7.1 MW and
the maximum instantaneous bundle power is below 970 kW. Both are within the current licens-
ing limits. The fuelling rate is about 15 bundles per full-power day of operation, which is within
the current fuelling machine capability.

For this Pu-SiC fuel, as well as for all the conventional MOX options, void reactivity is nega-
tive. Hence there would be no power pulse in a postulated LOCA, and the safety and licensing
analyses would be greatly simplified.

The fuel temperature coefficient is very slightly positive, about 12 [ik/°C; however, this is
irrelevant in the safety analysis since any increase in heat in the fuel would immediately be
transferred to the coolant because of the high thermal conductivity of the SiC, thus reducing the
coolant density and producing a negative reactivity feedback because of the negative void-
reactivity coefficient.

For the actinide-waste-burning option, results are similar for reactor-physics assessments of
SiC. The actinide additive to the SiC consists of plutonium and minor actinides recovered from
spent LWR fuel. As in the Pu-burning option, gadolinium is also added. Several combinations
of actinide inventory and gadolinium loading were considered. The best result in a CANDU 6
type reactor would be achieved using a full-core loading of actinide-SiC fuel containing 400 g of
actinides in the outer 30 elements of the standard 37-element bundle and 60 g of gadolinium in
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the inner 7 elements. The actinide mix consists of the minor actinides and plutonium from spent
PWR fuel; specifically, 356 g of plutonium and 44 g of neptunium, americium, and curium.
About 60% of the initial actinide inventory is destroyed (as is 90% of the initial fissile plutonium
inventory). The fuelling rate is 9.2 bundles per full-power day, resulting in the destruction of
0.68 Mg of actinides in a CANDU 6 reactor per year (assuming an 80% capacity factor). Maxi-
mum instantaneous channel power was less than 7.0 MW, and maximum instantaneous bundle
power was less than 1000 kW. Fuel element power is expected to be below the current safety
limit because of the high thermal conductivity of the SiC matrix. Fuel temperature coefficient is
slightly positive, 12.2 u.k/°C, and the coolant-void reactivity is -4.2 mk. The power coefficient is
expected to be significantly negative because of the negative coolant-void reactivity and the high
heat conductivity of the SiC matrix.

5. TANDEM ACCELERATOR TESTS

Since preliminary results were reported in 1995 [4], we have exhaustively tested many candi-
date materials, ZrSiC>4 (zircon), MgA^CU (spinel), CeO2(ceria), CePO4, ZrCVdoped with Ca,
Ce, Er or Y, as well as SiC, from ambient temperature to 1200°C, and over a wide range of doses
(1014-1017 ions/cm2)*. After accelerator bombardment of each sample, the surface relief of the
3-mm-diameter beam spot was measured. Significant height of the spot above the original
surface was taken as an indication that in-reactor swelling would occur. In general, results were
not strongly dependent on dose—if a candidate material showed swelling at high dose, it also
showed swelling at low dose. The results were also reasonably independent of temperature. The
materials that showed the best results (least swelling) were SiC and ZrC>2 with any of its dopants.
These candidate materials did not show any swelling; i.e., laser profilometry could not detect any
surface relief at the implantation spots. Ceria turned out to be one of the poorest candidate
materials on the basis of these tests. All other candidate materials showed some surface relief,
implying that swelling could be expected when used in-reactor as a fuel.

Figs. 1-8 show typical results. Figs. 1 and 2 are for MgAl2O4 (spinel) at 100°C and 900°C,
respectively, each showing the results for three doses (5 x 1014, 1 x 1015 and 5 x 1015 ions/cm2).
Only the lowest dose spot (5 x 1014) at 100°C shows little relief; the same dose at 900°C is
clearly visible. Relief is about 1 to 2 um. However, recent measurements with a new and
recently calibrated stylus profilometer indicates that the calibration for the laser profilometer is
about a factor of 5 too high. Thus relief for spinel is actually only 0.2 to 0.4 um. Figure 3 shows
a ZrSiO4 (zircon) run at 1200°C to a dose of 1 x 1015 ions/cm2; relief of a few micrometres is
again clearly visible. Figure 4 shows a SiC single-crystal sample with 3 beam spots, 1 x 1015 at
1200°C, and 1.3 x 1014 and 1 x 1015 at ambient temperature. There is no sign of any of the spots
even though mild discolouration at the spot sites can be seen on the sample surface by eye*.
Figures 5 to 7 show sintered SiC, prepared at Queen's University, at 200°C, 900°C, and 1150°C,
all taken to a relatively high dose of 1 x 1016 ions/cm2. Again, there is no sign of the beam spots.

* 1017ions/cm2 is approximately equivalent to a CANDU fuel burnup of 20 MW«h/kg U.
f indicating that nothing had accidentally prevented the beam from bombarding the sample.
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6. MANUFACTURING

Pressureless sintering of SiC normally requires temperatures of 1900°C and higher; we have
been working with Queen's University to develop methods of fabrication at lower temperatures,
more representative of UO2 sintering. In addition, fabrication tests were performed with Ce as an
additive, Ce being generally considered, worldwide, as a reasonable chemical substitute for
plutonium. No SiC>2 was used in these tests; the objective was only to determine what micro-
structures would develop.

Because of the largely covalent nature of the bonding in SiC, diffusion and, therefore, sinter-
ing do not occur easily. Usually, up to 5 wt % AI2O3 and 8 wt % Y2O3 is added to SiC powder
to aid in sintering and reduce the temperatures required to achieve densities <90% TD to about
1900°C. Because this is still high, additional additives were examined in an attempt to reduce
sintering temperatures even further. In particular, SiC>2 was examined since it was thought that
this would melt and assist by liquid-phase sintering.

Reasonably good results were achieved with SiC>2 additive; densities of >95% were achieved
at a sintering temperature of 1770°C (and 87% at 1730°C).

Unexpectedly, when fabrication tests with CeC>2 were done, not with the intent of lowering
sintering temperatures, but rather to produce samples and observe microstructures, the CeC>2
proved a better sintering aid than SiC>2. At 1670°C, with the lowest amount of CeO2 tested, 5
wt.%, a density of 96.5% was achieved; at 1700°C, 97%.

In the samples with 5 to 10% CeO2, a garnet phase (3Y2O3-5A12O3) and an oxide phase
(CeAlOs) formed. At sintering temperatures <1700°C, these were very finely distributed among
the 2 to 3-um-sized SiC grains.

7. COMPATIBILITY WITH WATER

Previous results [4] showed that SiC had negligible interaction with water at typical CANDU
coolant conditions, 300°C and a pH of 10.3. To determine the robustness of SiC, tests were
performed under stagnant acidic conditions, pH of 3 and 300°C, for 32 d, even though it is not
expected that CANDU coolant would ever exist under such conditions. Eleven samples, weigh-
ing 75 to 400 mg were tested. Some interaction with the water occurred; visibly, a gray oxide
layer formed and some samples broke into two or more pieces. Weight changes were small,
however; samples decreased in weight by 1 to 1.5 mg.

Additional tests were performed to examine the stability of SiC as a waste under attack by
groundwater. The SiC samples used were ceria-doped, also with alumina sintering aid, prepared
at Queen's University. The 20 mL water sample was at 2.9 pH at 96°C, and test duration was
119 h. (Groundwater in a fuel disposal vault is not expected to have such low pH, but is a check
under "extreme" conditions.) Because attack at these low temperatures was so small, weight
measurements were not used; rather, the chemistry of the water was examined for dissolved



216

components, and the surface of the sample was examined by X-ray photoelectron spectroscopy
(XPS).

After the test, the water analysis indicated 0.53 mg/L Al, 11.8 mg/L Ce, and 11.3 mg/L Si.
Since the water volume was 20 mL, total dissolved amounts were 0.011 mg Al, 0.24 mg Ce, and
0.23 mg Si. A similar test with UO2 has not been performed under these conditions, so direct
comparison is not possible, at present. However, these amounts are very low, especially consid-
ering the high acidity level of the water, and indicate that dissolution rates are not likely to be a
problem for SiC waste. The XPS analysis of the surface (2-3 monolayers) showed a change—the
concentration of cerium was lower than the concentration of cerium in an unused sample.

8. HIGH-TEMPERATURE CHEMICAL REACTIVITY BETWEEN SIC AND ZIRCALOY-4

Tests were performed by holding polished disc specimens of SiC and Zircaloy-4 under a light
pressure and an argon atmosphere in a molybdenum cell at 1000°C, 1500°C and 1700°C.
Temperatures were maintained for 1 h at 1000°C and 1500°C and for 15 min at 1700°C. Two
types of SiC specimens, fabricated at Queen's University, were used; both contained alumina as a
sintering aid, and one contained titania, the other ceria. Extra carbon had been added to all
specimens during sintering to ensure that no free Si was present in the final products. After
cooling and sectioning, the specimens were examined by optical and scanning electron micros-
copy to study the extent of interaction.

Although no significant interaction occurred at 1000°C, at 1500°C there was clear evidence of
a diffusion-based reaction to form ZrC and free Si. Diffusion of free Si into the Zircaloy disc led
to the formation of a molten Zr-Si-rich eutectic phase. This reaction was more pronounced in the
1700°C test specimens, where the amount of molten eutectic phase was sufficient to cause partial
dissolution of the Mo-cell sidewalls.

The test results indicate that formation of a molten Zr-rich phase could conceivably occur
during a hypothetical reactor accident at temperatures significantly lower than the melting point
of unoxidized Zircaloy cladding (1760°C). This possibility is of concern because it would allow
further accelerated attack on the SiC carrier material, thereby allowing any fission products that
had exsolved from the plutonium phase to be released. However, UO2 interaction with Zircaloy
begins at about 1200°C [5], and it dissolves into molten Zircaloy at 1760°C. The rate and extent
of UC>2-Zircaloy interaction depends on the amount of oxygen present; however, it seems that the
SiC interaction with sheath is, at least, no worse than the UO2 interaction. Tests using SiC
pellets clad with Zircaloy-4 sheathing, for more direct comparison are being evaluated.
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9. WASTE-DISPOSAL

Considerations of SiC-based fuel as a waste form can be summarized:

• The SiC matrix itself, with sintering aids used to date will not generate long-lived activation
products in-reactor. Care needs to be taken to minimize the impurity levels of N and Cl to
eliminate concerns about their activation products 14C and 36C1.

• Silicon carbide itself is extremely stable and resistant to corrosion. Its performance as a waste
form will depend on its ability to encapsulate and retain high-burnup plutonium-containing
particles. It is likely that the plutonium-rich phase will remain encapsulated, and hence be
protected from leaching. This needs to be verified by post-irradiation examination and leach-
testing of irradiated inert-matrix fuel materials.

10. CONCLUSION

Practical realization of an inert-matrix fuel for burning plutonium or actinide waste is 10 to 20
years off, at least partly because the incentive, while real, is not urgent. Silicon carbide and
doped ZrO2 are the 2 candidate materials that most clearly pass the accelerator-simulation test,
but tests in-reactor are the final arbitrator. Compatibility of SiC with water does not seem to be
an issue, either as a fuel for compatibility with coolant or as a waste form for compatibility with
groundwater. Compatibility of SiC with Zircaloy does not seem to be worse than compatibility
of SiC with UO2-Zircaloy interactions. A small amount of melt phase above 1700°C may be
acceptable in safety evaluations. A concern for the actinide burning application may be that SiC
is a carbide rather than an oxide, and americium carbide, which could form when the actinide
waste is incorporated in the SiC, is unstudied, and mounting a program to investigate it will be
expensive because americium is highly alpha-active (MATZKE Hj., private communication,
1996). Americium oxide, on the contrary, has already been studied. For plutonium burning, and
for actinide burning if the americium carbide issue can be resolved, SiC appears to be an excel-
lent candidate material.
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Abstract

In order to release the restricting conditions imposed to the reactor operations with regards to PCMI (Pellet-
Cladding Mechanical Interaction), the simulation of a fuel rod thermomechanical behavior has to be
improved. The computer programming has to cope with the more and more sophisticated mathematical
modellings induced by the complexity and the interdependance of the phenomena. Therefore EDF is
developping a new code - CYRAN03 - since 1990 putting emphasis on its evolution capacities.

Concerning more precisely the PCMI simulation, the pellet fragmentation and the fragments relocation is
one of the major aspect one must account for. Thanks to recent analytical experiments, EDF developped a
new modelling based on the displacement of rigid bodies and on the calculation of the interaction efforts
between the fragments.

This paper presents the basis of the model, its introduction within the CYRANO3 code and its calibration
on a specific analytical experiment. The modelling is then tested against PWR fuel rods deformations from
the EDF data base. The results are presented and discussed.

INTRODUCTION

The fuel rod design work has to ensure the integrity of the cladding under normal, off-
normal and as far as possible accidents conditions. The Pellet Cladding Mechanical
Interaction (PCMI) is one of the potential cause of cladding failure during severe power
transients in Pressurized Water Reactor (PWR). Once the mechanical behavior of the
cladding material (zircaloy-4) has been accurately modelled [1], the loading induced by the
cracked pellets remains the major field of investigation. The two- and three- dimensionnal
effects of the fractured pellet have then to be modelled.

This paper deals with the pellet fragment relocation induced by the fracturing and with the
relocation accommodation. Indeed, these phenomena have a major influence on the pellet-
clad gap width. The knowledge of the time to closure gap is primordial because the stress
profile in the clad is modified as soon as contact occurs. Moreover, the gap width has a
major importance in the thermal behavior of the rod because of the gap conductance
calculation, and in the internal pressure prediction which is one of the design criterion.

The first part of this paper is then devoted to the description of the fuel relocation
phenomena and of the assumptions made for the mechanical modelling which was
developped within the CYRANO3 code.
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Accounting for the intricate phenomena, the validation of the relocation model is
dependant on the whole code behavior. Thus the logic flow and the main characteristics of
this one dimensionnal non linear finite element code are presented in the second part.
The comparison of predicted results against several experimental results finally validates
the fuel fragment relocation modelling.

1 - FUEL CRACKING AND PELLET FRAGMENTS RELOCATION MODELLING

1.1 - Description of the phenomena

Figures 1,2 present a qualitative description of the phenomena and the way they affect the
evolution of cladding radial deformation.

initial pellet
swelling

a " ^ " ^ b
pellet cracking

c m d
relocation relocation accommodation pellet

figure 1 : description of the relocation process
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e
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figure 2 : Evolution of cladding deformation

a) Pellet cracking

Because of the thermal properties of the uranium dioxyde and due to the cylindrical
geometry, the radial distribution of temperature in the pellet has a parabolic shape with a
large radial gradient. Therefore a tensile hoop stress appears in the fuel periphery which
may reach the fracture threshold. The typical crack pattern observed on a rod irradiated
under normal conditions (figure 3) shows several radial cracks the number of which mainly
depends on the linear heat generation rate (LHGR).
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b)Pellet relocation

As long as the pellet-cladding gap is open, the cladding creeps down as a consequence of
the external pressure of the reactor coolant. The pellet-cladding mechanichal interaction
(PCMI) is experimentally detected as regular ridges, that reproduce the heated pellets
shape, first appear on the cladding (during the second cycle of irradiation for standard fuel
rods). The one dimensional description which considers thermal expansion, densification
and swelling, always over-estimates the burn-up when the PCMI occurs. The fractured
pellet diameter is then much larger than the calculated one with the previous hypothesis.
Indeed, fracturing has freed thermal strains, the shape of the fragment is then modified as
shown in the figure 9. Moreover, the fragments move outwards because of gravity and
rodlet vibrations. Obviously there is a random nature of this movement. The combination
of these two phenomena is called relocation.

figure 3 : Typical radial and axial crack patterns

c) Relocation accommodation

As irradiation proceeds, the cladding keeps on creeping down radially while the fragments
increase in volume due to the swelling. As the cladding comes in contact with the pellet
fragments, it pushes back the pieces inwards. This is called relocation accommodation or
soft contact. The gathering of the fragments is more and more difficult as their free play is
decreasing, because of the fragment-fragment mechanical interaction. This resistance can
be best visualized as an hardening process. Thus the down-creeping rate decreases until
the pieces are almost completely in their initial place. Nevertheless, the accommodation is
never totally completed, the apparent pellet diameter always remains larger than the
theoretical one because of the shape of the fragments.

d) Pellet swelling

When the accommodation is completed, the volumetric increase of pellet fragments due to
swelling has to be supported entirely by straining the cladding. The cladding creepdown is
then reversed. The pellet-cladding interaction condition is now defined as "hard contact".

1.2 - Experimental results

Lots of experimental data are available from standard PWR fuel rods irradiated in PWR
under standard conditions. End-of-life profilometries, pellet stack and rod lengths are
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available for different burn-up. The comparison (calculated vs measured) leads to whole
code behavior validation rather than to the relocation model validation only because the
calculated diameter depends on many other models such as fuel densification or cladding
creep laws. However, assuming all the other phenomena are accurately predicted, the
calibration of the modelling is possible considering especially the fuel rods irradiated
during two and three cycles. Indeed, during this phase called "soft contact", the cladding
diameters predicted without the modelling of the relocation phenomena were too much
small because the creeping down of the cladding was not pertubed by the location of the
fragments.

In order to have access to the real strains induced by PCMI, CEA has developped specific
experiments with an original device [2]. In these experiments, cladding deformations can
obviously be measured after irradiation and power transient and the cladding diameter
evolution can especially be followed in-situ during irradiation all along the fuel rod. A
specific short fuel rod has been designed with especially large diameter pellets so that the
pellet-cladding gap can be closed at a LHGR of about 17 W.mm"1. Thus the use of fresh
fuel prevented one from burn-up related phenomena and the effects of thermal expansion
and of relocation were singled out. Several power transients induced large diameter changes
that proved the relocation of the cracked pellets. Kinetics data have been obtained during
power levels. Effects of power cycling were also highlighted.

1.3 - Modelling and programming

a) Framework of the model

The framework of this modelling is described in the flow chart presented in figure 4.

Using a semi-empirical process, the location of the pellet fragments is defined by its quasi-
static equilibrium. Therefore, the fragment number and the various interactions have to be
estimated.
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figure 4 : fuel relocation modelling flow chart

b) modelling

As explained before, the pellet cracking mainly depends on the LHGR. Different authors
(OGUMA [3] for instance) tried to predict the number of cracks thanks to FE calculation
and proposed the evolution shown in figure 5 . However, the circumferential crack
predicted is not experimentally observed at this level. Such calculations are difficult
because of boundary conditions.

100 200 300 400
•••* Rod oower (W/cm)

Figure 5 : changes in crack pattern during rise to power

In the present modelling, the number of radial cracks is defined as a fonction of the radial
gradient of temperature and the saturation value is supposed to be 8 radial cracks. The
cracking pattern considered is regular. The fragments have an ideal symmetric shape.

Once the number of fragments is known, one estimates the heated shape of the fragments
in order to calculate the interaction forces between neighbouring fragments. The bulging of
the fragments induced by different radial gradients is easily calculated [4] with the
following hypothesis : elastic behavior, fragment is not restraint in any direction, the radial
distribution of thermal temperature is not changed by the fractured geometry.

Considering a half fragment, the length of the heated pellet arc Ai(ir) for ir-mesh is given
by (figure 6) :

a _ therm >•Ai(ir)= |ro(ir).(l+ee
u;eiITI(ir)+epemy

ee ^ (1)

where eeB
enm, are respectively the thermal circumferential strains and the permanent

circumferential strains (densification,swelling) calculated with CYRAN03 ; ro is the

average as-fabricated radius of the ir-mesh considered and a the angle of the fragment
211

defined by the number of cracks a = .

Due to pellet cracking, the newly created surfaces present a roughness of the magnitude of
the grain size. This rouhgness (p) has then to be added to the length of the arc in order to
estimate the local width of the fragment A(ir):
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A(ir)=Ai(ir)+p(ir) (2)

Facing the effect of power cycling in the analytical experiment, the following assumptions
are made : the fragments movements induced by the action of the cladding cause the
roughness wear because of friction forces. This wear is supposed to be proportionnal to
the contact pressure between fragments and to the fragment displacement. The wear
coefficient also depends on the displacement rate and on the local burn-up.

Let us calculate the available place for the fragment (B(ir)):

B(ir)= l (3)

where ra(ir) is the heated average radius of the mesh calculated with

ra(ir)=r0(ir)x(l+e^(ir)) where e^(ir) is the total radial strains calculated with CYRAN03.

Aft.- is the fragment location.

The crack width is then calculated with :

w(ir) = 2 B(ir)-2A(ir) (4)

If the crack width is negative then the contact pressure between two neighbouring half
fragments is given by :

PffOr) = - (5)

with E(ir) the local Young modulus depending on temperature and burn-up.

Coolant Coolant

figure 6 : fragment fragment contact pressure calculation
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Fragment relocation:

When the pellet-cladding gap is open, the minimum fragment displacement (A ')is

defined by the location where the cracks between neighbouring fragments is open.
However, in order to include the random nature of the phenomena the effective location is:

g A f n ; ; 0,3 Jc]

where Jc represents the hot pellet-cladding gap calculated with CYRANO3.

Fragment relocation accommodation:

When the cladding fragments contact is established, the pellet cladding contact pressure
(Ppc) is calculated.

Using the previous equations (1) to (5), the resistance force induced by contact (Fres) is
calculated.

Fres = 2(Pff(ir).L(ir)) with L(ir) the mesh length. (6)

In order to take into account the random effects of relocation, a resistance force (Fkin) that
is proportional to the fragments velocity is introduced. It represents the resistance of the
fragments induced by the non uniform displacement of the fragments in the (r, 9) plane.

The solution of the following equation defines the fragment location

2.Fres.sin( — ) + Fkin + <x.rclad.Ppc = 0 (7)

with rclad the internal heated cladding radius.

2 - IMPLEMENTATION IN THE CODE CYRANO3

This modelling has been introduced in the CYRANO3 code [5] and [8]. Accounting for the
intricate phenomena, the development of a new model clearly affects the other
calculations. A short description of the code structure is proposed in order to clarify in the
second part the effects of the relocation model.

2.1 - General CYRANO3 Code structure

The improvement of the fuel rod overall behavior prediction requires more and more
sophisticated modelling that needs consistent mechanical/mathematical concepts. Because
a pertinent framework was necessary to integrate in a well-considered way the physical
behavior models, a new computer modelling has been developped by EDF during the last
six years. It provides a hierachical and flexible structure that offers all features necessary
to be used as tool for research or design applications. It was developped in the respect of
the Quality Assurance rules.
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Considering the complexity and the intricate physical and mechanical phenomena
involved, simplifications have to be assumed. The most common assumption concerns the
geometric modelling of the fuel. In order to limit the computer storage and the running time
costs, the structural analysis is performed with a quasi-two-dimensionnal description.
The whole fuel rod is then represented by a stack of one-dimensionnal radial calculations
coupled axially by the coolant energy equation, a common internal fuel rod gas pressure
and by axial forces modelling. The rough logic flow of CYRAN03 is presented above.

The structure of the program is quite similar to the last fuel performance codes being
developped [6]. The major specific phenomena due to non axisymmetric conditions and
axial effects are included in CYRAN03 : mechanical axial coupling, hourglassing effects,
ridging formation, cracked pellet effects.

kMXIAE-BQNDINGM

OADDING-COOLANT HEATTRANSFB

THERMOMECHANICAL ANALY
pellet mid-plane !

no

Storage of results at pellet mid-plane |
Restoration of pedet-pellet interface conditfjn:

I
MECHANICAL ANALYSIS

Pellet- Pellet Interface

J_
Storage of results at peliet-pellet interfai
Restoration of pellet mid-plane condition

3.
| CLADDING CORROSION I yes

Figure 7 : CYRAN03 general flow chart
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2.2 - Consequences of this modelling

a) internal pressure calculation

As the pellet fragments move outwards, part of the void volume, which was initially
located only in the pellet cladding gap, is redistributed in the opened cracks between the
fragments and in the remaining pellet-cladding gap. This volume transfer is introduced in
the rod internal pressure calculation.

b) thermal analysis

The pellet-cladding gap decrease induced by the movements of the fragments has a major
influence on the thermal behavior of the rod. Indeed, the gap conductance depends on the
gap width. However, the gap conductance modelling in CYRANO3 already takes into
account this effect thanks to the Mac Donald et Weisman modelling [7]. So it has been
decided to keep this formulation and to define two values of the gap width depending
whether we calculate thermal or mechanical behavior.

c) mechanical axial coupling

At each time step, the axial forces are calculated resolving the axial equilibrium between the
pellet stack and the cladding with localized or uniform contacts accounting for the fuel
column weigth above each axial location. The calculated axial forces are then introduced as
imposed stresses in the radial axisymmetrical calculation.

The four differents modes of axial interaction between pellets and cladding are presented in
the figure 8. If the radial gap is open the fuel may slip in the cladding without axial
stresses. As the gap is closed, the pellets might be completely wedged to the cladding so
that they have the same displacements (bonding conditions) or the contact pressure is
small enough to allow relative axial displacement (sliding friction). Moreover section
without radial contact may be trapped by sections above them having radial contact. The
main problem is to describe the criteria that define whether the interaction conditions are
sliding or bonding conditions. The sliding condition is not yet introduced in the present
version of the code. The criteria of bonding conditions were improved thanks to the
relocation modelling.

Slipping condition Sliding conditions

Trapped Bonding or Sliding conditions

figure 8 : axial interaction modes

figure 9 : pellet hourglassing
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Indeed, axial bonding is supposed to occur as soon as hard contact between pellet and
cladding is established. The hard contact definition is now based on the following
assumptions : the pellet-cladding contact pressure is greater than a calibrated threshold and
the pellet fragments displacement rate is lower than a given value. Pellet and cladding are
assumed to remain bound until the pellet gap reopens.

d) pellet ends effects

As soon as pellet cladding mechanical interaction occurs, ridges induced by the
hourglassing shape of the pellets (figure 9) are observed on the cladding. Using two- and
three-dimensionnal finite element modelling, a semi empirical formulation has been
established. The pellet radius increase induced by hourglassing is calculated and is added to
the permanent strains calculated at pellet mid-plane. This option allows to estimate the
maximal strains and stresses in the cladding at ridges location where cladding failures occur.

In the analytical experiment, the variation of cladding diameter during power level was
greater at pellet-pellet interfaces than at pellet mid-planes. This observation is consistent
with the process developped which assumes that the fragment location depends on the
pellet-cladding contact pressure. Considering the specific calculation of the ridges with
CYRAN03 ,the fragments location is assumed to be calculated independently at pellet-
pellet interfaces and at pellet mid-planes.

3 - CALIBRATION AND EVALUATION OF THE MODEL

The relocation model has been calibrated on the basis of the CEA analytical experiments.
The figures 10 and 11 compare the measured diametral evolution of the cladding and the
calculated one at pellet mid-plane and pellet-pellet interface. Both calculated kinetics and
magnitudes are in good agreement with the measurements.

Analytical experiment
Average cladding diameter evolution

at pellet-pellet location
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Analytical experiment
Average cladding diameter evolution
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figure 11

Once the model was calibrated on this base, it has been applied to the standard rods
irradiated under normal operating conditions.
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Figures (12 to 16) show the comparison between the calculated profilometries and the
measured one for fuel rods irradiated respectively during one to five cycles in a PWR. The
first one is presented in order to prove that the creeping down is correctly predicted. The
predicted profilometries are in good agreement with the measured one whatever the burn-
up.

Considering the fuel stack length and the rod length, the comparisons calculations vs
measurements validate the axial bonding modelling (figures 17 and 18). Nevertheless, this
modelling should be modified to take into account axial sliding conditions between pellet
and cladding. Moreover, axial relocation induces an increased length which might be hidden
at the present time by the swelling modelling. Further work has to be done including
density comparison in order to validate separetely the different models. Lastly, the major
importance of the definition of the axial bonding criteria has to be noticed. Indeed, as far as
high burn-up fuels are concerned, the axial interaction increases the rod length so that the
internal pressure is directly influenced. Considering the PCMI, the axial interactions
strongly modify the circumferential stress calculated in the cladding. The time where the
axial bonding occurs has to be accurately predicted especially during the power increase.

Diametral profilometry of a rod irradiated during 1 cycle in a PWR
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figure 12:

Diametral profilometry of a rod irradiated during 2 cycles in a PWR
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figure 13
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Diametral profilometry of a rod irradiated during 3 cycles in a PWR
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figure 14

Diametral profilometry of a rod irradiated during 4 cycles in a PWR
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figure 15

Diametral profilometry of a rod irradiated during 5 cycles in a PWR
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Fuel stack elongation (measured against predicted)
figure 17

Fuel rod elongation (measured against predicted)
figure 18

A first evaluation has then been performed in order to estimate the modelling behavior
during theoretical power ramps. Assuming a constant power level of 200 W/cm, a power
increase is modelled at the rate of 125 W/cm/mn with a peak power of 450 W/cm for
various burn-up levels. The average stresses in the cladding are strongly increased for the
fuel rods with a burn-up from 10 to 30 GWd/tU, that is, during the "soft contact" period.

In order to validate this modelling, the comparisons between measured and calculated
diametral deformations have to be performed on the basis of the fuel rods irradiated during
the OVERRAMP and SUPERRAMP programs.

4 - DISCUSSION AND CONCLUSIONS

The model presented in this article provides correct average strains of the cladding at mid
pellet as well as at pellet ends for fuel rods irradiated under normal conditions. The pellet-
cladding gap time to closure is also more accurately predicted. Moreover the fictive power
ramp calculation showed that in spite of an increased contact pressure, the fragments do
not move inwards thanks to the increased pressure between the neighbouring fragments.
PCMI effects can thus be accurately predicted in normal and off-normal operating
conditions.

However several assumptions and choices that have been made, remain open for
discussions. For instance, the empirical equations proposed for the wear of the fragment
roughness could be improved and based on more physical grounds. To this aim, several
types of experiments that were not available at the time this study was performed, are
required in order to characterize the effect of the power ramp rate upon the wear and to
developp physical formulations. Another important assumption has been made to
simplify the modeling : the distinction between the thermal and the mechanical gaps.
Indeed, from the purely physical viewpoint, it does not seem satisfactory to deal with
two values of the same physical quantity. Nevertheless the axisymmetric description of
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the finite element calculations prevents from following another way. The only possibility
to cancel this assumption is to perform 2D calculations in the (r, 9) plane.
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ABSTRACT

Fuel performance in Embalse Nuclear Power Plant since the beginning of
the operation of the commercial fuel manufacturing plant has been encouraging.
Failure rates because of manufacturing flaws during the last 3 years is discussed.
The total manufacturing failure rate is strongly affected by some "defect
excursions". The first part of this paper presents the evolution of the failure rate
and describes the most important excursions.

Despite the good performance of the fuel, new trends in the energy market
require more economic fuels. Domestic fuel design optimizations towards this
objective are discussed. These changes are mainly referred to an increment of the
uranium content in the fuel. Another design changes that are directed to reduce the
fuel manufacturing cost are also described. This modifications are in progress and
under a qualification program.

New manufacturing equipments have been incorporated to reduce the cost
of the fuel and to increase the fuel reliability. Some of them have been completely
qualified and are fully operational.

General Overview

Embalse Nuclear Power Plant is a CANDU-6 type reactor that is operating
since 1983. At the very beginning of the operation, the fuel was supplied by
Canadian manufacturers. In 1985 the domestic supply started, first from a pilot
plant and then from a commercial fuel manufacturer.

Based on the basic specifications of AECL, the detailed design of the fuel
was completed by CNEA in 1984 and no significative changes were introduced
since that time.
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Fuel Performance

At the present, as we can see in Table 1, more than 30000 FA produced by
our local commercial manufacturer have been irradiated in Embalse NPP. The
average burnup of these fuels was approximately 7400 MWd/tU and the overall
failure rate, after almost ten years of domestic supply, is 0.18 %. Fuel
performance during the beginning of the operation of our local manufacturer was
presented in previous International Conferences on CANDU Fuel.

Relevant data regarding the domestic supply of fuels to Embalse NPP
during the last four years is presented in Figures 1 and 2. More than 3000 fuel
bundles were delivered by the fuel manufacturer to the power station each year.
Figure 2 shows the cumulative number of failed fuel bundles in this period and the
failure rate for each year. This rate was less thanO2 % in 1993 and then jumped to
0.4 % in 1995. In 1996 the failure rate was again very low. Although some fuels
manufactured during 1996 are still into the reactor, the activity level of the primary
coolant is very low so we expect that the good performance of these fuels will
remain at that level until the end of their irradiation.

The evolution of the failure rate for each shipment of fuels manufactured
during 1995 was analyzed in Figure 3. Shipment 03/95 had the maximum failure
rate (1.2 %) and shipments 04/95 and 10/95 were also rather high, around 0.6 %.
Some correlations with fuel manufacturing and control records suggest that there
may be a relation between the failures and some batches of the graphite coating
process. Although further investigations are necessary to confirm these findings, it
is clear that failures are part of a "failure excursion". The same might be
demonstrated for shipment 10/95 but related with the endcap welding process. The
failure rate corresponding to the "failure excursions" modifies the overall fuel
failure rate for the whole year. Table 2 shows relevant information for the last four
years, including the failure rate without considering the "failure excursions". This
rate is 0.10 - 0.15 %, depending on how many fuels are considered as part of the
failure excursion.

Figure 4 shows relevant information for fuels manufactured during 1996. In
this case there is only one failed fuel and therefore the failure rate is very low.

Design Optimizations

Despite the acceptable performance of the fuel, new trends in the energy
market in Argentina require more economic fuels. To keep the competitiveness of
the nuclear energy against power plants fuelled with gas it is necessary to reduce
the cost of the nuclear fuel.

Fuel design contributions developed by CNEA toward this objective are
related with the increment of the U mass in the FA and with the reduction of the
fuel manufacturing cost. To increment the U content, several design optimizations
have been proposed and developed. In a first stage, this modifications affect only
the dishing volume of the fuel pellets and the length of the fuel stack. Three ways
have been considered for the last one: a reduction of the axial gap between active
length and endcaps, a reduction of the fuel stack length tolerance and a small
increment of the length of the fuel bundle.
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Table 3 shows the benefits of these design optimizations. The increments of
U content are presented separately for each change and the cumulative increment is
also reported.

As seen in Table 3, the maximum increment of U content is produced by
the reduction of the dishing volume. An additional increment is also possible
through the manufacturing of fuel pellets with diameters close to the upper limit of
the current design specification.

The increment of the density of the fuel pellets also produces good results
but its application depends on another factors like powder quality and pellet
fabrication technology.

All optimizations were analyzed by CNEA's Fuel Engineering & Design
Branch and calculations with ELESIM Mod.9 and Mod. 10 were performed to
evaluate the operational parameters. As an example, Figure 5 shows results for the
effectiveness of the new dishing volume.

New optimizations, like the increment of both, fuel pellets and fuel sheath
diameters are under analysis and, depending on the results, will be applied in the
near future.

Design optimizations to reduce fuel manufacturing cost are developed in a
close agreement with our domestic fuel manufacturer. Endcap welding without
previous endcap pickling and endplate welding without pickling the endplates have
been qualified and are operating without any problem. In the near future we expect
to analyze the elimination of the pellet side grinding. Modifications of some
tolerances and specifications requirements will also be considered.

Manufacturing Improvements

After almost 10 years of domestic supply of fuels to Embalse NPP the main
concerns about factors from fuel manufacturing that might be affecting fuel
performance are related with: endcap welding, fuel sheath integrity, brazing
influence and hydrogen content into the fuel element. Several manufacturing
equipments associated with this factors have been improved by the fuel
manufacturer with the assistance of CNEA to increase fuel reliability and economy.
Qualification of the improved equipments was also performed with the participation
of CNEA.

Conclusion

Fuel performance in Embalse NPP of fuel bundles produced by the
domestic commercial fuel manufacturer during the last 4 years has been, in
general, quite acceptable. The overall failure rate for this period was 0.18%. There
were some "failure excursions" that had a strong influence on that figure. Without
considering those "failure excursions" the failure rate should be 0.10 - 0.15 %.
Despite the good performance, fuel design optimizations are necessary to reduce
the fuel cost and also the fuel manufacturing cost. Some of these changes that
represent an increment up to 1.75 % in the U content have been qualified by
CNEA and are been applied for fuel manufacturing. The first series of fuel bundles
with the new design are been irradiated in Embalse NPP without any indication of
abnormalities. Fuel reliability is been increased with new fuel manufacturing
technologies and the improvement of manufacturing equipments.
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Table 1: Overall Domestic Fuel Performance in EMBALSE NPP

Fuel Bundles Irradiated

Average Burnup

Overall Fuel Failure Rate

> 30000

~ 7400 MWd/tU

0.18 %

Table 2: 1993-1996 Domestic Fuel Performance in EMBALSE NPP

Fuel Bundles Irradiated

Failed Fuel Bundles

Fuel Failure Rate

Fuel Failure Rate
(Without "FaUure Excursions")

16401

30

0.19 %

0.10 - 0.15 %

Table 3: Increment of the fuel bundles U content

Design optimization

Dishing Volume

Axial Gap & Active Length

Fuel Pellet Diameter
(Within current specification)

Increment
(separately)

[%]

1.25

0.33

0.17

Increment
(cumulative)

[%]

1.25

1.58

1.75
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Figure 1: Fuel bundles supplied to Embalse NPP by the commercial fuel
manufacturer during the last four years.
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Figure 2: Domestic failed fuel bundles and fuel failure rate during the last
four years.
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ABSTRACT

Between 1970 and 1988, the mass of uranium in CANDU bundles increased by 2 to 3%. To
assess the effects of the increase, post-irradiation examination data for 1970 to 1996 fuel with a
range of uranium contents were evaluated. The results show a sheath strain increase with
increasing UO2 density and bumup. Other factors that affect the content of uranium, could not be
quantitatively evaluated from the data.

Bundle uranium mass is affected by several contributing parameters, which have either positive
or negative effects on the fuel sheath strain and bundle subchannel cross-sections. The
ELESTRES fuel modelling code has been used to determine the relative effect on sheath strain of
the design parameters that control uranium mass, namely, pellet density, diametral clearance,
axial gap, and pellet face geometry (chamfer, dish depth, and land width).

The increases in uranium mass achieved between 1970 and 1988 caused increases in fuel element
diameter which in turn has an effect on the margin to dryout. A limiting bundle mass was
calculated for an overall average of zero element strain in a fuel channel in a previous study. For
comparison, this paper presents a revised calculation by including midpellet as well as ridge
strains to determine a weighted average sheath strain.

We have re-evaluated the current fuel technical specifications with respect to the margin to
dryout, and examined uranium mass as a simplified indicator for bundle acceptability. Links
between uranium content and fuel performance are discussed.
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1. Introduction

The 2 to 3% increase in bundle uranium content caused concerns about negative effects on fuel
performance, such as increased susceptibility to stress-corrosion cracking (SCC) and decreased
dryout margin. This paper reports the results of a post-irradiation examination (PIE) database
review, and discusses them with respect to uranium content and fuel performance.

The relative effects on sheath strain of the design parameters that control uranium mass, namely;
pellet density, diametral clearance, axial gap, and pellet face geometry (chamfer, dish depth, and
land width), have been calculated and are presented here.

The case for limiting bundle uranium content due to the potential of a decreased margin to dryout
is re-examined. The methodology of the previous determination of the limiting uranium content
has been followed, but with a modification to the determination of the effective sheath strain.

2. Performance Factors Evaluated Using PIE Data

2.1 Database

The PIE database we used for the evaluation includes fuel irradiated between 1970 and the early
1990s. It was compiled in the AECL Fuel Development Branch and Fuel Design Branch [1]. It
lists manufacturing and PIE data from the final PIE reports of CANDU fuel irradiated in power
reactors.

Bundle mass, UO2 density, and plastic sheath strain are plotted against a date line from 1970 to
1996 in Figures 1 to 3. The data points do not always correspond between the graphs, depending
on the availability of the parameters in the database. In some cases, nominal fabrication values for
sheath outside diameter prior to irradiation were used to calculate the strain. This is consistent
with manufacturing data, which normally list average batch values, rather than individually
measured sheath diameters.

The uranium mass was increasing as the fuel manufacturers' capabilities were improving, and there
was an economic incentive to increase the uranium content in the fuel. The increase has been
mainly due to higher densities, though dimensional refinements have contributed as well. Figure 1
illustrates the bundle uranium mass showing a steady increase, from about 18.8 kg U in the late
1970s to about 19.3 kg U in the late 1980s for 37-element power reactor fuel. Pickering fuel
ranged between 19.8 and 19.85 kg U per bundle in the early 1970s, and increased to 20.2 kg U per
bundle in the 1980s. Figure 2 shows the trend in UO2 density, increasing from 10.60 Mg/m3 in the
early 1970s to about 10.73 Mg/m3 in the mid 1980s. Figure 3 plots the measured sheath strain
(midpellet average). The strain shows an upward trend, from an even distribution between
compressive and tensile permanent strains during the 1970s to mainly tensile strains (with a mean
near 0.3 %) in the late 1980s.

2.2 Sheath Strain: Effect of Uranium Mass, Power and Burnup

The mid-pellet average sheath strain increased with operating power. To evaluate the strain vs.
uranium mass correlation, we normalized the effect of different operating powers (from actual peak
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power to 50 kW/m, typical of peak element ratings for outer elements), using a factor of 0.019%
midpellet sheath strain/(kW/m) for both Pickering and 37-element fuel types [2,3]. The result is
shown in Figure 4.

Figure 4 excludes the data for three bundles with the lowest density in this data set (10.6 Mg/m3)
and low power. In all three cases, normalization to 50 kW/m produced inordinately high strains
(up to 0.9%). This brings into question the accuracy of the data or the applicability of the
normalizing factor to low powers.

Figure 4 indicates, for all fuel types, an upward trend in strain with increasing density, a rise of
about 0.56% per 0.1 Mg/m3 density increment. This is higher than the theoretical coefficient
(0.31% per 0.1 Mg/m3). Obviously, the trendline in Figure 4 is affected by changes of additional
parameters that occurred in parallel with the increase of density.

Figure 5 plots normalized strains (as above) against burnup. The figure indicates, for all fuel types,
an upward trend in strain with increasing burnup, a rise of about 0.15% per 100 MW-h/kg U in
Figure 5. Again the same data as in Figure 4 for UO2 densities of 10.6 Mg/m3 and low power have
been excluded.

2.3 Ridge Height

The average ridge height at pellet interfaces is the average of the measured ridges for each element
The ridge height is one half of the differential between the measured midpellet diameter and pellet
interface diameter. Figure 6 shows the average ridge height for "low uranium" fuel irradiated in
NRU in the early 1970s, and in "high uranium" reactor fuel irradiated in the 1980s and 1990s.
Though the overall element strains have been seen to increase with increased uranium mass, the
differential between the pellet interface ridge heights and midpellet diameters has remained
unchanged over the years. Pickering fuel exhibited average ridge heights between 13 and 41 jjm;
for 37-element fuel, the average ridge heights were between 9 and 27 (im.

2.4 SCC Defect Threshold

The database includes a number of power-ramp defects. Only three of them have the reported
power-burnup combination or the power ramp-burnup combination below the 1% defect
probability line from the 1982 CANDU 6 defect threshold curves (all three belonging to the 1988
Pickering-1 incident where more than 290 elements failed [4,5]). All other power ramp defects
experienced power-power ramp-burnup combinations above the threshold.

3. Parametric Evaluation of Factors Affecting Bundle Uranium Mass

3.1 Input Data

We considered pellet density, pellet outside diameter, diametral clearance between the pellet and
the sheath, the axial gap between the pellet stack length and the sheath internal length between
end caps, and the pellet face geometry (chamfer, dish depth, and land width) for their effect on
bundle uranium mass and sheath strain. The ranges of values for the parameters under
consideration were chosen for relevance to the CANDU fuel in use today. "Low", "middle" and
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"high" values were chosen for each of the parameters, considering production values and the
range of interest These variables along with the fixed input parameters are listed in Table 1.

3.2 Method

ELESTRES, version M13B.8 [6], has been used in the evaluations of the effects of the
parameters on uranium mass and sheath strain.

The parameters were evaluated one at a time, varying each to their "low", and "high" values,
while keeping the other parameters fixed at the "middle" value.

The reference high-power envelope for CANDU 6 fuel, from the Fuel Design Manual for
CANDU-6 Reactors, was used for each of the cases. This power history was chosen to illustrate
the relative effects of the studied parameters on sheath strain and uranium content.

3.3 Parametric Evaluation Results

The evaluation included a comparison of the individual parameter's effect on bundle uranium
mass, Table 2.1, and on element hoop strain, Tables 2.2 and 2.3. Table 2.4 presents a weighted
average sheath strain from the values in Tables 2.2 and 2.3. This was calculated by considering
the ridge strain affecting one third of the sheath length and the midplane strain affecting two
thirds of the sheath. These proportions were approximated from profilometry charts recorded in
PIE reports from CRL. To show the relative effect of each of the parameters, the "percent
uranium" differences between "lows" and "highs" (Table 2.1), and the magnitude of strain
increase (Table 2.4) were combined. Their product was used to give a relative reading on the
effect of each parameter. The relative effect is listed under "Factor" in Table 2.5 and shown
graphically in Figure 7.

The parametric evaluation used ELESTRES calculations of the identified parameters' effect on
bundle uranium mass and sheath strain. For the range of interest within the current specifications
and manufacturing practices, the parametric evaluation shows that, for the fuel element diameter
of 13.10 mm in use today, the main factors affecting bundle uranium mass and sheath strain are
pellet density and diametral clearance. To consider a limitation on bundle uranium masses with
respect to dryout, diametral clearance is limited by the ability to load fuel stacks into the fuel
sheath where the clearance falls into the range of about 0.05 mm to 0.09 mm. The parameters
considered here are those allowable within the current fuel specifications for 37-element fuel.

These ELESTRES calculations show that the design parameters fall into two groups; (i) those
where the increase in uranium mass is accompanied by an increase in sheath strain, and (ii) those
where the increase in uranium mass has a negligible effect on sheath strain. Minimizing the axial
gap and dish depth would increase the bundle uranium mass without a significant increase in on-
power sheath strain.

4. Evaluation of Basis for Uranium Content Limit

There are two areas of concern with high density pellets and with fuel manufactured with small
gaps between the pellets and sheath:
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- high tensile strains increase the sheath diameters and thus increase hydraulic resistance of the
fuel string and lower the margin to dryout, and

— high tensile stresses and strains of the sheath may lower the power ramp threshold for SCC
failure.

4.1 Evaluation of Uranium Mass Limit Affecting the Margin to Dryout

Because of the concern for a lower margin for dryout due to increased uranium mass, an earlier
assessment estimated the bundle average sheath ridge strain as a function of average uranium
content for a column of 12 bundles operating at the dryout channel power [7]. The ELESTRES
and NUCIRC computer codes were used to assess the change in the margin to dryout, and shown
graphically is the channel average zero strain intercept in Figure 8. The critical uranium content
corresponding to a bundle average ridge strain of zero along the fuel column was determined to be
19.25 kg U. It should be noted that the NUCIRC analysis does not include any potential fuel
element diameter effect on Critical Heat Flux.

The previous determination was a lower bound (conservative) approach by considering only
bundle average ridge strains in the determination of channel flow impedance. A more realistic
approach would be to use a perimeter weighted average approach in simulating the bundle
deformation profile. In this paper, a modification to the strain determination is used, considering
that the flow impedance to the channel is determined by the fuel element diameters both at the
ridges and pellet midplanes. The perimeter averaging method to determine element strains is
consistent with the overall approach in determining channel flow restriction, where the average
bundle strains of twelve bundles in a fuel channel are used, rather than just the strains of the
highest power central bundles.

To determine the bundle average zero strain value for bundle uranium mass in a fuel channel
operating at dryout, the bundle average cross section ridge strains in Table 3 are converted to
perimeter weighted average strains in Table 4. The bundle powers for the position 12 bundles in
these two tables was modified to reflect the powers for the position 4 bundles prior to an 8 bundle
shift in order to more accurately reflect the sheath strains in these bundles. The relationship
between the weighted average sheath strains to the ridge strains determined by ELESTRES was
used to determine the factor for converting the ridge strains to the weighted average strains.
Figure 8 plots the Reference? ridge strain, and shows the shift in average sheath strain when
midplane hoop strain is included. The bundle average zero strain point for the fuel channel shifts
from a bundle weight of 19.25 kg U to 19.40 kg U.

4.2 Evaluation of Uranium Mass limit Because of SCC Considerations

In general terms, lower density and higher diametral clearance fuel induces compressive sheath
strain due to sheath collapse and pellet densification while higher density and lower diametral
clearance fuel induces tensile sheath strain from pellet expansion. However, these are initial
conditions and most fuel densification occurs early in fuel life. During constant power irradiation
the stress in the sheath is close to zero as the effects of density and diametral clearance are
significantly reduced due to sheath creep and stress relaxation. In-reactor Diameter Measuring Rig
(IRDMR) tests have shown diameter increases during a power ramp following a low power soak at
about 30 kW/m to a burnup of 100 MW-h/kg U were independent of initial fuel density [8].
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With the exception of the Pickering-1 failures from overpowering and the Point Lepreau defects
with uncured Canlub, there have been no power ramp failures attributable to SCC since 1972 in
Canadian reactors, as the overall fuel failure rate has been decreasing while the bundle uranium
masses were increasing.

The size of ridges, where the power-ramp defects are usually initiated, has not changed with the
increase of uranium mass (Figure 6). This observation indicates no change or a small change in
the threshold.

5. Conclusions

1. The available PIE data show an increase in residual sheath strain with increasing pellet density,
at about 0.56% per 0.1 Mg/m3 density increment. Other factors affecting sheath strains, such as
pellet and sheath dimensions, could not be quantitatively evaluated from the available data and are
believed to have affected the density factor.

2. The PIE data show an increase in residual sheath strain with increasing burnup, a rise of about
0.15% strain for each increase of 100 MW-h/kg U burnup. As in the case of strain vs. density
above, it was not possible to separate the effect of pellet and sheath dimensions.

3. The database has yielded little evidence about changes of the power ramp defect threshold with
uranium mass. Based on the performance of all "heavy fuel" we believe that, for the ranges of
uranium mass experienced between 1970 and 1988, the margins for power ramp SCC are
sufficient

4. Heavy fuel will increase the element diameters at power. A re-evaluation of previous
analyses, where only ridge strain is considered, determined that the limiting uranium mass
increases when the overall average sheath strain is used to determine the flow impedance in a
fuel channel. The re-evaluation determined that the dryout performance of the fuel is not
expected to be reduced for 37-element fuel bundles with uranium contents below 19.40 kg U.
Current production practices and compliance to AECL's technical specifications produces 37-
element fuel bundles with an average uranium content of 19.3 kg U, with a ±3 sigma range from
19.27 to 19.33 kg U.

5. There are some difficulties with uranium content as a design parameter because it can be
controlled by several factors. Uranium mass is a complex function of several elementary
parameters, and depending on their particular combinations, it may distort the intent of the fuel
design. We therefore do not recommend uranium mass be included among the requirements of
fuel technical specifications. The parametric evaluation shows that the bundle uranium mass is
practically controlled by pellet density and pellet diameter (diametral clearance), the two
parameters that also have the largest effect on sheath strain.
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Table 1: ELESTRES Input for "Low", "Middle" and "High" Values

Variable
Density (Mg/m3)

Land Width (mm)
Axial Gap (mm)

Diam. Clear, (mm)
Chamfer -Radial (mm)

- Axial (mm)
Dish depth (mm)

Fixed Input Para's
Sheath o.d. (mm)
Sheath Wall (mm)
Axial Length (mm)

"Low"
10.55

0
1

0.038
n/a
n/a
0.2

-

"Middle"
10.65
0.46

2
0.08
0.85
0.15
0.26

13.10
0.41

483.0

"High"
10.75
0.85

3
0.13
0.45
0.055
0.33
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Table 2.1: Impact of Change in Single Variable on 37-element CANDU Fuel Bundle Uranium Content

Variable
Density (Mg/m3)
Land Width (mm)
Axial Gap (mm)
Diametral Clearance (mm)
Chamfer (mm)
Dish Depth (mm)

•Low"

19.11
19.25
19.33
19.42

na
19.33

Bundle U Mass (kg)
"Middle"

19.29
19.29
19.29
19.29
19.29
19.29

"High"

19.47
19.32
19.25
19.13
19.29
19.23

Percent umerence
between low and high

1.88
0.37
0.42
1.51

0.51

Table 2.2: Impact of Change in Single Variable on Sheath Ridge Strain

Variable
Density (Mg/m3)
Land Width (mm)
Axial Gap (mm)
Diametral Clearance (mm)
Chamfer (mm)
Dish Depth (mm)

•Low"

0.96

1.188
1.125

1.47
na

1.112

Ridae Strains (,%)
"Middle"

1.133
1.133
1.133
1.133
1.133
1.133

"High*

1.447
1.043
1.138

0.729
1.252
1.1

Difference f%)
(High to Low)

0.487
0.145
0.013

0.741
0.119
0.033

Table 2.3: Impact of Change in Single Variable on Sheath Midplane Strain

Variable
Density (Mg/m3)
Land Width (mm)
Axial Gap (mm)
Diametral Clearance (mm)
Chamfer (mm)
Dish Depth (mm)

"Low"

0.457
0.654
0.694
1.03

na
0.695

MidDlane Strains (%}
•Middle"

0.673
0.673
0.673
0.673
0.673
0.673

"High1

0.948
0.72
0.653
0.301

0.632
0.642

Difference (%)
(High to Low)

0.491
0.066
0.041
0.729

0.041
0.053

Table 2.4: Weighted Average of Strain Differences, from Tables 2.2 & 2.3

Variable
Density (Mg/m3)
Land Width {mm)
Axial Gap (mm)
Diametral Clearance (mm)
Chamfer (mm)
Dish Depth (mm)

"Weiahted Averaae of Strain
differences" calculation

(2/3 Midplane + 1/3 Ridge) =
•
•

•

Weiahted Av. Difference (%)
(High to Low)

0.490

0.092
0.032
0.733

0.067
0.046

Table 2.5: Determination of Factor to Show Relative Impact of Variables on Uranium Content & Strain

Variable
Density (Mg/m3)
Land Width (mm)
Axial Gap (mm)
Diametral Clearance (mm)
Chamfer (mm) ,
Dish Depth (mm)

(A) %U diff.
from Table 2.1

1.88
0.37

0.42
1.51

0.51

(B) Strain Diff
% from Table 2.4

0.49
0.092
0.032
0.733

0.067
0.046

Factor (A)*(B)

0.921
0.034

0.013
1.107
0.000
0.023

Factor (A)/(B)

3.837
4.022
13.125
2.060
0.000
11.087

Parajns



2 5 1

Table 3

Average % X-section Ridge Strain*
U-mass (kg U)

Bundle Power

at CCP (kW):
267
616
822
880
973
1045
1045
972
855
759
561
600

Channel Av

18.8

•• *
f t f •*

-2.256
-1.080
-0.385
-0.190
0.123
0.366
0.366
0.120
-0.274
-0.598
-1.265
-1.145
-0.518

19.1

* * '

-1.904
-0.728
-0.034
0.162
0.475
0.718
0.718
0.472
0.078
-0.246
-0.913
-0.793
-0.166

19.4

i

-1.552
-0.376
0.318
0.514
0.827
1.070
1.070
0.824
0.430
0.106
-0.561
-0.441
0.186

19.7

-1.200
-0.024
0.670
0.866
1.179
1.422
1.422
1.176
0.781
0.458
-0.209
-0.089
0.538

*Data from Reference 6

Table 4

Average % X-section Hoop Strain - Weighted Average
U-mass (kg U)
Bundle Power
atCCP(kW):

267
616
822
880
973
1045
1045
972
855
759
561
600

Channel Av

18.8

- -' :.-"
• ' ' ' s

-2.256
-1.265
-0.571
-0.376
-0.062
0.180
0.180
-0.066
-0.460
-0.783
-1.451
-1.331
-0.704

19.1

It <

-2.090
-0.913
-0.219
-0.024
0.290
0.532
0.532
0.286
-0.108
-0.432
-1.099
-0.979
-0.352

19.4

-1.738
-0.562
0.133
0.328
0.642
0.884
0.884
0.638
0.244
-0.080
-0.747
-0.627
0.000

19.7

"• A

.. J>

-1.200
-0.024
0.670
0.866
1.179
1.422
1.422
1.176
0.781
0.458
-0.209
-0.089
0.352

Fc_achan
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PROGRESS IN DEVELOPMENT OF A TECHNIQUE TO MEASURE THE AXIAL
THERMAL DIFFUSIVITY OF IRRADIATED REACTOR FUEL PELLETS

R. HUTCHEON and J. MOURIS
CA0000115

AECL, Chalk River Laboratories, Chalk River ,Ontario, Canada KOJ 1 JO

ABSTRACT

A new technique, based on pulsed high-energy («12 MeV) electron-beam heating, is being
developed for measuring the thermal diffusivity of irradiated reactor fuel. This paper reports on
the continuing development work required to establish a practical technique for irradiated
materials at high temperatures (1000 to 1500°C). This includes studies of the influence of
thermocouple surface contact resistance, of the sheath and the pellet mounting system, of internal
cracks in the pellet, and of the chamber atmosphere. Calibrations with a NIST standard and
measurements on fresh UO2 were done. Progress during the past year in these various areas is
reviewed, and initial experiments with a specimen of high-burnup CANDU fuel are discussed.

1. INTRODUCTION TO THE EXPERIMENTAL TECHNIQUE

AECL has been systematically developing the following technique for measuring thermal
diffusivity of irradiated reactor fuel, based on 12-MeV electron-beam pulsed heating. A
cylindrical sample is mounted in a small conventional furnace and brought to a specific
temperature. Then, one end of the sample is rapidly pulse-heated with an electron beam, and the
transient temperature response of the other end is measured with a thermocouple. The transit
time for the heat pulse yields the thermal diffusivity.

Early work concentrated on developing the PHELA electron accelerator beam delivery systems
and the high-speed thermocouple temperature data collection systems. Proof-of-principle
measurements were done on unirradiated unsheathed UO2 up to 400°C [1]. An irradiated fuel
transfer flask/target chamber system was completed in 1996, and hot-cell loading and transfer
systems then developed. The sample mounting and heating system (Figure 1) holds the fuel slice
firmly so that pressure is always applied to a spring-loaded thermocouple on the back face of the
pellet, thus ensuring reproducible surface contact. To reduce conductive heat loss, a sample
mounting technique, compatible with hot-cell loading, was chosen consisting of 3 axial wires for
lateral confinement, 3 small axial wires for locating the back face (i.e., thermocouple tip location),
and 3 axial wires against the upstream side (front face) to hold the pellet against the slight
pressure of the thermocouple spring-loading. To minimize radiant cooling of the pellet during
each transient temperature increase, the upstream end of the pellet holder is covered with a 25-
Hm-thick sheet of Ti6A14V foil, which is heated by the heater. A thermal baffle is also mounted
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on the frame behind the pellet back face. The thermal difrusivity experiment must be performed in
a controlled atmosphere, usually in good vacuum (<10'5 Torr) to maintain the fuel stoichiometry.
At the beginning of 1997, much development work remained in the path to an established
practical technique for irradiated materials at high temperatures (1000 to 1500°C). The integrity
of the sliced irradiated fuel pellet, and the influence of internal cracks in the pellet and of the
chamber atmosphere were as yet unconsidered. The influence of thermocouple surface contact
resistance, of the sheath (it seemed clear that the sheath could not be removed without destroying
the integrity of the pellet), of the pellet mounting system—all needed to be studied. Finally,
measurements were required on known standards at each stage of hardware and software
development, to verify each development step. Progress during the past year in these various
areas will be outlined in this paper.

2. CHOICE AND MODELLING OF THE THERMOCOUPLE SYSTEMS

The present sample heating furnace is limited to a maximum of 1000°C, so a type K
thermocouple was used with a response time similar to the length of the electron beam
macropulse («100 ms). The electron accelerator vault is an electrically noisy environment, so a
shielded thermocouple is necessary. To minimize the heat load on the back face of the pellet, and
to maximize the thermocouple-pellet response time, the smallest practical thermocouple diameter
was chosen, a 0.25-mm-diameter, stainless steel, sheathed, grounded commercial unit. The
response-time of the thermocouple junction was measured by inserting the thermocouple into a
2-mm-deep, 0.28-mm- diameter hole in the back face of an 8-mm-long, 13-mm-diameter OFHC
copper pellet and doing a standard pulse heating experiment. The response of the copper is very
fast (thermal diffusivity = 113.5*10"6m2/s), and a fit to the total system response suggested a
junction response time, x «70 ms.

When, however, the response was measured in the usual measurement configuration in which a
spring-loaded thermocouple was simply touching the back face of the copper sample, a different
response was obtained (Figure 2), which is not a simple exponential. To improve the modelling of
the spring-loaded, surface-contacting response, a thermal model of the thermocouple was
conceived, based on the assumed physical geometry and surface contact characteristics (Figure 3).
The sheath is assumed to be the main heat conduction path away from the thermocouple tip, while
the heat capacity is primarily that of the magnesia insulation. Clearly a distributed model for the
thermocouple would be best, in principle, but it was hoped that a lumped response would be
adequate. This model suggests that only the value of the contact resistance should be different for
each sample, but that the values of X2 (the junction response time) and x,)(the thermocouple
sheath/insulation response time) should depend only on the thermocouple used. Theoretical fits
that were indistinguishable from the copper data were obtained with values of x2 « 0.1 s, X3 « 0.3
s, and X4 « 1.7 s.

The theory of thermal contact resistance suggests that, for a given force, Fei, and fixed
geometry, the contact area, Ad, between two materials (which is inversely proportional to the
contact resistance) is proportional to (Fei/E')273, assuming the applied loads are low enough to not
cause plastic deformation. Here, E' is the combined elastic modulus of the two materials. The
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value of (E')'73 should be proportional to the contact resistance and thus the time constant, T3.
The values for the materials used in this work are listed in Table 1 .

The sensitivity of the experimentally determined diffusivity, a, to the value of these time
constants was determined by fitting measurements on sheathed and unsheathed fresh fuel pellets
with the complete time-response function, using various fixed values of the thermocouple time
constants, but varying a to get a best-fit value. A variation of T4 between 1.35 and 2.35 seconds
makes <2% change in the best-fit value of the thermal diffusivity, even for the worst case of
relatively large values of the a « 2.6 * lO^n^/s. The sensitivity of the "best-fit" diffusivity value
to T3 is stronger. A factor of 2 increase in T3 produced a 7.6% increase in the "best-fit" diffusivity
value (for a = 2.5 * 10"6 m2/s at 50°C, with an 8-mm-long pellet). For the lower diffusivity values
encountered at high temperatures, this influence is proportionally lower.

3. INFLUENCE OF THE SHEATH ON THE TRANSIENT THERMAL RESPONSE

The fragile nature of irradiated fuel makes it impossible to remove the sheath from a pellet and
still maintain the physical integrity of the pellet. Measurements were done on a 7.56-mm-long
fresh fuel sample to see how the presence of the sheath modified the measured pellet back face
response. The sheathed diffusivity values were «7.5% lower at room temperature and «6% lower
at 300°C. At 500°C, the sheathed and unsheathed values differed by less than 4%, and were
within systematic error.

The finite-element code ABAQUS was used to perform a simulation of the thermal transient
response of the pellet and sheath, using varying values of gap conductance. At low pressure and
300°C, adequate agreement has been obtained with models using a fuel-to-sheath heat transfer
coefficient, h, of «0.0005 W/(mm2«K) over the surface area in nominal contact with the sheath
(«30% of circumference). In vacuum the value of h over the open-gap region (»70% of the
circumference) decreases to h < 0.0002 W/(mm2«K). The ABAQUS calculations showed that, at
100°C, the influence of the sheath should be negligible, regardless of the value of "h" (the fuel-to-
sheath heat transfer coefficient), and that only at high gap conductance and elevated temperatures
was an apparent increase in diffusivity of 12%, induced by the presence of the sheath.

This suggests that the lower values measured for the sheathed fuel is a result of some other
systematic error in our mounting, measuring or surface contact analysis technique, and not the
result of axial heat conduction by the sheath. The agreement at higher temperatures suggests that
the fuel-to-sheath heat transfer coefficient has very little influence if a gap exists between the fuel
and the sheath. For CANDU engineering purposes, only values above 300°C are of interest, and
the sheath-induced error at these higher temperatures appears to be less than 4%.
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4. VERIFICATION OF ELECTRON PULSE TECHNIQUE WITH NIST STANDARD

Verification of the present technique using known standards was difficult, primarily because the
density of UO2 is high, and for many reasons, including rate of energy loss and beam multiple-
scattering effects on the energy deposition, only a high density material with a length >8 mm
would provide a good calibration of the measurement.

The NIST standards group have not yet qualified any thermal diffusivity standards, and could
only supply thermal conductivity standards. To derive thermal diffusivity values for these
materials, one needs accurate specific heat measurements. The only suitable low thermal
conductivity standard was NIST SRM#1461, a high nickel steel of density 8.007 ± 0.002
gm/cm3, with thermal conductivity varying from 14 to 25 W/(mK) between 25°C and 900°C.
The specific heat of NIST SRM #1461 was measured at the Chalk River Laboratories (CRL)
using the new modulated differential scanning calorimetery (DSC) system. The standard formula
relating thermal conductivity, specific heat and density was used to determine the thermal
diffusivity values of the NIST SRM#1461, with an uncertainty estimated at ±4% at ambient and
up to +7% at 300-400°C.

Two pellets of SRM#1461 were used for thermal diffusivity measurements, one 11.0 mm long
and one 22.0 mm long. The beam energy was taken as 11.9 MeV, and energy loss curves were
derived from the ITS Tiger code runs. The uncertainties in the thermocouple-to-surface contact
thermal resistance precluded using the spring-loaded thermocouple surface-contacting technique
for verifying the fundamental accuracy of the diffusivity measurement system. Instead, each
sample had a 2-mm-deep, 0.325-mm-diameter hole drilled on-axis in the pellet back face, and the
0.25-mm-diameter thermocouple was inserted into this hole (a relatively snug fit, given
tolerances). The data analysis presumed that the thermocouple sheath conduction term was short-
circuited by inserting the thermocouple in the snug hole. The temperature versus time calculation
was done in the usual manner using the exact pellet length, but the temperature was calculated at
a position 1.5 mm upstream from the pellet back face, where the thermocouple junction was
presumed to be located (i.e., 0.5 mm from the thermocouple tip). The optimum fit to the data for
the 2 different pellet lengths yielded a mean value of thermal diffusivity, a, of 3.65 ± 0.13 * 10"6

m^s"1, with a 2 standard deviation confidence level. The expected value for the NIST 1461
thermal diffusivity at 25°C is 3.58 ± 0.14 * 10"6 nrV1. This demonstrates very good agreement
between our measurement technique and the accepted standard.

A set of normal surface-contacting spring-loaded thermocouple diffusivity measurements was
done to determine the surface contact time constants for SRM#1461 (Table 2) and to give an
absolute normalization point for the contact thermal conductance considerations in Section 2 (and
thus tentative values to use for the UO2 measurements). The surface contact thermal resistance
clearly decreased with increasing temperature. The dominant time constant, X3, which determines
the back face temperature rise time, decreased by a factor of two between room temperature and
315°C. As well, the ratio (T3/T4) showed a consistent decrease with increasing temperature, from
«0.4 at room temperature to «0.25 at 315°C.
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The surface contact resistance should have the temperature dependence implied in Table 1 if the
thermocouple-pellet interface stresses remain in the elastic regime, and if surface contamination
and oxidation are eliminated. However, the experimentally determined values in Table 2 exhibit a
stronger temperature dependence than predicted, and thus leaves some uncertainty in selection of
the values for fresh and irradiated fuel. Fortunately, this is likely to be a small effect (Section 2),
especially for low conductivity materials.

5. VERIFICATION OF THE TECHNIQUE FOR UNIRRADIATED UO2

Two short cylinders of commercially manufactured CANDU fuel (7.56 and 8.00 mm long,
12.19 mm diameter) were each inserted into pieces of CANLUB-coated sheathing (cut to
matching lengths). This sheath material was specifically designated for use with this fuel, and thus
had the usual small but definite («25 |tim) gap between the fuel and the sheath. Thus the fuel
inserted easily into the sheath. Three very small crimps in the outer end of each sheath held the
fuel in place. The sheath was removed from the shorter sample for one measurement to determine
the influence of the sheath. The fuel had been used to fabricate bundle SN#L50957C, and had a
density of 10.726 ± 0.020 g/cm3.

Sets of measurements were done on the 8.00-mm-long sheathed pellet between 96/11/26 and
97/07/03 (Figure 4). The results were all obtained under good vacuum (<10'5Torr), with gently
polished thermocouple contact surfaces (to remove possible oxides). The integrity of the
thermocouple spring-mount was maintained during these runs. The measured values of the axial
diffusivity for the 2 different sheathed pellets agree to within 5% over the whole temperature
range. However, these axial diffusivity results for the fresh commercial CANDU fuel are about
15% lower than the results of Lucuta et al. [2 ] and of the MATPRO [3] predictions for
stoichiometric UO2 of density 10.776 gm/cc. The slightly lower density of the pellet used in the
present work is not responsible for this large difference. The measured differences between
sheathed and unsheathed samples also do not account for it. This disagreement with the published
data is still under study.

6. INITIAL EXPERIMENTS ON HIGH-BURNUP CANDU FUEL (BRUCE, BUNDLE
J03311W, 540 MW«h/kg U)

Since the present technique is being developed with the aim of measuring irradiated fuel
properties, it was considered important to try a few initial runs on a high-burnup fuel, just to
identify the eventual problems to be encountered in a "worst-case" material. The Bruce J03311W
fuel (540 MW»h/kg U) is much studied and fairly well documented [4,5], and it appeared that, up
to 900°C, only a small amount of radioactive krypton would be released from the fuel, making it
suitable for an initial test of the irradiated fuel measurement system in the PHELA facility.

The values of the thermal diffusivity, a measured under high vacuum on 3 different low-to-
high-temperature runs on the same sample, are shown in Fig. 5. These values are much lower
than expected, and increase with temperature (opposite to the expected dependence - Ref.[2,3]).
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This dependence was assumed to be due to cracks whose effect diminishes with temperature
because of radiant transfer of heat across a gap. At room temperature the measured diffusivity
value was «0.07* 10"6 m2/s, a factor of «30 lower than expected. However at 960°C (1235K) the
measured value was a «0.6* 10"6 m2/s, only slightly lower than the values measured by the JAERI
group [6] on HBWR high-burnup (-1500 MW«h/kg U) fuel.

The influence of backfilling the chamber to various partial pressures of helium is also shown in
Figure 5. At room temperature, filling the target chamber with helium at 760 Torr increased the
"effective" value of the determined diffusivity to «0.65* 10"6 m2/s, and lowering the helium
pressure to 1 Torr decreased this value by a factor of 3. At 600°C, the influence of 10 Ton-
helium was reduced to a 30% effect on the measured "effective" diffusivity. This suggested the
sample must have transverse cracks of significant size and number; this was borne out by the
metallographic examination, which showed a large transverse void and high porosity in the central
high-temperature region of the fuel.

7. DISCUSSION OF RESULTS AND SUGGESTIONS FOR FUTURE DEVELOPMENT

The primary goal of the present development work is to do axial diffusivity measurements on
sheathed irradiated CANDU fuel. However, the developement process required measurements on
a known standard and on fresh fuel. The high-energy electron-accelerator-based system has
demonstrated quite accurate results on a NIST metal thermal conductivity standard (SRM 1461).
However, the results for a set of commercially manufactured, fresh, unsheathed CANDU fuel
pellets are 20% lower than the accepted values for stoichiometric UO2 of the same density.
Experiments are in progress to carefully characterize this specific fuel (density, stoichiometry),
and to determine the reason for the discrepancy.

The presence of the sheath on a fresh fuel pellet was shown to decrease the measured apparent
axial thermal diffusivity by an amount that decreased with temperature (<7.5% at RT, <4% at
500°C). This trend is opposite to that suggested by the ABAQUS simulations, and thus should be
investigated further. However, the influence of the sheath, at least for fresh fuel-sheath-to-fuel-
gap conditions, is minimal (<4%) over the range of CANDU interest (i.e., above 350°C).

Axial diffusivity measurements on sheathed pellets of high-burnup (540 MW«h/kg U) Bruce fuel
(JO3311W) demonstrated the strong influence of cracks and macroscopic porosity in reducing the
determined effective diffusivity, especially at low temperatures. The influence of the cracks
decreases as the temperature increases, and at high temperatures agreement with the laser-flash
values is reasonable (The laser-flash technique generally uses small (1 to 2 mm thick ) samples
with no macroscopic cracks ). Backfilling the target chamber with helium to allow thermal
conduction across the cracks has been shown to dramatically increase the "effective" diffusivity.
However, the question of whether useful quantitative numbers can be extracted from the
measured effective axial difiusivities remains open. Another set of measurements on a standard
burnup (220 MW»h/kg U) Darlington fuel (Q27022C), will be done to see if the influence of
cracks is still dominant. A set of experiments on fresh fuel with a known axial crack, under
different gases and pressures, may be useful.
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The measurement system produced good results for the NIST metal standard and for fresh
metal fuels, and thus should be applicable to irradiated metal fuels and in general to any uncracked
fuel, fresh or irradiated. The rapid delivery of a heat pulse deep into relatively large bulk samples,
makes this a unique analytical technique that may find other applications in the study of reactor
materials.
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TABLE 1

THE COMBINED ELASTIC MODULUS F , AND THE CONTACT RESISTANCE RATIOS
FOR THE THREE COMBINATIONS OF MATERIALS

MATERIALS

Copper -
Stainless Steel
NIST 1461 -
Stainless Steel
Polycrystalline UO2 -
Stainless Steel

E* (25*€)

81GPa

107 GPa

107 GPa

E' (32?6C)

93 GPa

100 GPa

£> (50G°€)

78 GPa

89 GPa

CONTACT RESISTANCE
RATIO

25°C
1.2

1

1

327°C

0.91

0.96

TABLE 2

RESULTS OF FITTING SURFACE CONTACT TIME CONSTANTS OF 0.25 MM
SHEATHED OMEGA TYPE-K THERMOCOUPLES IN CONTACT WITH NIST SRM#1461

(STAINLESS STEEL)

TfC>
30

315
505
709

0.75 ±0.25
0.40 + 0.10
0.30 + 0.10
0.05 ±0.05

0.4 ±0.1
0.25 ±0.1
0.3 ±0.15
0.3 ±0.15

U
1.88
1.6
1.0
0.2
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Figure 1 Schematic cross section of the pellet suspension basket, the thermocouple mounting
system, and the conventional heater around the pellet. Two 0.25-mm-diameter,
sheathed type K thermocouples are used, one touching the back face of the pellet, and
one with a ~ 1-mm gap to to the pellet back face. The electron beam is incident from
the right.
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10 mm Copper Pellet- CU10mmD2.PRN - E = 11.9 MeV
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Figure 2 Transient temperature on the backface of a 10-mm-long copper sample, measured
using a spring-loaded .sheathed, 0.25-mm-diameter, type K thermocouple. The solid
line is the expected response of the pellet backface,folded with a single time-constant
thermocouple response .
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THIN STAINLESS SHEA

MgO INSULAT

TYPE
THERMOCOUP

WIRES

SAMPLE

SURFACE CONT

CONTACT

THERMAL

RESISTANCE

R c = Contact thermal resistance

R sh = Equivalent sheath thermal resistance

dR sh = Resistance of length of sheath

between junction and contact

point of sheath with sample

C j = Junction heat capacity

R j = Junction to sheath contact resistance

C i = Equivalent heat capacity of magnesia

insulation and sheath

= RjC j t 3 = (Rc-KdRsh)Ci t 4 = R shC i

Figure 3 Schematic view of the thermocouple surface contact and time-response model,
for a sheathed, MgO-loaded thermocouple. A simplified "electrical equivalent
circuit" schematic is shown, suggesting the origins of the response terms.



267

3*10

2.5*10

2*10

1.5-10

1-10

5-10-7

% \

o

X

200 400 600

Temperature (C)
800 1000

Figure 4 A comparison of axial thermal diffusivity values measured over a period of six months using
the pulsed electron beam technique on the same 8.00 mm long pellet of fresh sheathed
Bruce fuel (Zircaloy 4 sheath with CANLUB). The dotted line represents the measurements of
Lucuta et al. on 98.3 % density stoichiometric fresh UO2 , the solid line MATPRO values for
98.0 % UO2.
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Figure 5 Measured values of the "effective" axial thermal diffusivity of the J03311W, Element #3, Sect.#3
sample. Runs were done on three different days . The marked squares are measurments
showing the influence of backfilling the chamber to various pressures of helium. The line with
crosses represents the JAERI measurements on 1500 MWh/KgU HBWR fuel.
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