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FOREWORD 

The present meeting was scheduled by the International Atomic Energy 
Agency, upon proposal of the Members of the International Working Group 
on Water Reactor Fuel Performance and Technology (IWGFPT). 

The purpose of this meeting was to review the "state-of-the-art" in 
the area of Fuel Performance at High Burnup for Water Reactors. Previous 
IAEA meetings on this topic were held in Hoi in 1981 and 1984 and on 
related topics in Stockholm and Lyon in 1987. 

At the invitation of the Government of Sweden, the meeting was held 
in Studsvik and organized by the Studsvik Nuclear Center. 

Fifty-five participants from 16 countries and two international 
organizations attended the meeting and 28 papers were presented and 
discussed. The papers were presented in five sub-sessions and during the 
meeting, working groups composed of the session chairmen and paper 
authors prepared the summary of each session with conclusions and 
recommendations for future work. 

The meeting was a success and covered a number of the most important 
aspects of high buriup fuel utilization, behaviour and development. 
Significant progress, is being made in the area of fuel operating to 
extended burnup levels in power reactors. Further work is desirable in 
order to evaluate and better understand burnup limiting factors which may 
become evident at higher burnup levels. 
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SUMMARY OF THE TECHNICAL COMMITTEE MEETING 

Introduction 

Studies have shown that the economic incentives to extend burnup beyond 
current levels in both light and heavy water reactor types are present. These 
incentives are further enhanced by the desire to minimize the spent fuel 
burden and to enhance fuel management of those fuel cycles that are 
significantly longer than annual. 

High burnup programmes are in place in all countries whose representatives 
attended the meeting. These programmes range from experimental programmes to 
understand the fundamental phenomena which may be behind potential burnup 
limits, eg. fission gas release, to irradiation of lead test assemblies and 
small batch quantities of assemblies to burnup levels beyond current practice. 

At the present time other than high levels of waterside corrosion in high 
temperature PWRs.no technical high burnup limit has been identified. It is 
highly probable that this adverse phenomenon can be countered by the use of 
new cladding alloys or of Zircaloy fabricated to revised chemistry 
specification (i.e. low tin). Other burnup limiving factors may become evident 
at higher burnup levels. In general, however, these are anticipated, and 
engineering "fixes" more than likely will be available. Furthermore, based 
upon information provided at the meeting, no unexpected burnup dependent 
phenomena have been identified. So-called "soft" limits, such as licensing 
concerns or the requirements to redesign facilities to higher enrichment 
levels, may actually constrain burnup limits in practice more than the 
technical concerns. 

The present meeting has been useful in reviewing and discussing the status of 
high burnup activities on a global basis. It is recommended that the Agency 
working group consider a follow up meeting in four years time. 

Session 1 Incentives for High Burnup Fuel Utilization 
Chairmen: 0. Bernander 

B. Gautier 

Studies have been performed to determine whether economic incentives may exist 
to extend the burnt? of water reactor fuel bevond the range which has 
previously been accepted as economically justified for utility implementation: 
i.e. beyond discharge batch average values of about 45 MWd/kgU for BWRs and 
50 MWd/kgU for PWRs. It was assumed that significantely higher burnups would 
not introduce serious new technical problems which would substantially 
increase costs, by determining required enrichments for the higher burnups for 
a variety of reactors and cycle lengths. 

The corresponding fuel cycle costs were completed firstly for an agreed-upon 
set of economic parameters and secondly (optionally) for any country's own set 
of economic parameters. Sensitivity studies where done to determine the 
importance of each of the principal economic parameters. 

Following the econonic studies, the technical issues foreseen for burnup 
extension beyond the present ranges were reviewed, together with potential 
licensing, safety, and environmental effects. This review provides an 
Indication of the extent to which the previous assumptions of no serious new 
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technical issues may be valid and indicates the scope and nature of research 
and development efforts that would be needed to proceed to the higher 
discharge burnup studied. 

Conclusions 

Preliminary results from WREBUS indicate positive incentives for going to 
substantially higher than presently accepted maximum discharge burnups, based 
on the common economic parameters. In most cases, no cost minimum is found 
within the range studied, although at the highest burnups the incentives to go 
even higher diminish. The most important economic parameters are the net 
back-end cost and the cost-of-money rate. Some of the individual country 
studies, which were based on substantially different back-end costs than used 
in the common data set, showed minimum costs at burnups not far above the 
present maximum values for WWER 440 with 12 and 18 month cycles and WWER 1000 
12 month cycles to 65 MWd/kgU, performed as part of the WREBUS study. A 
sensitivity study into the effects of economic parameters has also been 
performed. This analysis showed reasonable incentives for moving to burnups as 
high as 60 MWd/kgU. The optimum burnup is especially sensitive to back end 
costs, rising sharply with increasing back-end costs. Possible burnup limiting 
factors were also discussed. 

Recommendations 

The economic evaluations assume the technical feasibility of extended burnup, 
in terms of thermo-mechanical perfomance, nuclear design, and operational 
applicability. While the studies identify th? most important technical issues 
of interest, it is desirable to assess actual performance at the high burnups. 
Several technical issues are the subject of the Technical Committee Meeting 
and any further recommendations regarding high burnup extension should be 
treated in that context. 

Session 2 Progress of High Burnup Development Programmes 
Chairmen: 0. Bernander 

B. Gautier 

Summary 

FRAGEMA Fuel Behaviour at High Burnups 

Operation of French nuclear power plant installed capacity with the aim of 
fuel management leading to continous cycle cost reduction resulted in EDF's 
decision to generalize annual quarter core fuel management. With this new fuel 
management strategy, peak assembly burnup will reach values of the order of 50 
MWd/kgU. 

Prior to this generalization, experiments on 4.5X enriched FRAGEMA assemblies 
up to 58 MWd/kgU had been conducted. With regard to the uranium dioxide, an 
acceleration in fission gas release with burnup and a consequent increase in 
internal pressure were observed. Concerning the cladding, a spelling 
phenomenon occurs at very high burnups with thick oxide layers. 

These results suggest that counter-measures will have to be taken to achieve 
burnup values in the range 55-60 MWd/kgli. Different ways have been considered: 
reduction of initial pressure, resizing of the internal void volume, 
adjustment of the pellet microbtructure for E0L pressure reduction. For 
enhancing clad corrosion resistance, different solutions have been assessed 
experimentally: optimized Zy-4 (low-tin), new alloys, and metallurgical state 
in connection with mechanical properties. 
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ABB-CE Experience with High Burnup PWR Fuel Performance 

A variety of lead fuel assembly (LFA) programmes have been conducted in 
comercial PWRs to support the goal of improved fuel utilization. The results 
from these programmes have indicated that no abrupt changes in fuel 
performance occur as a result of high burnup, extended cycle operation. No 
effects on overall fuel reliability have been observed. As a result of this 
successful experience, batch average burnups of 45 HWd/kgU with lead-rod 
average burnups from 50-55 MWd/kgU are now common designed objectives. 

Data available from the LFA programmes have been used to accurately account 
for the change in various performance characteristics throughout life. 
Examples of this include fuel/clad bonding and the combined effects of 
corrosion, hydrogen pickup, and irradiation damage on mechanical properties. 
Zy-4 cladding with improved uniform corrosion resistance has been introduced 
into reload fuel batches fabricated since 1988 for plants operating with more 
agressive coolant conditions or very long, high bumup duty cycles. The 
corrosion behaviour of alternative cladding materials under more agressive 
coolant conditions is also being investigated. A limited number of mechanical 
property tests on highly irradiated cladding indicate significant decreases in 
ductility under high strain rate loading conditions. 

Two hot-cell programmes are planned for 1990 to provide additional insight 
into potential performance limiting phenomena at high burnup. 

High Burnup Fuel Behaviour Studies in NUPEC 

Nuclear Power Engineering Test Centre has been earring out fuel irradiation 
tests on BWR and PWR fuels since 1976. The current NUPEC programme focuses 
efforts on the verification of high burnup fuel aimed at 50 MWd/kgU for BWR 
fuel and 55 MWd/kgU for PWR. Post irradiation examination on three 8 x 8 fuel 
assemblies irradiated at relatively high burnup (30 ~ 35 MWd/kgU) was 
finished and valuable reference base data for high burnup fuel were obtained. 
Characteristic fuel behaviour for higher burnup, such as pellet clad bonding 
and the pellet rim structure, was found. These phenomena should be followed 
for high burnup fuel. Through the examination, it is expected that the 
appropriateness of high burnup fuel designs will be confirmed. 

Progress in Understanding High Burnup Phenonmena 

As a response to the incentive towards increasing discharge burnup, ABB 
conducts an extensive high burnup verification and PIE programme that goes 
with the development of improved designs and materials. From the results 
obtained to date the following conclusions can be drawn: 

- BWR fission gas release shows a very large spread at medium high 
burnup. Small differences in operational history, e.g., due to a nearby 
control rod or channel bow, can cause spread of this magnitude. 

- Increasing number of rods in BWR bundles, i.e., SVEA 96 as compared to 
8x8 array fuel, gives increased margines with respect to internal 
pressure. Also, operation without PCI restrictions is possible. 

- Presently available BWR cladding qualities allow operation without 
concern about corrosion. 

- An intense PWR cladding development is going on Zr-2 is an excellent 
PWR clad material. 
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- BWR channel bow maybe countered by 
- not reusing channels (elongation accelerates!) 
- making D-lattices symmetrical 
- using water-cross fuel(SVEA) 

Power-Ramp Performance of IK^Fuel at Extended Burnup 

Canada's interest in extended burnup stems from studies on introducing 
enriched fuel in the CANDU reactors. The optimal enrichment is 1.2 wt X U-235 
in U (core-average burnups 22 MWd/kgU): uranium recovered from LWRs (O.8.-
0.9 wt X U-235 in U) can also be burned efficiently. The new CANFLEX fuel 
bundle is being developed for extended burnup use. In the supporting R&D 
programme, a ramp test was performed on a HPD bundle (burnup 32 MWd/kgU, 
A? 18 kW/m, P max 32 kW/m). Maximum fission gas release and diametral strain 
were 10X and 2X, respectively; no failures were observed this is remarkable as 
no protective graphite sheath coating was present. 

Conclusion 

High burnup programmes which have been conducted so far indicate that standard 
fuel has the capability to be operated at the higher burnups for which it was 
originally designed. However, limiting phenomena have been encountered such as 
corrosion which is a potential life limit especially for high temperatures 
plants, and fission gas release which is a designed burnup concern. Other 
phenomena such as dimensional stability, mechanical properties and PCI/SCC 
have been evaluated but seem not so limiting. 

Development programmes are in progress or foreseen, to improve fuel 
performance at current burnups and to find new solutions needed by the future 
objectives in terms of burnup and high power duty cycles. Host of these 
programmes are studying alternative cladding alloys and pellet improvements. 

As all these phenomena are intertelated, test reactor programme and LTA 
demonstrations will be performed to confirm the expected behaviour in 
representative reactor operating conditions. 

Reco—endatlona 

Development programmes over the next years should cover the following items: 

- Hot cell evaluation of LTA fuel irradiated to high burnup 
- Corrosion behaviour of alternative alloys and development of new alloys 
- Mechanical properties 
- Effect rf high burnup and /or load follow on PCI 
- Advanced burnable poisons 
- Fuel/cladding interaction (bounding) 
- Evaluation of fuel pellet behaviour 

Concerning information exchange, it could be valuable to have regular meetings 
on these subjects. 

Session 3 Power Reactor Experience 
Coalmen: P. H. Lang 

H. Yaaawaki 

The experience with fuel operating to extended burnup levels in power reactors 
has been very good and the experience base is now extensive though still 
growing with discharge batch average burnups to about 45 MWd/kgU for PWRs and 
40 MVd/kgU for BWRs with one exception (one high temperature PWR using 
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standard cladding and suffering from excessive corrosion), no burnup extension 
related fuel failures have been experienced. Many lead test assembly 
irradiations have been conducted to high burnup levels in many countries, 
followed by post-irradiation examination. The results from this work confirm 
the good fuel performance at high burnup, also the limitation of such work 
need to be kept in mind: fuel not typical of production fuel, power histories 
not usually typical of that for extended burnup in power reactors, and lack of 
statistically large set of data. Such irradiation have included load following 
for many cycles, without any findings of adverse effects. Fission gas release 
has been studied experimentally, with good progress in the mechanistic 
interpretation of the results based to a large extent on ceramography. Fission 
gas release phenomena are closely related to microstructure changes in the 
pellet such as pore growth and grain boundary tunnel formation. The maximum 
temperature experienced in the fuel is a key factor in determining fission gas 
release because it affects microstructural changes; power history is also 
important. No mechanism that enhances fission gas release as burnup is 
increased was reported in this session, except for the rim effect. Further 
work is desirable to evaluate and better understand the phenomena occurring in 
the rim that affect fission gas release. 

Session 4 Experimental Data 
Chairmen: S. Aas 

D. Howl 

There were six papers in this session, two of which discussed results obtained 
for advanced fuels. The first paper from Japan described two types of large 
grain fuel pellets developed to reduce fission gas release. The first type is 
niobia-doped fuel, and data confirming the expected reduction in fission gas 
release and in PCMI were given for test fuel irradiation to 18 MWD/kgU. The 
second type, for which irradiation experience is not yet available, is fuel 
made from active U02 powder, which has the characteristic of a larger specific 
surface area. 

The first Studsvik paper presented the latest results for rifled clad. The 
paper showed how rifled clad tends to minimize the pellet-clad stress/strain 
distribution and maximize axial gas communication. PCI failure resistance is 
seen to increaserelative to standard fuel and fission gas release is reduced. 
The use of a graphite coating on fuel pellets in combination with rifled 
cladding is experimentally shown to further raise PCI resistance. 

Another paper in the session, Halden Reactor Project reported Zircaloy-4 
corrosion data for specific reactor operating modes. In one experiment, the 
effect of load following was investigated. No enhancement in corrosion was 
found for daily power cycling between one-phase cooling conditions and 
nucleate boiling conditions. In the second experiment, the effects of high 
lithia (4-4.5 ppm) concentrations are being evaluated. No enhancement of 
corrosion rate has been found up to 80 days irradiation. 

The remaining three papers in the session related to experimental data which 
could be used to assist mechanistic understanding of fuel behaviour. The 
second paper from Japan gave the results of ion microprobe analysis of 
irradiated U0 2 and gadolinia-doped fuel. For the U0 2, the Cs-135 abundance 
was found to be about one third of the expected value, but a good correlation 
between Cs redistribution and fission gas release was obtained, and the 
distribution of metallic inclusions was easily detected. For the 
gadolinia-doped fuel, the measured abundance agreed reasonably well with the 
expected rates. 
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The second Studsvik paper reported results on fission product redistribution 
measured soon after irradiation. The data indicated the possibility of a 
chemical surplus of iodine over cesium on the cladding at pellet interfaces 
following paper ramps. The release of the volatiles was found to be largest 
for Xe and I, followed bu Te, with Cs having the lowest release. Observations 
of porosity on grain edges indicated that the establishment of grain edge 
tunnels was not the rate limiting factor for fission gas release at power 
transients. 

The last paper summarized the methods used for in-reactor measurements at the 
OECD Halden Reactor Project, and gave examples of the results obtained. 
Degradation of U0 2 thermal conductivity with burn-up was demonstrated and 
the slow axial mixing of gases within fuel rods was also illustrated. Methods 
for reconstitution and instrumentation of fuel rods are available, enabling 
measurements to be made of fuel previously irradiated to high burn-up. 

Conclusions and Becomelendations 

1. Operation of LWR fuel to extended burn-up is of prime interest in the 
nuclear industry, and many programmes of work are in hand to resolve 
potential problems at high burn-up. The present meeting has been useful in 
reviewing and discussing the status of this work. 

2. Advanced fuel and clad concepts, such as niobia-doped fuel and rifled 
clad, are showing promising results and the work on these fuels should 
continue to demonstrate improvements to high burn-up. 

3. Concerns on waterside corrosion in high Li coolant conditions remain, and 
further data for long exposure times are required. 

A. Experiments on fission product redistribution are valuable in shedding 
light on the mechanistic understanding of PCI failure and transient 
fission gas release. 

5. Ion probe microanalysis provides data useful for the development and 
validation of neutron physics codes, particularly for fuels doped with 
burnable poison such as gadolinia-doped fuel. 

6. The availability of refabrication and instrumentation techniques makes 
possible in-reactor measurements on fuel previously irradiated in 
commercial reactors to high burn-up. This work should be encouraged. 

Session 5: Evaluation of Burnup Limiting Factors 
Chairmen: K. Eberle 

M. Morel 

The session comprised a total of nine papers (eight of them orally presented). 
Seven of them dealt with fuel rod behaviour analysis at extended burnup and 
potential burnup limits; one paper described policies and management 
strategies to prevent or limit fuel failures. In the latter case it was said 
that these strategies which have been successfully applied for a long time are 
regarded as adequate for future higher burups. 

Two papers addressed WER type fuel. The present burnup target for this fuel 
is about 40 MWd/kgU (batch averaged). Analytical studies with the fuel rod 
code PIN-micro showed that no limiting factors are to be expected up to this 
burnup, but additional experimental and in-pile experience io needed for 
burnups beyond 40 MWd/kgU. Cladding corrosion related problems are not 
expected; points of some concern are fission gas release and fuel swelling for 
which data are needed to qualify the respective models for higher burnups. 
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There were three papers which were related to high burnup in CANDU type 
reactors, "high burnup" in this case meaning above 15-20 MWd/kgU. Ways to 
achieve these burnups are the usage of SEU (slightly enriched uranium) and of 
Pu mixed oxide fuel. The probabilistic APMESRA code was used to study the 
expected behaviour of SEU fuel up to 19 MWd/kgU. The result was that a larger 
initial grain size and increased fuel density reduce fission gas release. Work 
is required to ensure that power ramp behaviour at extended burnup is 
adequate. The PECITIS-II code was modified to handle MOX fuel in CANDU 
reactors. Using this type of fuel, thermal hydraulic analysis has to account 
for the shift of the peak rod in the bundle from the outer into the inner ring 
of rods. Design studies indicate that the present fuel design is capable of 
withstanding a burnup of more than 20 MWd/kgU. In Canada the ELESTRES code has 
recently been improved in the areas of pellet expansion and fission gas 
release. The predictions of the revised code show reasonable agreement with 
experimental data. Further evolution is planned to improve the confidence in 
the predictions of the code at extended burnups. 

Another paper addressed fuel rod analysis in high burnup loading schemes which 
are characterized by highly demanding power histories and the use of burnable 
poisons. Evaluation of a data base up to 55 MWd/kgU (rod average) with the 
code CAR0-D5 did not reveal generic high burnup effects,although existing 
design limits must sometimes be modified to account for reduced margins in 
conservative analyses for high burnups. The non-lift-off criterion was given 
as an example. 

With respect to burnup effects on materials properties, a crack model and a 
rim model were presented which accounted for the reduction of effective 
thermal conductivity and increase of pellet centre temperature as burnup 
increases. Both models show basic agreements with RISO 2 experiment for the 
radial profile of the retained gas. However, to investigate thermal 
performance of the high burnup fuel, it is necessary to determine thermal 
conductivity through measurements of irradiated fuel. 

Finally a review was given to identify potential burnup limits in PWR and BWR 
fuel. Technically, only PWR waterside corrosion in high temperature plants has 
become a burnup limit with standard cladding, but licensing considerations may 
sometimes cause more problems than technical limits. Furthermore high burnup 
fuel designs may contain larger design uncertainties than designs with greater 
operating experience. Thus, sensitivity studies are advisable when evaluating 
new high burnup fuel. The main conclusion of this review was that no real 
burnup limit can be seen for the moment. This is also the overall conclusion 
of Session 5. Existing limits seem to be overcome by design changes and better 
differentiating analytical methods. However, one has to keep in mind that 
"high burnup" means different quantitative figures for different reactor 
designs. 
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STATUS REPORT ON THE IAEA'S WREBUS STUDY 

P.M. LANG 
United States Department of Energy, 
Washington, D.C., 
United States of America 
F. PAZDERA 
Nuclear Research Institute, 
Rez, Czechoslovakia 

Abstract 

In late 1987, the International Atomic Energy Agency initiated a 
multinational study called Water Reactor Extended Burn-Up Study, or WREBUS. 
Nine nations are presently providing meaningful contributions to this 
study--in several cases, as two-nation teams. The principal purpose of the 
study is to determine whether economic incentives may exist to extend the 
burnup of water reactor fuel beyond the range which has previously been 
accepted as economically justified for utility implementation; i.e., beyond 
discharge batch average values of about «5 MWd/kgU for BWRs and 50 MWd/kgU 
for PWRs. 
This study has been initiated by assuming that significantly higher burnups 
would not introduce serious new technical problems which would 
substantially increase costs, by determining required enrichments for the 
higher burnups for a variety of reactors and cycle lengths, and by 
computing corresponding fuel cycle costs first for an agreed-upor. set of 
economic parameters and second (optionally) for any country's own set of 
economic parameters. Sensitivity studies were done to determine the 
importance of each of the principal economic parameters. A benchmark 
exercise was also conducted in which each country (or country team) used 
the same enrichments and reactor characteristics; this exercise showed that 
within round-off error each of the fuel cycle cost codes used by the 
various participants gave essentially the same results for the same inputs. 
This established that any differences found between the results of the 
various participants when using the common set of economic parameters are 
due to technical differences in reactor *nd fuel cycle characteristics, not 
to differences in economics methodology. The effect of further burnup 
extension of the consumption of uranium and of other resources was 
compared. 

Following the economic studies, the technical issues foreseen for burnup 
extension beyond the present ranges are reviewed, together with potential 
licensing, safety, and environmental effects. This review provides an 
indication of the extent to which the previous assumption of no serious new 
technical issues may be valid and indicates the scope and nature of 
research and development efforts that would be needed to proceed to the 
higher discharge burnups studied. 

Preliminary results indicate posi'.ive Incentives for going to substantially 
higher than presently accepted maximum discharge burnups, based on the 
common economic parameters. In most cases, no cost minimum is found within 
the range studied, although at the highest burnups the Incentives to go 
even higher diminish. The most important economic parameters are the net 
back-end cost and the cost-of-money rate. Some of the individual country 
studies which were based on substantially different back-end costs than 
used in the common data set showed minimum costs at burnups not far above 
the present maximum values. 
The WREBUS study is still under way; it is the intent of this paper to 
provide a status report on its results which will be updated to the time of 
the Studsvik meeting and will therefore be current at that time. 

1. INTRODUCTION 

At an Advisory Group Heating organized by the IAEA and held in May 
1988 in which water reactor fuel specialists from 11 countries and two 
other international organizations participated, a study on the costs and 
benefits ot extending fuel burnup beyond the range of burnups previously 
considered acceptable was identified as of highest priority among a long 
list of proposed fuel design improvements. Through a series of four 
meetings which begun in November 1988, the Agency has conducted WREBUS, 
the Water Reactor Extended Burn Up Study, a multinational study in which 
nine countries participated. The countries and the principal individuals 
from each country are shown in Table 1. In this series of meetings, the 
objectives of the study were developed, the basic approaches to achieve 
them were agreed upon, work to be done by each individual country (or in 
some cases, two-country teams) was defined, the results of this work were 
presented, compared, and discussed, and drafting of the report on this 
study was begun. Progress at the most recent meeting last week included 
preparation and review of virtually all sections of the final report in 
first draft form. Since almost all of the results of the study are now 
available, this is an appropriate time to present and uiscuss them. It 
should be emphasized that minor changes are still possible before these 
results are finalized. 
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WRKBUS PARTICIPANTS 

Country/Team Lead Participant/OrKanization 

Belgium 
France 

P. Duflou, Tractebel 
L. Duchatelle, CEA 

Czechoslovakia 
U.S.S.R. 

F. Pazdera, UJV-Rez 
V. V. Yakovlev, Kur_hatov Inst. 

Germany, F.H. 
Korea 
Sweden 
U.K. 
U.S.A. 

R. Von Jan, Siemens- KWU 
U. H. Ahn. KAEK1 
0. Bernander*. ABB-ATOM 
K. Hesketh, BNKL 
P. H. Lang, DOE 

•Chairman 

OBJECTIVES 

The specific objectives of WREBUS are: 

to evaluate the effects of extending burnup to well beyond the 
highest currently accepted values on fuel cycle costs and on uranium 
utilization, for both pressurized and boiling water reactors; 

to determine the effects of the major nuclear fuel cycle cost 
parameters on the optimization of burnup; 

to identify current and possible future long-term limitations on 
burnup extension; 

to review relevant safety and environmental aspects of burnup 
extension; and 

• show the incentives for higher burnups and to indicate corresponding 
directions for future developments in fuel performance and fuel 
cycle operational strateg; :s. 

The burnup range of interest was considered to be beyond about 45 
MWd/ks for BWRs and SO HWd/kg for PWRs, and in each case it was desired 
to extend the study to as high values as possible, but at least to 10 
MWd/kg above the cited values. Relative to fuel cycle cost parameters, 
it was desired to cover reasonable ranges for all principal costs 
(uranium cost, separative wo.'k cost, fabrication cost, net back-end cost, 
discount rate used for present-worthing) so as to understand the extent 
to which the results and conclusions remain valid under '-hanging economic 
conditions. 

3. BASIC APPROACH 

The principal effort of WREBUS is devoted to the study of the 
economics of burnup extension, and one chapter of the final report 
discusses technical, safety, and environmental aspects. For the economic 
analysis, it is initially assumed that no major unknown technical issues 
that would significantly affect costs exist over the range of burnups 
being studied. The cost studies are then conducted to see whether 
incentives for going to higher burnups exist. If so, these incentives 
provide the justification to conduct the technical research and 
development work needed to extend burnup to higher values, and part of 
the purpose of such R&D would be to verify that there are indeed no 
serious technical problems impacting costs, or alternatively if any are 
found to develop reasonable, economic solutions to them. 

Initially, there existed concern that in a multinational study of 
this kind, differences in economic analysis methodology might lead to 
different results. To investigate this, all participants made a set of 
calculations intended to have identical technical and economic input 
values, to isolate the effect of economic analysis methods. This was 
called the "benchmark study" and has no significance other than for 
comparison of methods since the technical input parameters were 



conveniently selected values not arising fro* a technical analysis. 
Next, participants did a set of calculations with each using his own set 
of technical inputs, but all using identical economic input values, 
called "the WREBUS parameters." The numerical values of the WRBBUS 
parameters were selected to represent insofar as possible an 
international consensus of typical, average, and realistic values and are 
shown in Table 2. which gives both the reference values and their 
variations as used in sensitivity studies, described below. The results 
calculated with the common WREBUS input parameters isolate the effect of 
reactor, power plant, fuel design, and fuel management differences among 
the participants. Finally uid optionally for each participant, another 
set of calculations could be done using that participant's c<wn technical 
and economic inputs, to show results for each country's own technology 
under economic conditions prevailing in that country. For each set of 
calculations, sensitivity studies (i.e., studies in which each of the 
most important economic parameters was substantially varied, one at a 
time) were also conducted to gage the importance of each economic 
parameter and thereby to establish an understanding of the uncertainty in 
the results, as well as to understand how the results and conclusions 
might be affected by future changes in costs. 

The economic analysis incorporates the usual simplifying assumptions 
made ?n scoping analyses of this kind. The calculations were done for 
equilibrium cycles in constant dollars without taking taxes into account 
explicitly; i.e. by use of an equivalent discount rate intended to 
include the effects of taxation. Constant cycle length was selected as a 
basis for the study but participants were encouraged also to submit 
results for extended cycle length. The back end was treated through a 
value or a function representing the net back-end cost, which avoided the 
difficulties of detailed analyses of different back-end alternatives. 

The discussion of the technical, safety, and environmental issues of 
burnup extension to much higher levels in WRRBUS is a brief summary, 
intended to present a perspective ofthe various considerations other than 
economics. The technical inputs (i.e., the enrichment-burnup functions) 

19 also permitted calculation of relative uranium utilization, which 

TABLE 2 
WRBBUS COHHOH BC0H0H1C IHPUT PARAMETERS 

Parameter 
Reference Sensitivity 

Value Study Values 

5 0! I 10 
65 32, 5; 130 
8 -

110 70; ; ISO 
250 200; ) 350 
400 800; ; 1600 
0.25 -
0.90 -45 -
1.5 -1.0 -
0.75 -
0.50 -
0.50 -

Discount rate (%) 
U feed cost (t/kgU) 
UF conversion (t/kgU) 
Enrichment (S/SWU) 
Fuel fabrication ($/kgU) 
Net back-end cost (1/kgU)* 
Tails Assay (w/o) 
Operating load factor 
Refueling shutdown (d) 
M purchase lead time (yr) 
U conversion lead time (yr) 
Enrichment lead Lime (yr) 
Fabrication lead time (yr) 
Conversion losses (%) 
Fabrication losses (X) 1.50 

All costs are in January 1989 U.S. dollars. 

*The net back-end cost is paid at time of discharge 

indicates the relative amount of natural uranium needed per unit of 
energy generated for the once through cycle, or alternatively for closed 
fuel cycles, per unit of energy generated in the initial burning of the 
fuel. 

4. RESULTS 

Comparison of the results obtained by the various participants for 
the benchmark study initially showed some small differences; analysis of 
these differences indicated that they arose from miner differences in 
assumptions that the participants had to make to complete the 
calculations on exactly the same basis, the result? were virtually 
identical within round-off errors, indicating that all of the 
participants' economic analysis methods gave essentially the same results 
fro the same inputs. 

The principal technical results used as input to the economics 
analyses arr initial fuel enrichments as % function to jiccharg* burnup. 



2| These are shown in Figure 1. As can be seen from this figure, 
enrichments are generally linear in burnup; the few nonlinearities 
encountered can be explained by changes in fuel management operational 
strategies. This linearity is consistent with the Linear Reactivity 
Model often used for nuclear fuel management. 

The results of the economics analyses conducted with the reference 
WREBUS economic input parameters are shown in Figure 2. In most cases no 
economic optimum burnup is found; i.e., within the ranges studied, it 
appears desirable to go to the highest possible burnups. The 
corresponding results for several sets of economic conditions selected by 
individual countries are shown in Figure 3, where in contrast to the 
earlier results optimum burnups are distinctly defined for some cases, 
notably those of Sweden and the U.S.A. The difference in results between 
these figures arises primarily from the net back-end cost, which was 
taken as $400/kg for the base value in the WREBUS common inputs and was 
taken as a charge wholly or mostly dependent on the amount of 
electricitygenerated (i.e., on a weight basis proportional or almost so 
to burnup) by Sweden and the USA for their own economics. This 
illustrates also the principal effect found in the ensitivity studies: 
the importance to the results of both the value and the functional form of 
the net back-end cost. Figures * and 5 show sensitivity study results for 
the WREBUS parameters (i.e., for comparison with Figure 2) for the highest 
back-end cost and the highest discount rate, respectively. Corresponding 
plots fcr the other cost parameters showed much smaller effects. From these 
studies, it could be concluded that net back-end cost has the single most 
important effect on optimum burnup; the second most important parameter is 
the discount rate used for present- worthing. 

Comparison of the economics of different cycle lengths depends on a 
number of factors other than nuclear fuel cycle costs (less downtime, fewer 
refuelings, replacement power costs, etc.); no good, simple, easily 
comprehensible method of comparison could be found. Nevertheless, from the 
rather complex comparisons made, it is apparent that longer cycles tend to 
exhibit higher optimum burnups; i.e., economic synergism exists between 
burnup extension and cycle length extension. 

Figure 6 shows the specific uranium consumption as s function of 
burnup. It is seen that uranium utilization improves as burnup Increases, 
almost without exception over the entire range studied. This means that 
increasing burnup saves uranium and its corresponding cost. The improverwnt 
is more significant at lower burnups. Because of the relatively moderate 
levels of uranium costs used in these studies, uranium cost did not show up 
as a very important cost parameter in the Foneitivity studies. 

Most of the fuel design and performance issues such as fission gat 
release, rod and assembly growth, etc. can be readily resolved for higher 
burnups through mechanical design changes which provide the necssnsry space, 
and these issues therefore do not become fuel-life limiting. Waterside 
corrosion, however, can be life-limiting for present zircaloys for the plants 
having the highest coolant outlet temperatures, and accordingly more 
corrosion resistant clad materials are under development. This concern does 
not arise for WERs, whose ZrlWJb clad is sufficiently corrosion resistant 
under its operating conditions. To implement much higher fuel burnups, 
substantial R&D may be needed to obtain design and licensing data, to perform 
test assembly irradiations, to develop good fuel management loading patterns,' 
and to adapt external fuel cycle operations such as fuel fabrication, fresh 
fuel storage, spent fuel storage, and spent fuel shipping to both higher 
fresh fuel enrichments and higher discharge burnups. 

Since the safety and environmental aspects of extended burnup were 
treated only in summary form in WREBUS by quoting from a published document, 
these aspects are not discussed in detail here, although a pertinent 
conclusion is included below. 
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5. CONCLUSIONS 

A "benchmark" comparison of the various participants' economic analysis 
methods established that for identical inputs, virtually identical nuclear 
fuel cycle costs were obtained by all participants. Any differences in 
results from the various participants in the main study are therefore 
attributable to technical differences or to differences in economic input 
parameters, not to differences in economic analysis methodology. 

The following conclusions are based on the assumption that no major 
technical issues or problems impede the extension of burnup within the range 
studied; this assumption is necessary to establish whether or not economic 
incentives to increase burnup exist. 

For the WRGBUS reference economic parameters, fuel cycle costs always 
decrease with increasing burnup, within the ranges studied, although at 
the highest burnups some of the curves tend to become quite flat. 

For so"-.a uf the individual country-proposed economic parameters, the 
fuel cycle costs do exhibit burnup minimums, in some cases at burnup 
values near or only a little above the highest values now being accepted 
by some utilities for future cycles. 

Even for the so-called flat regions of the fuel cycle cost vs. burnup 
curves, the financial savings in going to higher burnups may be very 
substantial when calculated for a large number of reactors, and high 
relative to the cost of developing the requisite echnology for the 
corresponding extension of burnup. 

The most important determinants of the benefits of burnup extension are 
net back-end costs and discount rate, with the back-end cost much more 
important than the discount rate. Therefore more investigation is required to 
determine more precisely the nature and level of these costs, especially the 
functional relationship- between these costs and burnup, or between these 
costs and the principal burnup-dependent spent fuel characteristics such as 

23 volume and decay heat generation rate. 

Burnup extension reduces uranium consumption — but more so at lower 
burnups than at the highest values. Although cycle length extension alone 
increases uranium consumption, simultaneous extension of burnup and cycle 
length can achieve about half of the uranium saving possible through 
equivalent bxrnup extension at constant cycle length. 

No major technical problems or Issues are known which would prevent 
moderate additional extension of burnup within the limits of the ranges 
studied, for the majority of existing plants. For some PWRs operating at the 
highest coolant outlet temperatures and using Zircaloy cladding, corrosion 
may limit the permissible degree of burnup extension. 

No substantial safety or environmental Issues are known to exist for 
burnup extension, although substantial work Is needed to obtain data In 
support of licensing to higher burnups. The net environmental effects of 
burnup extension are mildly positive. 
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Abstract 

In the taper steps taken to increase burnup In VWER 440 and WWER 
1000 reactors are discussed. Economic incentives to buznup 
extension above 45 MWd/kgU are also analyzed. The results of 
economic burnup optimization for WHER 440 with 12 and 18 month 
cycles and WWER 1000 with 12 month cycles up to 65 HWd/kgU, 
performed within the framework of IAEA WREBUS activity, are 
presented. Study of sensitivity to economic parameters is also 
mentioned. The performed analyses show reasonable incentives for 
burnup extension as high as 60 Mrfd/kgU. The optimum burnup is most 
sensitive to backend costs. Possible burnup limiting factors are 
also discussed. 

1. INTRODUCTION 

At the end of 1988, thirty three pover units with the VVER 
440 reactors and fifteen units with th<; VV£P-1000 reactors had 
been successfully operated in the USSR and abroad, and ten and 
twenty four power units, respectively, had been under construction 
CU. 

The core of the VVER-440 was originally designed for a three 
years cycles with batch average burn-up of 29-31 MWd/kg and a 
maximum linear heat generation rate (LHGR) of about 32.5 kW/m. At 
present these reactors are being changed to a four years cycles 
with 4.4 * fuel enrichment . The experience of ,4 years and longer 
operation of more than 800 VVER-440 fuel assemblies with fuel 
enrichment of 3.6\, batch average burn-up of the about 36 MWd/kij, 
and maximum fuel assembly average burnup of 40-50 MWd/kg , has 
been gained. These values are intended to be increased by further 
Improvement of the fuel element and fuel assembly design. For 
example, the fuel elements with the under-cladding helium pressure 
up to O.r- MPa are being successfully tested at the Rovno and 
Kolskaya NPPs. 

The initial fuel loading of VVER-1000 were designed for the 
two-years cycles with batch average burnup of 28.5 MWd/kg and a 
maximum LHGR of 448 W/cm. At present the NPPs with VVER-1000 are 
being changed to the three-years cycles with batch average burn-up 
higher than 40 MWd/kg and the local peak burnup as high aa 60 
MWd/kg. For example, the Novo-Voronezh NPP-5 with VVER 1000 has 
been transferred to the three-years cycle with 4.4 % fuel 
enrichment to 4.4 \. The reactor has been brought to the steady 
state cycle within three refuelings, and average burn-up of 42.6 
MWd/kg has been attained. No one of the fuel assemblies h.iving 
operated for three years has failed. During the operation of the 
VVER-1000 reactor at NV NPP-5 the core characteristics were found 
to conform to the design values. 

Analyzed are economic incentives leading to this steps and 
further possible steps leading to better fuel utilization. 
Discussed are also experiences gained during this process within 
last years. 

2. BETTER FUEL UTILIZATION 

Large attention Is devoted to improvement of fuel utilization 
in VVER reactors. The main criterion Is of course the electric 
energy generation cost which in most cases may be reduced to the 



its fuel part, covering both, the front end and the back end fuel 
cycle costs. However certain uncertainties in economic conditions 
make useful also to analyze other characteristics as for example: 
- natural uranium savings, 
- enrichments (SWU), and 
- spent fuel aaount to be handled. 
The main steps In better fuel utilization foreseen for VVER 
reactors are (21: 
- burnup extension, 
- fuel cyc l e elongation, 
- better neutron u t i l i z a t i o n due to reduced neutron absorption, 
- better neutron u t i l i z a t i o n due to better fuel management, and 
- reoptimizatlon of water-uranium r a t i o . 

Burnup extension is most straightforward way to improve fuel 
utilization. Results of detailed economic optimization are 
described in following chapter. Steps already taken in case of 
VVER 440 (4 years cycles) leads to 10-12 * reduction in fuel cycle 
part of electric energy generation cost and 10-15 % savings in 
natural uranium consumption, similarly for the case of VVBR 1000 
(3 years cycles) leads approximately to 15 \ reduction of both. 

Further burnup extension to about 50 MVd/kgU to elongation of 
optimum cycle length to 18-24 month. 

Under development is replacement of stainless steel parts of 
fuel assembly with Zr alloys and reduction of Hf in Zr, this could 
reduce natural uranluo consumption by 3-7 \ for VVER-440 and by 
8-12 \ for VVER-1000. 

Implementation of low leaking loading pattern may decrease 
natural uranium consumption by 4-5\ and additionally reduce the 
neutron fluence In reactor vessel. 

Under consideration is also optimization of water uranium 
ratio. Estimations shows possible 2 \ savings in natural uranium 
consumption. 

However before full scale implementation In VVER reactors 
proper experimental verification of fuel reliability and safety 
must be performed. 
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3. BURNUP OPTIMISATION 

Proper burnup optimization la of importance became of large 
possible economic savings or loses. Following VVER burnup 
optimisation were prepared for the IAEA "Water Reactor Extended 
Burnup Study (WRBBUS)" (3). The following economic method was 
used (4 i. 

Basically a discounted revenue requirements approach is used 
to obtain levellzed power costs over an equilibrium fuel loading. 
The levellzed cost Is the ratio of sum of the present worth of the 
revenue requirements (cash flows) associated with the fuel (i.e. 
uranium purchase, enrichment etc.) to the present worth of power 
produced 

where. 

r TNN. 
1 l 

*ed 
.1000 

ce 
1 

TNNt 

Bed 

levellzed fuel cost for energy produced, allls/kWhr, 
component of fuel cost (I.e. uranium purchase, 
enrichment etc.), 1, 
present worth of revenue requirements, 9, 
Present worth of electric energy produced, kWhr. 

Power is assumed to be produced continuously over the time 
between power shutdowns for re-fueling (fig.). The present worth 
of the power produced by a single equilibrium fuel load is then, 
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Pig. Power production approximation 
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where, 
nn number of cycles fuel remains in coze, 1, 
j cycle number, 1, 
Pbj batch electric power In j-th cycle, HWe, 
Atp. power production time for j-th cycle, days, 
t»j start tlae of power production In j-th cycle, year, 
t«j end time of power production In j-th cycle, year, 
9 • ln(l+d) exponential discount rate, 
d discount rate, 1. 

The batch electric power for purposes of this study is 
supposed to be constant and Is calculated according 

1000.Bu 
n * Atp.lf.* 

Pb » P.lz/n 

where, 
n number of cycles fuel remains In core, 1, 
Bu burnup, MWd/kg U, 
If load factor, 1, 
* specific rating, »/g U, 
P nominal electric power, HWe. 

Because for simplicity also non Integral number of cycles (n) Is 
allowed, the length of last cycle (nn»lnt(n)+l) Is 

Atp n n - Atp.(n-lnt(n)J. 

The economic conditions used In the study are presented In 
tab.l. 

Table 1. Common economic Input parameters 

Parameter Base value 

Discount rata. % 5 
U feed cost, $/kg U 65 
UF £ conversion, l/kg U 8 
Enrichment, »/kg U 110 
Fuel fabrication, l/kg U 2S0 
Net back-end cost, $/kg U* 400 
Tails assay, % 0. 25 
Operating load factor 0. 90 
Re-fuollng shutdown, days 45 
U purchase lead time, years 1, ,0 
Enrichment laid time, years 0, ,75 
Fabrication lead time, years 0. 50 
Conversion losses, % 0. 5 
Fabrication losses,* 1. 5 

t Tha nat back-and coat la aaauaad to apply at tlaa of lual 
dlacharga 

The optimisation were performed for both types of W i n 
reactor (440 and 1000) with fixed cycle length (12 and II month 
for W i n 440 and 12 month for VVBR 1000). The technical 
description of the VVBR 440 and WER 1000 cores are given In 
tab.2. 



Table 2. Main characteristics of WBR cores 

Parameter VVER 440 VVER 1000 

Cladding outer diameter, •• 
Cladding minimum thickness, ma 
Fuel cladding diametral gap, ma 
Gas plenum volume, cm 
Fuel rod leagth, ma 
Fuel column length, mm 
Minimum fuel density, g/cm 
Central hole diameter, mm 
Fill gas 
Fill gas pressure, MPa 
Reactor thermal power, MW 
Reactor electric power, MWe 
Coolant pressure, MPa 
Coolant temperature - inlet, C 
Coolant temperature - outlet, C 
Mean linear heat rating, kW/m 
Maximum linear heat rating, kw/m 
Average burnup, MWd/t 
U0 2 inventory in fuel rod, kg 
Number of fuel rods in assembly 
Number of fuel assemblies in core 
U inventory in assembly, kg 
U inventory in core, t 

9.1 9.1 
0.6 0.63 

0.12-0.27 0.16-0.27 
4 .-i 

2570 3840 
2420 3510 

10.4 10.4 
1.2 1.4 
He He 
0.1 2.0-2.5 

1375 3000 
440 1000 
12.5 16.0 

268 290 
296 320 
12.7 16.7 
33 49 

28000 28000 
1.082 1.575 

126 312 
349 163 
120.2 433.2 
41.9 70.6 

The burnup dependence of required enrichment (fig.l) is based 
on physical calculations for out-ln fuel management schemes. The 
physical calculations are experimentally verified to 45 MWd/kg U 
burnup. The break on the curve for VVER 1000 In fig.l. is due to 
the core arrangement. The extended burnup which is connected with 
increased enrichment leads to formation of partly low leakage core 
(caused by loading burned assemblies into some of periphery 
positions even if the reload pattern remains out-ln). In-core fuel 
management is optimized for uniform power distribution and not for 
optimum fuel utilization. The difference in su'- c-. approach is 
more obvious up to ~ 40 MWd/kgU. 

The fuel cycle cost were calculated not only with the 
economic data presented in tab.l., but also with their 
perturbations within realistically predicted their uncertainty. For 
the VVER 440 the economical evaluation of fuel cycle cost for the 
12 month cycle gives optimum burnup for almost all economic 
conditions in the range from 50 to 65 MWd/kg U with very low 
incentives to increase burnup above 50 MWd/kg U. Exception ate the 
increase of backend cost to 800 or 1600 S/kgU which makes the 
burnups of 60 MWd/kg U or more economically attractive. For the 18 
month cycle the range of optimum buznup is by 5 MWd/kg U higher 
again with very low incentive." to increase burnup above 55 MWd/kg 
U except the Increased backend cost conditions. 

For the VVER 1000 the economical evaluation of fuel cycle 
cost gives optimum well above 70 MWd/kg U for almost all economic 
conditions. For increased backend cost conditions there are ag?in 
more strong incentives to increase burnup to 60 MWd/kg U or even 
more . 

In fig.2. is for the ba-i-? set of economic parameters the 
composition of the fuel cycle cost for the VVER 1000, it is very 
similar for all three cases presented. The burnup dependence of 
fuel cycle cost shown in fig.3, has optimum for all three cases 
above 60 MWd/kgU batch averaged bur nut,. 

The analysis performed with perturbed economic r'ata shows 
that they have very low influence on optimum burnup. The only 
exceptions are: 
- 10% discount rate, 
- 800 $/kgU backend cost, and 
- 1600 $/kg'J backend cost. 
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The Increased discount rate (fig.4.) shifts the optlmua 
burnup to lover values. The Influence of increased backcnd cost Is 
direct I.e. sharply Increases incentives to Increase burnup far 
above 60 MWd/kgU. The results are for higher backend cost 
similarly presented in flg.S. and 6. 

The perforated analysis shovs relatively large econjalc 
incentives to Increase batch average burnup to the range of CO 
MWd/kgU. The aain reasons are decreasing back-end cost and to 
saaller extent the fabrication cost, the second being uncertain 
because the uncertain aaount of R«D cost requirements and aaybe 
slightly increasing fabrication cost vith burnup which were not 
taken 'nto account in this study. 
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4. TECHNICAL ASPECTS 

The technical aspects of first steps taken to increase 
VVER burnup to 40-45 MWd/kgU are already solved. 

To determine the VVER-1000 fuel reliability a great number 
(•ore than 200) of fuel rods have been tested for the three-years 
core operation IS] In the MR reactor undei the operation 
conditions typical for WER-1000 but at higher burnups, up to 78 
MWd/kg. in spite of the shorter core lifetime due to a higher 
U-235 enrichment (up to 17%) the conditions of the fuel element 
tests In MR, as for the linear load level (up to 560 W/cm) and the 
number cooldovns and reactor shutdowns, may be considered as hard. 

The MR tests have shown a very insignificant increase in the 
diameter (0.1-0.3%) of the fuel claddings made it fully 
recrystalized Zr-l%Nb alloy and in their length (about 0.1%) by 
the end of core lifetime. The tests of the permanent fuel 
assemblies have also shown that change In the fuel element 
geometry Is not a limiting factor In transition to higher burnups 
lth optimally chosen pressure, filling gas (helium), fuel 



cladding gap size and size of the plenua (ratio of gas plenua 
voluae and the free voluae provided by the pellet hole to the fuel 
voluae). Irradiation causes Increase In the strength 
characteristics of the fuel claddings, tested at 20 °C and 380 °C, 
by about 50V The cladding plasticity though somewhat reduced, 
remains at a sufficiently high leve.i (relative elongation of the 
rings in the tensile tests is about 15\ at 20 °C and about 20* at 
380 °C) 15). 

The dlaaeter of the central hole in the fuel pellets is 
determined by the linear load below which no significant grain 
gros' recrystalization occurs and, hence, no decrease in the 
central hole. For the pellets with a central hole diameter of 1.4 
aa this level is about 380 V/mm, and for those with hole diameter 
of 2.4 aa - it is about 500 W/ca. Therefore use of the pellets 
with the 2.4 aa hole dlaaeter in the WER-1000 fuel elements 
designed for the three-years core makes it possible to predict 
that the free voluae in the fuel will also remain at higher 
burnups. 

The tests of a great number of the fuel assemblies in 
VVKR-1000 have shown that corrosion aad fretting corrosion do not 
limit increase in the fuel burnup [51. Examination of the fuel 
eleaents irradiated in the MR reactor under the conditions similar 
to those of the VVBR-1000 operation has revealed that 
independently of the burnup the zirconium oxide film thickness did 
not exceed 3(JH ( ] . In the fuel claddings hydride inclusions in 
the fora of thin veins with annular orientation were observed. The 
hydrogen content in the claddings of the fuel elements irradiated 
(maxlmua 0.008X) exceeded sligntly the starting one (0.002* mass). 

Taking into account high linear loads on the VVER-1000 fuel 
elements the gas release aay reach about 50%. In the transition to 
higher burnups it is important to keep the relative plenum equal 
to about 0.3. Then by the end of core lifetime the fission gas 
pressure on the cladding is balanced by the coolant pressure. The 
free volume required Is provided in the diameter of the central 
hole in the fuel pellet (currently up to 2.4 mm) and may be 
increased by increasing the gas plenua volume. An urgent problem 
is verification of the codes and the calculational programs of 
assessment of gas release from the fuel as applied to fuel burnups 
of > 60 MVd/kg. 

other steps to better fuel utilization as discussed in 
chapt.2. will require similar fuel rod behaviour examination. 

5. CONCLUSIONS 

Defined were possible ways for better fuel utilization for 
both VVER-440 and VVER-1000 reactors. 

Already under implementation Is burnup extension to 40 - 45 
MWd/kgU, leading to 4 years cycles for VVER 440 and 3 years cycles 
for VVER 1000. Fuel rod reliability was well demonstrated In both 
experimental and commercial reactors. 

However detailed economic analysis shows Incentives to 
Increase batch average burnup to about 60 MWd/kgU (mainly due to 
reduction in backend cost), this is true even if low estimation 
for backend cost (400 S/kgU) is supposed, but recent trends in 
several countries shows possible backend cost increase up to 600 
- 1600 $/kgU which makes burnup extension very attractive. 

Further steps toward better fuel utilization are of course 
possible only if similar (as for burnup extension to 40-45 
MWd/kgU) fuel reliability demonstration will be provided. 
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Abstract 

Operation o-f, Fxendn. nuclear, po^jer. plant \n*ta£led. capacity utith the aim o-f, 
hjeX nanagerrent leading to continuous, cycle cost reduction Te.xi2x.-s. anting 
other, things,, -m. the. choice e{. a duel burnup extension -stTa.te.Qu. EVF's 
d e c i s i o n at tine. end of, the 1980' s to generalize annual quarter-cone. haeZ 
nanaaettent u*C**i possible cycle extension clearly illustrates, tiii* strategic 
ctoicft . 

Accordingly. the. tine -t-i light for a ditcuSrSion of, tine. implijcations, of, iucix 
a strategy toi tuel etc viai arua oenMoinance te.veX.-s. This* cU. tcusrsion trust 
alXow (JOX tine operating •te-M.-^tenents imposed on FTC/TCJI Nucieax Steam Supply 
Systems, of. uivic^i gtAXX. fotCow <••! one. of. tine trnior items. 

The Ftench test o-Tognarr,. i<>v6c/i ITO.S been nun fot. several weat^ by tine 
parXnerA CEA. EVF. FR4M4Tt>€ and FRAGEMA. with tine aim oA achieving 
Imoutedge and. authorization of. -fuel operation at hi&\ bumups, and unth grid 
loUtou. has, been disscusrsed et-seuhere. ten. example -in tine publications, 
Knom the I4EA teciimcal conmittee at Luon (fiance) -in May 1987 and tlte IAEA 
plenary neeting -in i/-oema [Awstriai <n October 1987. 

In this, paper., ue shall be. presenting -sons, of. the results, acauired to dote 
uittUn the scope o-f. the. French program, describing ten. example the 
irradiation cotwaign -in the Gnavelines, 5 reactor., in whicii tuo Fnagemx 
a*sent>Hes, produced, a total buxnup approaching 58.000 MtdJtU after. 5 cycle*. 
These. oAsenbLie* containing 1.5% U235 enriched fuel rods, reached Ovti burnup 
uith a power history representatixie oi> annual quarter-core fuel managements 
with cycle, extension. 

The. nun results, for the 4th and 5th Irradiation cycle* of) the-*. OAteirbtAe* 
u*i&£ be p*e*ented and comparted urith tho-te aacfjUted easitien. eAAhtA. -in 
expeAAmzntat -neacto-nss (CAP and Si 31 o< -in ooue*. leacXOAA. 

The nestutti cover, the dottoutins cuea-i : 

- <nteAnat Dne^une and teAtton go* neteavi. 
- peJUetictaddAns interaction 
- kiel n±>d ctadcUng -stneuijn. 
- iuet >uxt fourth 
- cladding uaXetAide co-nAO*s<on 

These ne&t&ti <AttM be used to draw overatt conctu^OyvA and to identify 
timiting phenomena, such a* cladding uaterMde aoAroMon. The paper. UMJU. 
then teuistu the possible design OT materAxU^ option* oJiich utcll. enable 
these burnup limit* to be extended so a* to mtet future uAUlity 
teouirerrent*. 

1. INTRODUCTION 

Operation of French nuclear power plant installed capacity with the aim of 
fuel management leading to continuous cycle cost reduction results among 
other things in the choice of a fuel burnup extension strategy. EDF's 
decision at the end of the 1980's to generalize annual quarter-core fuel 
management with possible cycle extension clearly illustrates this strategic 
choice. 

Accordingly, the time is right for a discussion of the implications of such 
a strategy for fuel design and performance levels. This discussion must 
allow for the operating requirements imposed on French Nuclear Steam Supply 
Systems, of which grid follow is one of the major items. 

Ihe French test program, which has been run for several years by the 
partners CEA, EDF, FRAMATCME and FRAGEMA, with the aim of achieving 
knowledge and authorization of fuel operation at high burnups and with grid 
follow, has been discussed elsewhere, for example in the publications from 
the IAEA technical committee at Lyon (FRANCE) in May 1987 and the IAEA 
plenary meeting in Vienna (AUSTRIA) in October 1987 (refs. 1 and 2). 

http://Te.xi2x.-s
http://-stTa.te.Qu
http://te.veX.-s


34 within the scope of this test program, new results are now available 
concerning irradiation in power reactors of 4.5% U235 - enriched FRAGBA 
fuel assemblies which have reached turnups of 58,000 MWd/tU. To highlight 
the importance and originality of there results, we shall relate then to the 
FRAGEMA experimental data base used to analyze elevated - bumup fuel 
behavior. 

FRAGBft'S EXPERIMENTAL DATE BASE FOR ANALYSING ELEVATED 
BEHAVIOR 

BURNUP FUEL 

The first source of experience is power reactor irradiation of the FRAGEMA 
fuel. Fuel bumup status is illustrated in Figure 1. Out of a total number 
of 6627 assemblies, 216 ..ad ocopleted their fourth cycle by the end of 
December 89. Seven of then had finished a fifth irradiation cycle ; five 
3.1% - enriched FRAGEMA assemblies in FESSENHE3M went to 55,000 J**VtU and 
two 4.5% - enriched PGA assemblies in GRAVELINES 3 went to 58,000 MWd/tU. 
These assemblies are the main focus of this paper. 

FRAGEMA 17X17 
HIGH BURNUP EXPERIENCE AS OF DECEMBER 31,1989 
TOTAL NUMBER OF DISCHARGED ASSEMBLIES = 6627 

INCLUDING 216 4-CYCLES ASSEMBLIES 

600 f 

42 44 46 
Bumup tcMtvtd (GWtKMTU) 

FIG1 

A second source of experience is irradiation in experimental leactorn lite 
the "Chaudiere Avancee Prototype" (CAP) and the ER3 ; the former offers the 
possibility of combining bumup and grid follow. 
FRAGEMA also derives invaluable experience by participating in international 
programs centering on extended turnups (60,000 MWd/tU). These programs are : 

NFTR for cladding corrosion, 
HBEP for fission gas release, 
HBC for fuel temperatures. 

FRAGEMA'S final source of experience is cooperation with its customers and 
the CEA in FRANCE. Thus, by the end of December 89, on-site examinations had 
been conducted on about 270 assemblies and more than 70 fuel rods had bean 
examined in hot cells for : 

- cladding oxide thickness measurements, 
— rod growth measurements, 

neutron radiography, 
fission gas release measurements, 
cladding tube profilometries, 
metallographic cross-sections on fuel portions, 
fuel density measurements. 

This experimental base is expanding regularly and allows validation of high-
burnup models while identifying the fuel limits and the areas where 
improvements are needed. 
After this brief review underlining the importance of compiling a high-
bumup data base, we shall present the test results for the 4.5% - enriched 
FRAGEMA assemblies irradiated in the GRAVELDTE reactor in FRANCE. 

3. IRRADIATION OF 4.5% - ENRICHED ASSEMBLIES 

The test objectives set at the beginning of the 1980's were : 

to obtain extended - bumup data with a view to increasing reload 
discharge bumups. 



to achieve high buraups with high linear heat generation rates up to and 
including the last irradiation cycles, in order to identify the fuel 
limiting factors and point the way towards a choice of remedies. 

These experiment targets dictated the choice of the highest possible 
enrichment acceptable over the entire fuel cycle. Four 4.5% 17X17 assemblies 
were loaded in November 1983 into the OW/ELJNES 3 900 MWe reactor. 

Two of there assemblies featured a special design allowing the central fuel 
rods to be extracted at the end of each cycle ; in Hay 1989 they were 
discharged after reaching a burnup of 58,000 MWd/tU (i.e a peak rod bumup 
of 60,000 MHd/tU) at end of cycle 5 without loss of integrity. 
Two rods had been extracted at end of cycle 2 at an assembly burnup close to 
24,000 MMd/tU. These were followed by one _od at end of cycle 3 (36,000 
NWQ/tU), four rods at end of cycle 4, (47,000 MWd/tU) and four rods at end 
of cycle 5 (58,000 JWd/UJ). End of cycle 5 peak rod burnup was close to 
60.000 HWd/tU. 

This high bumup was achieved due to the high initial enrichment, 4,5%, 
leading to high linear heat generation rates. 

For the sake of comparison, the average linear heat generation rate for the 
five cycles of the 4.5% assemblies in GRAVEIJNES 3 was 30% higher than for 
the 3.1% assemblies irradiated for five cycles in the FESSENHE3M reactor in 
FRANCE. 

To emphasize the advantages of such an in-reactor experiment, we shall 
compare the measurements taken from the 4.5% - enriched assemblies with the 
on-going FRAGEKft data base. 
He shall successively examine : 

oxide swelling, 
fission gas release, 
fuel rod irradiation-induced elongation, 
rod bow, 
corrosion behavior. 35 -

a) Oxide swelling 

Since certain destructive examinations are still pending at this tine, we 
only have one fuel stack elongation measurement, obtained by analysis of 
neutron radiography prints, for the rods which have reached five cycles. 

He use this measurement by presenting in Fig. 2 fuel stack percentage 
elongation versus rod average bumup. All the data points including that 
obtained after 5 cycles on the 4.5% assemblies show a maximum elongation of 
about 1%. This means that oxide swelling is not a problem for the FRAGEM*. 
fuel at high bumups. 
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b) Fission gas release 

Figure 3 clearly illustrates the benefits of this 4.5% experiment : the 
measured values for the fourth and fifth cycle ware respectively 1.44 and 
2.60%, which reveals a doubling of fission gas release between the fourth 
and fifth cycles, showing that this physical parameter must be closely 
watched. However, since the fission product release values are still low 
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(< 3%) the experiment does confirm that PGA fuel perfectly fulfils its fission 
product retention function even up to very high taurnups. 

c) foal sod elongation 

Figure 4 compares 4.5% assembly data points with PGA data base points. Note 
that : 

- they confirm the points already yielded at high fluenoe, i.e mainly at 
the and of irradiation of the 3.1% - enriched assemblies burnt during 
five cycles in the FESSBWEIM reactor in FRANCE. However, there seems to 
be a trend towards reduction and scatter of elongation ; the origin of 
this trend is an uajnxNeaent in manufacturing, reducing the scatter in 
fuel rod oumputwiit (especially cladding) properties. 

at tine end of irradiation, the gaps between the rods and the top and 
bottom nozzles still remained significant. 

PERIPHERAL FUEL ROO ELONGATION 
4.5 % EXPERIENCE COMPARED TO FGA EXPERIENCE 

80000 0.00 2.00 4.00 8 00 »00 

AVERAGE FAST FLUENCE (10E.J1 iveml) 

d) Rod bow 

The parameter useu to characterize rod bow is the fractional channel closure 
in the fuel assembly. Based on the data points yielded by 4.5% assemblies, 
Figure 5 confirms that fractional channel closure increases at a slow and 
regular rate throughout the first to fifth cycles. These high - bumup 
points also confirm the conservatism of the rod bow limit curve used in the 
design of FRAGEMA fuel assemblies. 

e) Cladding waterside corrosion 

Measured peak oxide thicknesses versus bumup are shown in Figure 6, which 
once again highlights the benefits of this 4.5% assembly irradiation 
program. The peak corrosion values measured at cycle 5 are about twice as 
high as those for the 3.1% fiv.s - cycle assemblies in the FESSQJHED4 
reactor. This reflects the higher power levels at high burnup. Although no 
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oxide spoiling phencnenan was observed up to cycle 4 for as - measured peak 
thicknesses close to 90 microns, this did not hold true at end of cycle 5. 
Maximum thicknesses close to n o microns were combined with oxide spelling 
at this time. 

4. DISCUSSION 

This set of results and the initial conclusions to which they lead deserve 
reiteration and discussion here, to identify the steps to be taken for 
overcoming the limitations of the current products at elevated bumups. 

The 4.5% - enriched assembly program has confirmed and significantly 
expanded the pre-existing knowledge base. Rod integrity was maintained and 
the behavior prediction was in line with the evaluations based an the 
results yielded cycle by cycle. In particular, the program made it possible 
to approximate certain fuel rod uunpamiL limits. 

With regard to the uranium oxide, the acceleration in fission gas release 
with burnup and the conseguei increase in internal pressure deserve close 
analysis. 

Overstepping of burnup values such as 60,000 MWd/tD rod average means that 
some countermeasures will have to be taken, such as : 

reduction of initial pressure : test rods with initial pressures of 15 
bars have already been irradiated in the HR3 reactor. 
resizing the rod internal void volume. 
adjusting the microstructure to further improve fission gas retention. 

With regard to the fuel rod cladding, a spelling phenomenon occurs at very 
high bumups with thick oxide layers. To rule out this phenomenon, ways must 
be found of enhancing clad corrosion resistance (reference 4), for example : 

by changing the conteit of the alloy elements which enhance corrosion 
performance, this can be done by firstly varying tin content within its 
specified range : this has been already implemented in the PRAGMA 



3| cladding specification,and secondly by choosing other alloy elements in 
the Zirconium matrix, in order to further increase the corrosion 
resistance. 

by choosing the roorit suitable metallurgical state, which both promotes 
enhancement of corrosion performance and yields the set of mechanical 
properties targeted by the designer. 

To give a full picture of the extended-bumup situation, we must reiterate 
that in French reactors the trend towards increased burnups is accompanied 
by the application of grid tollow to all nuclear power plants. 

Both 4.5% assemblies experienced the first 4 cycles in base load and the 5th 
cycle in grid follow. 
To date, we are preparing the 5th cycle irradiation in FRANCE of two other 
4.5% - enriched assemblies. These two assemblies will have operated for the 
past three cycles (3,4,5) on a grid follow basis. The high-burnup 
performance record of these two assemblies will be of great interest. Other 
results for the 4 cycle - irradiated AFA fuel operated in the grid follow 
mode will become available simultaneously. 

Of particular interest will be the results yielded by irradiation of four 
AFA assemblies in the French reactor of CKUAS 2. Since this reactor is run 
on an intensive grid follow basis, the experiment involves measuring the 
power levels and local power variations of these four assemblies throughout 
their lifetime. On-site examinations, fuel rod extractions and hot cell 
measurements are being performed. 

In this way, the measurements already taken in the CAP experimental reactor 
in FRANCE demonstrating excellent FRAGEHA fuel grid follow performance up to 
peak local burnups of about 55,000 MWd/tU will be supplemented by power 
reactor measurements at even higher burnups. 

On the strength of the wide experience built up to date in FRANCE, all 
necessary documentation is now available in FRANCE to demonstrate the fuel 
capability to undergo 3.7% enrichment, annual quarter-core fuel managements 
with cycle extension in all French 900 MW nuclear power plants. 

Peak assembly burnups will potentially reach values close to 50,000 MWd/tU. 
This means that during the coming years, the in-reactor experimental data 
base for FRAGEMA fuel will be significantly expanded by a rapid inflow of 
up-to-date statistical high-bumup data. A related fuel follow-up and 
examination program will provide increasingly accurate feedback on extended-
burnup fuel behavior. 

C O N C L U S I O N 

Experiments on 4.5% highly enriched FRAGEMA assemblies up to 58,000 MHd/tU, 
in conjunction with the related examination program run by the French 
partners CEA, EDF, FRAMATCME and FRAGEMA and the programs already underway, 
have made it possible to identify the limiting factors related to extended 
bumup. These include fission gas release and cladding waterside corrosion. 
A number of ways to circumvent these problems by upgrading fuel rod design 
and by choosing new materials have been reviewed. 

Elevated burnups and grid follow will shortly be combined in a supplementary 
high-bumup program with new 4.5% - enriched assemblies. The 4-cycle 
irradiated AFA fuel operating on a grid follow basis will be tested at the 
same time. 

The excellent extended-bumup behavior of FRAGEMA fuel is already resulting 
in the generalization in FRANCE of 3.7% quarter-core fuel management to all 
900 MWe reactors. In this management mode, peak assembly burnups will reach 
values on the order of 50,000 MWd/tU. 

Thus, FRAGEMA assembly in-reactor experience at elevated burnups, extensive 
as it is to date, will be considerably expanding in the coming years. 
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Abstract 

Irt 1977, the U.S. Department of Energy (DOE) embarked upon a program to 
improve the uranium utilization in light water reactors. An early study 
sponsored by the DOE indicated that extended cycle length with a concomitant 
increase in discharge burnup provided the most effective means to improve 
fuel utilization and reduce fuel cycle costs. Different fuel management 
strategies have been developed to accomplish this objective. The degree to 
which a particular strategy is adopted, varies with the objectives of a 
particular plant operator Beginning in the 197Q's, ABB-CE began conducting 
a variety of lead fuel assembly programs in commercial pressurized water 
reactors to support the goal of improved fuel utilization. The results from 
these programs have indicated that no abrupt changes in fuel performance 
occur as a result of high burnup, extended cycle operation. No evidence of 
any change in overall fuel rod reliability has been observed. As a result 
of this successful experience, batch average burnups of 45 GWd/MtU with 
lead-rod average burnups from 50-55 GWd/NtU are now common design 
objectives. Observations in fuel performance areas considered important to 
high burnup operation are summarized in this paper. High burnup, fuel 
operating experience is also reviewed. 

1.0 INTRODUCTION 

In 1977, the U.S. Department of Energy (DOE) embarked upon a program to 
improve the uranium utilization in light water reactors. This program was 
initially proposed mainly to support deferral of fuel reprocessing in the 
United States. At that time, traditional fuel management schemes employed 
three-batch core loadings with average discharge burnups of 30-33 GWd/MtU 
and cycle lengths of 12 months. 

An early study sponsored by DOE indicated that extended-cycle length with a 
concomitant increase in discharge burnup provided the most effective means 
to improve fuel utilization and reduce overall cost for a once-through fuel 
cycle(1]. As a result of this DOE initiative, various fuel management 
strategies involving extended cycle, high burnup operation were developed by 
ABB-CE. The degree to which a particular strategy is adopted varies with 
the objectives of the given plant operator. With these new fuel management 
strategies, batch average discharge burnups of 45 GWd/MtU with lead rod 

39 average burnups of 50-55 GWd/MtU are now common. 

Beginning in the mid-1970's, ABB-CE began conducting a variety of programs 
including lead fuel assembly (LFA) irradiations in commercial power reactors 
to evaluate various aspects of high burnup fuel performance. The primary 
focus of these programs was to assure that no unforeseen or abrupt changes 
in fuel performance or reliability occurred as a result of high burnup 
operation and to provide the performance data necessary for design ond 
licensing. 

The performance areas of concern that have been addressed in the high burnup 
programs include: UO fuel behavior (fission gas release and swelling); the 
dimensional stability of Zircaloy-4 clad fuel rods and fuel assembly 
components; and the waterside corrosion and mechanical properties of 
Zircaloy-4 components. Some recent observations in each of these areas are 
summarized in this paper. High burnup, fuel operating experience will also 
be reviewed. 

2.0 FUEL ASSEMBLY DESIGN AND OPERATION 

2.1 Fuel Design Description 

ABB-CE has always employed fuel assemblies with all Zircaloy-4 components in 
the active length of the core beginning with the first design developed for 
the Palisades reactor in 1971. The fuel assembly consists of Zircaloy-4 
clad fuel rods, upper and lower end fittings, a bottom Inconel 625 grid 
welded to the bottom end fitting, Zircaloy-4 spacer grids and five 
Zircaloy-4 guide tubes. The Zircaloy-4 spacer grids are welded to thi! guide 
tubes to form a rigid assembly structure. Both recrystallization annealed 
(RXA) and cold-worked stress-relief-annealed (CWSRA) guide tubes are used. 
The higher yield strength of CWSRA guide tubes is needed for some 16x16 
plants with high seismic load requirements. All fuel assemblies fabricated 
since 1974 have had a removable top end fitting to facilitate inspection and 
repair. With the exception of Yankee Rowe, which employs a 15x15 lattice 
and cruciform control rods, all assemblies employ either a 14x14 or 16x16 
lattice array of fuel rods. Some of the key fuel rod dimensional 
characteristics are summarized in Table I. 

2.2 Operating Experience 

The trend to higher discharge burnups for fuel fabricated by ABB-CE is 
illustrated by Figure 1. In the early 1980's, the average batch burnup at 
discharge was approximately 33 GWd/MtU. This will increase to an estimated 
average batch discharge burnup of approximately 42 GWd/MtU for the 1991-95 
period with approximately 60* of the fuel batches being discharged with 
burnups of 45 GWd/MtU or more. The impact of increased cycle length is also 
reflected in this trend. Of the thirteen PWR's containing ABB-CE fuel, five 
are now on 24-month cycles and five on 18-month cycles. None are using 
annual cycles. 

To date, approximately 1.6 million fuel rods representing 7900 fuel 
assemblies have been delivered and put into operation (Figure 2). Over 
90,000 fuel rods have successfully achieved average burnups in excess of 
40 GWd/MtU. 



* TMUI 
CHAwtcTiiwmca or *a»-cs RJB. RODS 

14H4 l t d ! 

uotram 
Lang*, nan 

UOrMJB 
IMlte*o*omMry 

I M l » 
11.43 » t 1 
14 1.2 
4tfl VI0 CMflVH 

Oaeawg Ouwr M M M T . DOT 
CtBdAPfl. Wei TNCSMM, nvn 
Pest AM laeQA. me* 

s«7»»it» anvOTm 
11.13 3.70 
0.71 0.** 
37340471)1) 40MO7Z1IB) 

WRonCafteunoiiy 
MSLlude-Iai* 

NUMSAfl Of (MSCHARGf 0 Full UTCMCS 

FIGURE 1 BATCH AVERAGE DISCHARGE BURNUPS FOR 1980-1985 

FIGURE 2 FUEL ROD EXPOSURE HISTORY AS A FUNCTION 
OF BURNUP AS OF APRIL 1, 1990 

ABB-CE has always conducted an aggressive program to monitor fuel 
reliability and assess the cause for fuel failure. In part, this has been 
due to the reconstitutable assembly design which made it practical to 
identify and remove leaking fuel rods from assemblies during refueling 
outages. This program includes the monitoring of iodine and cesium fission 
products in the primary coolant to estimate the number and approximate 
burnups of leaking fuel rods. In addition, 25 inspection campaigns to 
identify leaking fuel rods have been conducted since 1960 using sipping, 
ultrasonic, and eddy current test techniques. All fuel rods in the high 
burnup LFAs were individually examined. No evidence of any fuel failures 
associated with extended burnup operation has been observed. 

3.0 SURVEILLANCE PROGRAMS 

To support high burnup operation, examinations have been performed on fuel 
rods and assembly structural components as part of the various LFA programs 
listed in Table II. These programs have included the evaluation of standard 
as well as alternate fuel rod designs. 

The first of these programs was conducted in BGSE's Calvert Cliffs-1 reactor 
as part of an EPRI program to evaluate the performance of standard PVfR 
fuel(2]. This arogram2included an assembly skeleton that accumulated a 
fluence of 9x10 n/cm , (E > 0.821 MeV) after four cycles, or 1486 
Effective Full Power Days (EFPD) of operation. Fuel rods included in this 
program reached rod average burnups of 54 GVfd/MtU. The skeleton of the 
four-cycle assembly was destructively examined at a hot-cell facility. 
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A follow-up to the Calvert Clilfs program was conducted in the 14x14 reactor 
at Fort Calhoun under DOE sponsors!.'n. This program involved both poolside 
and hot-cell examinations of fuel assemblies and fuel rods to lead rod 
average burnups of 56 GWd/MtU13). 
At -.he time when the SCOUT and PROTOTYPE Programs were designed and 
fabricated for irradiation at Calvert Cliffs, the major technical concerns 
were pellet cladding interaction (PCI) and the burnup dependence of fission 
gas release. The actual burnup capabilities of standard fuel designs had 
not yet been established. Different fuel design concepts for extending 
burnup had experienced even less irradiation. This resulted in 
incorporation of fuel rods containing annular UO pellets, graphite coating 
fi the cladding inner surface, and short UO pellets in the SCOUT and 
taOTOTYPE assemblies. 

The irradiation of advanced designs in 16x16 fuel assemblies was initiated 
in the second cycle of ANO-2 as part of a program sponsored by DOE. In 

41 addition to annular pellets and graphite coated cladding, this program 

includad UO, pallets with large grains (> 40 micron*) fabricated with niobla 
as an additive. Large grains had shown promise In test reactor programs as 
a method of decreasing fission gas release. 

The demonstration of adequate corrosion resistance of Zircaloy-4 cladding at 
higher burnup in those PWFs with mora aggressive, high temperature 
primary-coolant conditions is also underway. A program initiated In Palo 
Verde in 1986 includes oxide film thickness measurements on standard 
Zircaloy-4 cladding as well as alternate cladding types that promise 
improved corrosion resistance. 

The information obtained from these programs has been used in various 
topical reports submitted to the us NRC to license ABB-CE fuel for extended 
burnup. The first of these topical* was submitted in 1982 to extend lead-
rod average burnups to 52 GWd/Htu. The most recent submittal was made In 
early 1989, to support a further increase in the lead-rod average burnup to 
60 GWd/HtU. This will allow mora flexibility in fuel management strategies 
for high burnup operation. This increased flexibility is particularly 
attractive to utilities that desire 24-month cycles and low-leakage core 
designs. 

4.0 DISCUSSION OF FUEL PERFORMANCE TOPICS 

4.1 Dimensional Stability 

Fuel rod and assembly dimensional stability has been evaluated to extend the 
applicability of design and licensing correlations to envelope hig) burnup 
operation. This has included measurements of irradiation-induced growth 
behavior of Zircaloy-4 components to assure that no abrupt changes occurred 
which might affect assembly design relative to either the allowable 
clearance in the core internals to accommodate assembly growth; or the 
clearance within the assembly to accommodate fuel rod growth. Other 
dimensional characteristics such as changes In fuel rod diameter or critep, 
and fuel rod channel closure were also evaluated. 

4.1.1 Guide Tube Growth 

Data are available on the change in guide tube length as a function of„ 
irradiation to assembly average fluences of approximately 12x10 n/cm , 
(E > 0.821 MeV). These results are shown in Figure 3 for different types of 
Zircaloy-4 guide tubes. As expected, the CWSRA guide tubes increased in 
length more than the KXA guide tubes under the same compressive stress. 
Thin compressive stress is a combination of the hold-down force necessary to 
restrain the assembly from lifting off its support surface during operation 
and the hydraulic uplift forces generated by coolant flow. Annealed Tilde 
tubes with a higher compressive load show essentially no length change, even 
after significant neutron exposures. In contrast, annealed guide tubes with 
less compressive load did increase in length due to irradiation. This 
observation demonstrates that the length change of guide tubes due to 
irradiation is a function of the overall load on the assembly which can 
produce compressive creep, as wall as neutron fluence which causes 
irradiation induced growth. Since hold-down force is a function of asuembly 
length, the force increases as the guide tubes grow. This increased load, 
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FIGURE 3 GUIDE TUBE LENGTH CHANGE AS A FUNCTION 
OF FLUENCE AND COMPRESSIVE STRESS 

in turn, increases the compressive creep rate. Consequently, these factors 
must be accounted for during design to assure that no hard interference 
between the assembly and the core internals occurs during high burnup 
operation and that adequate space remains within the assembly to accommodate 
fuel rod growth. 

4.1.2 Fuel Rod Growth 

The growth of standard as well as alternate fuel rod designs included in the 
LFAs was determined. Figure 4 shows the dependence of fuel rod growth with 
fluence. The results do not show any abrupt changes as a result of high 
burnup operation and are basically consistent with a growth equation 
published by Franklin using lower burnup data [4]. Occasionally, however, 
small changes in rod growth rates at higher exposures have been observed. 
For example, a hot-cell examination of fuel rods irradiated in the Fort 
Calhoun/DOE program revealed bonding of the U0 to the Zircaloy-4 cladding 
\n a fuel rod that showed an increased growth rate during its last cycle[3]. 
The bonding may have increased the growth rate due to an interactive effect 
by forcing the cladding to creep axially at a rate related to the swelling 
of the U0 2 pellets. 

Any differential change in length between fuel rods and guide tubes 
resulting from irradiation will reduce the space (shoulder gap) available in 
the assembly to accommodate fuel rod growth. The axial growth differences 
of various Juel rod designs irradiated in the PROTOTYPE assemblies were 
compared by dividing the change in shoulder gap by the axially averaged 
fluence of each fuel rod to obtain a rate parameter, R, for gap closure. A 
comparison of the fuel rod types for which a relatively significant number 
of measurements were available is shown in Figure S. This comparison 
indicates that fuel rods with either reduced-length or annular pellets had 
approximately 17% less growth than standard rods after comparable 
irradiation exposures. This difference persisted throughout life. The 
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shorter pellets (L/D of 0.8) and the annular pellets probably engage the 
cladding less than standard pellets resulting in a reduced growth component 
due to mechanical interaction. The degree of interaction may be controlled 
by geometric effects and/or thermal effects in the case of the annular 
pellets. 

4.1.3 Fuel Rod Channel Closure 

Fuel rod channel closure or rod bow is an important concern because cf 
potential impact on DNB. Measurements have been made optically using 
television or periscope systems as well as with a probe-type strain gauge 
device. Statistical reduction of data available in the early 1980's 
indicated a worst span nv.ximum channel closure at the 95% percentile of 



about 35% at an assembly average burnup of 45 GWd/MtU. The worst span is 
defined as that with the largest standard deviation. The channel closure 
followed a square root of burnup dependency and results from both 14x14 and 
16x16 assemblies were similar. Subsequent examinations of LFAs from Calvert 
Cliffs and ANO-2, irradiated to average burnups of 57 and 52 GWd/NtU, 
respectively, were consistent with these earlier results. These data 
confirmed the expected behavior of fuel rods in the Zircaloy structure. 
Fuel rod bowing is not now considered a constraint to high burnup operation. 

4.1.% Fuel Rod Diametral Creep 

Fuel rod creep behavior was examined to extend the applicability of related 
models to cover high burnup operation. Profiiometry results on 
prepressurized fuel rods containing nondensifying fuel, showed that 
creepdown continued to about 0.8% A D/D at rod average burnups of about 
45-50 GWd/Ntli. At higher burnups, a small reversal in creep strain 
(approximately 0.2% AD/D) was observed on rods irradiated to 56 
GWd/MtU[3]. This reversal was consistent with hot-cell measurements of fuel 
volume changes due to irradiation and indicates that fuel rod diameter 
changes, after hard fuel/cladding contact occurs at high burnup, are driven 
by fuel swelling[5]. Prior to contact, creep varied with rod exposure, 
internal rod pressure and the extent of in-reactor densification of the UO-
fuel pellets. 

4.2 Zircaloy-4 Corrosion Behavior 

The buildup of the zirconium oxide layer on the waterside of fuel rods has 
been monitored to provide a data base for evaluating cladding corrosion as a 
function of exposure and different reactor thermal conditions. This 
monitoring program began in 1979 when the advent of a nondestructive device 
based on eddy-current technology made it practical to routinely measure 
large numbers of fuel rods in reactor spent-fuel pools during refueling 
outages. 

A composite of data obtained from programs conducted in 14x14 and 16x16 
reactcrs is shown in Figure 6(2, 3, 6]. Each data point represents the 
maximum thickness measured on a fuel rod and is plotted as a function of rod 
average burnup. The range of coolant condition!; for the various reactors 
represented in this figure are summarized in Table III. The maximum oxide 
thicknesses are observed in the upper elevations of the fuel rods 
corresponding to the location of maximum oxide/metal interface temperature. 
Much of the data scatter in Figure 6 can be explained by differences in 
coolant temperature and heat flux among the plants in which the rods 
operated and by differences in the fuel rod thermal history from cycle to 
cycle. Variation in oxide film thickness of up to 10 microns have been 
observed around the circumference of some rods, particularly those with high 
burnup exposure. This may be due to local variations in heat transfer due 
to differences in fuel/cladding contact, or local thermal hydraulic 
conditions. 

The largest impact of the insulating oxide thickness on the temperature at 
the oxide/metal interface occurs late in life when the oxide film becomes 
thickest. At this point, the linear heat rate of a fuel rod and the 
corresponding surface heat flux are reduced which should have a mitigating 
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effect on continued oxidation. This is dependent, of course, on the 
thickness and corresponding impedance to heat flow provided by the oxide 
layer. This indicates the need for continued surveillance of the corrosion 
of Zircaloy-4 fuel rod cladding in plants operating with extended cycles and 
burnups approaching 60 GWd/MtU to detect any decrease in performance 
margins. 

Oxide thickness measurements at Palo Verde on fuel rods irradiated for two 
cycles to a lead rod average burnup of 34 GWd/MtU were higher than those 
found at other plants. This finding is consistent with the more aggressive 
thermal conditions at Palo Verde. Similar results have been reported for 
other plants where the coolant thermal conditions responsible for corrosion 



are equally as aggressive!7]. Cladding v.'ith improved corrosion resistance 
may be necessary for the class of "hot plants" represented by Palo Verde in 
order to achieve extended cycle, high burnup operation. Recognition of this 
fact has led to a series of carrier assemblies in Palo Verde which began in 
1987. These assemblies include fuel rods with a variety of alternate 
cladding materials intended to improve corrosion behavior. 

In 1988, ABB-CE began using Zircaloy-4 cladding with a controlled chemical 
composition and improved thermal/mechanical processing history. This 
cladding incorporates the use of a lower nominal value and narrower range of 
allowable tin content as well as a high integrated annealing parameter. To 
date, this type of cladding has been employed in several full-reload batches 
for reactors like Palo Verde and Calvert Cliffs where either high fuel rod 
thermal duty or long in-core residence times (i.e., three 24-month cycles) 
are expected. 

4.3 Mechanical Properties of Irradiated Zircaloy-4 

The mechanical integrity of irradiated Zircaloy-4 fuel rod cladding and 
assembly structural components is essential to provide for safe operation of 
the reactor and subsequent handling of the spent fuel. In order to maintain 
this integrity, the Zircaloy-4 must retain mechanical properties to 
withstand a range of performance demands. As burnup and residence time in 
the reactor increase, the combined effects of radiation damage, oxidation 
and hydrogen pickup change the mechanical properties of the materials. 

Fuel rod cladding irradiated in Fort Calhoun to rod average burnups up to 56 
GWd/HtU, and Zircaloy-4 components from the high exposure assembly skeleton 
irradiated in Calvert Cliffs were destructively examined to evaluate the 
mechanical properties of Zircaloy-4 after irradiation to extended burnups[2, 
5]. High-strain rate burst and tensile tests were performed on the 
irradiated material over a range of temperatures from 298°K to 673°K. 

To aid in understanding the mechanical test results, the condition of the 
irradiated material with respect to cxide thickness, hydrogen content and 
hydride distribution was first determined. The maximum oxide layer 
thickness measured on the irradiated cladding was approximately 55 microns. 
Metallography showed that hydride platelets were oriented circumferentially 
and concentrated toward the outer surface of the cladding (Figure 7). This 
observation is consistent with hydrogen migration driven by a thermal 
gradient to the cooler portions of a fuel rod. Hydrogen concentrations • > 
to 400 ppm were measureo. in cladding cross-sections. No radially oriented 
hydrides were observed. Based on the measurements of hydrogen concentration 
and oxide film thickness, an average of approximately 18% of the hydrogen 
liberated by the corrosion reaction was absorbed by the cladding. This 
finding is consistent with other published data[7). 

The oxide film thickness on the guide tubes from the Calvert Cliffs skeleton 
ranged up to 15 microns. The corresponding measured maximum hydrogen 
concentration was approximately 135 ppm, which is equivalent to a 10% 
hydrogen pickup fraction. Both are consistent with predictions of 
isothermal corrosion in the absence of heat flux. 

FIGURE 7 HYDRIDE PLATELETS IN ZIRCALOY-4 CLADDING 
IRRADIATED FOR SIX CYCLES IN FORT CALHOUN 
(1954 EFPD, ROD AVERAGE BURNUP = 56 GWd/MtU) 

Figure 8 presents data obtained from burst tests at 588°K performed on fuel 
rod cladding from Fort Calhoun. For comparison, similar data from 
unirradiated cladding are also shown. The 0.2% yield and ultimate strengths 
have increased by about a factor of two. The increased strength is 
attributed to radiation damage effects. The circumferential strains 
presented in Figure 8 indicate a significant reduction in cladding ductility 
with increasing fluence. At fluences above 1x10 n/cm , uniform and total 
strains are reduced to levels less than 1% and 4%, respectively. 

21 
Uniaxial tensile tests on irradiated fuel cladding at a fluence of 11.5x10 
n/cm , (E > 0.821 MeV), showed low residual ductility at room temperature 
with uniform and total elongations of 0.15% and 1.1%, respectively. At test 
temperatures of 473°K or more, the ductility increased to approximately 1% 
uniform elongation with up to 9% total elongation. 
Strains of the magnitude discussed above indicate that significant 
embrittlement of the material occurred due to irradiation under the 
deformation conditions used in the mechanical tests (high strain rate, 
biaxial burst and uniaxial tensile loading, etc.). However, the appearance 
of the fracture surfaces of the guide tube and cladding tensile specimens 
indicated that the fracture mode was not always typical of brittle material. 
Garde postulated that the fracture mechanism ;nvolved hydride initiated 
failure in a dislocation channel[8]. It requires that the material has both 
a high density of irradiation-induced defects and a hydrogen concentration 
greater than the solubility limit at the deformation temperature. When 
these requirements are met, Zircaloy-4 may be susceptible to a ductile 
failure mode at low strain. 
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In summary, the mechanical property data obtained from high strain rate 
tensile and burst tests indicate an increase in strength and loss of 
ductility for irradiated Zircaloy-4, particularly above a fluence exposure 
of 1x10 n/cm . Similar results have been reported by othersl9). The 
effects of irradiation aamage and hydrogen content appear synergistic. The 
use of Zircaloy-4 cladding with improved uniform corrosion resistance should 
reduce the total hydrogen inventory in the material at a given exposure, 
compared to standard cladding. This should, in turn, have a beneficial 
effect on mechanical properties, especially at high neutron exposures. 

4.4 Fission Gas Release 

High burnup fission gas release data from fuel rods irradiated in the test 
programs at Calvert Cliffs and Fort Calhoun were discussed at a recent ANS 
topical meeting by Pati[10). These measurements showed that the fraction of 
fission gas released remained low (£2%) for rods irradiated under normal 
operating conditions up to average burnups of 56 GWd/HtU. A weak burnup 
dependence up to 40 GWd/NtU was noted, beyond which the sensitivity to 
burnup increased. Examinations showed that a porous rim developed on the 
pellet periphery above a pellet average burnup of 40 GWd/HtU. This porous 
rim varied in thickness (< 250 microns) as a function of local pellet burnup 
and had a surface-to-volume ratio several hundred times larger than that 
associated with the as-fabricated pellet porosity. The xenon concentration 
in the pellet rim was found to be significantly depleted compared to that in 
the pellet interior. It was found that the high local release from the rim 
as well as the observed burnup dependence could be predicted by a knockout 
model for gas release which takes into account the evolution of porosity 
with burnup at different radial locations within the fuel pellet[9]. 

5.0 CONCLUSIONS 

ABB-CE's experience with fuel irradiated to extended burnup is progressing 
into its second decade. A variety of LFA programs have demonstrated the 
capability of standard and alternate fuel designs to operate successfully to 
assembly average burnups of 57 GWd/HtU. As a result, current fuel 
management strategies utilize discharge batch average burnups up to 50 
GWd/HtU and cycle lengths up to 24 months. 

Data available from the LFA programs have been used to accurately account 
for the changes in various performance characteristics that occur throughout 
life. However, as burnup ana exposure time have increased, the synergistic 
interaction among the various performance phenomena becomes important. 
Examples of this include the fuel/clad bonding that has been observed on 
high burnup fuel rods, and the combined effects of corrosion, hydrogen 
pickup, and irradiation damage on mechanical properties. Zircaloy-4 
cladding with improved uniform corrosion resistance has been introduced into 
reload fuel batches fabricated since 1988 for plants operating with more 
aggressive coolant conditions or very long, high burnup duty cycles. The 
corrosion behavior of alternate cladding materials under more aggressive 
coolant conditions is also being investigated at Palo Verde Unit 1. 

A limited number of mechanical property tests on highly irradiated cladding 
indicates significant decreases in ductility under high strain rate loading 
conditions. Hore testing is needed to determine the separate effects of 
irradiation damage and hydrogen pickup on the ductility of liighly irradiated 
Zircaloy-4 under conditions more representative of in-reactor loading"-. 

Two hot-cell programs are planned for 1990. The performance L,J. both 14x14 
and 16x16 fuel rods irradiated to burnups ranging from 55 to 63 GWd/MtU will 
be evaluated. An assembly skeleton, irradiated for approximately 2000 EFPD 
to an average fluence of 13x10 n/cm , (E > 0.821 HeV), will also be 
examined. These examinacions will provide additional insight into potential 
performance limiting phenomena at high burnup. 
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HIGH BURNUP FUEL BEHAVIOR STUDIES AT NUPEC 

M . OISHI 
Nuclear Power Engineering Test Center, 
Tokyo, Japan 

Abstract 

The Nuclear Power Engineering Test Center (NUPEC) has 
been carrying out fuel irradiation tests on Japanese commercial 
BWR and PWR fuels since 1976, in order to provide a systematic 
and thorough base data on the in-pile fuel behavior, under the 
sponsorship of the Ministry of International Trade and 
Industry. The proving tests on both BWR and PWR fuel 
assemblies have been conducted for 11 years, and confirmed that 
fuel design and manufacturing were appropriate and reliable. 
Verification tests on higJ. performance fuel, which has a 
capability to resist load follow operation, are being carried 
out since 1981. The current NUPEC program focuses efforts on 
the verification of high burnup fuel. In the PWR program, 
irradiation for four assemblies designed for 48 GWd/t started 
last year, furthermore twelve LTAs which will introduce 
improved designs with a target burnup of 55 GWd/t are expected 
to be irradiated in the future. In the BWR program, the 
irradiation of eight LTAs designed for high burnup is in 
progress with a target burnup of 50 GWd/t. To obtain reference 
data for high burnup fuel design, post irradiation examination 
on three 8x8 assemblies, one assembly irradiated in Fukushima 
Daiichi No. 3 and two assemblies irradiated in Shimane No. 1, 
was finished by March 1990, and systematic knowledge on the in-
pile fuel behavior was extended up to an assembly burnup of 35 
GWd/t. The fuel assemblies and rods showed no apparent 
deformation and anomaly. Fission gas release rate indicated 
large scatter from 0 % to approximately 25 % and the scatter 
increased beyond 10 GWd/t. Oxide thickness increase tended to 
saturate at higher burnup, and maximum oxide thickness was 106 
microns. Characteristic fuel behaviors for higher burnup, such 
as pellet clad bonding and pellet rim structure, were found in 
both Shimane and Fukushima rods. 

1. INTRODUCTION 
Under the sponsorship of the Ministry of International 

Trade and Industry (MITI), the Nuclear Power Engineering Test 
Center (NUPEC) has been carrying out fuel irradiation test 
programs on Japanese commercial LWR fuels to verify their 
satisfactory performance [1]. The NUPEC programs were planned 
so as to ensure systematic and high quality data are obtained. 



Well precharacterized fuel assemblies have been monitored 
during their irradiation and Post Irradiation Examination (PIE) 
have been or will be conducted. The data obtained so far range 
from low to high burnup such as 35 GWd/t (assembly average) and 
can be effectively used to understand the in-pile behavior. 
This paper outlines and gives the status of the NUPEC programs 
and describes results obtained recently on high burnup fuel 
behavior. 

2. FUEL IRRADIATION TEST PROGRAMS 
The proving tests on both BWR and PWR fuel assemblies 

of the then-current designs : 8x8 for BWR and 15x15 for PWR, 
have been conducted for 11 years since 1976. The design margin 
for various aspects of fuel behavior was confirmed 
quantitatively by the results obtained. Thus it was proved 
that fuel design and manufacturing were appropriate and 
reliable [2],[3]. 

Verification tests on high performance fuel, which has 
a capability to resist load following operation, were started 
in 1981. In the PWR program. Power Ramp Demonstration (PRD) 
tests on the current design fuel were finished in the fiscal 
year 1987. Through the work to date it was verified that the 
fuel could resist expected daily load following operation of a 
12-3-6-3 hour, 100-50 % output pattern. The PIE on the 
improved design fuel will be started in May 1990. In the BWR 
program, four lead test assemblies including zirconium liner 
fue:, which was one of the candidate designs for Pellet 
Cladding Interaction (PCI) resistant fuel, were irradiated for 
four reactor cycles, and three of them have been subjected to 
PIE. The remaining one, irradiated for five cycles, has 
achieved 38 GWd/t and its PIE is scheduled for next year. 
Power ramp tests to demonstrate PCI resistance of zirconium 
liner fuel are being carried out in the JMTR and Studsvik R2 
reactor. PIE on BWR fuel after power ramp tests are also under 
way. and these will all be completed by 1992. 

The current NUPEC program focuses efforts on the 
verification of high burnup fuel and studies of its behavior. 

Figure 1 shows the schedule for PWR high burnup fuel 
irradiation tests. In Japanese PWRs, the burnup extension from 
39 GWd/t to 48 GWd/t (assembly average) was licensed by MITI 
for eight operating units and the licensing for the other units 
is now under way. In the NUPEC program, irradiation for four 
assemblies designed for 48 GWd/t started last year. These 
fuels were well precharacterized and will be subjected to PIE 
in detail. Furthermore twelve lead test assemblies which will 
introduce improved designs with a target burnup of 55 GWd/t are 
expected to be irradiated ?'. the future. 

Figure 2 shows the schedule for BWR high burnup fuel 
irradiation tests. In the program, the irradiation of eight 
lead test assemblies designed for high burnup is in progress 
with a target burnup of 50 GWd/t. To obtain reference data for 
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assemblies was finished by March 1990, and systematic Knowledge 
on the in-pile fuel behavior was obtained up to an assembly 
burnup of 35 GWd/t. This paper describes potential problems of 
burnup extension based on these data. 

3. FUEL ASSEMBLIES 
A Fukushima fuel assembly, identification number F3A10, 

and two Shinane fuel assemblies, SNF46 and SNF13, were 
manufactured by Japan Nuclear Fuel Co., Ltd. (JNF), according 
to the JNF st.andard process. Figure 3 shows a schematic 
drawing of the fuel assemblies. The three assemblies were 8x8 
assemblies, which consisted of 63 fuel rods, one water rod and 
7 spacers. Fuel rods had uranium dioxide pellets of 95 %TD, 
which were sheathed with Zircaloy-2 cladding tube with both end 
plugs made by Zircaloy-2. Fill gas was helium of one 
atmosphere. 

F3A10 had been irradiated for five reactor cycles in 
Fukushima Daiichi No. 3 of Tokyo Electric Power Co. Both SNF46 
and SNF13 had been irradiated for five cycles in Shimane No. 1 
of Chugoku Eloctric Power Co., and experienced the same power 
history, because they had been loaded into symmetric positions 
in the core. Assembly burnups were 35 GWd/t in F3A10 and 30 
GWd/t in SNF46/SNF13. 

PIEs of three assemblies had been conducted in the hot 
laboratory of Nippon Nuclear Fuel Development Co., Ltd. from 
1987 to 1989. 

F3A10 was one of the BWR proving test fuel assemblies 
which were irradiated for four cycles, and had been 
reirradiated for one additional cycle. 

4. RESULTS 
4.1 INTEGRITY OF FUEL ASSEMBLIES AND RODS 

The appearance of the three assemblies were visually 
examined. Crud deposited were collected and analyzed by 
electron probe microanalysis (EPMA) and X-ray diffraction 
technique. The assemblies including components showed no 
apparent deformation and anomaly. Shimane assemblies carried 
less crud than the Fukushima assembly. Crud was soft, and 
mainly consisted of hematite <La-¥e203i. Shimane Unit 1 has a 
dual condensate clean-up systen, but Fukushima Unit 3 has a 
single one. This caused less iron content in the feed water, 
and less crud deposition. Crud thickness was less than 0.1 mm 
in the Shimane assemblies and approximately 0.5 mm in the 
Fukushima assembly. It almost unchanged through the 
irradiation period after first cycle. Crud deposition was 
therefore not observed to be life limiting for burn up 
extension. 

To evaluate fuel rod bow and occurrence of fretting, 
fuel rod expansion spring lengths and rod-to-rod spacing before 
disassembly were measured by a cathetometer. Fuel rod 

Cladding tube 

FIG.3 BX8 FUEL ASSEMBLY 

withdrawal force was also measured by subtracting the 
individual rod weight from the withdrawal load measured by a 
load cell during disassembly. Fuel rod expansion spring 
lengths showed enough space for rod expansion and disengagement 
from the tie plate. The smallest rod-to-rod spacing was 2.7 mm 
(nominal spacing: 4.0 mm). Average contact force by the spacer 
springs derived from fuel rod withdrawal force was 25 % of the 
initial value at 35 GWd/t. There was no evidence of spacer 
fretting. 

Fifteen individual fuel rods for each assembly were 
examined and photographs were taken. Eddy current tests were 
also made. Nodular corrosion and uniform oxide film were seen 
on the surface of the rods, but the rods had no significant 
defects or deformation. 

Fuel rod length and diameter were measured by a 
profilometer. Figure 4 shows the measured length increase, 
together with reported data. The length increases of Shimane 
and Fukushima rods were within the scatter band of reported 
data. Cladding creep down, which was derived by subtracting 
oxide thickness from the measured diameter, was 30-40 microns. 
Ovality of Shimane rods, measured by spiral profilometry, was 
less than Fukushima rods, because oxide thickness of the 
Shimane rods was more uniform than that of Fukushima. 
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Fission gas release rates were measured by 
nondestructive and destructive methods. The first method was 
to measure Kr-8!> activity at the plenum position. The second 
method was to puncture the fuel rods, then collect and analyze 
the fission gas. Figure 5 shows the results together with BWR 
proving test fuel data. Fission gas release rate indicated 
large scatter from 0 % to approximately 25 %. The scatter 
increased beyond 10 GWd/t, and the highest release rate at each 
burnup tended to saturate up to 40 GWd/t. Fission gas release 
threshold power of 280-300 W/cm was observed for both Shimane 
and Fukushima rods. Though SNF46 and SNF13 had been irradiated 
at symmetric locations in the core and experienced the same 
power history, some of the rods located at the corresponding 
position in the assemblies showed an apparent difference in 
fission gas release rate. Regarding helium contents in the 
collected gas, a relatively good correlation between helium 
release fraction and fission gas release rate was observed in 
both Snimane and Fukushima rods. 

In the case of fuel rods with higher fission gas 
release in the Fukushima rods, measured fuel densities and 
effective fuel lengths indicated signs of fission gas bubble 
swelling. Their pellets microstructures showed a larger 
porosity increase at the high temperature, center region. On 
the other hand, the Shimane rods had no clear dependency 
between fission gas release rate and fuel densities or 
effective fuel lengths. The Shimane pellets showed no 
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significant change in porosity along the fuel radial position 
even in higher fission gas release rods. Pellet microstructure 
in the Fukushima rods was homogeneous, but it was bi-modal, 
while dense islands with larger grain size were surrounded by 
porous smaller grained region, in the Shimane rods. The 
difference in microstructure might be connected to the 
difference in fission gas release behavior. 

SNF46-A7 and SNF13-A7 fuel rods, which had experienced 
the same power history, indicated fission gas release fractions 
of 0.4 % and 17.6 % respectively. Fuel pellets used for each 
fuel rod had been sintered in a different batch, but no 
archives remained. Thus microstructures at the low power 
region, representing mostly fabricated microstructure, of above 
two fuel rods were compared. There was no difference in grain 
size and porosity between them. Calculated fuel center 
temperatures of these rods were just above the fission gas 
release threshold temperature reported by Vitanza [4]. This 
suggests a small difference in center temperature could cause a 
significant difference in fission gas release behavior. 
4.3 MECHANICAL PROPERTIES OF CLADDING 

Tensile tests and burst tests were conducted on 
cladding tubes retrieved from Fukushima and Shimane fuels up to 
a fast fluence of 8xl0 2 1 n/cm1 (E > 1 MeV). Figure 6 shows 
yield strength of Zircaloy-2 cladding. The tensile and burst 
strength increase of Zircaloy-2 tended to saturate at a 
relatively low fluence (IxlO21 n/cm2) and to remain almoBt 
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unchanged up to 8xl0 2 1 n/cm2. Fracture elongation decreased 
with exposure up to lxio 2 1 n/cms, and also tended to saturate 
between 1-8x10* n/cm . The minimum value was 2 % throughout 
the whole range. 
4.4 WATER SIDE CORROSION OF CLADDING 

Visual/metallographic examinations, oxide thickness 
measurements by eddy current tests and absorbed gas analyses 
were conducted to evaluate water side corrosion of cladding. 
All of the surfaces of Fukushima aid Shimane rods were covered 
by nodules. Though Shimane cladding had only lenticular shape 
nodules in cross sectional metallogragh views, which coalesced 
with each other, Fukushima cladding was covered not only with 
lenticular shape nodules, but also spherical shape ones. 

Average oxide thicknesses measured by eddy current 
tests in SNF46, SNF13 and F3A10 were 23, 30 and 33 microns, 
respectively. Maximum thicknesses were 74 microns in Shimane 
fuels and 106 microns in F3A10. Oxide thickness versus burnup 
is shown in figure 7. The thickness increase tended to 
saturate at higher burnup. Shimane and Fukushima rods had been 
irradiated in the different reactors which have apparently 
different irradiation environment and water chemistry. However 
they showed almost the same corrosion aspect, namely nodular 
corrosion, and average corrosion rate. Shimane rods indicated 
smaller maximum oxide thickness than Fukushima rods. This 
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difference was probably affected by not only material factors 
including alloy element compositions, but also environmental 
factors including radiation field, water chemistry and heat 
flux. 

Hydrogen concentration also saturated at higher burnup. 
The highest content was less than 100 ppm during the whole 
irradiation period. 
4.5 PELLET CLAD BONDING AND PELLET MICROSTRUCTURE CHANGE 

Cladding inside surfaces were covered by thin oxide 
fi'ms of less than 1 micron, though a thick oxide of maximum 15 
and average 8 microns (in the case of Shimane fuels of 35 GWd/t 
local burnup) was seen at the locations of FP deposits. Oxide 
thickness at FP deposits increased with burnup, and tended to 
saturate at higher burnup. FP deposits were analyzed by EPMA. 
In the case of small firsion gas release, all of the surface 
was covered with U-0 compounds, probably pellet chips. In 
moderate fission gas release specimens, line or band shaped 
deposits consisting of Te, Ag, Cd, Ba, U and 0 were observed, 
which probably migrated from the fuel center to the inside 
surface of the cladding in the vapor phase. At higher fission 
gas release position, deposits consisting of Cs, U and 0 were 
observed on the opposite surface of the pellet outer side, 
which probably condensed from the liquid phase. In some cases, 
pellet clad bonding was observed in higher fission gas release 
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specimens from both Shimane and Fukushima rods. Figure 8 shows 
EPMA results of the bonding layer. It consisted of a Zr-U-Cs-0 
compound and had a thickness of 4-40 microns. 

Pellet rim structure, which has low fission gas 
retention in grain matrix and high porosity, were noticed at 
the pellet periphery in both Shimane and Fukushima rods. 
Typical appearance is shown in figure 9. The largest thickness 
of the rim structure within Shimane and Fukushima rods was 
approximately 100 microns. It is anticipated that the rir> 
structure results in fission gas release and lower pellet 
thermal conductivity. However the adverse effect of the 
structure should be small at 30-40 GWd/t, because the volume 
fraction of rim structure is only 3 %, with the thickness of 
100 microns. 

St FIG. 8 PELLET CLAD BONDING LAYER 

la) Metallographical Photo 
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(b) Scanning Electron Micrograph 

FIG. 9 PELLET RIM STRUCTURE 

5. CONCLUSIONS 
NUPEC has been carrying out fuel irradiation tests on 

both BWR and PWR fuels since 1976, in order to provide a 
systematic and thorough base data on the in-pile fuel behavior. 

PIE results described in this paper on the BWR 8x8 fuel 
assemblies are reference data to future high burnup lead test 
assembly examinations. Target of the BWR high burnup fuel 
design is 50 GWd/t. PIE of the high burnup lead test assembly 
will start at the end of this year. Through the examinations, 
it is expected the appropriateness of high burnup fuel design 
will be confirmed. 



52 ACKNOWLEDGEMENTS 

The author thanks Prof. Emeritus Y. Mishima of the 
University of Tokyo, the chairman of the Committee on 
Verification Test for Advanced Nuclear Fuel, Prof. T. Okubo of 
Sophia University, Prof. M. Yamawaki, Associate Prof. S. Iwata 
of the University of Tokyo and the other members of the 
committee for their discussion and evaluation of the programs. 
The approval by MITI of this presentation is also acknowledged. 

REFERENCES 

[1] MISHIMA, Y., Latest Safety-related LWR Fuel Studies in 
Japan, IAEA-IWGFPT, Vienna, October 2-4 (1989). 

[2] MISHIMA, Y., AOKI, T.. Proving Tests on the Reliability for 
BWR 8x8 Fuel Assemblies in Japan, IAEA International 
Symposium on Improvements in Water Reactor Technology and 
Utilization, Stockholm Sweden, September 15-19 (1986). 

[3] IRISA, Y., et al., Proving Test on the Reliability for PWR 
15x15 Fuel Assemblies Through Three Reactor Cycles in 
Japan, ANS International Topical Meeting on LWR Fuel 
Performance, Williamsburg Va., April 17-20 (1988). 

[4] VITANZA, C , et al.. Fission Gas Release from U0 2 Pellet Fuel at High Burnup, ANS Topical Meeting, Portland Oreg., 
April 30- May 2 (1979). 

[5] BAILY, W. E., et al.. Trends in BWR Fuel Performance, ANS 
Topical Meeting on LWR Fuel Performance, Orlando Fla., 
April 21-24 (1985). 

[6] GARZAROLLI, F., STEHLE, H., Behavior of Structural 
Materials for Fuel and Control Elements in Light Water 
Cooled Power Reactors, IAEA International Symposium on 
Improvements in Water Reactor Technology and Utilization, 
Stockholm Sweden, September 15-19 (1986). 

PROGRESS IN UNDERSTANDING 
HIGH BURNUP PHENOMENA 

L. HALLSTADIUS, B. GRAPENGIESSER 
ABB Atom AB, 
Vasteras, Sweden 

Abstract 

As a response to the incentive towards increasing discharge burnup of 
nuclear fuel, ABB Atom conducts an extensive high burnup verification and 
PIE program that goes hand in hand with the development of improved 
designs and materials. Actual and potential burnup limiting phenomena are 
investigated, and appropriate remedies are tested and demonstrated. 
Cladding corrosion in BWR and, in particular, modern high-temperature 
PWRs, is an important such phenomenon which is remedied by new and 
improved materials. An increased heat transfer area in BWR design, as in 
SVEA 96 compared to SVEA 64, is beneficial. The larger number of fuel rods 
of SVEA 96, providing lower linear heat rating, also leads to a reduced fission 
gas release and pressure buildup in the rod, as well as improved dryout 
performance. It furthermore allows for operation without PCI restrictions, 
i.e., without the use of a clad liner. 
The performance of BWR fuel channels with respect to irradiation induced 
bow has gained considerable interest recently. SVEA fuel operating in a 
symmetrisized lattice reveals an excellent bow behaviour. Reuse of channels 
is strongly detrimental with respect to bow. 

1. INTRODUCTION 

In the nuclear industry of today, there is a strong incentive towards 
increasing fuel burnup, justified by back-end costs and other factors. In order 
to reach successively higher burnup with retained reliability and safety of 
operation, ABB Atom conducts an extensive R&D effort. The High Burnup 
Program, carried out in collaboration with Nordic utilities, focusses on the 



verification of safe operation to high burnup, PIEs, and special analyses of 
potentially limiting phenomena. The process is backed up by a continuous 
development of fuel materials and analysis methods, in combination with a 
feedback ofia-reactor experience. 

As depicted in Figure 1, the ABB Atom BWR high burnup experience now 
encompasses 60 MWd/kg U (peak pellet) and is presently extended to more 
than 70 MWdkg U (1991-92). For PWR, 56 MWd/kg U (peak pellet) has been 
attained and component design has been verified up to 57 MWd/kg U bundle 
average. 
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Fig 1. ABB Atom BWR fuel burnup 

2. CLADDING CORROSION 

The development of BWR tubing materials has led to the highly corrosion 
resistant "LK2" type cladding, which has been verified in-reactor up to 10 
cycles. At 45000 EFPH (8 cycles), the local oxide thickness does not exceed ca 50 

53 urn (Figure 2). 
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Fig 2. "LK2' cladding corrosion (BWR) 

Figure 3, representing 8x8 array fuel, illustrates the successive development 
of cladding, from "LK0" over an optimized quality, "LKl", to the modern beta-
quenched "LK2". The figure also reveals a clear dependence on linear heat 
rating, i.e., surface heat flux; The full lines represent best-fits to the 
respective set of data. We conclude that SVEA 96, with its larger heat transfer 
area, offers an advantage with respect to cladding corrosion. 

For PWR cladding, several alloys are considered and tested. Zircaloy-2, first 
inserted in Ringhals 3 in 1986, has revealed an excellent corrosion resistance, 
Figure 4. PIE will be carried out after the fourth and fifth cycle, respectively. 
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Fig 3. Oxide growth on cladding vs fuel rating, different qualities. 
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Fig 4. Corrosion of Zr-2 cladding in PWR 

3. FISSION GAS RELEASE AND INTERNAL PRESSURE 

Fission gaa release has been studied extensively by ABB Atom during the past 
decade. The release of over 110 BWR rods has been measured by destructive 
post-irradiation examination and, in addition, many by non-destructive 
poolside gamma measurement methods. The present BWR data base covers a 
burnup range up to 50 MWd/kg U, Figure 5, and is being extended. 
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The ABB Atom fuel performance code, STAV6, has been used to predict the 
release of a large number of PWR rods irradiated up to 65 MWd/kg U. 
Calculated as well as observed internal pressures show that a satisfactory 
margin exists to the design limit, "lift-off*. 

Fission gas release depends in a complex manner on design and operation 
history. As expected, high linear heat rate late in life favours a relatively high 
release. In BWR, fuel near the control rod corner tends to reveal a somewhat 



enhanced gas release due to the combined influence of channel bow and 
control rod effects, Figure 6. 
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Fig 6. BWR Fission gas release vs position in bundle. 
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For 8x8 array fuel, the hot pressure approaches and sometimes exceeds the 
system pressure. See Figure 7, which depicts the rod internal pressure 
during operation near end-of-life. Increased margins to the design limit, 
allowing further burnup extension, are offered by SVEA 96 due to its lower rod 
rating. Increasing the number of fuel rods also provides improved dryout 
performance and allows for operation without PCI restrictions, i.e., without 
the use of a clad liner. 
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Fig 7. Rod (hot) pressure of BWR 8x8 array fuel. 

4. BWR FUEL CHANNEL BOW AND CORROSION 

The ABB Atom channel experience extends to exposures of nsarly 
70 MWd/kg U, corresponding to two full bundle lives, for conventional 8x8 
channels and to 48 MWd/kg U for SVEA. 

Zircaloy undergoes a slow change of its geometry under irradiation with fast 
neutrons, leading to a channel elongation of, typically, 0,2 % at 50-60 MWd/kg 
U. Due to local and global gradients, opposing sides of the channels receive 
different fast neutron doses, leading to different elongations and, thus, 
channel bow. An accelerating of channel elongation, beginning at around SO 
MWd/kg U, has been observed, Figure 8. Since this leads to an amplified rate 
of bow in a given fast neutron gradient, it is recommended that reuss of 
channels is restricted. 
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Fig 8. Observed fuel channel elongation. 

Channel bow influences internal power peaking factors and thereby dryout 
margins and fuel economy. Detector signals are influenced, and excessive 
bow may cause interfer ice with control rod operation. 

Core asymmetry conditions determine local fast flux gradients and thereby 
rate of bow. SVEA fuel operated in Nordic "D-lattice" reactors is equipped with 
an asymmetric transition piece (leading to a partially symmctrisized D-
lattice) and hence reveals a drastically improved bow performance as 
compared to conventional 8x8, Figure 9. The average bow of SVEA varies only 
little with exposure, Figure 10. It is pointed out that observations until now 
represent SVEA in a transition lattice, i.e., operation together with 
conventional 8x8 fuel. Therefore, we expect a further improved bow 
performance in a pure SVEA core, where symmetrization has been carried 
further. 
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Fig 10. SVEA channel bow in D-lattice with asymmetric transition piece. 



Channels manufactured from the optimized "super alpha" Zircaloy-4 
material display an excellent corrosion resistance: The extrapolated average 
oxide thickness is only 30 |im at an exposure of 60 MWd/kg U. 

5. FUEL INTEGRITY 

In ABB Atom BWR and PWR fuel loaded at or after the refuel outage 1980, 
representing a total of nearly 1 million fuel rods, only 38 failures were 
registered up to and including the outage 1989. Of these, 23 were caused by 
fretting from foreign objects and four were due to other causes not related to 
the fuel. This leaves 11 for the time being unidentified causes, several of 
which are probably also due to fretting by foreign objects. 

No correlation can be made between failures and any yet identified design or 
materials parameter, or to high burnup. Only three of the failures mentioned 
occurred on rods with burnups significantly higher than 30 MWd/kg U, and 
none above 40 MWd'kg U. 
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Abstract 
Extending burnup is a practical way to Improve the economic* of water-reactor 
operation, via improved fuel utilization and reduced spent-fuel volumes. Atomic 
Energy of Canada Limited (AECL) is currently focusing on Che slightly enriched 
uranium (SEU) fuel cycle and the CANFLEX advanced fuel bundle. With l.'X SEU 
in the CANDU reactor there is up to 35X savings in annual fuel costs. The 
corresponding core-average burnup is 22 MW.d/kgU, with a maximum element burnup 
of about 33 MW.d/kgU. Recovered uranium and uranium/plutonium (TANDEM Cycle) 
from Light-Water Reaf.ors (LWRs) also have economic attraction. Additionally, 
the capability of a minimum of two hundred and fifty, 100X to SOX full-power, 
load-following cycles over the life of a fuel bundle is anticipated. Defect-
resistance to power ramps at extended burnup is also required. 

To support AECL's ongoing fuel development program, a power-ramp test was 
performed on high-burnup, 19-elemene bundle DC035 from the NPD reactor, since 
decommissioned. This is one of the 1.4 wtX enriched (U-235 in U) driver bundles 
that remained in NPD to a maximum final burnup of about 35 Mw.d/kgU on the outer 
elements, corresponding with an ln-reactor residence time o? 14. 5 years. In the 
U-2 loop power ramp performed in the NRU reactor, the outer elements achieved 
a maximum linear rating of 32 kW/m, versus a final operating power in NFD of 
14 kW/m. The irradiation lasted for 12 days and there were no defects. Post-
ramp examination showed up to 10 £ fission-gas release in outer elements as a 
result of the ramp, and the formation of intergranular fission-gas bubbles up 
to 2 /jm in diameter. Increased diametral strain was also observed. The test 
is important to the data base, as existing extended-burnup ramp information is 
limited. 

1. INTRODUCTION 

More than 700 000 bundles containing natural-uranium fuel have been irradiated 
in CANDU*pressurized heavy-water reactors, with a low defect rate, to a core-
average discharge burnup of 7-9 MW.d/kgU. CANDU reactors have an outstanding 
lifetime load-factor record. Good neutron economy, required for natural-uranium 
fuelling, makes CANDU the most neutron-efficient reactor in which to employ a 
range of fuels. 

•CANDU - CANada Deuterium Uranium. Registered trademark 



Ont key finding of Atomic Energy of Canada Limited's (AECL's) fuel-cycle program 
is that the introduction of slightly enriched uranium (SEVJ, less than 1.5 wtX 
U-235 in U) offers immediate benefits for CANDU (1): fuelling costs and back-
end disposal costs are reduced, uranium resource utilization is improved, and 
the quantity of spent fuel is reduced by a factor of two to three. Additionally, 
work is continuing on the use in CANDU of recovered uranium (RU) from spent 
light-water reactor (LWR) fuel, uranium and plutonium recovered from spent LWR 
fuel (TANDEM), and a variety of thorium fuels (1-3). On-line refuelling provides 
flexibility in fuel management, for accommodating different fuels. 

The use of enrichment in CANDU places more demands on the fuel because of 
extended burnup, and an anticipated capability to load-follow adds to the 
performance requirements. To ensure that the duty-cycle targets for SEU and 
load-following are achieved, AECL is developing an advanced fuel bundle, CANrLEX 
(CANDU FLEXible); "flexible" refers to the versatility of the bundle's 
operational and fuel-cycle options (1,4-6). 

This paper briefly reviews the current AECL program in support of extended burnup 
and focuses on a recent ramp test of extended burnup fuel. 

2. EXTENDED BURNUP PROGRAM 

2.1 Performance Requirements 

Natural-uranium-fuelled CANDU reactors have a core-average discharge burnup of 
7-9 MU.d/kgU. A reactivity-limited maximum element burnup of about 12 MW.d/kgU 
is routinely achieved, and up to 29 MU.d/kgU has been occasionally observed under 
isolated circumstances. About 140 CANDU bundles have exceeded 17 MW.d/kgU in 
commercial reactors; this data base is augmented by 66 bundles and 173 individual 
elements irradiated to extended burnup in experimental reactors (7). With 1.2% 
SEU, the core-average burnup is 22 MW.d/kgU, and the maximum element burnup is 
about 35 MW.d/kgU. The capability of a minimum of 200, 100X to 50* full power, 
load-following cycles is anticipated. Potential life-limiting factors for SEU 
at extended burnup include: 

• corrosion, 
enhanced fission-gas release, via fuel-chemistry effects, and 

• environmentally assisted sheath cracking. 
These factors are being addressed in on-going AECL development programs. 
LWR fuels have operated successfully to burnups beyond the CANDU SEU target. 
They use the same materials as CANDU fuel, and although the sheaths are free
standing, pellet-co-sheath contact ultimately occurs due to pellet expansion. 
Currently, LWR fuel designers are seeking to extend the core-average discharge 
burnup to 60 MW.d/kgU. Thus, much of the generic LUR data Sase is CANDU-
relevant, and helps confirm the viability of CANDU SEU goals. 

2.2 CANFLEX Bundle 

An analysis of extended-burnup performance requirements associated with fuel 
cycles showed that most long-terra benefits for CANDU would be achieved with a 
new bundle design. A new bundle, with wide application in current and future 
CANDUs, for natural uranium or enriched fuel cycles, could be proven with the 
same development and demonstration effort required for a modified 37-element 
design. 

The new CANFLEX bundle (1,4-6) has 43 elements, and features two element sizes. 
CANFLEX will have higher power capability (1250 kW versus 1035 k'J) and higher 
burnup potential (in excess of 35 MW.d/kgU), or some appropriate combination of 
the two. 

In existing reactors, CANFLEX provides a 20X reduction in peak linear heat 
ratings for a given bundle power, compared with the 37-element design. 
Additionally, there is a 5X increase in critical channel power. The bundle is 
compatible with existing and Mature (for example, CANDU 3), fuel-handling 
systems. Some key points for CANFLEX are: 

• in current and future reactors, lower heat ratings are attainable at 
current bundle power, 

• achievement of extended burnup is facilitated by the option of lower heat 
rating, and optimization of internal design, 

• natural or enriched fuel can be used, 

• operating margins are increased, and 

power manoeuvring is facilitated. 

In future reactors, power uprating would be possible without exceeding current 
heat ratings, if required. 
2.3 Fuel Development Program 

The CANFLEX Fuel Development Program commenced at AF.CL Research, Chalk River 
Nuclear Laboratories in 1986 February (1,4-6). It comprises performance testing, 
manufacturing, thermalhydraulics confirmation, reactor physics and 
endurance/handling tests. An important component of the CANFLEX product is the 
data base and modelling capability generated during development, to support 
large-scale manufacturing and future licensing. 

Table I outlines the fuel-performance testing program. The predominant influence 
on high-burnup behaviour is the fuel-chemist), y effect, which can Increase 
operating temperature for a given power rating. This is being addressed by 
AECL's membership in the International High Burnup Chemistry Program, coordinated 
by BelgoNucleaire, and by a program of inactive testing of the effect of fission 
products on the conductivity and fission-gas diffusion in U02, using SIMFUEL 
technology (8,9). Power-ramp tests have been performed and are planned at 
extended burnups, to fill in gaps in the current data base, and these tests will 
also investigate the benefits that can be gained from the use of zirconium-
barrier layer cladding in comparison to CANLUB coatings (both graphite and 
siloxane). Experiment DME-210 has been accumulating burnup towards a ramp test 
of conventional sheath-barrier layers at 22 MW.d/kgU. Experiment DME-213, which 
will examine the resistance of fuel with a zirconium-barrier layer to extended 
burnup ramps, is currently awaiting irradiation. Six CANFLEX bundles, for 
testing at a maximum linear power of 65 kW/m (equivalent to 1250 kW bundle power) 
are being fabricated, for 1990 insertion in NRU; data will be obtained for the 
current CANDU burnup, and for extended burnup. This first reactor proof-test 
of CANFLEX will contain fuel pellets optimized with respect to geometry and fuel 
density. An additional six-bundle irradiation, scheduled for 1991/92, will 



TABLE 1. FUEL DEVELOPMENT PROGRAM 

TEST Initiate In-Reactor Complete DATA 
CMfl£XBundk) 
Tests in NRU 

87.ee stw 92/93 Sot bundma wan infernal design 
tnodMcaSons: proof last to 3s 
MW.dfkg U. 65 kW/m maximum tnaar 
rating; cumnt bumup data avaHaMa 90/91; 
•xtendad bumup lasts oornpMi 92/93 

Sheath Coating 89/90 
(Ha-lns»n) 

89/90 92/93 Conventional CANLUB, effectiveness ol 
Slloxan*; ramp at 23 MW.d/kg U 

Barrier Cud 

Opmntatd 
CANFLEX Buret* 
Tests in NRU 

8T/88 
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92/93 
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Inducing further inktmat design 
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(TMJ)02 89/90 89/90 92/92 Add to generic data base 

Large-Scait 88/89 92/93 95/96 3000 bundles in a commercial 
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transition 

SMFUEL 

BELGONUCLEAWE 

87/88 

87/88 

91/92 

91/92 

Simuland high bumup UOa 
accelerator irradiations, laboratory tasting, 
Kiel chemistry effects 
Power ramp lasts, fuel chemistry 

address further possible CANFLEX design modifications. All data from the 
Irradiation program are being incorporated Into CANFLEX versions of the ELESIH 
and ELESTRES fuel performance codes. A companion paper (10) on ELESTRES 
development will be presented at this meeting. 

3. BDL-433 EXTENDED BURNTJP RAMP TEST 

3.1 Introduction 

In the NPD-56 experiment, ten U0 2 production bundles enriched 1.4 wtX U-235 in 
U were taken to a maximum outer element bumup of about 35 MV.d/kgU in the NPD 
reactor, at element linear powers not exceeding 34 kW/m, in support of AECL's 
fuel-cycle program. These driver bundles were normally discharged at about 
IS MU.d/kgU. Post-irradiation examination of four of these bundles showed all 
elements were In good condition and free from defects. 

One high-bumup bundle (DG03S) from the NPD-56 experiment was power ramped to 
32 ktf/m in the U2 loop of the NRU reactor. This ramp experiment was designated 
BDL-433. 
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3.2 Fuel Specifications 

The NPD-56 bundles were of the standard NPD and Douglas Point NGS 19-element, 
wire-wrapped design, manufactured in 1971. Wire.* wound helically around each 
element enhanced subchannel cross flow and bundle stiffness. The wires acted 
as spacers and extra, thicker wires on the outer elements acted as bearing pads. 

The design specifications included a minimum thickness to which the bearing wire* 
could be ground when performing the final sizing of the assembled bundles. The 
wire-wrapped bundle design was eventually replaced by the split-spacer design 
because of production cost and neutron-economy considerations. 

The ten bundles in the NPD-56 experiment were inserted in the reactor during 1971 
August and September. The bundles were discharged starting in 1983 April. The 
last bundle was discharged in 19«6 March. Bundles DG034, DF063, DG087 and DG111 
were examined after irradiation. The maximum element burnup of 35 MV.d/kgU was 
reached by the outer elements of bundle DG111. These elements also achieved the 
highest power during irradiation, 34 kV/m. The average outer-element power 
during irradiation for the four bundles was 14 kV/m. Individual bundle power 
in the NPD reactor is limited to 250 kV, or approximately 27 kV/m average element 
linear power --significantly lower than the maximum values of 65 kW/m encountered 
in commercial CANDU units. Primary heat transport system pressure, approximately 
7.4 MPa, and temperatures, 252*C Inlet, 279'C outlet, were also somewhat lower 
on NPD. Comparable values In a CANDU 6 are 11 MPa, 260*C and 300*C, 
respectively. Heat-transport system pH was 9.8-10.2 

None of the lengths measured was less than the manufacturer's tolerance limits. 
Twenty of the 36 lengths across outer elements were slightly greater than the 
manufacturer's tolerance, the largest discrepancy being 0.33 mm for a bundle 
DG063 measurement. None of the lengths across Inner elements exceaded the 
tolerances. It is therefore likely that there was a slight lengthening of the 
outer elements due to the irradiation, amounting to less than 1 mm, less than 
0.29X. 

Element Diameter 

The average was taken of three diameters measured in the three profile planes. 
Most of the diameters of the 44 elements measured were within the design 
tolerance of 15.22 ± 0.04 mm. One element from bundle DG087 had a diameter 
0.02 mm less* than the design tolerance. Values In excess of the design 
tolerances by up to 0.09 mm indicated possible diametral expansion of 6 elements 
from bundles DG034 and DC111, to a maximum of about 0.6X. 

Fission-Gas Release 

The range of Xe measured on puncture was 2,5-6.6 mL (at STP), representing a 
maximum release of 0.3X. 

Sheath Oxide 

The transverse sections from the bundle DC063 and DG111 elements had similar 
sheath ZrOj layers. The oxide layer on the outside of the sheath was continuous 
and 6 pm thick on average. The oxide layer on the Inside of the sheath was 
mostly continuous and averaged 8 nm. There were a few areas of patchy oxide 
layers on the inside of the sheath (see Figure 1). 

http://87.ee


(a) 

(b) 

FIGURE 1 Micrographs showing oxide layer (a) on outside of sheath and (b) on 
inside of sheath. (xSOO) 

Fuel Structure 
Figure 2 shows a typical macrograph, from an outer element of bundle DG111, 
indicative of low-power operation. Figure 3 shows the microstrueture at 
(a) periphery, (b) mid-r%dius and (c) centre from an element in companion bundle 
DG087. No grain growth is observed. As commonly observed, there Is substantial 
grain pull-out in the peripheral areas. Figure 4 shows det. -.1 of a substructure 
in peripheral grains. 

3.- Ramp Conditions 

One of the HPD-56 bundles was ramped in the U2 loop of the MRU reactor. Bundle 
DG035. with a prior burnup of 33 MW.d/kgU, was conditioned at steady low power 
and then ramped at a maximum rate of 2% maximum power per minute to full power. 
The maximum outer element linear rating was 32 kW/m, compared with a pre-ranp 
power of about 14 kW/m, a power change (AP) of 18 kV/m. The bundle was held at 

FIGURE 2 Macrograph of cross-section from NPD-56 outer element DG11. (x70) 

FIGURE 3 Fuel structures at (a) periphery, (b) mid-radius and (c) centra; 
outer element, companion bundle DG087 (x200). 



FIGURE 4 Detail of substructure in peripheral area of element from DC087 
(Figure 3a). (xlOOO) 

full power for 12 days, then taken to zero power by J ceactor trip. Figure 5 
shows power histories for inner and outer elements. No failures occurred during 
the ramp or hold-time at maximum power. 

3.5 Post-Ramp Examination 

Element Diameters 
A substantial increase in diameter in all elements was observed following the 
ramp. Inner elements increased in diameter by up to IX, outer elements by up 
to 2X, with the maximum occurring at the inter-pellet ridges. 

Fuel Sheath 

Figure 6 shows apparent incipient sheath defects, in one of two elements examined 
in detail. These defects were not present in unramped fuel. Inner and outer 
sheath oxide layers were about 6 ̂ m thick, similar to that observed in bundles 

SI DG063 and DG111, NPD-56. 

TABLE II. NPD-56 FUEL SPECIFICATIONS 

Element Design Data: 

Sheath Length Across End Caps 
Sheath Outside Diameter 
Sheath Wall Thickness 
Spacer Wire Diameter 

Spacer Wire Nominal G'ruund Thickness 

493.2 *_ .1 • » 
15.22 * .04 ma 
0,42 +_ 0.04 mn 
1.25 +, 0 .04 ma 
1.07 am 

Bundle Dealgn Data 

Number of Elements, Outer 
Inner 
Central 
Total 

Distance Across End P la te s 
Diameter Across Bearing Wires 

Nominal Diameter Across tJemenc Surfaces 
bearing Wire Diameter 

Bearing Wire Minimum Ground Thickness 
P e l l e t Stack Length 
Number of P e l l e t s per Stack 

Diametral Sheath P e l l e t Clearance 
K i l l i n g Cas Volume 
K i l l i n g Gas Composition 
End Cap fue l Stack Axial Cap 

CANLUA Graphite Coating 

12 
6 

_J_ 
19 

495,3 + .1 at, 
81.43 +_ .25 ma 
78.07 _+ .35 ma 
1.68 + 0.05 ma 
1.27 • • 
480.1 ± .6 • • 
23 
0.09 ± 0.04 • • 
2200 n s 3 

100Z Hel lua 
2 .29 +. 1.5 mm 

d i s t r i b u t e d along s tack 

none usad 

P e l l e t Data 

Design S p e c i f i c a t i o n s 
P e l l e t Outside Diaaeter 
land Width 
Dish Depth 

Fabricators Measurements 
U/0 Ratio 
U-235 
drain S i t e 
U0 2 Density 

14.29 + 0 .16 mm 
0.38 ± 0 .25 ma 
0.51 ± 0 .10 mm (one end only) 

2.0025 
1.41X, Enriched 
12.95 urn 
10.57 H g / a 3 
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FIGURE 5 Power histories for a) outer, and b) inner elements, 
BDL-433 (NPD-56). 

FIGURE 6 Apparent incipient sheath defects, post-ramp, bundle DG03S. (x500) 

Fission-Gas Release 

Fission-gas release in 12 outer elements from bundle DG035 ranged from 52.5-77.1 
mL Xe at STP, corresponding with 9.9 + 1.2X. Release from six inner elements 
was 15.7-19.1 mL Xe at STP, corresponding with 3.1 + 0.23!. Maximum release from 
the steady-power, pre-ramp irradiation was 0.32. Figure 7 shows a macrograph 
from an outer element. Figure 8 shows detail of the grain structure at (a) 
periphery, (b) mid-radius and (c) centre. Intra- and inter-granular porosity 
are clearly visible. Figure 9 is a macrograph of an inner element. Figure 10 
shows the grain structure at (a) periphery, (b) mid-radius and (c) centre. 
Porosity, though present, is less marked than in the outer element. No grain 
growth is observed in either case. Grain pull-out at the periphery is clear in 
both the inner and outer elements. Figure 11 shows scanning electron micrographs 
of fracture surfaces from the centre of outer elements of (a) unramped fuel and 
(b) ramped fuel. No fission-gas bubbles ar> observed in the unramped fuel, but 
the ramped fuel shows intergranular fission-gas bubbles, tunnels and fission-
product precipitates. 



(a) 

FIGURE 7 Macrograph, 
(x5) 

cross-section from outer element In ramped bundle DG035. (b) 

(c) 
FIGURE 8 Grain structure from ramped outer element In Figura 7: 

(a) periphery, (b) mid-radius and (c) centre. (x500) 

S3 
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(a) 

FIGURE 9 Macrograph, cross-section from inner element in ramped bundle DC035. 
(x5) 

<b) 

(c) 
FIGURE 10 Grain structure from ramped Inner element in Figure 9 

(a) periphery, (b) old-radius and (c) centre. (xSOO) 
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It. DISCUSSION 

Most of our prior data is from ramps at burnups in the range up to 9 MU.d/kgU, 
of most application to CANDU operation. In these cases, iP is usually up to 30 
kW/m, with P in the range 50-60 kW/m. Figure 12 (11) shows a summary of 
fission-gas release data for some of this previous testing, with the BDL-433 data 
superimposed. Maximum strains up to 1.3Z were observed, with maximum calculated 
temperatures for the ramps in the range 158O-1730"C, for this earliet testing. 

With a modest AP of 18 kW/m and t m of 32 kW/m, the BDL-433 test has produced 
sheath strains and fission-gas release comparable with those previously observed 
for much greater changes in power, and maximum ramped powers. The key to the 
BDL-433 ramp behaviour is the prior extended burnup on the fuel. It is; now well 
documented (12-16) that extended-burnup U0 2 fuel may show anomalously high 
fission-gas release under steady-power or transient operation. It is also 
remarkable that no defects occurred as a result of the ramp, as there was no 
protective CANLUB graphite coating on the inner surface of the Zlrcaloy sheath. 
There is some evidence starting to appear in the literature (17) that suggests 
some mitigation against power-ramp defects may occur at extended burnup. A 
possible cause is a change in stoichiometry which somehow inhibits the action 
of iodine, or other corrodents. 

Increased fission-product mobility, and thus release, at high burnup could occur 
for two different reasons. One is that higher operating temperatures may result 
from a decrease in heat transfer. A reduction in fuel thermal conductivity of 
up to 30X (16) has been reported at extended burnup. Alternatively, changes 
within the fuel may increase fission-product release without any temperature 
increase. There are several ways in which the release of fission gas could be 
increased at high burnup without an increase in fuel operating temperature. To 
be released, the gas must diffuse through the matrix, form intragranular bubbles, 
and subsequently form interconnected bubbles and tunnels in the grain boundaries 
that can occasionally link up and vent the gas to the fuel-sheath gap, or provide 
cracking paths during temperature transients. An increase in fission-product 
mobility could be due to the changing O/M ratio, or the changing oxygen potential 
of the fuel, or it might be due simply to the increased concentration of soluble 
fission products, independent of any change in oxygen potential. 



Ue have ongoing programs to better define the properties of U0 2 at extended 
burnup; data are be. g fed to modify fuel-performance models, generally in the 
areas of heat transfer (in particular, fuel thermal conductivity) and fission-
product mobility. 

5. CONCLUSIONS 

(1) A ramp test (AP 18 kW/m, P^^ 32 kU/m) on U0 2 fuel previously irradiated to 
33 MV.d/kgU resulted in fission-gas release up to 10X and diametral sheath 
strain up to 2X. 

(2) These observed values are higher than expected, based on ramp experience 
with fuels having a prior burnup of 4-8 MW.d/kgU, and they can be explained 
by a change in fuel properties (chemistry) at extended burnup. 
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Abstract 

Statistic* vill ba presented zalatad to high bumup fuel experience of both 
the n.S. and Buropaan IKR fuel vendors. 

the number of batchaa at varloua bumuja for various vandora vill ba 
summarised abova 30 GND/T for BNRa and above 35 GMD/T for FNM. Coolant or 
off-gas Activity data will ba reviewed in an affort to aaeaaa tha successes 
and failuraa ralatad to high burnup fuel. In addition, tha LTAs exposed to 
high burnup will ba summarised. Any burnup limiting phenomena Idantiftad in 
tOM of full batches will ba discussed. 

Peak pallet, bundle average and batch average bumup* vill be correlated 
from tha available dita. 

1 . rancDOCTXON 
The incentive for utilities to go to extended bumup fuel cycles is high and 
increasing. In the U.S. the incentives are: 

Increased margin to storage capacity limit. 
Eventually decreased offsite shipping and storage cost. 
Feasibility of managing longer fuel cycles. 

69 - Lover fuel cycle cost. 

In Europe the incentives are even greater than in tha U.S., 

Primarily due to "real" high back end cost for 
reprocessing or storage, including shipping costs. 
The reality of Pu recycle and its attendant high cost. 
Significantly lower fuel cycle costs due to the above. 

The utilities' approximate batch average burnup goals, working with the 
vendors are in GVTO/WT: 

W R BWR 
Early Mies: Load - 40-45 35-40 

Design for - 45-50 40-45 

Mid-90ies: Load - 45-50 40-45 

One of the risks of higher burnup is the potentially increased failure 
probability of current design fuel, and the unknown increase in margin to 
failure limits provided by improved fuels. To resolve these questions, 
vendors have and continue to irradiate lead test assemblies (Lifts) with 
standard and improved design features to determine the performance limits to 
which the fuel can reliably operate. 

The LTAs operated by the U.S. and European fuel vendors have been almost 
universally successful to 45-50 GWD/HITJ in BWRs and 55-60 GMD/MIU assembly 
average burnup in PWRs. Their success can be attributed to at least three 
general reasons: 

Their design is truly adequate at those conditions. 
The power at which they operated is less than that 
expected in an actual high burnup fuel cycle. 
They do not repress it a sufficient statistical sample 
for failures to show jp. 

The Becond item can only be tested with additional LTAs. The third item is 
the true "proof of the pudding," that is, will the design make it in the 
statistical sense with failure levels below 0.01% of the rods, or preferably 
with zero level failures? 
The purpose of this paper is to review the increasing high bumup data and 
examine whether the statistics of batch quantities of fuel support the good 
results of the LTAs to date. In addition, the summary of the LTA data is 
presented to observe, in conjunction with the batch data, whether any burnup 
related life limits have been reached. 



M The data above 35 GMD/MIV for PNR fuel and 30 GMD/MIU batch average for BWR 
fuel are presented, first for PWRs by vendor, then summarized; and second 
for BNRs by vendor, then summarized. 

2. St* FUELS 
2.1 ASEA BBONN BGVERI (ABB) 

The extended burnup experience with ABB PWR fuel i s in Ringhals 3 and 4. A 
summary of t h e i r experience as o f mid-September 1989 i s g iven i n Figure 1. 

Number of 
aBMsbfia 

300H 

200 H 

IOOH 

31* 

10 15 20 25 30 35 40 45 
AjjiwHjAmw 
BarM»MWe/k(U 

Data va!ld 1939-09-15 Source: ABB 

FIG. 1. ABB P W R burnup experience. 

The highest bumup fuel, not containing gadolinia, was in 4 LTAs in Ringhals 
3 at 42 GWD/MIU assembly burnup, a second set of 4 LTAs originally delivered 
to Ringhals 4 at 39 GMD/MIU, and one batch of 52 assemblies at 37 GWD/MIU 
average. The ABB assemblies had Zircaloy grids and were reconstitutable. 
Ths assemblies performed satisfactorily. In addition, 4 LTAs in Ringhals 4 
at 43 GND/MIU contained Gd rods, and these have also performed well. 

2.2 ADVANCED NUCLEAR FUEL OCMORATICN (AW) 

The extended burnco experience with ANF PWR fuel has been achieved in a 
variety of reactors including W, CE, KM) and Framatcme. The designs range 
from 14x14 to 1 .17 arrays. A~ summary of their experience as of February, 
1990 is shown on Figure 2. 
A total of 1,908 fuel assemblies have exceeded 33 GWD/MTO assembly averao* 
bumup, and of these 269 exceeded 40 GMD/MIU with 12 having exceeded 4 
GWD/MTO. ANF h<s irradiated a number of LTAs, all of which performed well. 
Four LTAs exceeded 45 GWD/MTO. The 1,908 value is about 35% of all AMP 
irradiated assemblies. 
The high burrup ANF batches have had failed rods due primarily to baffle 
jetting and debris in the coolant. No failures have been identified which 
could be related to high BU or appeared to be due to burnup limitations. 

5.959 

IS 20 2S 30 35 
NX) . ASSCU&Y BURNUP (CWd/UTU) 

40 so 
Source: ANF 

FIG. 2. Burnup distribution of Irradiated ANF PWR fuel assemblies (as of February 1990). 



2.3 BABOOCK AH) WILCCK FUEL COMPANY (BNFC) 

All the extended burnup experience is with the Mark B, 15x15 fuel assembly 
in BNFC plants. A survey of the experience as of December 31, 1989 is given 
in Figures 3 for all B&W assemblies discharged only in 1989. 

BNFC has irradiated several LTAs to a maximum assembly average burnup of 
58.3 GWD/MTU. These include 4 extended burnup (BEB) assemblies and 5 
assemblies containing gadolinia. All LTAs performed well. 
A total of 943 assemblies have been irradiated to levels above 32 GWD/MTU. 
(The breakdown at 35 GWD/MTU is not available). Of these, about 16 were 
LTAs. The remainder represents about 12-14 batches of fuel in the range of 
32 to 44 GWD/MT assembly average bumvp, or up to about 36 GWD/hTU batch 
average bumup. In comparison, the LTAs have the equivalent of 47 GWD/MTU 
batch average burnup. 

No burnup related failures have been identified in the extended exposure 
fuel. 
One Oconee 1 LTA had some excessive rod growth, rod bow and contact with the 
neighboring rod in the range of 40-50 GWD/MT assembly burnup. No failure 
occurred. This was the only burnup limiting phenomena observed in B&W 
fuel. 

71 FIG. 3. BWFG fuel assemblies discharged through 1989. 

2.4 COMBUSTION ENGINEERING (CE)* 

All the extended burnup experience is with 14x14 or 16x16 fuel assemblies in 
CE plants. A summary of the experience above 32 GWD/MTU assembly average is 
given on Figure 4. (The breakdown at 35 GWD/MIU was not available.) 

CE has irradiated a large number of LTAs to a maximum of 59 GWD/MTU assembly 
average, or an equivalent of 53 GWD/MT batch average burnup. All worked 
satisfactorily. 
No burnup related failures have been identified in CE fuel. 

2.5 FRAGEMA 

The high burnup experience is primarily with 17x17 fuel, since most of the 
EdF plants are that type. A summary of the high burnup experience as of 
December 31, 1989 is given on Figure 5. 
A total of 10 assemblies have been irradiated to exposures in excess of 45 
GWD/MTU. 

Recently acquired by ABB. 

s 

ASSEMBLY BURNUP (GWD/MTU) 
FIG. 4. Summary of extended bumup experience for CE PWRs (31 December 1989). 
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FIG. 5. Fragema 17 x 17 high bumup experience (31 December 1989). 

The data on Figure 5 shows 7 LTAs which have been irradiated successfully 
for five cycles. The assembly average burnup of these assemblies range from 
50 to 58 GWD/MUJ. Two of the LTAs have been discharged in the 57-58 GND/MIU 
range with power levels representative of French hign bumup fuel cycles. 

As of the end of 1989, about 775,000 fuel rods of 17x17 fuel type were 
discharged with an average burnup greater than 35 GWD/MIU. This represents 
over 45% of the total fuel discharged in EdF plants and foreign plants at 
exposures > 30 GHD/Wro. 

No burnup related failure has been identified in Fragema fuel, including 
assemblies of the highest exposure. 

2.6 SIEMENS/KWU 

The high burnup PWR fuel experience is in Siemens as well as Framatome and W 
plants. The Siemens plants utilize primarily 16x16 fuel, the Framatome 
units 17x17, and the W plants are 14x14 (Beznau), 15x15 (Ringhals 2), and 
16x16 (Krsko). A summary of their experience in terms of fuel rods, and as 
of November, 1989 is shown on Figure 6. The data show that almost 605,000 
fuel rods or about 3,000 fuel assemblies have achieved burnups in excess of 
35 GWD/MTU. 

Numb'rot Fuel Rod* 
200.000-| Number ol Fuel Rods wuh FA burnups > 30 MWcVKgU: 1.273.716 

150.000-j 

tOQAQtH 

S0.000 

Number ol Fuel Rods wllh FA burnups > 40 MWd/KgU: 80.773 

Number olFRwHh 
FA burnups > 45 MWoVkgU: 8 840 

Assembly Bumup IMWd/kgU] 
Source: Siemens/KWU 

FIG. 6. High burnup distribution of Siemens/KWU PWR fuel (November/89). 

The data on Figure 6 also show 6,940 fuel rods having achieved burnups in 
excess of 45 GWD/MTU. This amounts to 35-40 fuel assemblies. The rods are 
a mix from different fuel designs which were irradiated in several plants 
(Siemens, Framatome, and W plants). 

Fuel reliability has been good in these batches, and no burnup limiting 
phenomenon has occurred except the corrosion limit in the Siemens high 
temperature plants, Gcesgen-Daeniken (KKGD), Grafenrheinfeld (KKGr), and 
Grohnde (KKG). The coolant exit temperatures in these units are in the 
range of 622*-626*F (328'-330'C). In KKGD, the standard Zircaloy 4 clad 
reached its performance limit, in terms of cladding oxidation at about 40 
GWD/WTU assembly average burnup, and an average surface heat flux of about 
230 W/cm. A number of fuel rods failed. 
Cladding oxidation represents a burnup limit for the high temperature FWR. 
This may be remedied by utilizing alternate materials with better corrosion 
resistance. Such materials are under development. 



2.7 WESTINGHOUSE (N) 

High burnup experience has been achieved with 14x14, 15x15, 17x17 fuel in W 
plants and 16x16 fuel in CE plants. A sumnary of the experience for bumups 
greater than 35 GWD/WIU as of December 31, 1989 is shown on Tfeble 1. W has 
irradiated a significant number of LTAs to extended burnup up of a maximum 
of 55.6 GWD/MTU. 
The highest burnup Zion LTA had excessive growth of one rod, interference 
with the top nozzle, and bowing to contact the neighboring rod. Too rods 
operated in contact over one cycle without failure. 

Table 1 

WESTINGHOUSE HIGH BURNUP EXPERIENCE 
(December 31, 1989) 

BURNUP 
RANGE CURRENTLY 
GWD/MTU IN CORE TOTAL RODS 

35 TO 40 160,000 881,500 

40 TO 44 24.700 149.500 

44 TO 48 3.200 22,000 

>48 0 2,700 

Totals 187.900 1.055.700 

Source: W 
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For W fuel, as of December 31, 1989, there were about 174,000 rod* In a 
total of about 800 assemblies at exposures > 40 OID/MTU. 
The failure rate in W fuel has been lower at the high exposures than at 
lower exposures, an experience similar to that of other vendors. Not all 
failures have been examined; however, no burnup limiting events have been 
identified either. The performance of the high exposure fuel is considered 
satisfactory. 

2.8 SUHSMCf FOR FUR FUEL 

The data for the six PNR fuel vendors are summarized on Tables 2 and 3. 

Tab le 2 

SUMMARY OF PWR LTA EXPERIENCE 

Assembly Avg . Burnup Ranges 
GWD/MTU 

VENDOR 3 5 - 3 9 . 9 9 40 -44 .99 45 -49 .99 5 0 - 5 4 . 9 9 5 5 - 5 9 . 9 9 

ABB 4 8 

ANF 11 12 

BWFC 

CE 

FRAGEMA 

3 

1 

11 

10 1 

4 

5 

2 

4 

2 

SIEMENS/KWU S p e c i f i c da ta not a v a i l a b l e . 

• 35-40 Assemblies >45 GAD/MTU 
• Max. Assembly BU 50-51 GWD/MTU 

W 3 5 7 1 1 



74 Table 3 

SUMMARY OF PWR HIGH BURNUP BATCHES 

No. of Batches Est imated in 
Batch Average Burnup Range 

(GAP/MTU) 

35-40 40-45 

ABB 4 0 

ANF 25 4 

BWFC 6 1 

CE 10 7 

FRAGEMA 52 8 

KWU 43 6 

W 56 7 

TOTALS: 196 33 

FROM ' 8 8 SURVEY 123 17 

Table 2 summarizes the LTA experience by vendor and bumup range for buroups 
>35 GWD/KTU. 

Table 3 summarizes the batches irradiated in two bumup ranges of 35-40 and 
40-45 GND/HTU. There are some uncertainties in the exact numbers of the 
data because of the variety of batch sizes and inconsistencies in reporting 
methods. 

In general, however, one can say there i s significant, successful 
irradiation data in the 35 to 40 GND/HT batch arrange burnup range. 

3. BNR FUEL 

3.1 ABB 

All of the extended burnup experience with ABB fuel is in ABB plants in 
Sweden and Finland. Host of the high burnup batch experience is with the 
standard 8x8 fuel. The SVEA-64 fuel introduced in 1981 has reached extended 

burnup levels with their demonstration (or LTA) assemblies, and as of 
September IS, 1989 with two full batches. 

A summary of their overall BWR experience is shown on Figure 7. 

Peak assembly burnups are 45 GWD/MTU for an 8x8 assembly in Binghals 1, and 
47 GWD/MTO for a SVEA-64 demonstration assembly in Oskarshamn 2. Batch 
quantities of SVEA-64 have been irradiated to 31 and 34 GWD/WTU batch 
average in Oskarshamn 2 and Ringhals 1. Peak assembly bumups from these 
two batches were 36 and 38 GWD/MTU respectively. All the lead burnup 
assemblies performed satisfactorily. 

Over 2,800 etandard 8x8 assemblies in 28 batches averaging 30 to 35 GWD/MIU 
have been irradiated. The SVEA-64 fuel has reached similar levels with 120 
assemblies in 2 batches. Peak assembly bumup from batches of either 
standard 8x8 or SVEA-64 is 38 GWD/MTO. 

Number of 
assemblies 

2500 1 

2000 " 

1500 • Svea 
0 8x8 

1000 

4 8 12 16 20 24 28 32 36 40 44 48 

MWd/kgU 
Source: ABB 

FIG. 7. ABB BWR fuel burnup experience (15 September 1989). 



The high b u m u p batch experience exists throughout the Swedish/Finnish 
utility industry because of their strong incentives. and coordjjw.dd 
programs toward extended exposure. To date, the performance of the high 
exposure batches has been satisfactory and no failures have been identified 
that are related to fuel burnup effects. 

3.2 ANF 

The ANF extended b u m u p experience extends to reloads in all 3 NSSS vendors' 
plants: GE, ABB, and Siemens/KWU. The fuel types include 8x8, 9x9 and 
11x11 for an older plant (Big Rock). Except for some rods in LTAs, all of 
the clad is non-barrier type. 
A summary of the ANF experience is shown on Figure 8. This figure gives 
the burnup distribution breakdown of 9x9 and other ANF fuels, mostly 8x8. 
The highest burnup fuel is limited to one 11x11 assembly at 45 GWD/MTU. 
Four 8x8 assemblies were irradiated to greater than 35 GWD/MTU assembly 
average. 

10.521 

9r9 FUEL ASSEMBLIES 

10 15 20 25 30 35 
FUEL ASSEMBLY 8URNUP (Od/UTU) 

Source: ANF 

75 riG 8. A N F burnup distribution of irradiated B W R fuel assemblies (February 1990). 

In addition, four 9x9 LTAs in KRB-C were irradiated to 40 CWD/MTU, and four 
other LTAs are under irradiation in Dresden- 2, and are at about 36 GWD/MTU 
assembly average. All of these LTAs performed satisfactorily. 
There are 6 batches (877 fuel assemblies) which have been irradiated in 
excess of 30 GWD/MTU batch average. These do not include 9x9 fuel. No 
failures occurred in these high exposure batches. 

3.3 GE 

All of the extended burnup experience is in GE plants with fuels ranging 
from 7x7 to 8x8 barrier fuel. The GE experience as of the beginning of 1990 
is summarized on Figures 9A and 9B. Figure 9A shows the fuel rods in core 
for the various GE fuel types as a function of time, and Figure 9B gives 
the burnup experience of the fuel rods. 

GE has and continues to irradiate a significant number of LTAs. The only 
exposure related limits have been due to Zircaloy growth. In the case of 
the old Quad Cities 7x7 and Monticello 8x8 assemblies the holddown springs 
had gone "solid" on numerous rods and had to be exchanged to permit 
continuation of the irradiation. 

Approximately 12 batches of 8x8 type fuel have been irradiated beyond 30 
GWD/MTU batch average burnup, which constitutes in excess of 2,000 
assemblies. No burnup dependant failures have been identified in these 
batches. 

3.4 SIEMENS/KWU 

Most of the Siemens/KWU high burnup experience is with 8x8 and 9x9 fuel in 
Siemens plants; however, some 9x9 experience is in ABB plants. The KWU 
experience is summarized on Figure 10. 

The current LTAs irradiated by Siemens are the 9x9 fuel type, which is also 
the current commercial offering of Siemens. Four 9x9 LTAs were discharged 
at 46-47 GWD/MTU assembly average. Other irradiations include 3 assemblies 
at 37-38 GWD/MTU, and 7 assemblies in the range of 33 to 36 GWD/MTU. All of 
the LTAs have operated satisfactorily without burnup dependent failure1}. 

In terms of batches, about 15 have been irradiated in excess of 30 GWD/MTU 
batch average exposure. No burnup related failures have occurred. 
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FIG. 9A. GE BWR fuel rods in core (as of 1st January 1990). 
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FIG. 9B. GE BWR fuel rod burnup experience (as of 1st January 1990). 
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FIG. 10. High burnup distribution of Siemens/KWU B W R fuel (November 1989). 

3.5 SUMMARY FOR BWR 

The data for the four BWR fuel vendors are summarized in Tables 4 and S. 
Table 4 summarizes the LTA experience by vendor and burnup range for burnups 
> 30 crro/MTu. 
Table 5 summarizes the batches irradiated above 30 GWD/MT batch average 
exposure. Except for one Siemens batch, the experience is limited to the 
30-35 GWD/MT range, and then to its lower end. The most experience is with 
ABB, GE, and Siemens/KWU. Of these three the highest batch average buxnup 
experience is with ABB. 
The only experience in the 35 to 47 GWD/MTU exposure range is with one KWU 
batch and with some LTAs by all 4 vendors. The most experience in this 
range is again by ABB. 
Overall, there is a reasonable amount of encouraging data in the 30-3S 
GWD/MTU batch average range, and limited data above that. 



T a b l e 4 

SUMMARY OF BWR LTA EXPERIENCE 

Assembly Avg. Burnup Ranges 
GWD/MTU 

VENDOR 3 0 - 3 4 . 9 9 3 5 - 3 9 . 9 9 4 0 - 4 4 . 9 9 4 5 - 4 9 . 9 9 

ABB 27 15 2 

ANF 12 

GE 3 11 

SIEMENS/KMJ 6 

Table 5 

SUMMARY OF BWR HIGH BURNUP BATCHES 

No. of Batches Est imated in 
Batch Average Burnup Range 

(OM3/MT) 

35-40 40-45 
ABB 30 0 
ANF 6 0 
GE 12 0 
SIEMENS/KMJ 14 1 

TOTALS: 62 1 
FROM ' 8 8 SURVEY 49 0 
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Abstract 

Destructive examinations on selected high burnup fuel 
rods, irradiated in the Loviisa reactors of Imatran Voima Oy 
(PWRs of the WEB type), have been carried out at Studsvik 
Nuclear AB's hot laboratories since 1982, Together with the 
pool-side examinations and recorded operation information they 
provide a qualified set of performance data from a burnup range 
of 32 to 48 MWd/kgU for VVER fuel featuring annular pellets and 
Zrl%Nb cladding. Emphasis in the examinations has been put on 
dimensional changes, rate of cladding oxidation, fission gas 
release, and other phenomena that may become limiting at high 
bucnups. in the 14 punctured rods, the fission gas release 
fraction has been around 0.5 %, inevitably due to the athermal 
processes only. Four of these rods and seven additional rods 
were non-destructively gamma scanned for rod plenum gas inven
tory. The two methods agree as to the low gas release. The 
measured rod average diameter decreases due to cladding creep 
ranged from 25 to 60 um in the high burnup rods. The final gaps 
were generally closed and in parts of the rods fuel-to-cladding 
bonding was observed. Moderate rod length increases were 
recorded. Only minimal cladding external corrosion of 1 to 4 pm 
was seen. The results of calculations by Technical Research 
Centre of Finland (VTT) were compared with the measured 
dimensional changes and fission gas release. It is concluded 
that the low maximum linear power, not exceeding 300 W/cm, and 
relatively early gap closure keep the fuel temperatures below 
the gas release threshold. 

1. INTRODUCTION 
1.1. Background 

Loviisa 1 and Loviisa 2, the two nuclear units operated 
by the Finnish utility Imatran Voima Oy (IVO), are PWRs of the 
WER-440 type with a total electric capacity of 880 MW. 
Originally, their fuel rod burnup limit was set to 40 MWd/kgU. 
Load factors higher than even designed and reduction of the 

reactor core to suppress the pressure vessel irradiation dose 
later led to a situation where, in order to maintain the yearly 
irradiation cycles, there was a demand to pursue higher burnups 
of approximately 48 MWd/kgU maximum. In the mid 80's a high 
burnup programme was initiated to support the request for a 
raised burnup limit. 

The programme included irradiation of two fuel assemblies 
for four cycles, instead of normal three cycles, to achieve 
fuel rod burnups near 48 MWd/kgU. In addition, one three-cycle 
assembly of relatively high burnup was added to the programme. 
The core positions of these assemblies were chosen in a way 
that a broad range of rod power-burnup combinations would 
become covered. After irradiation these assemblies were exam
ined with the pool side inspection equipment of Loviisa NPS. 
Four rods were further shipped to Studsvik Nuclear AB's hot 
cells in Sweden. Together with the results of one assembly 
examined in Studsvik during the first half of 80's these 
results form a good set of performance data from burnup range 
of 32 to 48 MWd/kgU. 

Technical Research Centre of Finland (VTT) has performed 
thermal-mechanical analyses for the four high burnup rods. Main 
results of the calculations are included in the paper. 

1.2. Loviisa fuel features 
The principal structural components of the bundle are the 

top and bottom end fittings and a hexagonal shroud tube 
(channel) around the rod bundle. The fuel rods are arranged in 
a triangular lattice to form a bundle with a hexagonal cross 
section. The fuel rods are fixed with lock pins to the lower 
support plate. The spacer grids are fixed to a central instru
mentation tube. 

The WER-440 annular type pellets of the rods were 
fabricated by extrusion method. The rods were filled with 0.1 
MPa helium. (In later designs, loaded after 1988, pressed 
pellets and 0.6 MPa rod pressurisation are adopted). Main 
reactor operation conditions and fuel rod characteristics are 
presented in Table I. 

1.3. Operational experience 
In general, the experience from the Loviisa fuel has 

been excellent. From fuel performance point of view the 
operation conditions have been favourable. High load factors 
accompanied with very stable reactor operation have been 
achieved. The maximum allowed linear power for Loviisa fuel is 
set to 325 W/cm. 

For the accumulated 21 reactor years of the two Loviisa 
units, the fuel rod failure rate is 0.0035 %, which corresponds 
to a good international level. 



Table I. Hod Manufacturing data and reactor conditions. 

UO, annular p e l l e t 
I n n e r d i a m e t e r (nun) 1 . 4 
Outer d i a m e t e r (nun) 7.57 
D e n s i t y ( g / c m 5 ) 10 .60 
D e n s i f i c a t i o n (%) " 1 
Enrichment ( t ) 3 . 6 
Gra in s i z e itim) 3 - 5 
Column l e n g t h (mm) 2420 
S u r f a c e roughness it/m) 1-3 

Cladding Zr l tNb 
T h i c k n e s s (mm) 0.650 
Outer d i a m e t e r (mm) 9 .10 
Y i e l d s t r e s s (MPa) 230 ( 2 5 •o 150 ( 3 0 0 °C) 
S u r f a c e roughness (jjm) 1 .0 

Fuel rod 
Gap s i z e ium) 180-190 
Plenum volume (cm 3 ) 4 
Gas p r e s s u r e (HPa) 0 . 1 

Reactor WER-440 (PWB) 
Coolan t p r e s s u r e (MPa) 12 .3 
Coolan t t e m p e r a t u r e 264 in 

C O 298 ou t 
F a s t f l ux ( n / c m J / s ) 0 . 7 - 1 0 K <>1 MeV) 
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Three fuel assemblies with average burnups of 38, 39 and 
40 MWd/kgU were studied in the pool-side inspection stand at 
Loviisa NPS. Two assemblies had been irradiated for four cycles 
and one for three cycles in Loviisa 2 reactor with varying 
power histories. The maximum rod average burnup was 48 MWd/kgU. 
On the basis of these inspections, four fuel rods, indicated as 
C9, Gl, J4 and N7 in attached tables, were chosen for further 
examinations in Studsvik. In addition to these four rods, one 
whole Loviisa assembly had been subjected to more detailed 
examinations in the earlier campaign. A total of 14 individual 
Loviisa rods have been now examined in Studsvik hot cells. The 
burnups of these rods extend from 32 to 46 MWd/kgU with the 
peak pellet burnup of 52 MWd/kgU. 

2.1. Dimensional changes of fuel rods 
2.1.1. Rod length measurements 

indirect measurement of rod length is possible in the 
pool-side inspection stand by measuring the distance of the rod 
end tips from the top end fitting (upper edge) and by measuring 
the location of the lower support plate. Lengths of all fuel 
rods of the three high burnup assemblies were determined in 
this way (126 rods per assembly, 378 rods in total). The 
rod growth ranged from 5.6 to 12.4 mm the average being 9.5 mm 
or 0.4 % of the total length (after fast neutron fluence of 
around 7-10 1 1 n/cm 2). The uncertainty of the method is evalu
ated at + 0.8 mm. Hot cell results of the four high burnup rods 
matched the pool side measurement values. 
2.1.2. Cladding creepdown measurements 

Fuel rod profilometry has been per 
26 rods from three assemblies at Loviisa 
measurement period some difficulties wer 
device electronics causing drift of cali 
drift resulted in decrease values that a 
According to the pool side measurements 
of the 26 rods was 70 im, while the corr 
cell for the high burnup rods were 25 to 
amounted to 50 to 90 urn. The creep rate 
the creepdown figureB obtained earlier f 
burnups of 40 MWd/kgU or below (year 198 
creepdown around 40 j/m, maxima 50 pm). I 

formed for a total of 
pool. During the 

e encountered with the 
bration settings. This 
re slightly too high, 
the average creepdown 
esponding values in hot 
60 pm. Local maxima 
is in accordance with 
con rods of discharge 
3: ten rods, average 
n Fig. 1 the axial 
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diameter profiles of the high burnup rods and the average 
values of two assemblies examined earlier at Studsvik (AA0337) 
and at Novovoronezh (Novo-79) hot cells are plotted. 
2.2. Gamma scanning and FGR measurements 
2.2.1. Gamma scanning of the fuel rods 

Gamma scanning of individual rods were performed with a 
T-measurement equipment designed and manufactured by ABB Atom. 
Seven rods with burnups up to 48 MWd/kgU were measured in 1987. 
Later, 14 rods from two bundles have been gamma scanned. 
Burnups of the latter were 41 to 48 MWd/kgU. The gamma scanning 
of the 21 fuel rods with the burnup range of 41 to 48 MWd/kgU 
showed 
- no cesium redistribution in any parts of the fuel rods, 
- no visible gaps in the fuel columns, 
- visible pellet to pellet interfaces, 
- an average fuel column increase of 0.3 %. 
The hot cell observations of the earlier 10 rods of 1983 and 
the four higher burnup rods of 1989 confirm the findings of the 
pool side inspections. 
2.2.2. Ncn-destructive and destructive FGR evaluation 

The fission gas release fractions were non-destructively 
determined with the method developed by ABB Atom. The method is 
based on the relationship between the Kr-85 content in the 
plenum and the overall fission gas release. The results of 
fission gas release assessment are presented in Fig. 2 together 
with the puncture results of the 10 + 4 rods. 

A more detailed comparison of values based on puncture 
and non-destructive evaluation is seen in Table II. 
2.2.3. Pellet-cladding diametral gap 

Cladding compression is applied at Loviisa site for 
estimation of the diametral gap between cladding and fuel 
pellet. The method gives a rough picture of the size of 
existing gap in cold state. The measuring campaign of fuel rods 
from these high burnup assemblies showed that the gap was 
closed or almost closed in the central regions of the rods. 
Fig. 3 presents examples of the gap measurements by Studsvik 
Nuclear's hot laboratory. 
2.2.4. Metallography and ceramography 

Two fuel rods with average burnups of 41 and 45 MWd/kgU 
were subjected to destructive inspections. Judging from the 
metallographic samples the thickness of the outer corrosion 
layer was about 2 um and the inner surface oxidation varied in 
the range of 1 to 20 pm for the lower burnup sample. The 
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FIG. 2. Fission gas release data of discharged fuel rods. 

Table II. Identification and puncture data of high burnup rods. 

Rod 
id 

Burnup 
(MWd/ 
kgUO) 

Fuel Oiametr. 
density gap 
(g/cm J) 1 (^m)1 

Pool-side 
measurement 

FGR (%) 
Puncture 

FGR 
(%) 

J4/3S7015 
M7/359952 
C9/719243 
Gl/235422 

44.5 
4S.9 
45.1 
42.9 

10.64 180 
10.64 190 
10.58 190 
10.62 190 

0.7 ±0.2 
1.1 ±0.2 
1.4 +0.3 
1.5 ±0.3 

0.5-1.2' 
0.7 
0.8 
0.8 

1 nominal value of the fuel batch 
2 uncertain value; unexpectedly small total gas amount 
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results of the highe 
oxide layers of 1 to 
examinations showed 

The grain size 
while no clear grain 
centre. Typically, a 
The fuel contained s 
metallic fragments o 
Metallic inclusions 
in the central parts 
higher burnup sample 
ments of the sample 
around 4 %. 

r burnup sample showed the outer and inner 
4 jjm and 1 to 13 urn, respectively. Both 

pellet-cladding bonding. 
s somewhat varied from pellet to pellet, 
growth could be seen towards the pellet 
few radial cracks existed in the pellets. 

ome very large pores. There were some 
riginating possibly from fuel fabrication. 
of fission products could be observed both 
and in the riot region. The rim of the 
had increased porosity. Density measure-
of this rod showed pellet swelling of 

3. FUEL PERFORMANCE ANALYSIS AND DISCUSSION 
3.1. Fuel behaviour code descriptions 

The thermal behaviour of t 
regularly analysed by using the 
[1). These calculations include 
behaviour of the fuel rods befor 
the effects of design parameter 
problem treatment in GT2 is more 
design program than that of a be 
submodel tuning and use of addit 
best estimate type analyses and 

he Loviisa fuel rods has been 
GAPCON-THERMAL-2 (GT2) code 
the predictions of the 
e each loading and studies on 
changes. In many respects the 
typical of a conservative 
st estimate code. However, some 
ional models are possible for 
for separate phenomena studies. 

The basic model for the fission gas release (FGR) is a 
weighted temperature zone model, which is activated at temper
atures above 1200 °C [2], In addition, the ANS-5.4 diffusion 
release model is programmed into GT2 to give comparative 
end-of-life FGR predictions. 

The SIROD code has been developed by the Halden Reactor 
Project primarily to evaluate margins to rod failure due to 
stress corrosion cracking [3], The code, however, contains 
models to simulate other individual phenomena and the general 
fuel behaviour as well. Many of the submodels are empirical of 
nature, validated against the large Halden Boiling Water 
Reactor (HBWR) irradiation data base. The basic variables, 
temperature, FGR, stresses etc. are calculated at peak power 
location and averaged along the entire rod. In applications 
such as simulations with several parameter or power history 
variations, where short running times are beneficial, the code 
turns out to be very efficient. 

Besides the temperature dependency, the SIROD fission gas 
release model includes an incubation period within which any 
significant release is inhibited. This period of no release has 
its physical counterpart in the accumulation of gas atoms in 
the grain boundaries and retention of gas up to a certain 
threshold concentration. The derived relationship defines the 
fuel temperature threshold vs. burnup for thermally activated 
gas release [4]. 

3.2. Thermal calculations for the high burnup rods 
Fuel rod manufacturing data and reactor conditions for 

the calculations are summarised in Table I. The fresh fuel 
densities were determined from reference pellets of the same 
manufacturing batches. Based on the experience from pre-reactor 
sintering and irradiations of the VVER fuel type, assumption of 
1 % maximum densification was made. 

Typical axial power profiles of the high burnup rods are 
shown in Fig. 4. The profile gradually flattens towards the end 
of each cycle and the peak power location moves along the rod. 
The maximum linear power has stayed below 300 W/cra as seen in 
Fig. 5. 

Fuel centre temperatures, predicted by GT2, are plotted 
in Fig. 6. Comparison with the HBWR threshold curve, depicted 
in the figure, suggests a margin to fission gas release onset 
of over 200 °C in all four cases. Maximum temperature histories 
obtained with the SIROD code differ less than 100 °C from the 
GT2 results, again with no temperature induced gas release. 
The gas release is due to the athermal part of the FGR model. 

To determine the power margin to the FGR onset, hypo
thetical power ramps were added to the nominal power history 
(rod Gl, see Table II) of SIROD input. Several iterations were 
necessary to obtain the exact power-to-FGR onset vs. burnup 
graph, Fig. 7. Logically this onset curve declines with burnup, 
but the margin to the actual rod power remains almost constant 
in width. 
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To study the onset of FGR and the effects of fission 
gases inside the rods should any FGR occur, parametric studies 
were made with several arbitrarily chosen power levels. Fig. 8 
shows the predicted FGR fraction vs. burnup from computations 
with power increased by factors of 1.5 and 2.0. With these 
power levels, moderate FGR figures are achieved. It might be 
worth noting that the licencing calculations, with the required 
use of the NRC burnup enhancement factor for FGR, lead to final 
release fractions somewhere between the two overpower cases for 
the nominal power history, A S the nominal power histories given 
here quite well represent that of a typical Loviisa high power 
rod, one becomes convinced of the conservatism in the current 
licencing practice over actual Loviisa reactor conditions. 

Ma-tjins for fission gas release 
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FIG. 8. Calculated fission gas release vs. burnup with 
conservative assumptions (overpower or inclusion 
of NRC-factor in the FGR model) 

3.3. Dimensional changes 
Only few systematic analyses on the in-reactor creep and 

irradiation growth of Zrl%Nb cladding have been published. The 
Nb alloying increases the creep strength compared to pure 
zirconium but the structure and fabrication details have a 

83 great impact on creep behaviour (5], The general observation is 
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that under normal PWR reactor conditions the creep rate is of 
the same order as for cold worked Zircaloy. A specific formula, 
based on Kurchatov institute's 1 irradiation experience and 
out-of-pile tests, was introduced in the calculation for the 
fully recrystallised ZrllNb cladding creep rate. 

Detailed comparison of the calculated and measured 
maximum creepdown values of the high burnup rods is summarised 
in Table III. Exact initial diameter data are available only 
for reference rods. The measured values show much more spread 
among the rods, which may originate from diameter differences 
between manufacturing batches. Furthermore, in some cases the 
creepdown has apparently been restricted by the swelled pellets 
(rod C 9 ) . Generally a reasonable agreement appears between 
measured and predicted creepdown. As seen in the table, even 
the correlation specifically developed for Zircaloy 
(Pankaskie's correlation [6] modified for SIROD code) gives 
similar creepdown at fuel discharge. 

Table III. Measured and calculated creepdown; high burnup rods. 

Rod Burnup Max. clad creep 1 

id average nr.aximum (>um) Zircaloy 
(MWd/kgU) meas. calc. 2 calc. 1 

J< 44.5 50.7 50 60 75 
M7 45.9 52.3 90 65 80 
C9 45.1 52.3 50 55 80 
Gl 42.9 49.3 65 70 65 
1 rod diameter decrease in the centre region 
1 using correlation developed in Kurchatov-institute for Zrl»Nb 
3 

cladding 
using correlation from net, 16} 

3.4. Structural details 
The fuel-to-cladding gap appears closed at highly rated 

locations even in cold state (Fig. 3 ) . This should mean a hard 
contact over portions of rod length during operation. Density 
of the pieces of irradiated fuel is determined to be in the 
range of 10.15 to 10.25 kg/cm ] converting into a density 
decrease of about 1%/10 HWd/kgU, which is a rate one would 
typically expect for fission product swelling alone. Compared 
with the relatively small fuel column length changes the sample 
densities were low. 
1 Kurchatov Institute of Atomic Energy, Moscow, USSR 



Besides making temperatures stay low, the early gap 
closure will extend the time for fuel-to-clad bondiny to 
develop. Moreover, the strong bonding, seen in the examined 
rods, must partly result from the good reactor performance with 
very few shut-downs, remarkably stable reactor operation, and 
no abrupt changes in rod linear powers. 

The corrosion of the irradiated fuel rods has been 
minute. Nothing indicates that cladding oxidation would become 
a limiting factor at extended burnups. Among the reasons for 
the insignificant corrosion ai.e probably the good corrosion 
resistance of the cladding material '.id the relatively low 
coolant temperature. 
4. CONCLUSIONS 

Examination of one whole fuel assembly and the later 
examinations of four rods from three high burnup fuel 
assemblies of Loviisa NFS, irradiated to high burnups, have 
shown large safety margins for this type of fuel design. The 
detailed hot cell examinations of fuel rods with burnups from 
32 to 46 HNd/kgU together with the pool-side inspections of the 
fuel rods up to burnups of 48 MWd/kgU have shown very small 
water-side corrosion thicknesses and low fractions of released 
fission gases. Hesults imply that cladding oxidation should not 
become a limiting factor at extended burnups for these design 
and operational conditions. The small release fractions, 
supported by the code calculations, suggest low fuel temper
atures. 

The results of the examinations and studies carried out 
demonstrate that uuring normal operation there are sufficient 
margins to increase the allowed fuel rod burnup to 48 HWd/kgU. 
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OF HIGH BURNUP DEMONSTRATION FUEL 
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Abstract 

Japanese u t i l i t i e s ars making preparations to increase the authorized 
fuel discharge burnup limit from its present value of 39 GWd/t (Assembly) 
to 48 GWd/t. As part of these preparations, f ive PWR ut i l i t i es and two 
fuel vendors started a study to verify high burnup fuel performance, 
including a demo fuel irradiat ion program. Four fuel assemblies, two 
from Mitsubishi Heavy Industries (MHI) and two from Nuclear Fuel 
Industries ( N F I ) . were selected for the demonstration. They were 
irradiated a 4th cycle at Ohi Unit 1 starting in 1986. 
The two NFI fuel assemblies selected had been irradiated since 1982. 

Their 4th cycle of irradiation produced a maximum assembly burnup of 45 
GWd/t. with some rods approaching 48GWd/t. 

A sipping test after the 4th cycle of irradiation confirmed no leaking 
fuel rods. Dimensional measurements and visual inspections performed 
with an underwater TV after each cycle found no anomaly related to high 
burnup. 
Twelve fuei rods from one of two demo assemblies were selected to cover 

the range of burnup and various locations in the assembly. These rods 
were transported to a hot cell faci l i ty at JAERI in April 1989. and Post 
Irradiation Examination (PIE) work was started. 
Non-destructive testing (NDT) has been completed on three rods which are 

planned to be destructively tested. Destructive testing (DT) of the one 
rod which attained the maximum burnup is nearly completed, and the 
results are now under evaluation. 
NOT included visual inspection, profile measurement, gamma scanning. X-ray 

radiograph, and crud analysis. DT included puncture test, metallo- and 
ceramography. micro gamma scanning, pellet density measurement, plenum 
spring inspection, and fretting wear measurement. No anomaly was found 

£ in these rods. 

The i r radiat ion of high burnup fuel on a commercial scale in Japan 
started in January 1S90 at Takahama Unit 3. 

1. Introduction 
Japanese PWR u t i l i t i e s are making preparations to increase the 

authorized fuel discharge burnup limit from its present value of 39 GWd/t 
(Assembly) to 48GWd/t. As part of these preparations, five PWR ut i l i t ies* 
and two fuel vendors started a study jointly to verify hi"h burnup fuel 
performance, including a demo fuel irradiation program. 

In order to obtain licensing approval for higher irradiat ion . the 
integrity of current design f je l up to 48GWd/t burnup was verified by 
using a fuel performance code and by evaluating Post I r rad ia t ion 
Examination (PIE) data of high burnup fuel i r radiated in foreign 
reactors. After obtaining licensing approval for 4 demo fuel assemblies, 
two of A-type (fabricated by MHI) and two of 8-type (fabricated by NFI) , 
a 4th cycle of irradiation was started in 1986 on these assemblies in 
order to demonstrate fuel integrity and to obtain basic data for domestic 
fuel exceeding 39 GWd/t burnup. On-site PIE was performed after each 
cycle of irradiation. Ait-,' the 4th cycle, twelve fuel rods fromeach of 
two vendors' assemblies were extracted at the reactor site andtransported 
to a hot cell facil i ty. Hot cell PIE is now in progress. 

This report summarizes the presently available results from the NFI 
fuel's PIE. 

2. Fuel Design and Irradiation 
These two B-type demo fuel assemblies selected had been irradiated at 

Ohi Unit I since 1982 and were chosen based on their burnup values after 
the 3rd cycle. The design of these demo fuel assemblies is basically the 
same as the present design except for two features: They have lower fuel 
enrichment and no anti-debris structure. The design parameters of the demo 
fuel are shown in Table-1 and F i g . - I . The 4th cycle of irradiation was 
started in 1986 and completed in February 1987. The two assemblies 
reached a maximum assembly burnup of 45 GWd/t, with some rods approaching 
48 GWd/t. 

The fuel assembly locations in the core are shown in Fig.-?. The power 
history of assembly G13 which achieved the maximum burnup and was 
examined by hot cell PIE is shown in Fig.-3 and Table-2. 

* Five PWR u t i l i t i e s : Kansai Electric Power Co..Kyushu Electric Power 
Co.. Shikoku Electric Power Co.. Hokkaido Electric Power Co., Japan 
Atomic Power Co.. 
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Table- Main Oesign Paraneter of 8-Type High Burnup Dew Fuel 

Demo Fuel High Burnup Fuel 

1.Pellet 
Enrichment («rtX) 3.2 4.1 
Density (XT.D.) 95 • * — 

0.0. 0*0 8.05 -•— 
L/D Ratio 1.1 -«— 
Shape Sphere Dish. 

Chamfer 
"* 

Gadolinia Content (wtt ) — 6 

2.Cladding 
Material Zry- ' . S.R. -— 
0.0. (iwi) 9.50 •*— 

f a l l Thickness ( im) 0.64 
• * — 

3.Fuel Rod 
Total Length (mm) 3.852 -— 
Total Pellet Clad Gap (naO 0- IT •*— 
Inner Pressure (kg/cm 2) ~ 30 • * - • 

No.of Fuel Rods 264 
(Gd,C 3 : 16) 

4.Grid 
Material lnconel-718 * — 
Fabrication Welding ~* 

5.Fuel Assembly 
Fuel Rod Pitch (mm) 12.6 -«— 
0.0. (Ml) 214 x 214 -«— 
No. of Grids 9 -«— 
No. of RCC Guide Thirties 24 * — 
No of Instrumental 1 * — 

Guide Thimble 

-Chamfer 

-Dish 

: ;——» 

L 
68.05™ 

- Pellet -

(1 ) FUCL ROD 

Top End Plug 

Coll Spring 
Upper Plenum 

Pellet 

Cladding 

Lower Plenum 

Coll Spring 

Bottom End Plug 

FUEL PELLET-

FUEL ROD 

(2) FUEL ASSEMBLY 

LEAF SPRING 

TOP NOZZLE 

GUIDE THIMBLE 
TUBE 

GRID 

BOTTOM NOZZLE 

Fig.- 1 B-type Fuel (17 X 17 type) 
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Table-2 Don Fuel Burnup at EOC 

Reactor Cycle Time Span Burnup at EOC (Wd/t) 

4 82.12 ~ 83.11 7.600 

5 84.4 ~ 85.3 20.600 

6 85.8 ~ 86.7 33.100 

7 86.12 ~ 87.12 44,700 

3. On-site PIE 
No l eak ing f u e l was detected by sipping tes ts in the two demo fue l 

assemblies a f t e r the 4th cycle. Dimensional measurements and a v isual 
inspection were performed then also. Also fuel dimensional data had been 
ob ta ined by underwater TV a f t e r each c y c l e . The l i s t of measured 
parameters are shown in Tab le -3 . The f u e l rod bow data are shown in 
F i g . - 4 . The bowing value tended to l eve l o f f wi th burnup. No anomaly 
related to burnup extension was found from the on-site PIE. 

Twelve fue l rods from one B-type fue l assembly were selected to cover 
the range of burnup and the various locations in the assembly. These fuel 
rods were extracted at the reactor s i te , and the assembly was r e - b u i l t by 
inserting dummy rods using underwater equipment. 

The g r i d g r i p force was measured during fue l rod ex t rac t ion and was 
ver i f ied to be positive s t i l l . 

The fue l rod locat ions and the burnup of the extracted fue l rods are 
shown in F ig . -5 . 

4. Hot-Cell PIE 
The twelve rods were transported to a hot-cel l f a c i l i t y in JAERI located 

at Tokai-mura, Japan, in April 1989, and PIE work was started. 
NDT has been completed for three rods which were planned to be examined 

by DT. DT of the one f u e l rod which a t t a i n e d the maximum burnup is 
nearly completed. DT of 2 more and NDT of the remaining 9 are now under 
way. 



Table-3 On-Site PIE I teas 1 0 ° 

•Visual 
• Fuel Assembly Length 
• Fuel Rod Length 80 
- Gap between Nozzle and Fuel Rod * 
• Fuel Rod Bow (Vater Channel) © 
• Grid Location i 60 • Leaf Spring Height o 60 
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• Fuel Rod for PIE 
E C. R. Guide Thimble 
E3 Instrumental Guide Thimble 

F/R No. Location Burnup ( M „ / U 

i M 1 4 4 7 . S O O 
2 N 1 3 4 7 . 5 0 0 
3 E 1 4 4 7 . 3 0 0 
4 L 1 3 4 7 . 0 0 0 
5 MO 8 4 5 . 0 0 0 
6 J 1 O 4 4 . 9 0 0 
7 Q 1 2 4 4 . 2 0 0 
8 B 1 5 4 3 . 5 0 0 
9 A 1 5 4 3 . 3 0 0 
10 Q 1 7 4 3 . 3 0 0 
a A O 1 4 2 . 2 0 0 
u B O 2 4 2 . 0 0 0 

Fig. - 5 Fuel Rods for PIE 
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Table-4 Hot-cell PIE I t an 

PIE I t M No.of Fuel Rods Sawled 

N D T 

Visual 1 2 

N D T 
Grud 2 

N D T 
Olnnslon (Length 00) 1 2 

N D T 

ECT Defect Detection 5 

N D T 

ECT 

Oxide Thickness 9 

N D T 

Axial r-scan 6 

N D T 

X-ray Radiograph 3 

OT 

Puncture 1 2 

OT Metallo and t Ceramgraphy 3 OT 

Micro r-scan 2 

OT 

Burnup and 
Radiochemical Analysis 2 

OT 

Pellet Density 3 

OT 

XMA 2 

OT 

Residual FP Gas 2 

OT 

Clad Hydrogen 3 

OT 

Clad "Mn 2 

OT 

Clad Tensile 3 

OT 

Clad Burst 2 

OT 

Clad SCC 1 

OT 

Clad Hardness 1 

OT 

PlenuM Spring 1 

OT 

Fretting tear 3 



SI The PIE items are shown in Table-4. 
The significant data obtained so tar from the hot cell PIE is described 

in the following sections. 

4 .1 . Visual Examination 
Fuel rods were examined by periscope, and photos and videotapes were taken. 
The lower part of the rods was lustrous black and mottled, the color was 

changed into gray gradually, going from bottom to top. Small oxide 
spal lat ion was found by visual examination with a magnifier at the 
location where the oxide film thickness was maximum. 
The contact points with grid springs and/ or dimples were clearly 

identified, but no fretting mark was found. 
The overall surface condition was excellent. A typical picture of the 

fuel appearance is shown in Fig.-6. 

4.2. Crud Analysis 
A crud sample was collected, but the total amount of the sample was too 

small to analyze even qualitatively. This means that the crud thickness 
was negligible and the water chemistry was appropriately controlled 
during reactor operation. 

4.3. Fuel Rod Length 
The fuel rod elongation is shown in Fig.-7. The elongation was in the 

same range as previously published d a t a " 1 t z l C S I . The acceleration of 
growth was not observed. The measured values at the hot ceil were within 
the range of peripheral rod data obtained from the on-site PIE. 

1.0 

O* 90' 180* 270" 

Fig.-6 Typical Fuel Rod Appearance (»i F/R 2rd span) 
Fast Neutron Fluence ( x 1 0 a i n / c m J ) 

Fig.-7 Fuel Rod Elongation 



4.4. Fuel Rod Outer Diameter Profilometry 
The fuel rj«i oute r diameter (00) was measured from 6 circumferential 

directions. A typical prof i le of the fuel rod 00 is shown in Fig. -8 . 
Maximum creep down was about 60 urn and maximum ovality was less than 
60urn. Ridge deformation was clearly observed over almost a l l the region 
except near the two ends. ODs of the top two spans were found to exceed 
the as-fabricated value. Two possible reasons could explain this: the 
oxide thickness is maximum in this region, and the creep down was small 
because of i er power at the top span. 

4.5. X-ray Radiography 
Pellet stack length was measured by X-ray radiography and axial gamma 
( 7 ) scan. The values obtained from the two methods showed good 

coincidence. X-ray radiography found no abnormal gap between pellets nor 
any significant pellet chip. X-ray radiography was also used to determine 
the precise position to cut the rod for 0T. 

4.6. Axial Gamma Scanning 
A typical profi le of r -ray intensity is shown in Fig.-9. No abnormal 

gap between pellets was indicated. The profi le of isotopic scanning of 
Cs-137 and t o t a l T - s c a n n i n g were nearly the same, which means no 
significant migration of Cs-137 atoms occurred. I t was also confirmed that 
the axial burnup profile was nearly f lat in the center region. 
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|2 The stack length was Measured and compared with the pellet density 
change. The stack length change was smaller than what was expected from 
the pellet density change. 

4.7. Puncture Test 
The total fission gas release (FGrt) rate is shown in Table-5. Table-5 

also shows the predicted FGR value from NFI's fuel performance code 
(FPAC). The results confirmed that the code can predict FGR accurately. 

The plenum gas composition was analyzed by mass spectrometry. The ratio 
of Kr/Xe was normal, and no humidity was detected. 

4.8. Metallo- and Ceramography 
The oxide f i lm thickness was measured by cladding metallography. The 

values obtained are shown in F i g . - I O 1 4 1 , 5 > ' • ' t ? l ' • ' " , . The maximum 
thickness was observed at the second span from the top. A thin oxide film 
was also observed on the inner surface of the cladding. 

Hydride precipitation was observed, with a tangential orientation. The 
concentration of hydrides was denser near the outer surface of the 
cladding. 

Table-5 FGR 

Savle No. Measured (X) Predicted (Z) 

1 0.76 0.81 

2 0.81 0.81 

3 0.80 0.81 
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Pellet cracks were oriented radially. 
Slight pellet grain growth was observed in the center region. Fission 

Product (FP) gas-fi l led pores in grain boundary were found at the pellet 
center. Precipitation of metallic FPs was not found in the pellet. 
Pellet clad bonding was observed, especially at the ridging positions. 

4.9. Other PIE Items 
Clad hydrogen analysis, plenum spring inspection, frett ing wear depth 

measurement, micro gamma scanning and pellet density measurement have 
been completed and are under evaluation. 
Tensile test, burst test. SCC test, residual gas analysis, burnup and 

radiochemical analysis. Mn-54 analysis and XMA are under way. All the PIE 
work will be completed by the end of 1990. 

5. High Burnup Fuel Implementation 
The irradiation of high burnup fuel on a commercial scale was started 

at Takahama Unit 3 in January 1990. 
Licensing approval for high burnup has been given for Takahama Unit 4. 

Ohi Units 1. 2. 3 and 4. Licensing for other reactors is now under way. 
In addition, development work for higher burnup fuel (up to 55 GWd/t) 

has been started. 

6. Summary 
In order to confirm B-type fuel integrity at high burnup. a demo fuel 

program was star ted, which included extended i r rad ia t ion and PIE 
of present fuel rods. The hot cell PIE work is not completed yet. but the 
fuel design and fabrication technology are now being re-validated by the 
PIE results so far. 

The PIE results w i l l be used as basic design data for higher burnup 
fuel in the future. 
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Abstract 

Twelve 17x17 AssembliesofCEAdes gnwere introduced in the first core of the CAP reactor (Cada-
rachc - FRANCE). Five of them were irradiated during three cycles under PWR-load follow and frequen
cy control simulated conditions. After that, twelve rods were extracted and examined in hot cells. Usual 
PIE were perfomud as well as mechanical tests in order 10 exhibit, if they exist, the effect of a numerous 
power cycling regime on the fuel behaviour and the cladding properties. 

The U02 pel lets are made with IDC oxide (large and stable porosity). The cladding is recrystallised 
Zy 4 with high Oxygen and Tin content to balance the drop of the mechanical properties due to the heal 
treatment. The small propensity of this material to creep allows a 1 bar initial internal He pressure. 
The average bum- up of the selected rods reaches 46 GWd/iU. The maximum local bum-up is 56 GWj/tU. 
Two axial levels of the rods were checked : the mid pan (maximum flux - MF - zone) and the upper part 
(Load-follow affected -LFA - zone). 

No defect were found in the cladding by Eddy-current tests. The axial gamma scanning shows a re
gular behaviour of the fuel stack : no gap, no local disturbance of the activity. Diameter measurements 
were peiformed on two generating lines. The cladding creepdown is about 20 urn, but its measurement is 
disturbed by the presence o( an external oxide layer, which thickness is comprised between 20 pm at the 
bottom of the rod up to 55 um at the top After correction, the cladding creepdown is evaluated to 50 
(jm. 

The fission gas release rate is 3.5 &, that is two times the release rate expected for PWR base-irradia
ted rods of this type of fuel. Pan of this release enhancement is due to the high power level of the irradia
tion in the CAP reactor (30 kW/m during the first cycle and 20 kW/m during the second one). 

Two transversal (MF and LFA zones) and one axial (MF zone) ceramographies were performed. 
The macTographies of the whole pel lets do not exhibit any unexpec ted feature of the LFA zone with regard 
to the MF zone : No abnormal fuel cracks appear. 

The observations reveal an evolution of the microstweturc of the fuel in relation with the high power 
history: at MF position the grains at the center of the pellet are almost free of bubbles while the dishings 
show a beginning of fuel creep. The inner oxide layer is continuous: that means that the pellet/cladding 
contact was established at least for the whole third cycle. 

Several kinds of mechanical tests were performed on these rods. The operating conditions were cho
sen in order to check some parametric effects like the test temperature or the strain rate. All the tests we-? 
performed on samples cut from the MF zone as well as from the LFA zone : 

• The creep tests did not show any difference in behaviour between the MF and LFA samples 
- The yield stress and the ultimate tensile stress seem to be a little lower in the LFA zone than in the 

MF zone, but since the axial levels of the samples are different, it is not yet possible to know if the diffe
rences are to be related to a load follow effect or to an irradiation temperature effect 

On the basis of our examinations and tests, we conclude that if any effect is induced by the load-fol
low conditions, it is low enough to remain hidden by temperature and power history effects. 

1 - INTRODUCTION 

The increase of the nuclear part in the total electricity production in France led EDF to ope
rate its nuclear plants under load follow conditions. This new type of operation has to be justified 
because of the potential risk it represents, due for example to enhanced fission gaz release or clad
ding fatigue. In order to get informations on the fuel behaviour in such conditions, a large experi
mental programme was developpcd in the CAP reactor in cooperation with EDF and FRAGE-
MA . A general overview of this programme in given on Fig 1. 

The first core of the CAP reactor was loaded with CEA assemblies. The first part of the cycle 
was devoted to tests and load follow cycling, while the second pari operated only under frequen
cy control conditions. At the end of the cycle four assemblies from the twelve contained if. the 
core were replaced by FRAGEMA-dcsing assemblies. A general principle of operating condi
tions for the following cycles was proposed : the cycles were divided into 10-days periods. Du
ring each period load follow cycles at three low-power levels (70%, 50%, 30%) took place like 
the sequence shown on Fig. 1. Each two periods, a frequency control simulation was superimpo
sed. 

At the end of the second cycle some assemblies were unloaded and replaced by assemblies 
containing advanced fuel rods. For the third and fourth cycle, the same principle of core operation 
was followed as for cycle 2. At the end of the third cycle, all the CEA assemblies introduced in the 
first cycle and still remaining in the core were unloaded and replaced by new ones or low irradia
ted ones. 
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FIGURE 1 : SCHEMATIC CONTENTS AND SCHEDULE OF THE CAP PROGRAMME 

After each cycle fuel rods were picked up and examined in hot cells. This presentation 
concerns the CEA standard rods. 

ned. The process is called Inverse Double Cycle. The obtained fuel stability is about 0.5 % in vo
lume. 

2.2 Cladding 

ULEuel 

Because of the problems due to the fuel densification under irradiation encountered in the 
early fabrications of U02 pellets, new fabrication processes were developped. The idea was to 
stabilized the main part of the fuel porosity by building in the fuel a network of large and stable 
pores. This was obtained by pressing the U02 powder first with a high pressure to obtain a relati
vely dense fuel and then after grinding with a lower pressure to agglomerate the granulate obtai-

This fuel microstructure leads to a higher centerline temperature than for conventional 
fuels. To avoid difficulties with the internal pressure, it was decided to pressurize the rods at only 
one bar ofHelium.Therefore, it was necessary to reinforce the creep properties of the Zircaloy 
cladding and the recrystallized state of this materia] was chosen. However the mechanical tensile 
properties of recrystallized Zircaloy are much lower than these of stress relieved cladding. To ba
lance this effect, the amont of Oxygen and Tin was slightly increased, as well as the cladding 
thickness. The mechanical properties remain however lower but the compromise was sufficient 
for the beginning of life; this handicap disappears rapidly with the Irradiation. The external clad
ding diameter is compatible with a 17 x 17 assembly design. 
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Figure 2 : Power history of the rod L 1441 

3. RESWTS 

Twelve rods were extracted aAer three cycles of irradiation, six of which as reserve. Two of 
the remaining rods were examined in the LECI hot cells while the four others were devoted to me
chanical tests. All the rods reach an average Bum-up of 46 GWcVtU, that is a maximum B.U. of 
56 GWd/tU. Mean and maximum power history is show as an example on Fig. 2. One can note a 
quite high maximum power during the whole first cycle and part of the second one. 

3.1 Non-destructive examination 

The axial gammascanning is shown on FigJa. Neither axial gap nor damaged pellets are vi
sible. The general shape is regular. The maximum (MF) of Bum-up is located at axial level 720 
mm/bfc. It reaches 55,9 GWdAU for the rod L1441. The load follow affected (LFA)zoneisloca-
ted between 1100 mm and 1500 mnVbfc. This good behaviour is confirmed by neutron radiogra
phy. 
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Figure 3 : Non destructive tests 
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Figure 5 : Fuel microstructure 
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Several kinds of mechanical tests were performed on the cladding of the rods after three 
cycles of irradiation. 

3.3.1Tensile tests 

For this type of tests, a new sample design was developped (Fig.6). The sample used before 
(tube with Swageloks at each ends) presented disadvantages: either die tube slipped in tbe Swa-
gcloks during the test, or because of the low ductility of the irradiated Zircaloy, cracks appear in 
the tube during the mounting of the swageloks causing the destruction of the sample. 

After removal of the U02 by chemical dissolution and of the external oxide layer by mecha
nical abrasion the tube is machined by an electro-erosion technique. Two boles are drilled at each 
ends to allow tbe fixing on the test machine. Another advantage of this sample is that it permits a 
right definition of the reference length. 

Figure 6 : Tensile test sample 



To point out the effect of load follow, test samples were cut from the maximum flux (MF) 
zone and from the load follow affected (LFA) zone. Three temperatures (23*C, 300°C, 350*C) as 
well as two strain rates (3.10-4,3.10-5 s-1) were used according to the Table 1. Because of a limi
ted number of samples, the efTect of strain rate was not tested at room temperature. The results are 
the ftitlowing (Fig. 7). 

Table 1 : Tensile test programme 

MF zone LFA zone 

25°C 4x3.10-4 s-1 4x3.10-4 s-1 

300°C 2x3.10-5 s-1 
2x3.10-4 s-1 

2x3.10-4 s-1 
2x3.10-5 s-1 

350°C 2x3.10-5 s-1 
2x3.10-4 s-1 

2x3.10-4 s-1 
2x3.10-5 s-1 

If we first consider the high temperature results and compare the values obtained at 300°C 
and 350°C, we can see in the MF zone a small decrease of the yield stress and the ultimate tensile 
strength with increasing temperature. However this drop of mechanical properties does not exist 
in the LFA zone. In so far the differences are comparable to the experimental dispersion of the re
sults, we concluded that in this range of temperature this effect is not significant. This conclusion 
holds also for the effect of the strain rate on the stress limits as it can be seen on Fig.7. 

If we now look at the strain curves (Fig.8), some differences appear. If the temperature 
seems to have only a low effect on the uniform elongation, the strain rate do affect it. This effect is 
not very important but appears systematically. In contrary, for the total elongation, the effect of 
temperature seems to be important, especially in the MF zone, while the effect of strain rate re
mains at the same amplitude of the experimental dispersion. 

The effect of load follow is obtained by the comparison of the results at low axial level 
(700 mm) and at high axial level (1300 mm). A drop of the mechanical strength and an increase of 
the ductility occur when moving from the MF zone to the LFA zone. This variation is more vi
sible for room temperature tests than for high temperature tests. So, it seems that the effect of load 
follow cannot be completely excluded but other tests are still needed to determine the relative 
part due to the difference of temperature and the presence of hidrides and to the actual fatigue ef-

8J feet. 
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Figure 7 ; Strength properties of tie cladding 
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3.3,2 Creep testa 

Creep tests were also performed on this type of rods. The tests are made on tubes from which 
the fuel is removed by a chemical way. The tubes have a length of 120 mm. After removing the 
oxide layer, Swagelolcs are fixed at each end. The pressurization is obtained with Argon. The 
samples are heated at 400*C in a furnace also under Argon atmosphere to avoid sample oxida
tion. 

Two stress levels were selected in order to determine die stress dependance of the creep rate. 
The test time is 240 hours. Seven test were performed according to the programme shown on 
Table 2. 

Table 2 : Creep t e s t s programme 

"MF" zone "LFA" zone 

130 MPa 400°C-240h 
2 samples 

400°C-240 h 
2 samples 

200 MPa 400°C-240h 
1 sample 

400°C-240h 
2 samples 

Diameter measurements were performed continuously during the whole tests. Afterwards, 
the experimental values are fit with the relation 

c = c,+ Cj.t + v d - e x p f - v y } 

where e t represents the elastic strain due to the pressurization, c ( the secondary creep rate 

and G,, and ̂  are characteristic parameters of the primacy creep. The graphic meanings of these 

parameters are shown on Fig.9. 
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Figure 9 : Modelling of the creep curve 

The creep results are presented on Fig. 10. On both 130 MPa and 200 MPa tests one can see 
that die differences between the LFA zone and the MF zone are wry small: the secondaiy creep 
iMeb very simUar as wcU is tte primary creep parameters t^ and ̂ . On die basis of these results 

we concluded that die creep properties of the cladding are not affected by the load follow re
gime. 

At last the dependence of the secondary creep ate with die strain has been determined. 
From the tests performed at different strains it was possible to draw the following law: 
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4 - CONCLUSION 

The usual comparative observations performed on the CAP rods at the MF zone and LFA 
zone did not reveal any important difference of behaviour. The fuel structure is not affected by 
the power cycling. In complement mechanical tests were performed. The results of creep tests 
did not show any difference in behaviour between the MF zone and the LFA zone. The results of 
tensile tests seems to be different in both zones but the difference may be related to others effect 
than fatigue. In order to clear this point fatigue tests to measure to remaining number of cycles un
til rupture are forseen. However, on the basis of the first examination we conclude that if any ef
fect is induced by the load follow conditions, it is low enough to remind hidden by mote impor
tant effects. 
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Abstract 

Detailed PIE has been carrier! out on three fuel assemblies 
irradiated in BWRs to 30 - 35 GWd/t. Our data base for fission 
gas release (FGR), has been extended to 39 GWd/t in rod burnup 
and to 43 GWd/t in pellet burnup. 

The FGR rate data measured on the three assemblies showed 
largr scattering irom OX to 25%, as the previously reported 
data of less than 30 GWd/t. These scattering data can be 
related with the maximum powers they experienced beyond 10 
GWd/t. The FGR rate seems to depend mainly on maximum powers, 
however, only a little on burnups. 

Micro gamma scanning and EPMA results revealed that local 
FGR rate varied radially in the pellet for a high FUR rate 
rod, i.e. almost OX at the outer region and almost 100X at the 
center region. There existed a narrow transiet band between 
them and local FGR rate showed a rapid change there. 

Ceramography and SEM observations showed that the local 
FGR rate variations related closely to pellet micro structural 
changes. At the center region, many large pores were found on 
the grain boundaries, connecting to each other and providing 
tunnels for gas release. The tunnel formation may do a key 
role to increase the local FGR rate. No remarkable changes 
were found at the outer region, except a thin pellet outer 
surface layer (pellet rim). The micro structure of the 
transient band indicated that the process of pore growth and 
tunnel formation related with the load FGR rate increase. The 
tunnels seem to control local FGR rate since their occurrence. 
Their effect, especially historical effect on FGR, should be 
considered in fuel behavior analysis codes. 



The pellet rim showed to have very different structure. 
The oxiginal structure disppeared and very fine pores appeared. 
The observed rim ructure looked still retaining most of 
fission gas. However, the numerical density of the pores is so 
high that pore connections and tunnel formations may occur and 
induce additional FGR. However, further investigations are 
required to evaluate the rim effect on FGR at high burnup. 

1 . INTRODUCTION 
For the past decade, burnup extension has been a world

wide theme in nuclear fuel development with the view of 
improving the fuel cycle cost. In Japanese boiling water 
reactors, step-by-step burnup extensions have been implemented. 
In order to support these burnup extensions. Nuclear Power 
Engineering Test Center(NUPEC) has been carrying out 
systematic verification tests on the lead test assemblies for 
the high burnup fuels. 

Fission gas release (FGR) phenomena is one of the major 
technical concerns for burnup extension. Most of gas atoms 
generated by fission reactions are retained in pellet matrix. 
However, some of them are released into open space in a fuel 
rod and increase its inner pressure. If a limit exists in gas 
retention capability for the pellet matrix, the FGR rate will 
increase rapidly at the high burnup, where the amount of 
fission gas approaches the limit. Rod inner pressure is 
usually one of the design criteria for a fuel rod. Therefore, 
the FGR rate can be considered to be a potential limiting 
factor to extend fuel burnup. 

Fuel assemblies irradiated to 30 and 35GWd/t have been 
examined (Post-Irradiation-Examination) in the NUPEC project. 
Based on the systematic data obtained, FGR phenomena is 
discussed. 

2. TEST FUEL ASSEMBLIES 
Ten monitoring fuel assemblies were irradiated in 

Fukushima Daiichi Nuclear Power Station Unit No 3 under the 
NUPEC project, i.e. "Proving Test on the Reliability for BWR 
8x8 Fuel Assemblies". In the project, seven assemblies were 
subjected to detailed PIE. Their burnups ranged from $ to 29 
GWd/t. A summary of the results was reported at IAEA inter
national symposium, held in Stockholm in 19861"'". 

The remaining three assemblies were irradiated for five 
cycles beyond the original schedule. One (hereinafter indicated 
as Fukushima iuel) of them was shipped to Nippon Nuclear Fuel 
Development Co. (NFD) and detailed PIE was carried out to study 
the fuel behavior of high burnup. Fukushima fuel was 
manufactured by Japan Nuclear Fuel Co. (JNF) in 1976, through 
their standard process. 

Another two 8X8 assemblies (hereinafter Indicated as 
Shimane fuels), irradiated for five cycles at the symmetrical 
core positions in Shimane Nuclear Power Station, were subjected 
to the same kind of PIE at NFD. They were also manufactured by 
JNF, through the standard process in 1978. 

The pertinent design parameters of the Fukushima and the 
Shimane fuels are shown in Table 1. Their burnups and maximum 
power values are shown in Table 2. 

Table 1 Design Parameters 
for Test Fuel assemblies 

Items 

Assembly 
Lattice 
Length 
Rod pitch 

Fuel Rod 
No. cf rods 
Effective Length 

Pellet 
Diameter 
Height 
Material 

Density 

Fukushima Shimane 
(F3A10) (SNF46. SNF13) 

8x8 
4.47m 
18.3mm 

63 
3.68m 

10.6mm 
11mm 

UOJ Pellet 
(GdaOs Add) 

65% TD 

Cladding & Water Rod 
No. of Water Rod 1 
Outer Diameter 12.5mm 
Thickness 0.86mm 
Material Zircaloy-2 

8x8 
4.35m 
16.3mm 

63 
3.66m 

10.6mm 
11mm 

UOa Pellet 
(QdtOi Add) 

95% TD 

12.5mm 
0.86mm 

Zircaloy-2 



Table 2-1 Experienced Maximum power 

Assembly First 
Cycly 

Second 
Cycle 

Third j Fourth 
Cycle Cycle 

Fifth 
Cycle 

Fukushima 340 | 350 320 300 240 

Shi mane 320 ! 320 280 240 210 
Unit: W/cm 

Table 2-2 Burnup at End of Cycle and 
Fast Nuetron Fluence 

f C«1> 
I Assembly Average BumuD 

(•2) 
ftuenc* 

A S S e f f l b l v First 
Cycle 

Cecond 
Cycle 

Third | Fourth 
Cycle<•Cycle 

Fifth 
Cycle 

End 
of 

Life 

Fukushima 5 . 6 15.0 21.0 J 28.0 35.0 7.04 

Shimane I 6 . 3 1 1 . 7 18.3124.6 r 30.0 5 7 6 
Unit <»1)GWd/t 

(*2) 10s,n/cm" 

3. TEST RESULTS 
(1) Fission Gas Release Rate 

Fission gas volumes in the fuel plenums were estimated 
from gamma measurements of Kr-85 carried out on fifteen rods 
of each assembly. Six rods per assembly were punctured. All 
measured FGR rate data are shown in Fig.l, along with the 
previously reported data"'. These data showed relatively large 
scattering at a burnup higher than 15GWd/t and some of them 
exceeded 2 OX. On the other hand, some still remained less than 
1* at high burnup. such as about 30GWd/t. The high burnup data 
recently obtained shows the same scattering trend. These FGR 
rate data are shown in Fig.2, related with the maximum power 
they experienced at the burnup beyond lOGWd/t. They indicate 
that FGR rate depends strongly on the maximum power, i.e., FGR 
starts effectively to increase at the 250-300W/cm power 
level and increases steeply with power rise. In general, the 
maximum power is attained at the early stage of irradiation. 
The Fukushima fuel experienced it in the second cycle. It 
should be noted that the power history experienced at the 
»iddle-of-life retains its influence until the end-of-life. 
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The power levels for the Shi mane fuels were a l.. lowe»-
than that for the Fukushima fuel. The Shimane fuels s.iowed 
alaost the same relation between FGR rate and maximum power. 
However, there seems to be a slight difference. 

(2) Xe and Cs Concentration Distribution in Pellets 
Cross sectional samples were cut from typical fuel rods 

and radial distributions of fission product concentrations, 
such as xenon, cesium, etc., were measured with EPMA and micro 
gamma scanning. EPMA measured on 20-30 points on a radius of a 
pellet and each measured point was 25um diameter. A 0.1mm 
diameter colimeter was used in micro gamma scanning. Typical 
EPMA results, obtained on a high FGR rate pellet are shown in 
Fig.3. Examples of micro gamma scanning results are shown in 
Fig.4. 

The concentration of zirconium, a non volatile species, 
distributed almost flat, except in pellet periphery where a 
steep increase showed in its concentration. This distribution 
can be considered to express that for local burnup. In the 
pellet from a low FGR rate rod, this distribution coincided 
with chose for other nucler species, such as cesium and xenon. 
This means that all FP species had migrated only a little 
during the irradiation. 
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In the pellet from a high FGR rod, the distributions of 
cesium and xenon concentrations indicated their extreme 
reductions at the center region ar.d steep changes appeared at 
the aid-radius region (R/R0=0.5). At the outer region of the 
pellet, their distributions were almost the same to that for 
zirconium, which was proportional to the local burnup. However, 
the outermost thin surface layer of about lOOum thickness 
showed a reduction in xenon concentration. 

The local FGR rate was estimated from the distribution of 
xenon concentration. In a high FGR rate pellet, it was very 
close to 100% at the center region of relative radius less 
than 0.5. On the other hand, it was alaost OX at the outer 
region and changed from OX to 100% in a relatively narrow 
band between them. Of course, the local FGR rate in the pellet 
for the low FGR rate rod was alaost 0% throughout the cross 
section. This suggests that FGR phenoaena connects to a 
distinct change, induced by temperature, which alters the gas 
retention capability. 
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1QS (3) Ceramography 
Ceramography samples were cut from typical fuel rods. 

Examples of low and medium nagnification pictures are shown 
in Photos 1 and 2. High magnification examples are shown in 
Photo 3. The outer region of the high FGR rate rod and the 
whole area of the low FGR rod might have not changed from the 
as-manufactured conditions. There existed some differences in 
micro structure between the Fukushima fuel and the Shimane 
fuels. The former had rather uniform structure, where grains 
ard pores of relatively uniform size were distributed 
throughout. On the other hand, the latter consisted of two 
different structures, i.e., a sort of bimodal pellet, as shown 

- - in Photo 2. There were many spots which consisted of 
relatively large grains and a small number of pores, where the 
other part had smaller grains ana great numbers of relatively 
large pores. 

As shown in Photo 3, grain growth had occured at the 
center of high FGR rate fuel. Many pores appeared at the grain 
boundaries, looking like pearl necklaces. The grain boundary 
pores seemed to have connected to each other and formed tunnels 
for FGR paths. Only a few in-grain pores could be noticed 
there. As compared with the Fukushima fuel, the Shimane fuels 
seemed to have had mild structural changes, smaller grain 
growth and smaller (.ore development. 

At the mid-radius region of the high FGR rate pellets, 
where the abrupt change was found in xenon and cesium 
concentrations, the following porosity characteristics were 
observed ; 

a) Size and number of pores seemed to hve gradually increased 
from outer to inward, both in grains and on grain 
boundaries in the transient band. 

b) In-grain pores tended to decrease on the way. Reversely, 
the number and size of grain boundary pores showed an 
accelarative increase and initiating connections each 
other. Situations in thi: region can be seen in Photo 4. 

The outer region of the pellet showed little changed from 
the as-manufactured conditions, except the thin layer of outer
most surface. The layer, the so called "rim structure", was 
shown to be very porous, per Photo 5. The xenon concentration 
seemed to have decreased there. Photo 6 is an SEM picture, 
taken with ultra high magnification. 
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Photo 6 Typical SEM Picture for Pellet Rim 



The radial distributions of the porosity fraction were 
evaluated based on these photos. As shown in Fig.5, the 
porosity fraction changed greatly in the Fukushima fuel. The 
Shinane fuels showed milder change than the Fukushima fuel 
in the porosity fraction, too. 
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DISCUS-ION 
(1) FGR Mechanism 

It was reported that FGR rate depends strongly on the 
maximum power experienced beyond lOGWd/t. However, it depends 
only a little on the burnup itself"'".' The new data obtained 
from high burnup fuels over 30GWd/t also showed that this was 
still applicable. Both the Fukushima and the Shimane fuels 
were irradiated for five cycles and experienced maximum powers 
at their second or third cycles. The measured FGR rates showed 
to be better correlated with the maximum power than the 
burnups or the powers for the last cycle. This seems to 
indicate that the FGR mechanism is not a simple one, 
controlled by gas diffusion that might depend on instantaneous 
temperature, but a complex one, combined with structural 
changes which occurred when the maximum power was experienced. 

From the above observations, the FGR process can be 
imagined to be as follows; 
a) Fission gas, generated in the pellet, will be retained in 

pellet matrix, as soluted atoms and/or extremely fine 
pores. The distributions of xenon concentration seems to 

indicate that the fission gas solubility in a pellet 
matrix is low, therefore, large parts of fission gas are 
retained in matrix in the form of very fine pores. The FGR 
rate can be kept very low, even at high burnup, unless 
temperature rises up to the threshold value. 

b) When the pellet temperaure and the fission gas mobility 
increase, some pores will start rapid growth, absorbing 
the surrounded finer pores, because of the differences in 
their equilibrium pressures. At the same time, some 
fission gas atoms migrate to the grain boundary and 
produce grain boundary pores. 

c) If the temperature rises further, grain boundary pores 
will continue to grow, gathering gas from in-grain pores, 
because their equilibrium pressures are lower than those 
for in-grain pores due to the difference in their surface 
curvature. The grain boundary pore growth developes 
tunnels to open space. Once tunnels are formed, modt of 
the fission gas surrounding them will be released. 
This scenario looks consistent with the observations 

indicated in Figs.3, 4 and 5. 
As mentioned above, if the FGR mechanism relates closely 

to the micro structural changes in the pellet, it can easily 
be understood that the FGR rate depends on the maximum 
experienced power and not on the burnups nor the last cycle 
powers. This also suggests that there are two kinds of 
threshold temperatures that control FGR. The higher one is to 
form tunnels on grain boundaries for FGR paths to open .space. 
This may correspond to Vitanza's threshold temperature1" and/or 
Une's burst temerature'". Vitanza's threshold temperature is 
about the same as the pellet center temperature, calculated on 
the threshold power(250-300W/cm) in Firj.2. Une's burst 
temperature is higher by about 300 C than Vitanza's threshold. 
The reason for this difference is not cleat. However, it should 
be noted that One measured it under out-pile and isothermal 
conditions. 

The second threshold temperature is not yet clear, but 
there may exist a temperature that controls FGR after the 
tunnel development. This may correspond to the temperature 
that induces in-grain and grain boundary pore growth, i.e. 
that increases the mobility of fission gas in the pellet 
matrix. 

When the above FGR mechanism is considered, there is 
little possibility to accelerate the FGR rate at high burnup, 
However, it seems necessary to take into account these micro 
structural changes in FGR models of fuel behavior analysis 
codes. 

(2) Pellet Rim Structure 
Some rods showed lower FGR rates than IX, even the 

burnups exceeded over 30GWd/t. This means that pellets have 
the capability to retain all fission gas, even at such high 
burnup. Little information on the pellet's gas retention 
capability is available. However, rim structire, where a high 
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local FGR rate was aeasured, seems to furnish suggestions on 
Its liait. 

Due to plutoniua buildup at pellet surface, local burnup 
progresses there auch faster than at the other inner portion. 
The cause for generating the ria structure has not been 
elucidated, However, local burnup seeas to be one of the key 
paraaeters. As shown in Photos S and 6. the original grains 
haa disappeared and very fxne strucure with many fine pores 
had appearad. When these pores exist independently, they aay 
be able to retain gas in thea. However, the nuaerical density 
of these saall pores is so high that it seeas easy to connect 
to each other and to develop paths for FGR. 

Measured ria thiknesses are shown in figure 6. with 
pertinent literature data""*1"1. Ria thickness increases 
linearly with burnup. However, it seeas not to exceed 300ua at 
60GWd/t in pellet burnup. If the 300ua ria releases all 
fission gas, the FGR rate aay increase about 10%, which is not 
saall enough to be neglected. 

Ria structure seeas to be only possible aechanisa, what 
has been noticed, that aay accelerate the FUR rate at high 
bu-nup. Further study, therefore, is required to elucidate its 
occurrence process and the effect on FGR. 
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S. CONCLUSIONS 
The FGR data were obtained froa fuel asseablies 

irradiated in BWR to 30-35Gwd/t. The data showed the saae 
trend as that observed in lower burnup data. These data 
suggest that FGR mechanism has a close relation with pellet 
micro structural changes induced by the aaxiaua powei/ 
temperature. Therefore, even at higher burnup over 40GWd/t, 
the FGR rate Will not increase, until the power rises beyond 
the experienced aaxiaua value. In general, BWR fuels 
experience maximum power during the early irradiation stage. 
The micro structural changes will be developed at that tiae 
and will decide the following PGR behavior. This means that 
the FGR rate aay not increase greately, when the burnup is 
extended, under the current operating conditions. 

Ria structure have been observed at the pellet surface 
irradiated over 30GWd/t. Its thickness seems to increase with 
burnup. The gas retention capability for the ria structure 
appears to be low. This is possibly one factor to increase FGR 
rate in high burnup. Further investigation is necessary to 
understand its effect on FGR precisely. 
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Abstract 

U 0 2 fuel irradiated over 1 to 4 reactor cycles and at average 
linear power ranging from 35.8 to 20.2 kWm-^ have been investiga
ted in the a, y Laboratory at the Institute for Transuranium 
Elements. The aim of this study was to determine the influence 
of increasing burn-up on fission gas release and the relations
hip between gas release and the fuel micrcstructure. Emphasis 
was placed on the investigation of fuel restructuring, and exami
nation techniques such as quantitative optical microscopy, elec
tron scanning microscopy and electron probe microanalysis have 
been used. Fission gas release measurements showed a trend 
towards increasing release as burn-up irjreased. Further, the 
investigation of the fuel microstructure established that fission 
gas release is strongly temperature sensitive, although there is 
very likely a mir.or- athermal contribution from the outer rir.i of 
the fuel pellet. Fuel restructuring in the central part of the 
pellet was the cause for ir.ost of the gas release. 

1. INTRODUCTION 
The extension of fuel burn-up beyond previously prescribed levels 
has been proposed as a desireable means of improving uranium 
utilisation and minimising the amount of stored spent fuel. 
Therefore, it is necessary that the current knowledge base should 
be extended. Among the several technical considerations related 
to LWR fuel performance at extended burn-up the need to define 
fission gas release behaviour is probably the most important. 
This is primarily because large internal fuel rod pressure and 
high fuel temperature may not allow the maximum possible burn-up 
to be achieved. 
The European Institute for Transuranium Elements has recently 
started a characterisation programme of UO2 fuels irradiated to 
high burn-up (53 GWd/tU max.). The fuels sections analysed have 
been irradiated in the Swiss Gdsgen reactor over 1, 2, 3 and 4 
cycles and were supplied by Siemens/KWU. 

Fission gas release is highly sensitive to fuel temperature and 
the uncertainties in this operating parameter increase with 
increase in burn-up. Among the interactive phenomena that affect 
fuel temperature and gas release the ones of primary concern are 
fuel restructuring, fuel swelling cr densification, the radial 
fission product distribution, fuel chemical evolution and the 
chemistry of the inner cladding surface. In this study emphasis 
has been placed on fuel microstructure examination in an attempt 
to establish a relationship between gas release and fuel restruc
turing. 

2. EXPERIMENTAL DATA 
Experimental results from a systematic investigation of LWR fuel 
restructuring and ga3 release are reported. In the work descri
bed fuel from a single source was studied at 4 burn-up levels 
after irradiation in a commercial power reactor. The design 
characteristics of the pellets and rods are summarised in table 1 
and the irradiation conditions are given in table 2. 

Table 1. Fuel Pellet and Rod Design Characteristics 

Fuel Section Bl B2 B3, B4 

Grain Size*' 
Pellet density (%TD) 
Enrichment (*235U) 
Stoichiometry (O/M) 
Pellet diameter (mm) 
He fill gas pressure 
Cladding material 

(Mpa) 

9 5 . 0 9 4 . 3 9 4 . 3 
6 . 5 7 . 0 6 . 5 
1 . 9 3 . 2 3 . 2 
2 . 0 0 2 . 0 0 2 . 0 0 
9 . 1 1 9 . 1 1 9 . 1 1 
2 . 2 1 2 . 2 1 

Z i r c a l o y - 4 
2 . 2 1 

1) Linear intercept. 

Table 2. Irradiation Conditions 

Fuel Section Average Cycle Power 
1 2 3 

(kWm-1) Burn-up 
(GWd/tU) 

Irradiation Time 
(EFPD)1 

Bl 3 1 . 5 - -
B2 3 4 . 0 2 7 . 4 -
B3 3 5 . 8 2 8 . 8 2 3 . 9 
B4 2 9 . 4 2 9 . 3 2 4 . 4 20.2 

16.4 
31.5 
45.2 
53.1 

304 
598 
892 

1204 
1) Effective Full Power Days 



2.1. Fission Gas Release 
Fission gas release was determined from by puncturing and by 
calculation from the radial distribution profiles for retained 
xenon. The puncturing technique involves a volumetric estimation 
of the gas in the fuel rod plenum combined with an isotopic 
determination of the gas constituents by mass spectroscopy. The 
reliability of this technique can be questioned. It is assumed 
that after puncturing the aliquot used for the isotopic determin
ation is representative of the gas composition. This assumption 
is valid only if there is no difference in gas atom mobility 
with ir.<iss. However, it seems logical that the lighter atoms such 
as He will migrate faster in the gas flow rig than the heavier 
Xe atoms. It is suggested that a more reliable result could be 
obtained by fuel dissolution and measurement of the volume of Xe 
or Kr in combination with a local burn-up determination. 
The second method is an EPMA measurement of the radial concentra
tion profile and gives the release from the UOo grains [1]. For 
the calculation of the percentage release the amount of gas 
generated must be known. This was obtained by extrapolating to 
the pellet centre the measured concentration in the outer region 
of the fuel at r/r 0 = 0.8. Where the measured retention profile 
lay systematically below the extrapolated horizontal line the 
difference was taken as release. 
The radial distributions of retained .Ce in the fuel sections are 
shown in fig. 1. All fĉ .r profiles show evidence of gas release 
in the central region of the fuel, although the extent of release 
varies appreciably. Fuel sections Bl and B2 exhibit standard Xe 
profiles in that the concentration of Xe at the pellet surface 
increases sharply due to the fission of Pu created by neutron 
absorption. In fuel sections B3 and B4, however, the concentra
tion of Xe falls abruptly at the pellet surface. The width of 
the zone in which a loss of Xe was measured apparently increased 
with burn-up. It was barely 50 um wide in B3, but around 150 urn 
wide in B4. 
The EPMA results for the percentage of the Xe inventories relea
sed from the fuel grains are given in table 3. The same table 
also contains the puncturing results supplied by Siemens/KWU. 
It can be seen that both techniques indicated that gas release 
increased markedly with increase in bur-n-up from 16.4 to 31.5 
GWd/tU, was about the same at 31.5 and 45.2 GWd/tU, but decreased 
with further increase in burn-up to 53.1 GWd/tU. It is also 
evident from table 3 that for all the sections the puncturing 
result is appreciably lower than the EPMA result for the percen
tage of Xe released. Some difference is to be expected because 
puncturing gives the integral release value for the rod, whereas 
EPMA gives the cross-sectional release at a certain axial posi
tion. However, since the axial power profiles were quite flat 
and since the sections examined by EPMA came from the ends of the 
fuel stacks, the difference in the release values obtained by 
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Fig. 1 EPMA profiles for the radial distribution of xenon in the fuel 
sections Bl (16.4 GWd/tU), B2 (31.5 GWd/tU), B3 (45.2 GWd/tU) 
and B4 (53.1 GMd/tU). 

EPMA and puncturing ought to be small. The differences in the 
release figures revealed in table 3 are unlikely to be a conse
quence of the inherently different types of data that are delive
red by the two techniques. The most plausible explanation appe
ars to be that a significant fraction of the retained gas was 
located on the grain boundaries and therefore was not measured by 
EPMA. Recent measurements of gas retention in transient-tested 
fuel using a combination of X-ray fluorescence analysis and EPMA 
have shown that important amounts of gas can be trapped on the 
grain boundaries in bubbles and pores [2,3]. 



Table 3. Percentages of Gas released from the Fuels 

Fuel Section EPMA 1> Puncturing 

Bl 
B2 
B3 
B4 

2 
10 
11 
7 

1) The Contribution from the outer rim has not been 
included. 

2.2. Radial Burn-up distribution 
The radial burn-up profile in sections B2, B3 and B4 was determi
ned from the distribution of fission product Nd which was measu
red by EPMA. The radial distribution of Nd in section B4 is 
shown in fig. 2. It is typical for the three profiles measured. 
It can be seen that after falling sharply at the pellet surface 
the concentration of Nd in the fuel remains at about 0.4S wt%. 
The results of the Nd measurements are summarised in table 4. It 
is seen that the concentration of Nd corresponding to 10 GWd/tU 
decreases linearly wit. ~urn-up (column 6). This can be explai
ned by the fact that the amount of vjjJ decreases as irradiation 
proceeds while the fissile species 2 3 9 P u and *41pu a r e produced 
by neutron capture. Thus the contribution made by Pu to the 
total fissions increases with irradiation time. The correlations 
given in column 6 of table 4 for the concentration of Nd corre
sponding 10 GWd/tU were used to determine the burn-up at the 
pellet surface. The results given in column 5 reveal that in all 
three sections the burn-up at the fuel surface was almost twice 
as high as the value reported for the fuel cross-section. For 
example, the burn-up at the surface of section B4 which had been 
irradiated to 53.1 GWd/tU was found to be of the order of 105 
GWd/tU. 
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F i g . 2 R a d i a l d i s t r i b u t i o n o f Nd i n s e c t i o n B4 i r r a d i a t e d 
t o 5 3 . 1 GWd/tU. 

T a b l e 4. Neodymium C o n c e n t r a t i o n c o r r e l a t e d t o B u r n - u p 

2 . 3 . F u e l R e s t r u c t u r i n g 

A d e t a i l e d a n a l y s i s o f t h e f u e l m i c r o s t r u c t u r e was c a r r i e d o u t by 
o p t i c a l and s c a n n i n g e l e c t r o n m i c r o s c o p y . A L e i t z q u a n t i t a t i v e 
i m a g e a n a l y s e r w a s u s e d t o d e t e r m i n e t h e r a d i a l p o r o s i t y a n d 
g r a i n s i z e d i s t r i b u t i o n s i n t h a f u e l s . 

Fuel Saction Fuel Cross-section Pallat Surfaca Nd Cone, wt% 
Nd Cone, Wt* Burn-up IGWd/tU) Nd Cone, Mt% Burn-up (GHd/tU) par 10 GHd/tU 

0.106 
0.097 
0.093 

B2 0.33S 31.5 0.605 57 
B3 0.439 45.2 0.795 62 
34 0.492 53.1 0.980 105 



2.3.1. Microstructure 
The microstructural data for the four sections are summarised in 
in fig. 3. This gives a schematic representation of the diffe
rent zones and their radial extent. It is seen that fuel section 
B3 (45.5 GWd/tU) and B4 (53.1 GWd/tU) exhibited a highly porous 
outer ring. In this zone the local burn-up is greatly increased 
due to formation of Pu by resonance absorption of neutrons. SEM 
micrographs a high magnification (4000X) reveal very fine cry
stallites a few microns in size and show that the fracture mode 
was intergranular (fig. 4). Moving into the fuel interior, a 
zone 2 follows with a morphology very similar to that of the as-
fabricated fuel, although some d.nsification had occurred (poro
sity £2.5%). In sections Bl and B2, the porous outer ring was 
not present and hence zone 2 extended up to pellet rim. Zone 3 
is characterised by the appearance of arrays of fission gas 
bubble.? on the grain boundaries producing the typical pearl 
necklace structure . It was also found that grain growth started 
in this zone. In the central region of the fuel a fourth zone 
may form distinguished by inter- and intragrangular pores and 
fission gas bubbles. This zone was seen in B3 (45.2 GWd/tU) but 
not in B4 (53.1 GWd/tU) 
As can be seen from fig 4, the predominant mode of fracture was 
transgranular. Nevertheless, many areas of intergranular fractu
re were observed. In such regions the grain faces were found to 
decorated with gas bubbles (see for example ref. 3). 
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Fig. 3 Nature and extent of the various structural zones in 
1J3 f u e l sections Bl, B2, B3 and B4. 

Zone 4 (i/r 0 = 0.02) 

. 4 Scanning electron micrographs showing the fracture morpholo
gy of the four structural zones in section B3. 



114 2.3.2. Grain Size 
The grain size distribution in section B4 is shown in fig. 5. It 
can be seen that slight grain growth had occurred in the central 
region of the fuel between r/rQ = 0.4 and the pellet centre. In 
the vicinity of the fuel centre the grain size had increased to 
around 10 vm. The grain size distribution in section B3 was 
almost identical to that for B4. 

2.3.3. Porosity 
The porosity distributions in sections B2 (31.5 GWd/tU) and B4 
(53.1 Gwd/tU) are shown in fig. 6. In both cases between 4 and 
5% porosity was measured in the central region of the fuel. This 
swelling was associated with the formation of intergranular gas 
bubbles/pores. In the outer region of B2 and B4, 1-3 % porosity 
was measured indicating that densification had occurred. In B4 
this zone of low porosity did not extend to pellet surface. As 
seen from the figure this section possessed a porous rim. 
Apparently, the contribution that the porous rim makes to the 
fuel swelling increases wth burn-up. 
The radial variation in the number of pores per unit area in 
sections B2 and B4 is shown in fig. 7. The data illustrate the 
most important feature of UO2 irradiated to extended burn-up, 
i.e., the large increase in the number of pores at the pellet rim 
with burn-up. As can be seen there was around 4.0 X 10 s pores 
per mm at the pellet rim in section B4. This compared with 2.4 
x 10^ in B3 and only about 1.0 X 10^ in the same region in B2. 
Another feature to be noticed, is the absence of intragranular 
pores (gas bubbles) in the central region of section B4. This 
contrasts with section B3 which exhibited both inter- and intrag
ranular pores. As a result the total number of pores in the cen
tral region of B4 has decreased markedly. 

3. DISCUSSION 
3.1. Gas release and Burn-up 
A continuous increase in the level of fission gas release with 
burn-up was not observed. As seen from table 3 the percentage of 
gas reloased from the UO, grains (EPMA results) was about the 
same at 31.5 and 45.2 GWd/tU burn-up and markedly lower at 53.1 
GWd/tU. The results show that in addition to burn-up the tempe
rature history is important in determining the level of gas 
release. Thus, the similarity in the levels of release at mode
rate burn-up (B2 and B3) and the drop at high burn-up (B4) can be 
explained on the basis of a fall in linear power and fuel tempe
rature during each successive irradiation cycle. It can be 
deduced from the figures given for the average cycle power in 

table 2 that the fuel temperature decreased with irradiation 
time. Although a linear correlation was not found, comparison of 
the release results for Bl (EPMA 2%, puncturing 1%) and B4 (EPMA 
7%, puncturing 3%) indicates that the trend is towards an increa
se in gas release with irradiation time, i.e., with burn-up. 
The temperature in the third and fourth cycle of the irradiations 
was not high enough to cause gas bubble interlinkage on the grain 
boundaries. Consequently, with increase in the irradiation time 
there was a build-up of fission gas on the boundaries. Compari
son of the EPMA and puncturing results in table 3 indicates that 
about 50% of the gas released from the U0 2 grain boundaries was retained on the grain boundaries in Bl and B2, whereas about 60% 
of the gas released was trapped on the boundaries in B3 and B4. 

3.2. The Porous Rim 
The main feature that distinguishes high burn-up fuel is the 
presence of a porous zone of material at the pellet surface. The 
thickness of the zone increases with burn-up, but does not exceed 
150-200 urn. As seen from fig. 1 the concentration of retained 
gas as measured by EPMA falls sharply in the porous zone. In the 
case of B4 the missing gas fraction corresponds to 2.3 % of the 
Xe inventory. If it is assumed that all this gas was released 
then the level of release at the pellet surface reached 70% and 
the average release figure for the zone was 25%. 

The process by which this zone is formed has not been established 
beyond doubt. It is certain, however, that it is a consequence 
of the high local burn-up at the pellet surface. It is seen from 
table 4 that the burn-up at the pellet surface is about twice as 
high as the average value for the fuel cross-sect-on. 
First results from hot cell annealing experiments have shown that 
the porous zone is chemically unstable above 1400°C. This has 
led to the proposal that it may be the result of a reaction 
between U0 2 and fission product Cs, Mo etc., and is a multiphased syste-n containing UO5 and caesium uranates and/or molybdatea 
depending on the local oxygen potential. However, no Cs accumu
lation was detected by EPMA in excess of that due to the increa
sed burn-up caused by the higher Pu content. 

3.3. Microstructure and Gas Retention 
With increasing irradiation time grain growth was measured in the 
central region of the fuel where gas mobility to the grain boun
daries occurred. In the same zone during the third and fourth 
irradiation cycles a decrease of the total pore number occurred 
which was associated with almost complete elimination of the 
intragranular porosity. This resulted in the partial transfer of 
the gas within the grains to the grain boundaries. 
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If? interconnection of grain boundary gas bubbles/pores and no 
tunnel formation could be discerned at the grain edges. Conse
quently under the linear power conditions encountered in the 
present work the main feature of importance for fuel performance 
is the accumulation of gas on the grain boundaries in the central 
region of the pellet. It is expected that if the irradiation had 
been continued the gas bubbles on the grain boundaries would have 
interlinked resulting in the release of this gas to rod free 
volume. For this to happen, however, the temperature conditions 
must remain constant in the subsequent reactor cycles. 

4. SUMMARY AND CONCLUSIONS 
A. Measurement of fission gas release from U0 2 fuels irradiated to extended burn-up, at average cycle powers of 35.8 to 20.2 

kSm - 1 have shown a trend towards higher release as burn-up 
increases. 

B. A detailed analysis of the microstructure of these fuels and 
the corresponding Xe retention showed a relationship between 
fission gas retention and fuel restructuring. 

Two contributions to fission gas release were noticed: 
1. The major contribution depends on a temperature-time sensiti

ve process and takes place in the central part of the fuel. 
As burn-up increases, the intergranular porosity grows and 
fission gas Xe and Kr within the grains diffuses to the grain 
boundaries. So long as the intergranular porosity is not 
interlinked the release to the rod free volume remains at a 
level lower than 10%. In cases where gas bubble interlinkage 
occurs on the grain boundaries a strong increase in release 
can be expected. 

2. A minor contribution to gas release may come from the porous 
z<me at the fuel periphery. As burn-up increases, the thick 
ness of this ring in which the Xe concentration exhibits a 
sharp fall increases. This suggests that the amount of gas 
released from this zone increases with irradiation time. The 
release process is athermal and may be explained by lattice 
over saturation due the locally high burn-up. At the fuel 
rim the linear power was about a factor of two higher than the 
average power in the fuel cross-section. The linear power and 
fission rate at the fuel periphory is roughly comparable with 
that in mixed oxide fuel of fast breeder reactors. Thus, 
since 3-4 wt% Pu is measured at the pellet rim, it is expec
ted that the fuel in this zone will show certain similarites 
to fast breeder oxide fuel. 
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Abstract 

Japanese PWR fuel have achieved the satisfactory performance within the 
assembly burnup of 39 GWd/t and is now going to take the next step toward the 
high burnup usage up to the 4b1 GWd/t. This high burnup is actualized without 
any improvements of the materials but with a reconsideration of the design 
•ethods. 
?1oreover u t i l i t i e s desire the higher burnup fuel up to the burnup of 5a fiWd/t. 
tn this case one of the problems which should be solved is the potential 
increase of a fuel rod internal pressure due to the fission gas (f.g.) release 
from pel lets . Then the fuel pellet with a large grain size is considered to 
reduce the f .g . release and two ideas, the additive to pel lets and the 
improwaent of the i>rjnia powder characteristics have been invest iff] tod to reach 
that. 
The former one is the pellet added with the niobia and was irradiated in l!H3 
reactor to the pellet peak burnup of 18 GWd/t. The results indicated the 
s ignif icant reduction of f.g. release. Another niobia added fuel is now 
irradiated to higher bumup. 
The latter idea is the pellet with the large grain size fabricated under the 
usual hydrogen sintering condition using the so called "active urania powder" 
which has the large specific surface area. At present the pellet with the 
grain size of more than 30urn has already successfully obtained with this powder. 

And both of these two types of the pellets with the large grain size plan 

to be irradiated in a domestic plant to demonstrate the f.g. reduction. 

1. Introduction 

In Japan PWR fuel have demonstrated the sat is factory performance and 
accumulated the good results under the maximum bumup restriction,39000HHu7t. 
(assembly averaged burmup) And now we are going to take a step toward higher 
burnup usage up to the burnup of 48000MHuVt based on those achievements without 
any improvements of materials but with a roconsideration of the design methods. 
Moreover ut i l i t ies desire the higher burnup fuel up to the burnup of 55000flhti/t 
and in this case one of the problem which should be solved is the potential 
increase of a fuel rod internal pressure due to the fission gas (f.g.) release 
from pel lets . In order to reduce this f.g. release, the fuel temperature 
reduction and the enlargement of fuel grain size could considere to be effective. 

To the former one the annular pellet is available and has already been 
irradiated at the domestic plant. The laters are the large grain size 
pellets with a additive or from a improved characteristic powder and have been 
investigated . 

This paper would state several results concernig these later improved pellets 
and a capability for the high burnup usage. 

2.Improvement of Pellet Characteristics 
2.1.Reduction of f.g. Release 

Fission gases produced in a pellet grain by fission could diffuse to a grain 
boundary and be released from a pellet at the high temperature. The f.g. 
release fraction (f) would be proportional to the equivalent shperc diameter as 
follows by Booth's Diffusion Theory, 

f « 1/a 

f; f.g. release fraction 
a; Equivalent Sphere Diameter (of Pellet Grain) 



Based on this equation the fraction of f.g. release would be decrease with the 
enlarging grain s ize . This is explained why i t takes longer tine for f.g. 
atoas to reach a grain boundary through the longer distance in a large grain 
p e l l e t . 

2.2.Procedure of Enlarging Grain Size 

There are the following three aetbods to enlarge a pellet grain size. 
©Additive to pel leKSintering aid) 

Snail aaounts of oxide additive, niobia and so on, could accelerate a grain 
growth during sintering. 

(DIaproveacnt of U0Z powder characteristics 
The characteristics of UOe powder could be iaproved to enlarge a pellet 
grain easily under the usual sintering condition. 

®A1 tentative of sintering condition 
1)Increase the sintering teaperature and/or the sintering period 

A grain s i z e could be enlarged with the increasing of the sintering 
teaperature and/or the period but this alternative is not beneficial for 
the Mass production. 

2)Hodification of sintering ataosphere 

tn the oxidative sintering ataospher a pellet could be sintered easily and 
a grain could be grown faster than in the usual hydrogen sintering 
atmosphere. 
However there are several concerns to be solved as the replacement of a 
sintering furnace and the control 1 of a wintering ataosphere. 

The f irst two approaches aaong the above were considered to be realistic and 
have been investigaed. 

3.Niobia Added Pellet 

3.1.Characteristics of Niobia added Pellet 

The niobia was selected as the additive aaterial because of the following 
reasons. 

©Even snail aaounts of additive will give a large grain size and the coaposed 
eleaent (Nb) is involved in fission products. 

©The current U0* powder and the current sintering procedure will be 
applicable to the niobia added pellet fabrication. 

©The iaproveaent of another fuel performance, pel let softening could be 
expected. 

The niobia powder is added to the usual UO* powder and well-blended 
•echanically to the suitable hoaogenity . And then this nixed powder is 
pelletized and sintered in the usual hydrogen ataosphere. Photo-1 is the 
SBM/EPMA observation result of a niobia added pel let . This shows the good 
hoaogenity and there is no large Nb-riched spot and then it would bt understood 
that niobia and UOi are alnost foraed to the solid-solution up to this niobia 
content. 

SBI EPmOtO 

Nb-riched Am | 1 10//n 

Photo-1 SEH/EPm Observation of G.3*a Niobia-added Pellet 

The accelaration effects on pellet sintering due to this niobia additive are 
observed in Figure-1 and Figure-2. The pellet density and grain size increase 
rapidly with the niobia addition around the content of 0.3wtZ. Moreover the 
pellet creep rate also increases so audi as shown in Figure-3. 
Because the Nb eleaent i tself is a kind of nuclear and aaterial iapurity, the 
additive content should be kept as low as possible and the aost effective 
content should be selected froa the above figures. 
The aicrosturucture of this niobia added pellet is illustrated in Photo-2 
coaparing with one of the usual UOz pellet. 
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1 2 3.2.F.G. Release f r o Niobia-added Pellet 

0.3wtX niobia added pellets were fabricated by Mitsubishi and asseabled to the 
fuel rods as shown Figure-4. These are basically 17X17 design except the 
longitudinal lengths and they were irradiated at BR3 reactor during about one 
year up to the pellet peak burnup of 18100HHd/t. One of the* was power-rasped 
at the aaxiaua power of 41.5Wa and showed no failure. Then it was punctured 
and the f .g. releasee fraction is illustrated in Figure 5 with the data of 
usual (IOI fuel rods, which are the ccaparable design and were irradiated at the 
s i a i l a r power level. Obviously the niobia additive could reduce the f.g. 
release. 

As another characters tics the niobia-added pellet has a high creep rate and 
PCM reduction could be expected. Figure-6 shows the changes of ridge 
deformation heights during the power raap test. The- change rate of ridge 
heights, that is the slope in this figure, is aore gentle than ones of the other 
usual fuels data. This can be understood to be the PCM reduction. 

©Upper lindplug 
®l<OMer Bndplug 
©Cladding Tube 
®l''uul Holddown Spring 
©Niobia-addud Pel lot 
©Oepletui U0« pullut 
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4.Large Grain Sire Pellet with active Powder 

The active UOz powder consists of agglomerations of nany snail priraiy UOi 
particles and then has the more rough surface and the larger specific surface 
area as shown in Photo-3 wi th the current U0» powder. This powder is produced 
through the AMI conversion process almost as sane as the current process. The 
f irst hydrolysis step is nodified to avoid the hydrogen fluoride (HP) inclusion 
fro* the wet process to the dry process as shown in Figure 7 and as a result 
the produced powder has a large specific surface area. ( 1) This powder could 
be des ignated "Active powder*. Fjgure-8 i l l u s t r a t e s the s intering 
characteristic of this powder and i t is seen that the active powder could be 
sintered to the high density and to the large grain size wore rapidly. The 
•icrostructure of the pellet fro* this active powder is shown in ftioto-4. The 
grain s ize has been already achieved up to wore than 30 vm. The property of 
this pellet and the irradiation characteristics are considered to be as sane as 
one of the usual U0* pellet except the f.g. release behavior because of no any 
additives and the similar • icrostructure. 

Active Powder Usual U0, Powder 

I 1 0 .2«« 

Photo-3 S»1 Observation of UOi Powder 

UP* (Current Process) 

'..tea* * Pyrohydrolysis Hydrolysis 

-*Hydrogen FlourioeOff) 

U0,P, Powder 

UOiPt Solution UOiF, Solution with IIP 

_L 
ADU P-ocipitation 

SolidAiquid Seperation 

ADt Powder 

Calcination and Reduction 

Active Ceramic U0t Powder 

Figure-7 Active UOi Powder Conversion Process 
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5.Concluaion and Future Work 
It has been confirmed that the large grain size pellet with the niobia 

additive has the effect on the reduction of f.g. release Mi thin the lflOOOMaVt. 
Moreover a prospect has been obtained that the pellet with acre than the grain 

size of 30 tin can be fabricated fro* the active powder and the effect of f.g. 
release reduction also can be estimated based on another prograa, Over Rasp and 
Super fiaap results. 

Now another niobia added fuel rod is being irradiated at R2 reactor and will 
achieve about GOOOOrtU/t. Then i twi ' l be cxaained after irradiation to tonfire 
the effect of the niobia addition nr the f.g. release at the higher burnop aid 
also other irradiation behaviors. 
The large grain size pellets with the active powder also plan to be irradiafed 
at the test reactor and to be cxaained in order to confir» the effect of the 
large gr&in s ize on the f.g, release. And also both of these- (MO type of the 
pel lets with the large grain size plan to he irradiated in a doaestic plant to 
demonstrate the effect of the v'.s. release reduction. 
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APPLICATION OF ION MICROPROBE ANALYSIS TO 
THE POST-IRRADIATION EXAMINATION OF BWR FUELS 
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Nippon Nuclear Fuel Development Company Ltd, 
Oarai-machi, Higashi-Ibaraki-gun, Ibaraki-ken, 
Japan 

Abstract 
Ion mlcroprobe analyses were conducted on UOa and U0a-Gda0» fuels to 

Investigate the Irradiation behaviors of fission products and burnable 
absorber of gadolinium. The fuel rods were irradiated during 1 to 5 cycles 
in a commercial BWR, the Fukushima Dallchl No. 3 Reactor of the Tokyo 
Electric Power Co., Inc. The sample burnups ranged from 1 to 42 GWd/tU. The 
radial distribution of fission products, fissile material (Pu) and burnable 
absorber (Gd) were measured using a shielded Ion mlcroprobe analyzer. 

1. Introduction 

Secondary Ion mass analysis using an Ion mlcroprobe analyzer (IMA) has 
been widely used In metallurgical, mh.eraloglcal and senlconductor 
Investigations [1], and to evaluate the radial burnup distribution of 
Irradiated mixed-oxide fuels [2-3], This paper discrlbes the behaviors of 
fission products and burnable absorber of gadolinium In commercial BWR fuel 
rods, based on the analysis using a shielded Ion mlcroprobe analyzer. 

2. Experimental 

2.1 Samples 

The fuel assemblies used for this Investigation were 8x8 lattice type, 
current BWR fuel assemblies which were Irradiated In the core of the 
Fukushima Dallchl No.3 Nuclear Power station of the Tokyo Electric Power 
Co., Inc. (TEPCO). The assembly design parameters are listed In Table 1. 

For ion mlcroprobe analyses, samples of a transverse cross-section 
about 1 mm thick were sliced off from the fuel rod and were mounted with 
epoxy resin In a 20 mm diameter acrylic ring. The sample burnups were from 1 
to 42 GWd/tU. 



126 Tab le I . Design p a r a m e t e r s of t h e f u e l a s s e m b l i e s 

Pa rame te r Value 

Assembly 
Lattice 8 x 8 
Length 4.47 m 
Rod pitch 16.3 mm 

Fuel Rod 
Number 63 
Effective Length 3.66 m 

Pellet 
Diameter 10.6 mm 
Height 11 mm 
Material U 0 a (U0 a + GdaOs) 
Density 95 \TD 

Cladding 
Outer Diameter 12. 5 nun 
Thickness 0.86 mm 
Material Zircaloy-2 

2.2 Ion Mlcroprobe Analyzer 

A commercial IMA (Hitachi Model IMA-3) was shielded with lead blocks. 
Maximum load capacity of the shielded Ion Blcroprobe analyzer was 
approximately 1.1 x 1 0 1 0 Bq (300 •CI) of fission products, which corresponded 
to about a l u thick fuel sample with a burnup of approximately 30 GWd/tU. 
The sample was transported to the shielded IMA by using a small cask, and 
was remotely put on the sample holder. 

The primary Ion was produced by a duoplasmatron gun with an e lectron 
aper ture system and the Ion beam was focused onto the sample. A TV camera 
was used to Identify the analysis locations in the sample. In the case of the 
Insulating sample, the sample chamber was equipped with an electron gun to 
prevent charge buildup on the sample surface. The secondary Ion was 
detected by an electron multiplier (Ion detector), which was shielded by 
lead plates t o decrease noise due to gamma ray activity from the sample. 

2.3 Analysis 

The radial distr ibutions of fission products and gadolinium Isotopes In 
the samples were determined using the shielded ion mlcroprobe analyzer. The 
0 a * ion was used for the primary ion with an accelerating voltage of 15 keV. 
The sample was electron sprayed during the measurements In order to 
prevent charge buildup on i ts surface. The sputtered secondary Ions were 
introduced into a mass spectrometer with a -3 keV accelerating voltage. The 
diameter of the primary Ion beam was about 50 it m. The measurements were 
conducted at Intervals of 200 u m across the fuel diameter. 

3. Results and discussion 

3.1 Mass spectrum of Irradiated U0» fuel 

Figure 1(a) shows a mass spectrum In the nass-per-electron (m/e) range 
of 80 to 280 for the Irradiated U0 2 fuel with the burnup of about 42 GWd/tU. 
The intensities of Isotopes from uranium elements are higher than those from 
fission products. The mass spectrum of fission products In Fig.(a) Is shown In 
Fig. Kb) by enlarging the m/e scale from 80 to 180. The mass spectrum has two 
peaks a t the m/e values around 90 and 145, which correspond to peaks for 
fission product yield. They show the presence of light fission products (Rb, 
Sr, Y, Zr, Mo, Tc, Ru, Rh, Pd) and of heavy fission products (Cs, Ba, La, Ce, 
Pr, Nd. Pm, Eu. Gd). 

The mass peaks corresponding to Cs Isotopes (Cs-133, Cs-135 ana Cs-137) 
are observed In Fig.Kb). The peak height for Cs-135 was approximately 
one-third of tha t for Cs-133 and Cs-137. The estimated value of Cs-135 fission 
yield obtained from Isotoplc rat ios is approxlmatly one-third of the 
l i t e r a tu re value (6.4 X) [4]. This Is due to the large neutron capture 
cross-section (2.7 x 10' barns) of Xe-135, which Is the parent nuclide of 
Cs-135. Xe-135 transforms to Xe-136 by the (n, 7 ) reaction during 
Irradiation. 

3.2 Radial distribution of fission products 

The radial distribution of fission products was measured on the sample 
prepared from the U0 a fuel pe l le t with the burnup of about 42 GWd/U. The 
profiles of the fission products are shown In Flg.2(a)-(d) for Zr-90, Mo-'.00, 
Cs-133 and Nd-145, respectively. Fig.2(e) and Fig. 2(f) shows the profile of 
U-235 and Pu-239, respectively, in order to reduce the effect of 
I r regular i t ies in the fuel surface. I.e., pel le t cracks and pores, the 
Intensit ies of mass peak of the Ions were normalized by that of U-238 for the 
same area. 

The profiles of Zr (F!g.2(a)) and Nd (Fig.2(d)) are almost f lat across the 
fuel radius. This Is due to the fact that zirconium and neodymlum are soluble 
In the U02 matrix. Those profiles correspond to the predicted burnup 
profi le. On the other hand, the profile of Cs (Fig.2(c)) differs from those of 



Ю 7 - : 

lOQ 150 £00 230 

Hass-per-electron d / e ) 

F ig .1 ( a ) Mass s p e c t r u i of i r r a d i a t e d ИОг fuel « i th burnup of 42 GWd/tU in aass 

range fro» SO to 280 a / e . 

so 90 юо no i;o iao ко iso I&O wo tea 
Hass-per-electron U / e ) 

127 F i 8 - K b > M a s s spec true of (a) enlarged in l a s s range f ro i SO to 180 • / « . 

в 4 г в г 4 a 
Dlatanoa fro» Cantarl»») 

(a) Zr-90. 

e.e в 4 г • г 4 • 
Dlitinot fro» Center(••) 
(d) Nd-145. 

.1.8 

ii.e 
0« 0 0 
'•of 

-V 

If 4 
e 4 г а г 4 e 
DI «tinea fro« Cantar(aa) 

(b) Ho-100. 
a 4 a e a 4 • 
Dlatanoa fro» Canter<»•) 

(e) U-235. 

3.8 ̂ • » » j a-rr* •**-*-*-r-f-*'«* i • • ' "M " **' 

0 0 

• te e« • 
* 

0 

"Ц»о о * 
•о . » • 

*аь А " 
в 4 г в г 4 в 
Dlatanoa fro» Centart»») 
(с) Cs-133. 

2.В 

.1.8 • 

в.а 

M " • I ' 

О В 
, « % % F Ä * e V A r 

I I II I I I I I II I I I I I I II I I I • 

В 4 2 В 2 4 • 
Dletanoe fro» Canter(a* > 

(f) Pli-239. 

Fig. 2 Radial distribution of fission products. U-235 and i>u-2S9 in irradiited 
ИОг fuel lith burnup of 42 Cfd/tU. 



| 2 | Zr and Nd. Cesium, one of the volatile fission products, would behave like a 
noble fission gas (Xe and Kr) In the hot fuel center. The sample shown in 
Fig.2(c) has approximately a 16 X fission gas release, and It Is apparent fro* 
the profile that cesium migrated from the fuel center to the peripheral 
region. This tendency Is qualitatively in accordance with the results 
obtained by Micro gamma scanning and electron mlcroprobe analyses. 
Fractional redistribution of cesium which Is defined by the Integrated 
fractional amount of cesium migrating from the fuel center to the fuel 
periphery. Is 19 X. The Mo profile In Fig. 2(b) Increases in the central region 
of the pellet. This Increase may be attributed to the segregation of Mo Into 
small second phase particles In the center, which is confirmed by EPMA. The 
sputtering sensitivity of Mo by Oa* ion in the second phase particles Is 
higher than that of soluted Mo In U0 a matrix. Namely, the profile of Mo do 
not seem to represent Its actual concentration profile In the fik.1. 

The profile of U-235 In Fig.2(e) shows a l i t t le scatter In Ion Intensity. 
The profile tends to decrease In the peripheral region of the fuel. This 
shows U-235 burned at the fuel periphery. The profile of Pu In Flg.2(f) Is 
almost flat, except for an enhanced concentration close to the pellet rim. In 
which Pu-239 was generated by eplthermal neutron capture of U-238. 

3.3 Isotoplc abundance measurements of gadolinium 

3.3.1 Mass spectrum of Gda03-t'02 fuel 

Figure 3 shows the mass spectrum In the mass-per-electron (it/e) range 
of 150 to 180 for the unirradiated Gd203-U0a fuel. The gadolinium Isotopes 
(Gd-152. Gd-154. Gd-155. Gd-156. Gd-157. Gd-158 and Gd-160) and oxide 
molecular species (GdO*) are observed in the spectrum. The evaluated 
Isotopic abundance ratio Is equal to the natural lsotoplc abundance of 
gadolinium. 

Figure 4 shows the mass spectrum In a mass-per-alectron (m/e) range of 
130 to 180 for the 3.5 w/o Gd s0 3-U0 2 fuel with the burnup of about 3.3 
GWd/tU. The mass spectrum of fission products Is observed in the mass range 
from 130 to 170. The peaks of 156. 158 and 160 m/e correspond to gadolinium 
ions (Gd*) and peaks of 172. 174 and 17G m/e correspond to the oxide 
molecular species (Gd<T). The peaks of 171 (1S9GdCT) and 173 (15VGdO*) m/» are 
almost gone compared to the unirradiated Gd 20 3-U0 2 fuel (Fig.3). In order to 
prevent the overlapping from fission products, the Isotopic abundance of 
gadolinium was analyzed as GdO* molecular species. 

3.3.2 Radial distribution of isotopic abundance of gadolinium 

The lsotoplc abundance of gadolinium as burnable absorber was measured 
on the samples prepared from 3.5 w/o Gda03-U0a and 4.5 w/o Gda03-U0a fuel 
rods. The sample burnups were In the range of approximately 1 to 3 GWd/tU. 
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Figure 5 shows the radial distribution of the lsotoplc ratio of 
gadolinium In the 4.5 w/o Gda03-UO« fuel pellet with the burnup of about 3.3 
GWd/tU. The left-hand axis Indicates the natural Isotoplc ratio of 
gadolinium. The profiles of Gd-152. Gd-154 and Gd-160 are almost flat across 
the fuel radius and the abundances of Gd-152. Gd-154 and Gd-160 In the 
Irradiated fuel are nearly equal to the natural abundances. On the other 
hand, the abundances of Gd-155 (neutron capture cross-section: 6.1 x 10* 
barns) and Gd-157 (2.4 x 10 s barns) In the Irradiated fuels are significantly 
reduced at the iuel periphery, while the abundances of Gd-156 and Gd-158 
correspondingly Increase at the periphery. 
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Fig. 5 Radial distribution of gadoliniui isotopes in 4.5 w/o GdzOa-UOa fuel 

pellet l i th burnup of 3.3 Gld/tU. 

The twc menslonal distributions of gadolinium Isotopes which are 
retained In t.-e 4.5 w/o Gdz03-UOa fuel pellet with the burnup of about 3 
GWd/tU are shown In Flgs.6(a)-(d) for Gd-155. Gd-156. Gd-157 and Gd-158. The 
abundances of Gd-155 and Gd-157 are significantly reduced at the fuel 
periphery. The region where Gd-157 is retained In the fuel pellet Is smaller 
than that of Gd-155 because the neutron capture cross-section of Gd-157 Is 
larger than that of Gd-155. 

Figures 7(a) and (b) show the radial distribution of burnable nuclides 
(Gd-155 and Gd-157) In 3.5 w/o and 4.5 w/o Gd 20 3-U0 3 fuel pellets with the 
burrsup of about 1 to 3.3 GWd/tU. respectively. The abundances of burnable 
nuclides decrease with exposure. The central concentration of burnable 
nuclides In the 4.5 w/o Gda03-U02 fuel pellet Is higher than that In the 3.5 
w/o r.d203-U0? fuel pellet at the same burnup. 

(a) Gd-155 (6. l x i O 4 b) (b) Gd-156 

(c) Gd-157 (2.4 X10 5 b) (d) Gd-158 

Fig. 6 T*o-diiensina' distribution of gadoliniui isotopes in 4.5 »/o GdaOi-UOj 

fuel pellet with burnup of 3.0 GWd/tU. 
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The burnup dependency of the volume averaged abundance of the 
burnable nuclides Is shown In Fig.8 (a) for the 3.5 w/o Gda03-l/0a fuel pellet 
and Flg.8 (b) for the 4.5 w/o Gdj03-t'Oa on<\ As shown In Flg.8 (b). the volume 
averaged abundance of the burnable nucli s decreases with exposure. 
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4. Conclusions 

The following conclusions could be made from this Investigation of 
fission products and burnable absorber of gadolinium in current BWR fuel 
rods at burnups of 1 to 42 GWd/tU. 
(1) The mass spectrum had two peaks at mass-per-electron (m/e) value of 

around 90 and 145, which corresponded to peaks of fission product yield. 
Light fission products, heavy risslon products and also fissile nuclides 
were all confirmed as being present In the samples. 

(2) The radial concentration of soluble fission products such as rare earth 
elements and Zr appeared to be almost constant across the fuel diameter, 
expect at the fuel periphery. 

(3) Cesium redistributed from the fuel center to the peripheral region in 
the sample which showed higher fission product gas release. 

(4) Observed Cs-135 Isotopic abundance In cesium was one-third of the 
published fission yield. This discrepancy was due to the neutron capture 
cross-section of Xe-135 (2.7 x 10* barns), the precursor of Cs-135, which 
transforms to Xe-136. 

(5) The abundances of Gd-155 and Gd-157 In the Irradiated fuels were 
significantly reduced at the fuel periphery, while the abundances of 
Gd-156 and Gd-158 were correspondingly Increased at there. 

(6) Average abundance of the burnable nuclides decreased with exposure. 
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FISSION PRODUCT DISTRIBUTION 
AT DIFFERENT POWER LEVELS 

G. LYSELL, D. SCHRIRE 
Studsvik Nuclear, 
Nykoping, Sweden 

Abstract 
Two identical short BWR rods with a burnup of about 35 MWd/kg U 
were studied using a number of techniques. One of the rods was 
subjected to a slow power ramp ("bump") in Studsvik's R2 reactor, 
to a maximum linear heat rating of 43 kW/m, with a steep power 
profile. The other rod had experienced a maximum power of 26 
kW/m during its final cycle, and was used as a reference. 
Various jamma measurements were performed immediately after the 
bump, enabling quantitative measurement of short-lived isotopes 
such as 1-131, Te-132 and Xe-133 on both fuel and cladding 
specimens. These measurements indicated that a surplus of iodine 
over cesium could reach the cladding at pellet interfaces in a 
ramp situation. 
Diametral gamma scanning, EPMA, quantitative microscopy and 
density measurements were performed on fuel samples from two 
local power positions from the bumped rod, and from the re
ference rod. The gamma and EPMA measurements established the 
radial release/redistribution of xenon and cesium in the fuel. 
The quantitative microscopy and density measurements charac
terized a number of microstructural changes in the fuel, such as 
the local swelling/densification, grain growth, grain edge 
porosity fraction and intergranular porosity surface-to-volume 
ratio. The fuel microstructure was compared to the xenon fission 
gas release. 

1. INTRODUCTION 
The main aims of this experiment were the quantitative deter
mination of the redistribution and release behaviour of mobile 
fission products in UO, fuel at different power levels, and the 
characterization of the accompanying structural changes in the 
fuel. 
Two segment rods (short rodlets from the same full-length rod), 
irradiated in the Oskarshamn II BWR from 1980 to 1984 with a 
maximum lin-.ar heat rating of 26 kW/m, were chosen for the expe-
rirosnt. 
One rod, 0A2-1, was used as reference, and rod OA2-2 was ramped 
to 43 kW/m (peak LHR). 

Table I Nominal fabrication and irradiation data 
for rods OA2-1 and OA2-2 

Overall rod length (mm) 
Fuel stack length (mm) 
Fuel enrichment (% U-235) 

end pellets 
Clad o.d. (mm) 
Clad i.d. (mm) 
Diametral gap (um) 
Fill gas pressure (MPa) 
Fuel pellet density (% TD) 
Densification (% TD, 1700°C/24h) 
Grain size (urn) 
Base irradiation reactor 
Burnup (MWd/kg U 
Maximum linear heat rating (kW/m) 

2. MANUFACTURING AND BASE IRRADIATION DATA 
The rods were manufactured by ABB ATOM AB and had the nominal 
data given in Table I. 
The base irradiation in the Oskarshamn II BWR reactor started in 
1980 and ended in 1984 when the burnup had reached 35 MWd/kg U. 

3. BUMP IRRADIATION 

Rod OA2-2 was irradiated at 25 kW/m (peak LHR) for 72 hours, in 
order to build up significant quantities of short-lived fission 
products. The linear heat rating was then slowly increased (over 
26 hours) to 43 kW/m, and held at this power for 3 hours to 
allow volatile or gaseous fission products to be redistri
buted/released. The high power irradiation was followed by 3h at 
25 kW/m, the same level as before the "bump", see Figure 1 and 
[1], [2]. 
4. FISSION GAS ANALYSIS 
The reference rod and the bumped rod were punctured and the 
gases analysed by mass spectrometry. The Xe-release in the 
reference rod was found to be 0.39%, and in the bumped rod the 
Xe-release was 3.9%. 
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Fig i. Bump irradiation history 

GAMMA SCANNING OF THE BUMPED ROD 
After the irrradiation in the R2 reactor the rod was scanned on 
gross gamma and on La-140 to see the power distribution along 
the rod. Figure 2. 

6. GAMMA SCANNING OF CLADDING 
One of the main objectives of the bump experiment was to measure 
quantitatively the amount of iodine and cesium which had reached 
the cladding due to the bump irradiation. A cladding half was 
therefore prepared extending from 265 mm to 355 mm from the 
bottom of the rod. These positions corresponded to linear heat 
ratings of 43 kw/m and 39 kw/m respectively. 
Scans were performed on four nuclides: 
Te-132). Cs-134 and La-140, [3]. 

1-131, 1-132 (reflecting 

Iodine, tellurium and cesium are volatile, but only iodine and 
cesium reached the cladding in larger quantities than the 
amounts deposited as recoil fission fragments. 
The recoil fission fragment deposition was evenly distributed 
over the cladding, whereas iodine and cesium released from the 
central parts of the pellets were concentrated to the pellet 

133 interface positions on the cladding (see Figures 3 and 4). 

Fig 2. Gamma scans of bumped rod OA2-2. Above: La-140 
Below: Gross gamma 

Point measurements were performed at the second pellet interface 
from the bottom of the sample, and at the pellet midpoint 5.5 mm 
above that. The linear heat rating at these positions was 
42 kW/m during the maximum level of the bump. The activities of 
some selected nuclides 186h after the end cf the bump 
irradiation, and the ratios between the pellet interface 
position and fhe midpellet position are given in Table II. 
There are two main groups of nuclides seen in the table. One 
group shows an interface/midpellet ratio of around one, in
dicating no concentration to the pellet interfaces, another with 
a ratio around 5 (14 for 1-131), due to deposition of volatile 
nuclides at the pellet interfaces in amounts higher than the 
general background of fission fragments from the outermost 
3-5 ym of the pellets. 
The cladding half was measured once again twelve days later. 
This revealed a loss of 1-131 of more than 30%, which shows that 
iodine is not efficiently bound in the deposits on the cladding, 
and was probably present in even higher amounts at the time of 
cutting the rod. 
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Table II Activities on cladding at 42 kW/m 

Nuclide Activity* Activity Activity Ratio 
in fuel at mid pellet interface/ 

interface *** »•* mid pellet 
(Bq/mm) (Bq/mm) % (Bq/mm) % 

Xe-133 5.5 E9 ("2.9 E7»«'M _ ("5.3 E6**") _ 5.5 
1-133 6.45 E7 2.618 E6 4.1 5.745 E5 0.89 4.6 
1-131 2.44 E9 1.085 E8 4.4 7.565 E6 0.31 14.3 
Te-132 2.40 E9 4.367 E6 0.18 4.572 E6 0.19 0.95 
Ru-103 1.53 E9 3.421 E6 0.22 3.663 E6 0.24 0.93 
Ru-106 7.28 E8 3.487 E6 0.48 3.642 E6 0.50 0.96 
Cs-134 6.60 E8 6.092 E6 0.92 1.370 E6 0.21 4.5 
CS-137 1.36 E9 1.323 E7 0.97 2.783 E6 0.20 4.8 
Ba-140 3.32 E9 5.476 E6 0.16 5.380 E6 0.16 1.02 
La-140 3.72 E9 5.613 E6 0.15 5.726 E6 0.15 0.98 
Ce-144 7.11 E8 2.676 E6 0.38 2.873 E6 0.40 0.93 

The activity in the fuel corresponding to one cladding half is calculated by the "Origen" code to the same time as the measurements and for a sector of the fuel corresponding to one cladding half. 
Xe-133 is measured at a gamma energy of 81 kev but there is no absolute calibration of the detector at this energy. Therefore the absolute activity is not known but the ratio between pellet interface and pellet mid point is correct. 
The percentage figures give the percentage of the fuel 
activity found on the cladding for each isotope. 

7. DIAMETRAL GAMMA SCANNING OF FUEL 
Cross sections from two positions on the bumped rod, corres
ponding to maximum linear heat ratings of 43 kW/m and 37 kw/m 
respectively, and from one position on the reference rod, were 
measured by a series of gamma point measurements spaced every 
0.1 mm across the specimen diameter. Examples of such measure
ments are shown in Figures 5 and 6. 
The reference rod sample showed no observable (less than 0.2%) 
redistribution of Cs-137 from the centre. 
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Fig 6. Bumped rod OA2-2 43 kW/m 



In the two specimens from the bumped rod the following values 
for the release of volatile nuclides from the centre of the 
specimens were estimated from the scanning curves: 
Nuclide Sample at 37 kW/m Sample at 43 kw/m 
Xe-133 7% 23% 
1-131 7% 28% 
Te-132 3.5% 20% 
Cs-137 1.5% 12% 
In both specimens the highest release was seen for Xe-133 and 
1-131 followed by Te-132, and finally Cs-137 having the lowest 
release. 
The other nuclides measured (Np-239, Ru-103, Ru-106, Nb-95 and 
Ba/La-140) did not show any movement at all. 

8. ELECTRON PROBE MICROANALYSIS OF FUEL 
Three thin samples of the fuel were prepared for electron probe 
microanalysis (EPMA) [4]. The samples from the bumped rod were 
taken at positions corresponding to linear heat ratings of 43 
and 37 kw/m respectively, and the sample from the reference rod 
at a position which experienced a maximum linear heat rating of 
26 kw/m during the last year in the Oskarshamn II reactor. 
Xenon and neodymium were measured as a function of the radius on 
all three samples, and Cs only on the sample at 43 kw/m. The 
Xe-release integrated over the diameter is given in the table 
below with the values from diametral gamma measurements of 
Xe-133 for comparison. The measured radial distribution of the 
retained xenon in the different samples, and the integrated 
release at the different power levels, are shown in Figure 7. 
Rod OA2-1 OA2-2 OA2-2 
Local LHR 26 37 43 
(kW/m) 
Relative Xe 
release (%) 0.5 6.5 19.5 
IEPMA) 
Xe-133 - 7 23 
release (%) 
(gamma) 
Neodymium, which does not move in the U0 2 matrix, shows the local burnup, which at the periphery is about double the burnup 
in the centre. This effect is due to the plutonium buildup which 
is strongly concentrated to the periphery (the neodymium yield 
is fairly similar for uranium an plutonium fission). 
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The cesium measured on the 43 kw/m sample was released from the 
central parts of the fuel and had condensed locally in grain 
boundaries close to radial fuel cracks from a radius of about 
3.5 mm out to the pellet rim. 

9. MICROSTRUCTURAL ANALYSIS OF FUEL 
Fuel samples from two power level positions (43 and 37 kW/m) 
from the bumped rod, from a representative part of the 
irradiated reference rod, and from an unirradiated archive 
pellet were prepared for microscopy. Thin sections were mounted 
in epoxy, ground and polished through 1 um diamond, and attack 
polished in two stages. Optical microscopy, and scanning 
electron microscopy (SEN) employing various imaging modes, were 
used to obtain images for quantitative microscopy measurements 
[5]. 
High and intermediate magnification secondary electron images 
(SEI) were used to illustrate the pore morphology in polished 
and fracture surface regions, and to determine the intergranular 
pore surface area per unit volume, at a number of radial posi
tions. Backscattered electron images (BED providing electron 
channelling contrast, or optical microscopy after chemical 
etching, were used to measure the average intercept length grain 
size of all the samples at a number of radial positions. The 
pore size distribution and lo<*al porosity fraction were similar
ly measured from optical or BEI images (in the polished condi
tion), using an automatic image analysis system. The grain edge 
porosity fraction (i.e. fraction of the grain triple edge length 
occupied by pores/bubbles) was determined manually from SEI and 
BEI pairs for the two samples from the bumped rod. 

Small intragranular pores (<1 um in section), present in the 
unirradiated pellet, were almost completely absent within 2mm of 
the rim of all the irradiated fuel samples. Significant densifi-
cation due to shrinkage of intermediate sized pores (1-30 ym ) 
was found to have occurred during the bump in the mid-radius 
region. The reference rod showed that densification increased 
all the way to the pellet centre during the base irradiation, 
with only 1% densification or less in the mid-radius zone 
(Figure 8). These data illustrate how the in-reactor densi-
fication is both temperature and pore size dependent, even at 
fairly high burnup levels. 
The micrographs and pore size distributions also showed the 
growth and development of intra- and intergranular fission gas 
bubbles in the bumped rod at the different local linear heat 
ratings and radial positions (i.e. isotherms). 
The fraction of the grain triple edge length occupied by poro
sity attained =» threshold value of about 0.8 in the central 
regions of the bumped fuel samples (Table III and Figure 8). 



Similar results have previously been observed in optical micro
scopy of power ramped fuel [6]. This is very different to the 
limiting value of about 30% observed during final stage sin
tering of nickel, where the authors assumed that the grain edge 
pore structure changed from an open network to isolated pores at 
this point [7], The volume fraction of the edge porosity, at the 
radial positions with the threshold grain edge porosity fraction 
seen here, was far below the 5-8% calculated to be necessary to 
sustain a stable open network of grain edge tunnels [8, 9 ] , 
since the total porosity in these regions was only of the order 
of 2-4% (Table III). 
The local Xe release, as determined by EH4A, varied from about 
15% to 75% over the radial zone with the threshold grai.-. edge 
porosity (Table III). It thus seems unlikely that the attainment 

Table III Hicrostructural data 

Saepie Radius AIL grain Total Intergran. Grain edge Local 
siie porosity por. surf/ porosity X* 

unit vol. fraction release 
MH tun % mn /inn % % 

3402 0 - 5 6 . 8 2 0 . 2 1 ' 4 . 5 
(Archive 
pel let ) 

1328 0 6 .9*0 .3 2.220. .2 2 > IS 
(Refer 1 8 
ence) 2 6 .620 .3 3 .6 -0 .5 < 5 

4 6 .420 .3 4 .0*0, . 6 
S 6 . 4 ' 0 . 3 4.820 , 5 

13S1 0 8 .020 .3 3 . 7 189*9 ' B4223> 65 
(37 kN/m) 1 205-12 25 

2 
3 

6 .5*0 .2 2 . 5 135*13 8021 15 
< 5 

4 6 . 1 : 0 . 2 . .6 103210 3923 < 5 
5 5 .920 .2 5 . 2 143211 4722 

1325 0 10.420 .6 3 . 7 183212 8122 74 
(43 kH/n) 1 9 .120 .5 4 . 2 213*13 8422 6 5 

2 8 .220 .4 2 . 9 236214 8722 54 
i 6 .620 .3 2 . 1 233214 8821 2 6 
4 6 .320 .3 3 . 8 112212 4822 6 
S 
S.3 

6 .120 .3 
S.520.2 

5.5 
s a 

153211 4822 < 5 

1) Standard deviation of mean. Typically 40 samples per position. 

2) Standard deviation of mean. 8 sample fields par position. 

3) Standard deviation of swan. 6-10 samples per position. 

4) Proai reference (41. 

of stable, open grain edge tunnels was the rate-limiting factor 
in the fission gas release during the bump. 

10. DENSITY MEASUREMENTS 
The bulk density and open porosity (>0.6 urn equivalent diameter) 
of fuel samples from positions corresponding to 39 and 43 kW/m 
from the bumped rod OA2-2 and one sample from the reference rod 
were measured by mercury pycnometry. The bulk density and open 
and closed porosity of an archive pellet were also measured but 
with an immersion method using ethanol as immersion liq'iid. 
The densities were also combined with the total porosity meas
ured by quantitative microscopy to give the fission product 
swelling of the matrix. The details of the density measurement 
are described in [5]. 
The results are given in Table IV. No significant difference in 
density or total porosity can be seen among the three samples 
from the bumped rod and the reference rod. 

Table IV Density measurements 
Sample 0A2-1 

Reference 
OA2-2 
37 kW/m 

OA2-2 
41 kW/m 

3402 
Archive 

Nasi (g) 5 .9 2.1 1.5 9.8 

Method Pycno
metry 

Pycno
metry 

Pycno-
metry 

Immer
s ion 

Bulk dens i ty**' 
(%TD> 

9 3 . 5 93.4 93.1 95.2 

Open porosity* ' 
(ITD) 

0 .6 0.7 1.2 0.2 

Closed poros i ty 
(%TDI 

- - - 4.6 

Total poros i ty 
from OM. (%TD) 

4 .0 
(OH) 

3.7 
(SEN) 

3.1 
(SEMI 

4 .5 
(S£M) 

Matrix s w e l l i n g ' " 
(!) 

2.7 3.1 3.3 -

(1) Bulk density arbitrarily defined as the density at 0.1 MPa for mercury pycnometry. 
(2) Open porosity arbitrarily defined as the density increase from 0.1 MPa to 2.J MPa. 
(3) Defined as the increase in the fuel matrix volume (including submicroscopic porosity) relative to the (original) theoretical density of U0,. 



The density decrease from originally ca. 95%TD down to about 93% 
has mainly occurred as solid fission product swelling, counter
acted by less than one per cent decrease in total porosity due 
to densification. 

The total solid swelling of approximately 3%TD at the burnup of 
35 MWd/kg U gives a swelling rate of 0.9%TD/10 MWd/kg U. which 
is in good agreement with published data [10, 11]. 

11. DISCUSSION 

The gamma measurements on a cladding half revealed that iodine 
reaches the cladding much more easily than Cs thus enabling 
iodine to be present in higher amounts than cesium at the pellet 
interface positions. Iodine induced stress corrosion cracking 
could result if the stress level were high enough in such a 
situation. 

The tellurium released from the centre of the fuel, as shown by 
the radial gamma measurements, did not even reach the cladding 
but seems to have condensed or reacted in the peripheral parts 
of the fuel because of its higher boiling point, 990 C compared 
to 678 C for Cs and 184 C for I. The peripheral parts of the 
fuel thus act as an efficient filter for the Te released from 
the fuel in the centre. 

For Cs and I the peripheral parts are less efficient as a filter 
but still only one per cent of the Cs and at least 2 per cent of 
the I released from the fuel actually reached the cladding at 
the maximum linear heat rating of 43 kW/m. 

Small intragranular pores, present from fabrication, are comple
tely removed at this burnup, even in the coolest parts of the 
fuel. Densification of the larger pores (constituting a large 
portion of the fabrication porosity) is clearly temperature 
dependent. Significant local hot-pressing/densification was 
observed during the relatively short bump irradiation. This 
densification was, however, balanced to a large extent by 
fission gas swelling in the hotter part of the pellet (closer to 
the centre). 

The grain edge porosity fraction reached a limiting value of 
approximately 0.8 in the central regions of the bumped rod fuel 
samples. This is assumed to indicate the existence of inter
linked grain edge porosity, which then occurred at a far lower 
porosity fraction than predicted by mathematical models. 
Since the measured xenon release varied greatly over the region 
w ;th the threshold value of grain edge porosity, it can be 
concluded that the establishment of open grain edge tunnels was 
not the rate-limiting factor for fission gas release during the 
bump. 
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Abstract 

The extension of fuel bum-up beyond previously accepted levels is currently being applied 
in varying degrees throughout the nuclear industry, with the aim of improving fuel 
economics and reducing the spent fuel volume. So it is necessary that the current fuel 
knowledge base should be extended. Modifications of fuel rod/assembly concepts, together 
with fuel management schemes, should be gradually implemented so that the operation of 
power reactors becomes even more reliable and flexible than it is today. Extrapolation to 
extended burn-up levels does not cause concern but will have to be made in steps, in order 
to demonstrate expected performance trends. 

The fuel testing programmes at the OECD Halden Reactor Project have over the years 
significantly contributed to the understanding of LWR fuel behaviour in the high bum-up 
range. A broad range of versatile and integrated in-reactor test rigs and high pressure 
loops have been developed which allow simulations of LWR irradiation conditions, 
comparative testing of alternative fuel rod designs and use of test segments pre-irradiated 
in power reactors. A number of in-core instruments and experimental techniques have been 
developed for detailed investigations o r various aspects related to the thermal behaviour, 
fission product release and mechanical response of high burn-up LWR fuel rods, under a 
variety of operating conditions. 

The paper reviews recent measurements in the area of burnup-dependent steady-state and 
transient thermal behaviour of fuel rods, intermixing of fission and helium filler gases in 
the pellet cladding gap, fission gas release kinetics under changing heat loads and power 
excursions (burst release) and dimensional changes of fuel rods subjected to cyclic load 
changes. 

I. INTRODUCTION 

The research and development programmes at the OECO Halden Reactor Project are 
concerned with nuclear fuel performance and computerised process control studies. With its 
spacious and easily accessible core the Halden Boiling Water Reactor (HBWR) is an ideal 
test facility for complex experimental assemblies requiring large number of instrument 
leads. The reactor is a boiling water design that is both moderated and cooled by heavy 

• Presently working wi»h 1VO, Finland. 

water (D 20). Several loops are in operation to provide test conditions similar to those in 
current BWRs and PWRs. Major areas of research for the Halden Reactor Project during 
recent years have been to study fuel behaviour at extended bum-ups, including waterside 
corrosion investigations. An overview of work done in the latter area is given in another 
paper at this meeting (1). 

Because of the measurement techniques available (2,3) considerable in-pile data on fuel 
temperature, fission gas release and mechanical behaviour are being accumulated. An 
overview of some studies and results up to 1986 relating to extended bum-up operation of 
LWR fuel, was given in (4). In this paper more recent in-reactor measurements are 
provided that relate to steady-state and dynamic fuel thermal behaviour, mixing of inert 
gases in the gap interspace, kinetics of fissison gas release and fuel rod response to periodic 
load follow operation. 

2. FUEL ROD THERMAL BEHAVIOUR 

Since fuel properties and rod chemistry to a great extent will depend upon fuel 
temperature, accurate characterisation of heat transfer and temperature distribution in the 
fuel-cladding system is important before any of the other processes which influence fuel 
performance and safety can be quantitatively defined. Some factors affecting fuel 
temperature response with burn-up are local changes of fuel thermal conductivity, gap 
conductance (fission gas contamination) and radial power distribution (Pu-buildup). Fuel 
temperature studies at Halden are carried out using high temperature tungsten/rhenium 
thermocouples, expansion thermometers and noise analysis technique. 

2.1 Burnup-Dependent Steady-State and Dynamic Thermal Response 

Figs. 1 and 2 show some fuel centreline temperature measurements in un-pressurised 
BWR-type rods up to about 39 MWd7kgU02. Both rods experienced operating temperatures 
at which appreciable fission gas release would be expected to occur and this was later 
confirmed by PIE rod puncturing data. 

The pellet fuel in both rods was very stable. In the small gap rod (Fig. 1) the gap 
conductance remained high throughout the entire irradiation (strong PCI indication by 
cladding elongation detectors) and the major part of the linear temperature rise with 
exposure can thus be ascribed to decrease n U 0 2 thermal conductivity. 

The observed temperature increases can be explained by a linear reduction of the UOj 
conductivity of 6-7% per 10 MWd/kgU02. The significant (300°C) increase in fuel centre 
temperature for the 230 nm gan rod shown in Fig. 2 is due to gas release and thermal 
feedback in the burn-up range 3-5 MWd/kgU02, since this coincided quite closely with the 
peak fuel temperature crossing the gas release threshold. This rise in centre temperature 
over a relatively short burn-up range is followed by a slow decline with further irradiation 
(up to 39 MWd/kgUOj) due a gradual reduction in the gap size which at this stage is fully 
contaminated with fission gases. 
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Fig. 2. Development of centre fuel temperature with burn-up in a fuel rod with stable fuel 
and an as-fabricated medium (230 microns) fuel to cladding gap. Thermal feedback 
effects can be seen at low burn-up due to fission gas release followed by a gradual 
improvement of heat transfer properties as irradiation proceeds due to gap closure. 

A broad review of steady-state and transient thermal performance of various designs of fuel 
rods from start of life to 35 MWd/kg(J02 has been carried out at Halden, and some data 
are shown in Figs, 3, 4 and 5. Transient response to reactor scrams (in which fission power 
drops from full rating to decay heat level < about 6%) in less than 1 second) was examined 
by fitting one time constant to the straight portion of the temperature decay curves (log-log 
scale) see Fig. 3. Steady-state thermal behaviour was studied by determining temperatures 
normalised to constant rating levels (see Figs. 4 and 5). The main observations were. 

fuel steady-state temperature early-in-life depends mainly on the pellet-clad gap size 
and type of filler gas (not fuel diameter). Xenon or argon-filled rods show significantly 
higher temperatures than helium rods, 
with increasing bum-up the gap effects for medium and large gap rods tend to 
disappear for rods containing large fractions of fission gases. Small gap rods exhibit 
lower temperatures than medium gap (230 urn) and large gap (360 urn) rods despite 
the fact that the pellet-clad gap is "closed" in all types of rods at higher irradiations, 
temperature response of fresh fuel rods depends mainly on fuel diameter and gap 
conductance. Typical time constants for centreline temperature responses of PWR and 
BWR rods are in the ranges 4-5 and 6-7 sees, respectively, 
the burnup-dependent response of fuel transient temperature is largely consistent 
with trends in steady-state behaviour; increasing steady-state temperature (due to 
densification and/or fission gas release) results in larger fuel temperature time 
constants, up to 10-12 seconds for BWR rods. 

2.2 Gas Mixing in the Fuel-Cladding Gap of Operating Rods 

In modelling the thermal behaviour of fuel lods it is usually assumed that the released 
fission gases mix instantaneously and completely with the helium fill gas in the rod. It is 
probable, however, that this mixing may not be rapid or complete, and the fuel-clad gap 
may thus remain contaminated with undiluted fission gas for extended periods following 
local release. This lack of mixing will amplify the thermal feedback of poor gap conductance 
on fuel temperatures. 

A series of experiments to examine aspects relating *o gas mixing/pressure communication 
inside operating fuel rods have been carried out usii.g gas flow rigs. A summary of results 
is presented in (9). The design of these rigs allows different parts of the fuel rods to lie 
blanketed by gases of differing conductivity, in particular helium and argon. The degree of 
intermixing of these gases can then be determined from the measured temperature versus 
power characteristic, see Fig. 6. Experiments have been performed using both a single 
helium/argon interface, and with a "sandwich' of argon between two helium filled plena. 
Analysis using a diffusion model has yielded values for the interdiffusion coefficient 
approximately 10 times smaller than those derived from outof-pile tests using electrical rod 
simulators with well-defined annular gaps. This is interpreted as a factor three increase in 
the effective diffusive path length. It is also observed that intermixing of the gases can 
remain incomplete in experiments of several hundred hours duration, even in hollow fuel 
rods. 
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Fig. 3. Measurements of fuel transient temperature response 
of a small gap, helium-filled BWRtype fuel rod following a 
reactor scram lin which the fission power drop from full 
rating to decay heat level t~ 6%) in less than one second). 
Region B is used for determination of fuel temperature 
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Fig. 4. Measured fuel centre temperature, isopower 
temperatures (at 10 and 20 kW/m) fuel temperature time 
constant and internal pressure of a BWR-type rod up to 27 
MWd/kgUO? Uprating at 14 MWdlkgU02 caused a rapid 
pressure rise in the rod and a change in its dynamic 
response due to thermal feedback effects. 

Fig. 5. Measured fuel centre temperature, isopower 
temperatures (at 10 and 20 kW/m), and fuel temperature 
time constant on a pre-pressurised PWR-type rod up to 27 
MWdlkgU02. Rather stable fuel thermal beltaviour is 
observed, and only a slight increase in time constant with 
burn-up. 
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MWdlkgUOs with helium and argon gas in the gap. Gas flow rigs allow fill gas and gas 
pressure to be changed in operating rods. 

Following the uprating of the rig to higher power levels, more recent experiments have 
allowed the intermixing of fission products with the plenum gas under conditions of hard 
pellet-clad contact to be studied. Some recent results are given in Fig. 7 where the diffusion 
model calculations have been fitted to the observed drop in temperature during irradiation 
with fission gas release. For this case the gap size is very small and the diffusion fitting 
required a further increase in the tortuosity of the gas flow path making it equal to ten 
times the geometric distances within the rod. This result again suggests that the gap 
contamination will continue to affect the thermal performance of a fuel rod for long periods, 
and that a model to account for the gas composition of the gap should consider factors such 
as gap size (giving increased diffusion paths) and gas held in closed volumes, as well as 
pressure driven flows. 

Fig. 8 shows both large temperature increases due to fission gas contamination of the gap, 
and the temperature drop that was achieved by flushing the rod with helium at low power 
(at 24.9 MWd/kgU02) Further flushing at 26.1 MWd/kgUOz did not reduce the 
temperature and this is believed to be due to closed pockets of gas along the rod. Similar 
behaviour was seen for annular pellet rods but with some improved radial mixing. 
Experiments show that gas intermixing rate is reduced with increasing gas pressure 
consistent with theory. Gas pressure equilisation inside rods occurs relatively rapid (within 
a few minutes) and is promoted by small power decreases which improve axial gas 
communication with plena. Released fission gases tend to collect in the gap and the 
diffusive mixing with helium in the plenum is a slow process which may take many days or 
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even weeks to complete, in particular in long rods. The heat transfer within fuel rods and 
hence fission gas release are strongly affected by this reduced rate or lack of gas mixing in 
the fuel-cladding gap. 

3. FISSION GAS RELEASE 

Fission gas release has a profound influence on fuel rod thermal response, mechanical 
state, rod internal chemistry and PCI-failure propensity during normal irradiation, as well 
as having safety-related consequences in accident situations. 

The ongoing activities at the Halden Project include investigations of the effect of fuel 
parameters on gas retention in the fuel matrix, temperature and exposure dependence, 
release mechanisms and their relative contribution over time, pressure equilisation and gas 
intermixing within fuel rods, and release k netics under transient and cyclic operation 
modes (see next chapter 4V 

Fission gas release data are obtained from fuel rod bellows transducers in use for 
continuous monitoring of rod pressure changes during operation, gamma ray measurements 
of release-to-birth ratio for short and long-lived isotopes and post-irradiation examinations. 
A re-instrumentation technique has been developed which allows new pressure sensors to 
be attached to pre-irradiated LWR segments for continuous measure.r.^ats during testing. 

Continuous monitoring of rod internal pressure allows detaileu studies of fast release 
phenomena or release kinetics during short- and long-term power changes. An example is 
provided in Fig. 9, which shows lime-dependent release during a period of five days of a 50 
cm long BWR-type rod subjected to both gradual power increases and brief rating 
reductions. The rod was re-instrumented (with bellows transducers and cladding 
extensometers) at a burn-up of 45 MWcVkgVJ02, which was largely accumulated below 30-32 
kW'm. Power reductions from steady operation at 42 kW/m produce pronounced release due 
to improved gas communication inside the rod, and a gradual increase to ratings > 50 
kW/m results in a fuither rise in roc' pressure which lasted for weeks (not shown in the 
figure). 

Fig. 10 shows in-pile pressure data from two PWR-type rods irradiated to about 40 
MWdTsgUO.,. The two rods had different gases, were re-instrumented at about 26 
MWd'"kgU02 and subsequently used to study the effect of periodic load follow operation on 
fission gas release with rating changes within the range 25-40 kW/m. A planned power 
increase to 46-47 kW.'m of duration less than one hour caused burst releases of 1.5 and 
0.8^, the largest value being found in the rod with the larger gap. High operating 
temperatures and less restraint aTe thought to be vhe m?in causes of this difterence in fast 
release behaviour, which is an important aspect of fission gas release in the extended 
bum-up range where rod overpressure operation may be a concern. 
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Fig. 10. Measurements of gas release behaviour in two re-instrumented PWR-type rods 
subjected to short-term power excursions from 40 to 47 kWIm at a burn-up of about 40 
MWdlkgUO? 

4. FUEL BEHAVIOUR DURING LOAD FCLiAW OPERATION 

The accumulated experience and analytical studies on load follow behaviour show no 
adverse influence on fuel behaviour and no effect on fuel defect occurrence by this type of 
operation. Long term effects are, however, not clarified and mechanistic studies with in-pile 
measurements of pellet-cladding interaction and fission gas release are needed for a better 
understanding/characterisation of phenomena involved and evolution with time/bum-up. 

The experimental equipment in use at the HBWR makes it possible to conduct fuel 
performance investigations over a wide range of operating conditions. Cyclic load changes 
are provided through the use of He-3 coils or absorber shields which affect the local 

145 neutron flux, and thus rod power. Daily load follow operation schemes, frequent power 

changes of smaller amplitudes (AFC-operation) as well as rapid and brief power excursion! 
have been investigated. Emphasis has been placed on measurement! of fusion gas release 
and dimensional changes. 

Fig. 11 shows heat rate and release history of one re-instrumented PWR-rod in the burn-up 
range 26-38 MWdVkgU02. After base irradiation to 26 MWd/kgU02 at low rating (with no 
gas release), the rod was ramped to about 40 kW/m and kept at this power for about two 
months in early 1988. Since then the rod has been subjected to 8 series of power cycling 
operations at or below 40 kW/m. A delay is observed between the start of high power 
operation and the onset of release and no enhancement of gas release was measured due to 
the load follow operation. A companion rod with larger gap showed a shorter release delay 
and higher release fractions during the same time period. 
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Fig. 11. Heat rate and release history of one 
re-instrumented PWR-type rod in the burn-up range 25-38 
MWdlkgU02. The rod was subjected to eight series of load 
cycling operation periods at various power levels below 40 
kWIm. No enhancement of gas release was observed due to 
the power cycling. 

Fig. 12 displays profilometry data from a small gap (60 urn) BWR-type rod subjected to 
daily load follow operation for one week between 25 and 40 kW/m at about 34 MV/aVkgUO^ 
The signals from the diameter gauge were converted to engineering units by means of 
precise calibration steps on the rod end plugs. Strong interaction effects were registered 
during the load follow period. Cyclic power changes between 25 and 40 kW/m continued to 
produce cladding mean diameter changes of 14-16 urn. Seme strain relaxation occurred 
during the first few duys, but significant cladding stress and strain rates were repeatedly 
imposed on the cladding during the entire cycling period. Similar stress/strain amplitudes 
were measured in both the radial and axial direction. 
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Fig. 12. Diameter profile measurements on a small gap (70 \xm) BWR-type rod 
(containing chamfered pellets) during load follow operation at a burn-up of 34 
MWd/ltgUOj. Hot-stand-by (HSB) measurements are also shown. Cyclic power variations 
between 25 and 40 kW/m produced repeatedly mean cladding diameter changes of 14-16 
\un. or 0.10 - 0.12% per 10 AW/m. 

5. SUMMARY 

Through the years the experimental work conducted at the Halden Reactor Project has 
contributed significantly to the understanding of fuel rod behaviour during operation. The 
in-reactor measurement capabilities at Halden, including the development of fuel rod 
re-instrumentation techniques, have provided insight into interactive phenomena that can 
affect the fuel rod thermal and mechanical performance over a wide range of operating 
conditions in the high bum-up range. 

The paper has shown some recent measurements in the area of steady-state and dynamic 
thermal behaviour of fuel rods, gas mixing in the pellet-clad gap, gas release in response to 
power variations and fuel performance trends under cyclic load changes. 
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IMPROVED PCI AND FGR PERFORMANCE 
OF LWR FUEL USING RIFLED CLADDING 

H. MOGARD, N. KJAER-PEDERSEN 
Studsvik Nuclear, 
Nykoping, Sweden 

Abstract 

A long term in-house R&D program, structured to test and evaluate 
the "rifled" clad fuel concept has been successfully concluded at Studsvik. 
The objective of the program was to modify and optimize the fuel pellet/clad 
gap configuration to attain improved fuel performance within critical areas 
like PCI and FGR. The approach chosen was to modify the pellet/clad gap 
configuration by modestly undulating, "rifling", the bore of the cladding 
tube. The program was concluded by a number of irradiation tests at the 
burnup level of 20 MWd/kgU using BWR 8x8 type fuel. The objective of the 
program has been successfully fulfilled. An improved PCI failure resistance 
has been attained, but not, however, precisely quantified. Also substantial 
improvements in the FGR behavior under varying operational conditions have 
been indicated. Fuel code analyses support the experimental findings. 
Local enhancement of gap fission gas concentration due to athermal gas 
release accumulating at high burnup, or due to stochastic flow restrictions 
at low and intermediate burnup (BWRs in particular) is expected to be reduced 
by the rifled cladding design, which wil" lead to reduced overall fission gas 
release. The fuel design also favours cladding stress equalisation due to the 
ability of the fuel-cladding interface to suppress high localised tangential 
forces. This behaviour tends to suppress the PCI failure initiation and 
progression. The post failure ingress of water/steam will be rapid and 
inhibits further PCI/SCC initiation and propagation. As a side issue of the 
program the remedy effect of graphite coated pellets was investigated. No 
failures were experienced under the extreme ramp tests conditions applied and 
the acccmpaning FGR became modest. A mechanistic explanation of the improved 
lailure performance is suggested. 

INTRODUCTION 

A long term in-house KSD program, structured to test and evaluate 
the Rifled Clad Fuel Concept, has recently been concluded at Studsvik. The 
objective of the program was to modify, optimize and test the pellet/clad gap 
com'iguration to attain improved fuel performance within critical areas like 
i'C- and FGR. The results obtained strongly indicate that substantial and 
rp._:_tic improvements in fuel performance will be gained by a very slight 
r-vdif teat ion of *ho geometry of the cylindrical inside surface of the clad
ding i e by modestly undulating, "rifling", the bore. The initial phase of 
T.J •-• SiC ; roa.-.-r' concentrated on the task of optimizing the clad bore 
-':'.: .â ;-!-* on v.;: to develop the tube manufacturing process. [1] 

Since then a long series of consecutive irradiation tests have been 
executed at the R2 Reactor using BWR 8x8 type fuel. The test data and suppor
ting modeling results have successively been reported over the years (2] (3) 
14] 15] [6] [7] |8]. 

As reported to the IAEA Fuel Symposium in Stockholm in 1986 [2] 
significant improvements in PCI and FGR performance were already indicated at 
the first target fuel burnup of 10 MWd/kgU. Encouraged by these positive 
findings the base irradiations in R2 were extended to 20 MWd/kgU in order to 
check if the indicated improvements were still apparent. In fact, this seems 
to be the case and other improvements have surfaced. However, it is always 
questionable whether irradiations performed in a small test reactor like R2 
with its varying power and frequent shut-downs properly reflect the fuel 
operating conditions of a power reactor. In particular, full length rods, 
where phenomena like deconditioning and thermal feed back effects may show 
up, cannot easily be tested or properly simulated in a test reactor, nor can 
a sufficient number of test fuel rods be irradiated simultaneously. 
Therefore, Studsvik welcomes the initiative taken by ABB Atom and the Swedish 
State Power Board to incorporate rifled clad fuel foi verification 
irradiation in a Swedish BWR. 

This paper presents briefly results from the recent irradiation 
testing at 20 MWd/kgU and also some concurrent modeling anlysis. It also 
attempts to evaluate the information obtained, in particular as regards its 
implications to high duty and high burnup fuel operation. 

2. DESIGN CONCEPT 

The rifled clad design is characterized by the inner surface of the 
cladding tube being prismatic rather than cylindrical. The optimum number of 
faces of the bore surface is about 40 for a BWR 8x8 fuel rod. The schematic 
of Figure 1 illustrates a cross section of the pellet/clad interface. Under 
conditions of pellet/clad mechanical interaction (PCM) this particular 
configuration induces a quite uniform strain pattern in the clad wal) 
avoiding large local stress concentrations to build up in contrast to the 
case of a regular cladding, see Figure 2. 

The design concept also specifies the fuel pellets to be chamfered 
at both end faces. The triangular channels within the interface extend 
axially along the fuel pellet stack and tend to form a connected grid with 
the toroid-shaped volumes around the chamfered pellet end faces. This parti
cular geometry provides optimal conditions for fission gas mixing and migra
tion within the fuel rod by ensuring pressure equilibrium of the contained 
gas throughout the rod free volume, even under intense PCMI conditions, see 
Figure 3. To illustrate the perceived specific performance of the rifled clad 
fuel some different cases of fuel operation that involve release of various 
amounts of FG will be briefly described below. 

2.1 FGR under Steady Fuel Power Operation 

Under steady power operation stagnant gas conditions prevail in the 
fuel clad gap space. Any gradients of FG concentration that happen to be 
retained within the gap tend to become progressively diluted through 
diffusional mixing with the He filler gas. However this axial mixing is known 



148 Table 1 

Nominal Data of Test Fuel Rods 

Rod length, mm 
Cladding outer diameter, ran 
Cladding wall thickness, mm 
Enr. fuel stack length, mm 
Plenum chamber length, mm 
Fuel/clad diametral gap, mm (opposite ribs) 
Cladding mat 
Helium till gas pressure, MPa 
UO powder , 
Pellet density, g/cm 
Pellet diameter, mm 
Pellet length, mm 
Pellet chamfer (rad x ax) mm 
Pellet L/D 

Specific Fuel Design Data 
Rod designation 1PG1 
Rifled cladding yes 
Fill gas He 
Graphite coating, um 5 
3 Test Irradiation 

Rod design 1PG1 1PG1 
Test no 2041 2041 

Base irrad 
- LHGR mean, kW/m 28.5 27.8 
- Burn up, HWd/kgU 13.0 20.8 

Ramp irrad 
- Cond power kW/m As for me< 
- Cond time, hrs 24 6 
- Ramp rate, W/cm rain 3000 3000 
- Ramp term level, kW/m 58.3 51.5 
- F/NF NF NF 
- Time to F/NF min 720 720 

4 Post Irrad Examination 
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Very shallow, axially extending channels are 
formed in the space between pellets and cladding. 

Fig. 1 Schematic Cross Sections of Rifled Clad Fuel 

Prismatic bore Circular cylindric bore 
of rifled cladding of regular cladding 

Fig. 2 Schematic Clad Strain Patterns 
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Rifled Cladding provides an 
interconnected channel system for 
efficient, internal gas communication 
through flow and diffusion. 

At time: 
«1 «2 

Regular Cladding 
provides restrictions to gas 
communication. 

Fig. 3 Conceptual View of the Axial Migration 
of Released Fission Gas 

to be a very slow process. In the conventional fuel design the mixing process 
tends to slow down with increasing burnup as the gap tightens up, in fact, it 
may slow down drastically i e by orders of magnitude. The impaired axial 
diffusional mixing referred to here, has been recognized and extensively 
studied during the last few years at the OECD Halden Reactor Project [9]. The 
diffusion paths through the fuel column of pellet fragments are envisaged to 
become more and more tortuous, narrow and long with increasing burnup. In 
contrast the rifled cladding provides numerous, straight and nonconstrained 
axial gas communication channels along the fuel column for the axial diffu
sion process. Thus the rifled cladding should maintain its diffusional mixing 
capacity as long as the communication channels remain open and counteract the 
FG accumulation in the pellet/clad gap e.g caused by the athermal gas release 
at high burnup. 

2.2 FGR Under Power Ramp Operation 
Following, for example, a power ramp that causes FGR, the 

interconnected gas channel system will permit the released FG volume to 
expand instantaneously and flow without resistance or pressure build-up 
towards the plenum. Some mixing with the helium in the gap space will take 
place. However, only a minor intrusion of the flowing FG into the void 

volumes of the pellet stack that is being passed, is likely to occur. Hence 
the tendency for a critical temperature rise and a thermal feed back effect 
will be suppressed. The resulting FGR will be moderated. 

Under similar FGR conditions the regular fuel design will respond 
guite differently i.e. the axial gas flow resistance will cause the FG to be 
effectively retained at the point of release under a local pressure build-up. 
The heat transfer will be impaired, the fuel temperature will rise, and more 
FG will be released. This thermal feed back effect will progress to the 
neighboring fuel pellets at the slow rate of the axial diffusion process. The 
FGR will be raised high. 

3.0 IRRADIATION TESTING 

The R&D program included the following main objectives for the 
irradiation testing at 20 KWd/kgu. 

To locate the PCI failure threshold by power ramp testing and 
identify associated phenomena specific to the rifled clad fuel. 

To determine the FGR under various operating and power transient 
conditions and identify associated phenomena specific to the rifled 
clad fuel. 

To study the PCI remedy effect under severe power transient condi
tions by the specific use of rifled cladding and identify possible 
remedy mechanisms. 

3.1 Test Fuel Data 

Table I summarizes the main design and irradiation data for the fuel 
tested at 20 HWd/kgU. Corresponding data for the fuel tested at 10 MWd/kgU 
have been published earlier as also information on clad tube manufacturing 
and test fuel fabrication [3]. 

3.2 Power Ramp Testing 

3.2.1 PCI Failure Resistance 

As reported earlier [3] the incremental PCI/SCC failure resistance seems to 
exceed 25 kW/m at the lower burnup level of 10 MWd/kgU, see Figure 4. A ramp 
terminal level of not less than 50 kW/m was then reached without failure. The 
single reference (regular type) rod included, which failed on a similar 
ramping, appears to reach an incremental failure resistance of about 20 KW/m 
as indicated by the axial distribution of incipient PCI/SCC cracks down the 
power gradient. An improvement of at leapt 5 kW/m is indicated, see Figure 4. 
According to Studsvik experience the power level of the lowest axially 
positioned crack as found by hot cell examination roughly defines the 
location of the PCI failure threshold. Thus, an improvment of at least 5 
KW/m infailure resistance is indicated by the rifled clad fuel rod at 10 
MWd/kg U. 

The argon/helium filled rifled clad test rod (see Figure 4) that 
failed after a larger ramp step of 30 kW/m does 
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not exhibit a similar wide axial distribution of incipient cracks, thus 
indicating a substantially higher failure threshold. However, this 
conclusion assumes that the axial penetration of water/steam in both cases is 
more and less instant aneous and as a consequence acting to prevent further 
PCI/SCC crack initiation. This assumption appears strict valid to the rifled 
clad fuel, however, it is more questionable to the reference fuel design, 
where the axial flow of steam might well became effectively delayed. If this 
hypothesis proves to be correct the PCI/SCC damage should be less widespredd 
in rifled fuel than in conventional type fuel, 

A cross section of a rifled clad fuel rod peak ramped to 50 kW/m at 
10 MWd/kgU is shown in Figure 5.1. The rifled clad bore configuration is 
barely visible at this magnification. The crack pattern formed attracks 
particular interest, because it may effect the fuel rod ramp behaviour. Two 
crack systems appear, one comprising some 10 wide cracks extending radially 
about half-way into the fuel structure, and one comprising about 20 tight 
cracks extending radially only about half that distance. The cracks of the 
first system is likely to be preramp existent or formed early during 
upramping, while the second type cracks likely formed during the final part 

of the upramping. A closer examination of the latter ones reveals that they 
preferentially initiate at the pellet surface in the transition aone between 
contact and no contact of the interacting pellet and cladding. The PCMI 
induced tensile stresses in the fuel pellet reach at these positions peak 
values and tend to fracture the pellet, thus relaxing the tensile hoop 
stresses in the cladding. The specific crack pattern of the rifled clad fuel 
with its wider circumferential separation of the predominant periferal fuel 
fragments, may also facilitate to transmit the compressive forces of the 
strained cladding more effectively onto the soft center part of the fuel 
pellet, thereby acting to further increase the FG retaining hydrostatic 
pressure. 

Turning to the ramp testing performed at 20 HWd/kgU (Figure 4) it is 
seen that the incremental PCI failure resistance decreases, to about 20 kW/m 
with no failure at the ramp terminal level of about 44 kW/m. Regretfully no 
reference fuel test data are available. A comparison with the Inter-Ramp and 
Super-Ramp data indicates an improvement in ramp resistance of about 6 kW/m. 
However, it is questionable to assign too much value to such a comparison as 
the test fuel and base irradiation conditions art- widely different. The 
Inter-Ramp data are probably best suited for a comparision, because the fuel 
dimensions and the base irradiation schemes and axial power profiles during 
base irradiation in R2 are fairly similar. However, earlier Studsvik tests 
[10] suggest that the data of the Inter-Ramp fuel, that was base irradiated 
in a cyclic high power scheme, which actually caused some fuel conditioning, 
are not fully representative for a direct comparision with the current fuel, 
which in contrast, operated in a fairly steady, low power scheme. The 
Inter-Ramp failure threshold there produced is probably on the high side by 
some 3 kW/m compared to the case if the base irradiation had proceeded at 
steady power. The inferred improvement in failure resistance by the rifled 
clad design should then amount to some 7-9 kW/m. 

The experimental ramp test results indicate that the clad stresses 
tend to relax substantially in rifled clad fuel, see Figure 4 again. Rod 
2043, for example, that was ramped to the terminal power level of 44 kW/m, 
did not fail (by through-wall cracking) until some 4 hrs of constant power 
holding. Evidently the SCC cracks initiated more or less promptly during its 
upramping. The further crack propagation then slowed down under decreasing 
cladding stress. Another test fuel (marked as a half-filled square) at 
10 MwD/kgU failed after about half an hour but did not leak during the 24 hrs 
holding, thus again indicating an effective stress relaxation process to be 
in operation. 

The graph of Figure 6 presents the test scheme of rod 2046 that was 
ramped in a staircase mode to 45 kW/m. A constant rate of clad shortening 
seems to persist during the long holding of 12 hrs, indicating a substantial 
fuel creeping under axial clad stress relaxation. 

With reference again to the hot cell examinations the micrograph of 
Figure 5.2 evinces that the pellet/clad interface remains fully intact at the 
higher burnup level following a power ramp to 45 kW/m and 12 hrs hold. At the 
pellet/clad contact positions some clad oxidation about 10 urn thick takes 
place. The formation of oxide layers of this kind in LWR fuel may hava an 
occasional bonding effect and probably lowers the PCI failure resistance. 



F i g . 5 .1 
Rifled Clad Fuel (Rod 2042) 
Ramped 25 to 50 kW/m at 10 MWd/kg U 
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F i g . 5 . 2 
Pellet/Cladd 
Interface 
at 20 MWd/kg U 
(Rod 2046) 
(x 100) 

F i g . 5 . 3 
Clad Oxidiation 
at contact position 
at 20 MWd/kg U. 
(Rod 2046) 
(x 1000) 

F i g . 5 . 4 
No Clad Oxidation 
at Contact Position 
with Graphite 
Coated Pellets 
at 20 MWd/kg U 
(Rod 2049) 
(x 1000) 
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Fig. 6 Chart Recording of Stair-Case Power Ramp 
Incorporating PCMI Coherence Measurements 
by Power Noise Analysis 

A general problem in any power ramp testing program where, for 
instance, best possible modelling data are requested, is at what power level 
does significant PCJU develope. What is the effect of "preconditioning" and 
what is the degree of PCMI before, and after any ramp or bump event? In this 
program where the base irradiation at R2 took place over a couple of years 
with about 40 intermediate shut-downs and at some irregular heat ratings, 
'his problem becomes accentuated, see Figure 7. A power noise analysis 
technique, developed at Studsvik may clarify the problem (11]. It is an on 
line, non-intrusive method to measure the pellet/clad coherence at selected 
fuel power levels. The experience so far obtained indicates that the PCMI 
conditions at power of the test fuel rods as "delivered" may vary and seem to 
correlate with the power ramp failure propensity. A few measurements from the 
current program are included in the graphs of Figure 8. The coherence of PCMI 
varies with the frequency of the power noise. The coherence factor is defined 
by the area of coherence in the range 0 to 1 Hz. A closer study of the graphs 
reveals that the coherence factor increases with burnup during the base 
irradiation and reaches its maximum value at the ramp terminal level. The 
extremely high value of 0.99 is recorded for the reference rod (2044) at 
53.6 kw/m and i0 Mwd/kgU. This might mean that this rod had been ramped too 
much above its true PCI failure threshold. From the experience so far 
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Fig . 7 Scheme of R2 Base I r r a d i a t i o n of Test Fuel 
in BOCA Rig up to 20 MWd/kg u Incorporat ing 
more than 40 Shut-Downs for Refue l ing (Rod 2046) 

accumulated i t i s s t i l l not clear, however, i f an irregular base power 
irradiation scheme would introduce more PC4I than a regular one, though other 
circumstances seem to point in that direction e.g. elongation measurement* on 
stepwise power uprampings. 

3.3 Fission Gas Release 

The fuel thermal time constants ara important fuel performance 
parameters. The time constant of the surface heat flux is one such parameter 
which effectively reflects e.g. the tendency of the fuel rod to undergo a 
thermal feed back process following a modest FGR on upramping. The power 
noise analysis technique was used in this program to investigate the response 
of the rifled clad fuel to a FGR burst on upramping to 42 ktf/m. Tha irradia
tion scheme and tha results are presented in Figure 9. For comparision 
results from similar tests on regular fuel are included. However, they 
represent higher burnup* and are ramped to a power laval about 2 kW higher. 
Tha lattar fuels ara clearly responding with a significat increase in thermal 
constant indicating a thermal feed back effect. The rifled clad fuel behave* 
differently, it seams only to reflect the increase in fuel temperature but no 
thermal feed back effect. The subsequent FG puncture measurement of only 
1.* % FGR confirms that only a modest release of FG had occured. 
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The FGR behavior of the rifled clad fuel accompaning the power 
rampings to various high power levels as just described is illustrated in 
Figure 10• For comparision also Inter-Ramp data are included. It should be 
recalled that the Inter-Ramp BWR type fuel was similar in general design but 
differed in certain aspects (ADU oxide powder and dished pellets). 

Apparrently a very low FGR behaviour is indicated both at 10 and 
20 MWd/kgU of fuel burnup. Surprisingly also a low FGR respond to the very 
high power ramp events terminating at 58 kW/m is indicated. The power ramp at 
20 MWd/kgU involved a reramp operation of a test fuel (with graphite coated 
pellets) which had earlier been ramped to the same high power level at 
10 KWd/kglt, see inserted reramp scheme in Figure 4. 

The data points are few but seem to form a set that reflects a 
consistent behaviour in FGR of the rifled clad fuel. The mechanism involved 
is uncertain, but current ideas are that the FGR in the low power range is 
controlled by the mechanism which suppresses the thermal feed back effect 
while the mechanism in the high power range may involve an influence of the 
more evenly distributed compressive clad forces on the soft fuel ~>ellets 
significantly influencing the ability of the grain boundaries to retain the 
FG within the fuel structure. Also, significant clad shortening during the 
holding has been observed, while no residual clad diameter expansion of 
measurable magnitudes (<5 urn) could be measured for the fuel rods in the 
graph which released 1.6 and 2.6 % FG after 12 hrs holding respectively. 
However, slight signs of dish filling were observed at the peak power posi
tions by neutronradiography. This indicated that the fuel pellet easily 
deformed by creep. 
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3.4 Post Failure Performance 

The PCI failure event for the rifled clad fuel differs from that of 
conventional fuel. Typically fast ingress of wa'cer/steam takes place, see 
Figure 11. The sharp peak in the chart recording of the clad elongation marks 
an instantaneous respond to the inflow of steam causing a sudden loss of heat 
conduction within the fuel rod that lasts for some 50 seconds in this particu
lar case. Then, the clad elongation drops steeply as for the failure event in 
conventional fuel designs. The sharp peak response that is specific: to the 
rifled cladding reflects very likely a fast running steam flow along the 
rifled bore of the cladding. The fuel rod heat transfer decreases for some 
50 seconds. As an effect, earlier mentioned, the initiation and propagation 
of additional PCI cracks will be prevented from occuring due to thE> fast and 
wide spread inflow of water. Moreover, it seems likely that the post failure 
hydriding process that normally initiates and progresses under longterm power 
operation, will be suppressed. This is because the partial pressure of H_0 
will be maintained at a high level and the partial pressure of H_ at a low 
level, due to the nonconstrained axial gas communication in rifled clad fuel[12]. 

3.5 Graphite Coated Fuel Pellets 

As a side issue in the R&D program some testing of rifled clad fuel 
with graphite coated pellets was included. As is known, the beneficial effect 
of graphite as a coating on cladding or pellets has been proven and utilized 
for decades. In LWR fuel no consistency in its effectiveness as a PCI/SCC 
remedy has been demonstrated, but a potential for substantial improvements in 
power ramp failure resistance has been indicated. 
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In this program another approach was taken. It was based on the 
understanding that the remedy effect of graphite to some extent also relates 
to its capacity to act as a source of CO in the presence at UO fuel at high 
temperature. CO will decompose at lower temperatures and precipitate carbon 
on cooler surfaces forming CO which again reacts with graphite to form CO in 
a cyclic process. In this way a continous selfsupporting process of carbon 
precipitation on the cooler cladding surfaces might become operative. The 
carbon precipitate is likely to be chemically very reactive and acts as a 
getter of released fission products. The rifled cladding will provide a sort 
of distribution system for the CO/CO., mixture throughout the operation to 
high burr.up and continuously restore'and activate the carbon precipitate on 
the clad inner surfaces. 

The exper'rental results, tnough few in number, seem to confirm that 
the remedy action of the CO = CO^ + C process really works, see Figure 10. In 
fact the rarr.p performance achieved appears outstanding. Figure 5.4 shows that 
the graphite "coating" is no longer intact. No oxidation layer has formed on 
tfco Zircaloy cladding at the contact position. The coherence measurement 
(Figure 8) also indicates a very low PCMI coherence which is an advantage in 
itself in fuel performance in general and might remain up to high fuel 
burnups. 

4 ANALYTICAL STUDIES 

•I. 1 Mechanical Calculations 

155 

Comparative studies of the circumferential distribution of the 
cladding hoop stress for BVfR 8x8 fuel rods of both regular and rifled 
cladding design, have been carried out in detail, using the two-dimensional 
finite element code FREY.01 [13J. These analyses were carried out in an r-e 
geometry, based on several grid models [14]. 
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Fig. 12 Circumferential Distribution of the 
Cladding Hoop Stress According to the 
FREY 0.1 code Analysis 

The test case analyzed was a fast ramp increase to 50 kw/m at 
20 MWd/kgU, with a generous hold time. 

The basic assumption was made that ten radial fuel cracks normally 
form around the perifery of the pellet. This is justified from post irradia
tion experience. Therefore an 10° wedge of the rod cross-section was chosen 
for the analyses, a radial crack assumed at. one radial boundary of the wedge, 
extending 40 % into the pellet. This effectively represents a 36° wedge with 
a crack in the middle. 

For the regular design, the wedge was subdivided into an angular 
mesh of 12 nodes, with 5 radial nodes in the fuel, three in the cladding. 

For this case, the angular distribution of the calculated hoop 
stress is shown by the dashed curve in Figure 12, where the 18° position is 
the location of the crack. It is clearly seen how the stress has its maximum 
in front of the crack, then falls off to a minimum at the roid-pellet posi
tion. 

For the rifled design, two hypotheses were tested: the one-crack 
model and the two-crack model: 

In the one-crack model, it is assumed that the cracking pattern is 
similar to that assumed for the regular design, with the radial cracks 
forming at a fuel-cladding contact position. Since for the 8x8 rifled design 
each prismatic face subtends a 9° angle, the contact and non-contact points 
are located as shown by the legend of Figure 12 (solid curve). Because the 
rifled cladding provides less contact area for tangential friction, the 
maximum hoop stress (at the crack position) is seen to be significantly lower 
than for the regular design. 



In the two-crack model, it is assumed that the cracking pattern is 
such that cracks may be present not only at the contact positions, but also 
at the non-contact positions. It is then left to the analysis to show which 
cracks are preferentially opened during the overpower event. 

Wi^h these assumptions ti._ cotted curve of Figure 12 was obtained 
for the two-crack model. It is seen that the angular distribution of the hoop 
stress is now almost constant, indicating that the fuel cracks at the 
non-contact Dositions ha"e assumed a Tiajor portion of the total cracking 
strain, so that high local concentrations of cladding strain could be avoided 

The total suppression of the hoop stress in the two-crack model, 
relative to the regular design, is about 35 percent, which is in quantitative 
agreement with the observed increase in overpower to failure that has been 
observed for rifled cladding rods. t\. -thermore, the cracking pattern showing 
opening radial fuel cracks between the fuel-cladding contact locations is 
consistent with post irradiation observations for rifled cladding rods (see 
Figure 5.1). 

Thus, the two-crack model appears to provide the best approximation 
to reality. 

From the FREY-01 finite element calculations it may therefore be concluded 
that the most likely explanation of the improved PCMI performance of the 
rifled cladding is that the continuous tangential friction between fuel and 
cladding presumed to exist in regular design fuel rods, is broken up in the 
rifled cladding design by the existence of the non-contact areas. At these 
positions, fuel cracks may freely open without having to impose significant 
local straining of the inner cladding surface. In fact, additional fuel 
cracks are likely to form at these locations after general gap closure, 
because of the inability of the fuel -o sustain the significant tensile 
stresses that would otherwise tend to arise in the absence of local 
fuel-cladding contact. 

4.2 Gas Release Calculations 

The INTERPIN code [15] has been used to analyse the fission gas 
release behavior of rifled cladding fuel rods [16]. 

INTERPIN recognizes the existence of a permanent open space within 
the triangular axial ducts and the toroid-shaped volumes connected with the 
pellet end chamfers. This space provides an insuppressible volume for the 
locally released fission gases, even after general gap closure. This tends to 
keep down the local fission gas concentrations after a burst of gas release, 
thus counteracting thermal feedback. Also, local gas concentration gradients 
are gradually eliminated by classical diffusion of the components into each 
other. 

Furthermore, the insuppressible volume provides a permanently open, 
interconnected grid that ensures a clear connection from every point of the 
fuel surface to the rod plenum, i e, prevents the existence of local, axial 
pressure gradients. This way the absolute amount of gas that may be locally 
stored is reduced, which forces gap conmunication between the local gap 

volumes and the plenum. Thus, as the gap varies with varying heat rating, a 
pumping mechanism is effective in moving gas axially in and out of the gap 
volume. Moreover, the gas tends to move preferentially in the peripheral 
space formed by the interconnected grid, without immediately accessing the 
internal cracking volumes of the pellets. 

Based on the modeling of the described concepts above, it has been 
possible in a number of cases to explain in terms of reduced thermal feedback 
the experimental fact that the gas release from rifled cladding fuel rods is 
significantly reduced relative to regular design rods. 

However, these concepts have not in all cases been successful in 
explaining the low gas release. The reason for this is the fact that, even 
though the gas mixture may be moved through the gap bv the pumping mechanism, 
this doesn't always lead to gas dilution in the heavy component, and even 
though t.e classical diffusion process is active, it may not be fast enough 
to prevent local thermal feedback. 

The most recent analyses (17) have indicated that the consideration 
of still another mechanism is necessary to explain the rifled cladding design 
gas release characteristics. This mechanism relates to the distribution of 
local compressive stresses within the fuel pellet. 

The INTERPIN gas release model is sensitive to the size distribution 
of the fuel grains. Most fuel types have a constant grain structure across 
the cross-section, but even so, some variability of the grain size normally 
exists at any radial location. A larger variability is linked to larger gas 
release. This concept is based on the assumption that local stress peaks can 
affect the grain boundaries, decreasing their gas retention capacity, and 
more so if the grain structure is irregular. However, if the local stress 
peaks are reduced, this mechanism is less effective. For the rifled cladding 
design, the conclusion from the finite element analyses has been that the 
stress pattern throughout the cross-section is indeed more even than for 
regular designs, i e without jignificant local stress peaks. This, then, 
suggests that the effect of the rifled cladding is equivalent to a reduced 
variability in the grain structure, effectively causing a reduction in gas 
release. The magnitude of this effect may depend on the grain size variabil
ity that actually exists in the fuel. In INTERPIN, this factor is given as an 
input, typical of the fuel manufacturing process. 

By properly including in INTERPIN the above described effect of the compres
sive stress distribution in the pellet, a satisfactory theoretical represen
tation of the gas release reduction observed for rifled cladding han been 
made possible. 

5 DISCUSSION 

5.1 General 
The interpretation of irradiation test data, that take years and 

costly efforts to obtain and are by necessity few in numbers, presents a 
challenge. The risk of favouring preconceptions obviously exists in such 
cas«?s including this one. However, along with the steady accumulation of 



other data and experience in fuel irradiation testing this risk tends to 
be minimized. In this particular case the parallel execution of a large 
number of other irradiation programs, international and domestic, have 
greatly widened the base of experience. In total some 30 irradiation tests 
related to this rifled cladding R&D program have been performed, while as a 
whole more than 1600 irradiation tests have been executed over the years at 
Studsvik. 

5.2 Objectives 

The most important observation supporting the general conclusion, 
that an optimization of the pellet/gap configuration as here presented, 
offers unique improvements, resides in the consistency of logical interdepen
dence between the areas of performance improvements concerned. For example, 
the mechanical behaviour of the fuel rod system reflects itself in the 
thermal and fission gas releese behaviour. The axial gas migration and the 
clad stress relaxation capacity are reflected in the retardation of the 
PCI/SCC failure and post failure events. Thus the objectives of the R&D 
program seem to be fully met and concurrently additional information of great 
significance has been gained. 

5.3 Specific Comments 

Regretfully the test data related to the PCI failure resistance 
cannot be firmly evaluated with confidence due to the lack of a sufficient 
number of reference data. However, the potential for significant improvements 
seems adequately demonstrated and is supported by analysis using the well 
established FREY code. The possible interference of the specific R2 irradia
tion scheme complicates the picture. The PCMI coherence measurements indicate 
a negative effect of the pellet/clad surface oxidation at the positions of 
contacts, but still a^ improved performance is indicated. The PCMI coherence 
of the conventionally designed reference rod exhibited an exceptionally high 
value. The PCMI coherence measurement technique needs to ,v further explored 
in fuel irradiation testing in general, because it has the exclusive potential 
of defining the pretest status of PCMI as well as its development during the 
course of the fuel testing. 

5.4 Implication on High Duty and High Burnup Fuel Operation 

The design and performance of the rifled clad fuel seem to have 
specific potential for high duty and high burnup fuel operation. Some of the 
implications have already been commented upon. However, the indicated fuel 
clad potential for uniform stress distribution and stress peak reduction 
deserves special attention. It should have a unique potential for high duty 
cyclic fuel power and load follow operation. Similarly, the FG retaining 
capacity of the rifled clad fuel should find attraction for high burnup fuel 
operation. This latter issue has emerged as one of the more striking findings 
in this program as regards high power operation. However, the rifled clad 
fuel provides additional potential advantages as regards FGR. Two separate 
and perhaps burnout limiting FGR phenomena appearing at normal fuel power 
operation are of special significance. They will be discussed in some detail 
below i.e. the athermal FGR and the stochastic low power induced FGR in BWRs. 

5.4.1 Athermal Gas Release 

For all fuel designs, the gas release may be perceived as consisting 
of two contributions: the thermal and the athermal relase. 

The thermal release depends on many design and operating parameters, 
and this is the term that is beneficially influenced by the rifled cladding 
design: by reducing local thermal feedback and smoothening the compressive 
stress distribution in the pellet, the thermal gas release is reduced for 
rifled cladding fuel rods. 

The athermal gas release depends mainly on the porosity characteris
tics of the fuel and on the burnup, not on the operational mode. The athermal 
release could potentially build up enough fission gas concentration In the 
fuel-cladding gap to cause thermal feedback, i e, trigger the thermal gas 
release mechanism. If, however, the athermal release fraction is kept 
reasonable low, i e, about 0.25 percent, which is true for most modern fuels, 
the fission gas concentration will tend to build up slowly enough for the 
diffusion process to prevent any significant axial concentration gradients. 
Therefore the local fission gas concentration from athermal release may be 
expec*od to stay low enough to not cause thermal feedback for burnup levels 
in exc ss cf about 60 MWd/kgU, i e, the athermal release will not interfere 
with the performance advantages of the rifled cladding, even for high burnup 
operation. 

5.4.2 Stochastic Low Power FGR 
In some cases of boiling water power reactor fuel performance, large 

variations in overall gas release has been observed between rods that had 
very similar nominal power histories. This observation suggests two conclu
sions: 1) that local thermal feedback may happen, possibly due to inadequate 
axial gas mixing, so as to enhance the overall gas release, and 2) that such 
inadequate axial gas mixing may be due to stochastic effects, such as from 
fuel fragment relocation, local gap variation, etc. 

It is believed that the rifled cladding design, due to the presence 
of the insuppressible volume of the interconnected grid, will prove effective 
in counteracting this type of stochasticism in the fission gas release 
behavior. 

6 CONCLUDING REMARKS 

The attempt to modify and optimize the fuel pellet/clad gap for 
improved fuel performance by the rifled clad fuel approach has been 
successful. 

The PCI/SCC failure resistance becomes improved, but the magnitude 
cannot be quantified exactly because of the lack of proper reference 
fuel experiencing the same irradiation history. Modelling analysis 
by the mechanistic finite element code FREY supports the experimen
tal findings. 



Immunity to PCI/SCC failure may result from the use of graphite 
coated pellets. No failures have been experienced on fast power 
upraising to 58 kW/m. 

The FGR behaviour is improved over essentially the whole range of 
fuel power operation i e as regards. 

- Athermal FGR at steady power operation 
- Thermal feed back effects induced by 

- Stochastic FGR at steady fuel power operation 
- Modest FGR at high power operation 

- FGR at over power ramp operation 
- FGR burst following power (excursion) transients. 

As a consequence high duty and high fuel burnup would be attained with lower 
FGR and lower internal FG pressure. 

The integral rifled clad fuel design favours also 
- Uniform clad stress distributio-i 
- Clad peak stress reduction 

At high power operation, during over power rampings, and during high power 
transient conditions. 

The power ramp and power excursion initiated PCI/SCC failure event 
is delayed as regards crack through-wall penetration and onset of 
subsequent fission product out-leakage. The further initiation and 
propagation of incipient cracks stops. Thus the failure event 
becomes better controlled. 

The post failure fuel degradation process by internal hydriding of 
the cladding is also better controlled, probably because the H O 
gets better access to the fuel rod interior than in conventional 
fuel. 
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Abstract 
Investigations of the effects of both thermal-hydraulic conditions and high pH on the 
corrosion rate of Zircaloy-4 are being conducted at the Halden Project by means of an 
in-pile PWR loop, able to produce well-defined and representative water chemistry and 
thermal-hydraulic conditions. In a first experiment, the effects of power cycling between SO 
and 100% power and between one-phase cooling and surface boiling conditions were 
assessed. LWR segments pre-irradiat«d in a Siemens reactor were used for this test. Aftei 
60 power cycles, oxide layer thicknesses were measured and compared with the oxide layer 
of rods operated at constant power. No apparent corrosion enhancement due to the 
power/cooling cycling was found and the measured oxide layer growth was consistent with 
calculated thickness values. In order to determine the effects of high pH on corrosion rate, 
the loop is currently being operated with 4-4.5 ppm lithium (and 1000 ppm boron) in the 
coolant water. The fuel rods are being subjected either to one-phase cooling or to surface 
boiling conditions. After 80 full power days in the test reactor the first interim oxide layeT 
measurements of the rods were performed. No evidence of increased corrosion rates as a 
result of the high lithium concentrations has emerged thus far. 

1. INTRODUCTION 

Under normal operating conditions, the uniform corrosion of PWR Zircaloy-4 cladding 
remains at acceptable levels and does not affect fuel rod performance. However, under the 
operating conditions envisaged for modem plants, such as higher coolant temperatures and 
extended burn-ups, corrosion rate may increase substantially. 

The Halden Project is currently conducting specific corrosion investigations by means of 
in-reactor tests performed in a PWR loop system operating under thermal-hydraulic, water 
chemistry and radiation conditions representative of those prevailing in commercial 
reactors. Both the thermal-hydraulic and water chemistry conditions in the facility may be 
varied such that the separate effects of various operating parameters tan be assessed. The 
main objectives of the two experiments conducted in the facility so far were to 

1) Assess the corrosion performance of Zircaloy cladding when subjected to a load follow 
mode of operation. 

2) Assess the effects of high Li concentrations on the corrosion behaviour of Zircaloy-4 
when exposed either to nucleate boiling or to one-phase cooling conditions 



2. EXPERIMENTAL PROCEDURE 

A schematic representation of the in-pile test rig used in the investigations is shown in Fig. 
1. 

Coolant water enters the rig via two downcomer tubes and flows upwards into two parallel 
coolant channels which have flow cross-sections representative of those found in commercial 
PWRs. Each of the flow channels can accommodate a fuel rod string containing two or 
more fuel rod test segments. In the investigations described in this paper, each string 
contained two pre-irradiated rod segments, referred to as the upper and lower rods, 
respectively. 

By means of suitable combinations of coolant temperature, pressure and flow rate, nucleate 
boiling conditions were achieved for the upper rods located at the peak of the axial neutron 
flux. The lower rods, experiencing lower coolant temperatures and lower neutron flux, were 
subjected to one-phase cooling conditions. 

Since the water chemistry parameters may have an important effect on corrosion 
behaviour, the concentration of chemical species in the circulating coolant was monitored 
regularly and maintained within the ranges specified in Table I. 

Tht fuel rods used in the investigations had been taken from segmented rod assemblies 
fabricated by Siemens and pre-irradiated in commercial power plants. The cladding 
material, which had a pre-existing oxide layer, was thus fully representative of high 
bum-up conditions. 

An eddy current technique [1] was used to measure the oxide layer thickness on the fuel 
rods both before and after irradiation in the test rig. The measurements were performed in 
a specially designed jig which enabled the axial oxide thickness profiles of the rods at 
different angular orientations to be determined. The measured oxide layer thicknesses were 
compared with predicted values based on model calculations. The calculations were 
performed with the EPRI/C-E/KWU correlations derived from PWR power plant corrosion 
data [2,3]. 

3. THE EFFECT OF POWER CYCLING ON CORROSION BEHAVIOUR 

The first series of experiments performed in the PWR test facility were undertaken in order 
to assess the effects of a load follow mode of operation on the corrosion behaviour of 
Zircaloy-4 cladding material. The objective of the test was to verify that periodic changes of 
the power and of the thermal-hydraulic regime did not result in damage of the Zr0 2 

structure and/or in enhanced corrosion. 

As described in the previous section, the upper and lower fuel rod segments were exposed 
to nucleate boiling and one-phase cooling conditions, respectively. Normally, the lower rods 
in the strings are exposed to approximately 60% of the power of the upper rods. In order to 
reduce the neutron flux in the lower rod position to 50%, a silver absorber shield was 
placed around the lower part of the flow channels. 
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The load follow requirement was met by alternately moving one of the two strings between 
the rest position (indicated in Fig. 1) and a lower position. The upper rod in the moveable 
string was thus exposed to periodic changes between full power (and nucleate boiling) and 
50% power (and one-phase cooling). The purpose of the lower rod in the moveable string 
was to maintain similar conditions in the two subchannels. The rods in the second channel 
remained stationary thus enabling corrosion behaviour during load follow and steady-state 
operation to be compared. 

After 60 daily power cycles, the axial oxide thicknesses on the rods were measured and 
compared with the initial thickness profiles and with predicted values (Pigs. 2(a) through 
(d)). 

It is apparent that the increase in oxide layer thickness was greater for the stationary 
upper rod than for the moveable upper rod since the stationary rod was operated at full 
power for the entire test period. The moveable rod, which for half of the time was operated 
at 50% power, exhibited appreciably lower corrosion growth, consistent with expectations. 
Calculations show that existing models applied to the actual temperature/power history of 
the rods can predict the observed oxidation rate in both moveable and stationary rods. 
Thus, no enhancement factors due to power/cooling regime cycling need to be implemented 
in order to explain the experimental observations. 

4. THE EFFECTS OF LITHIUM ON CORROSION BEHAVIOUR 

The effect of high lithium concentrations on the corrosion behaviour of stationary rods (four 
Siemens segments pre-irradiated in a PWR) exposed either to nucleate boiling or to 
one-phase cooling conditions is currently being addressed. The loop is operating with 4 - 4.5 
ppm lithium (added as LiOH) and 1000 ppm boron (added as H 3 B0 3 ) in the coolant water. 

After being subjected to 80 full power days of operation in the test rig, interim oxide layer 
thickness measurements were performed on the rods in order to obtain a preliminary 
indication of possible corrosion enhancement as a result of high lithium concentrations in 
the water and also to determine whether or not exposure to the different thermal-hydraulic 
conditions and/or differences in initial oxide layer thicknesses had any influence on 
corrosion behaviour. The results, illustrated in Figs. 3(a) through (d) are compared with 
predicted values. 

While substantial agreement existed between the measured and predicted values for the 
upper rods, the differences seen for the lower rods are tentatively attributed to the 
preferential deposition of crud in this region where coolant temperature is lower. 

After 150 days of full power operation a second interim inspection of the rods will be 
performed in order to allow more accurate assessment of the data. 

(Bottom) (Top) 
Fig. 2(a). Measured oxide layer thicknesses compared with calculated values on moveable 
upper rod. 
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Fig. 2(b). Measured oxide layer thicknesses compared with calculated valuta on 
stationary upper rod. 



(Bottom) (Top) 

Fig. 2(c). Measured oxide layer thicknesses compared with calculated values on moveable 
lower rod. 

(Bottom) (Top) 

Fig. 2(d). Measured oxide layer thicknesses compared with calculated values on 
stationary lower rod. 

(Bottom) (Top) 

Fig. 3(a). Comparison between measured and calculated oxide layer thicknesses for 
upper rod in coolant channel 1. 
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(Bottom) (Top) 
Fig. 3(b). Comparison between measured and calculated oxide layer thicknesses for 
upper rod in coolant channel 2. 
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(Bottom) (Top) 
Fig. 3(c). Comparison between measured and calculated oxide layer thicknesses for lower 
rod in coolant channel 1. 

(Bottom) (Top) 

161/ Fi# 3(dh Comparison between measured and calculated oxide layer thicknesses for lower 
•od in coolant channel 2. 

6. SUMMARY 

The PWR corrosion facility at Halden has been used to assess the effects of 
thermal-hydraulic and water chemistry conditions on the waterside corrosion behaviour of 
pre-irradiated PWR-type fuel rods. 

Oxide layer thickness measurements were performed on the fuel rods both before and after 
irradiation in the test facility and compared with calculated thickness values. 

In the first series of experiments, the effect of a load follow mode of operation on corrosion 
rate was assessed. No corrosion enhancement due to daily power cycling between one-phase 
cooling and nucleate boiling conditions was apparent. 

The observed changes in oxide thickness are consistent with those experienced in 
commercial PWR plants, which demonstrates that the conditions in the test facility 
simulate those prevailing in power reactors. 

In the second series of experiments, currently in progress, the effects of high (4 - 4.5 ppm) 
lithium concentrations on corrosion behaviour is being evaluated. Although no significant 
corrosion enhancement is indicated by the data available after SO full power days of 
operation, an appreciably longer test period is necessary in order to enable firm conclusions 
to be drawn. 

6. FUTURE 

In the future, the Halden Project will continue and possibly extend the investigations on 
nuclear materials behaviour as affected by the water chemistry and1 radiation environment. 
Work on Irradiation Assisted Stress Corrosion Cracking of steel components, as well as 
coolant technology studies intended for reducing the transport of radioactove particles in 
the primary circuit, is anticipated. 
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Abstract 

To improve the economy, four-year instead of three-year refueling cycle has 
been started with VVER-440, and similar steps with VVER-1000 (three-year 
instead of two-year) are taken, both leading to considerable burnup extension. 
Fuel rod behavior of this reactors with extended burnup was analyzed with the 
computer code PIN micro developed in cooperation between Soviet and 
Czechoslovak specialists. With the aim of further verification, calculations with 
this code were compared with results of irradiation of instrumented experimental 
fuel rods and postirradiation examination (PIE) performed at IAE Moscow. As 
an example some comparisons with PIE of VVER rods irradiated to burnup 
60 MWd/kgU are shown as well as comparison with tv/o rods with inside gas 
pressure instrumentation irradiated to 32 MWd/kgU. The results of variant 
calculations by the PIN-micro code are presented for a VVER-440 and VVER-
1000 fuel rods for a four- and three-year refueling cycle, respectively. To 
optimize the initial interna) gas pressure in VVER-440 fuel rods for four-year 
refueling cycle some variant calculations were performed whose results are also 
included in the paper. It is shown how the calculations performed allowed 
improvements in the fuel rod design. 

1. INTRODUCTION 

With increasing fuel cycle back-end cost in last years, the economic 
incentives to increase batch averaged burnup in pressurized water reactors are 
more and more evident. 

Two basic types of pressurized water reactors are used in our countries, 
namely the VVER-440, originally designed with three years cycles (batch 
averaged burnup of 29-31 MWd/kgU) and VVER-1000 with two years cycles 
(batch averaged burnup of 28.5 MWd/kgU). Started has already burnup 
extension for both types of reactors, four years cycles for VVER-440 (40-45 
MWd/kgU batch averaged burnup) and three years cycles for VVER-1000 (more 
than 40 MWd/kgU batch averaged burnup). 

One of items solved for this purposes have been fuel rod behavior for 
burnup extension. Demonstrated is applicability of computer code PIN-mic.o II] 
used for this purposes especially for temperature and fission gas prediction. The 
new PIN-micro code version is installed at IBM PC AT. Presented is also 
application of this code to fuel rods of both type of this reactors with extended 
burnup. 

2. COMPARISON BETWEEN CALCULATION RESULTS AND 
DATA ON 1N-PILE AND POSTIRRADIATION INVESTIGATION 

A PIN-micro code predictability is verified by comparing the results of 
calculating some fuel rod integral characteristics with appropriate data from 
in-pile and postirradiation investigations performed at IAE. 

2.1. Comparison of calculated and measured fuel centreline temperature 

The fuel centreline temperatures are being measured in the MR reactor 
during a few years. For VVER-type fuel rods the data is obtained on fuel 
centreline temperature variation during the first start-up of the power over the 
whole range of initial fuel-cladding diametral gap, possible in VVER fuel rods, 
0.12 - 0.27 mm, and over the range of initial He-filling gas pressure from 0.1 to 
2.0 MPa. This data is obtained from instrumented fuel rods subjected step-by-
step rise of power. An example of comparison between calculated and 
experimental values of the fuel centreline temperature for VVER-type fuel rods 
during the first start-up is given in [2], The discrepancy between calculated and 
experimental values even at maximum thermal loads amounts only to several 
decrees at the level of 1700 C. 

A more prolonged measurement of the fuel centreline temperatures was 
made within the scope of a joint soviet-finnish experimental program SOFIT. 
Unfortunately, the fuel centreline thermocouple functioning is not adequate. By 
the moment, experimental data on fuel centreline temperatures are obtained up 
to a maximum burnup of 16 MWd/kgU. A good agreement with calculation 
results was obtained for these data with the aid of PIN-micro code [3]. Thus, the 
performed co nparison has shown that the PIN-micro code is capable of 
predicting rather reliably the f\ ;1 temperatures for fuel rods both with normal 
helium pressure and for the prepressurized fuel rods within the all range of 
changes in the initial fuel-cladding gap. 

2.2. Comparison of calculated and measured internal gas pressure 

To study changes of an internal gas pressure during irradiation an 
experimental assembly was irradiated in MR reactor two fuel rods of which 
were instrumented with sensors for continuous pressure recording 12,4]. These 
fuel rods N 10 and N 13 had an outside diameter 13.65 mm and were differed 
from one another only by value of the initial diametral fuel-cladding gap. For 
the fuel rod N 10 this value was 0.18 - 0.22 mm, for fuel rod N 13 - amounted 
to 0.34-0.38 mm Besides, the relative power of fuel rod N 13 was about by 7 % 
lower than that for fuel rod N 10. Measurements of pressure were conducted 
during two years, and the maximum burnup in this case was reached about 
28.3 MWd/kgU (fuel rod N 10). Fig, la and lb give the irradiation history and 
calculated and experimental time dependence of the internal gas pressure for 
fuel rod N 10. 

In connection with the fact that an initial size of a fuel grain varies within 
the limits of 15-30 microns two variants of calculations were carried out: the 
first one with an initial gap 0.22 mm and grain size 15 microns; the second one 
- with an initial gap 0.18 mm and grain size 30 microns, which give an upper 
and lower evaluations of the existing scattering of parameters. In Fig. lc are 
given analogous results for the fuel rod N 13. At the helium initial pressure of 
0.1 MPa in these fuel rods this value by the end of irradiation amounted to 
3.0 MPa at power for the both fuel rods. Evidently, the differences in values for 
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c) Internal gas pressure vs time for rod N 13. 

Fig. 1 Comparison of measured and predicted internal gas pressure. 

the gap and relative power have mutually compensated each other. The 
calculated values obtained with the PlN-micro code are rather close to 
experimental results, while for fuel rod N 10 there take place a small 
underprediction of calculate.] values; and for fuel rod N 13 - their small 
overprediction. As a whole the PlN-micro code predicts rather well the dynamics 
of increase in the internal gas pressure, which evidences indirectly the 
applicability of the fission gas release model used. 

2.3. Comparison with PIE of VVER-1000 experimental fuel rod 

To verify prediction of fission gas release with computer code PIN-micr^ 
for prepresMirized fuel rods, comparison with postirradiation examination 
seven fuel assemblies (FA) contained experimental VVER-1000-type fuel rods 
and irradiated in MR reactor was performed (5). In five FAs numbering from 
A to E fuel rods contained pellets with a 1.4-1.6 mm central hole used in 
VVER-1000 fuel rods for a two-year refueling cycle. In F and G FAs fuel rods 
contained pellets with a 2.4-2.5 mm central hole used in VVER-1000 fuel rods 
for a three-year refueling cycle. 

The first group of fuel rods (A through E FAs) is characterized by high 
fission gas release, central hole closing and fuel restructuring caused by high 
fuel temperatures (> 1700 C) achieved at some moments. Fig 2a represents the 
microstructure of uranium dioxide from B-12 rod central part upon achieving 
the burnup of 58.8 MWd/kgU. The relative fission gas release for this rod was 
46 %. The PIN-micro code also predicts for this rod sufficiently high 
temperatures (at particular moments the fuel centreline temperature exceeds 
2000 C), restructuring and high fission gas release (49 %). Fig. 2b and 2c show 
power history and dynamics of fission gas release for this fuel rod. 

The fuel rods in the second group (F - G FAs) are characterized by a 
lower fission gas release and absence of fuel restructuring. Fig. 3a shows the 
microstructure of uranium dioxide from an F-ll rod central part upon achieving 
the burnup of 58.4 r "d/kgU. As can be seen from Fig. 3a the fuel 
microstructure does not differ from as-fabricated one. The experimental fission 
gas release value for this fuel rod was 9 %. The PIN-micro code for this fuel 
rod predicts the absence of restructuring and a lower fission gas release (7.3 %)• 
The power history and the dynamics of fission gas release for this fuel rod are 
shown on Fig. 3b and 3c. 

Similar calculations were performed for a few fuel rods in each FA with 
the exclusion of G which has not achieved high burnup. Fig. 4 presents a 
comparison of calculated and measured data on fission gas release of 16 
experimental fuel rods. Thus, PIN-micro code calculations confirmed 
qualitatively the difference in behavior of fuel rods containing the pellets with 
initial central hole diameter of 1.4-1.6 mm and 2.4-2.5 mm with respect to fission 
gas release, attainable temperature level and fuel restructuring. 

2.4. Comparison with PIE of VVER-440 standard '»iel rod 

To compare the calculated results with experimental data obtained of full-
scale length fuel rods, the results of postirradiation investigations of a standard 
assembly of the Novo-Voronezh NPP fourth unit were used. The chosen 
assembly had operated during three years cycles up to a assembly mean burnup 
of 32.4 MWd/kgU. A specific feature of the given assembly was that its fuel 
rods contained tne fuels of the various parties production, differing in the initial 
density value (low densityl0.30-10.35 g/cm 3 and high density 10.50-10.60 g/cm'). 
18 fuel rods were punctured in order to determine an amount of fission gas 
released under the cladding. To compare directly calculation results with fission 
gas release data the calculation was carried out for three fuel rods. The 
comparison of calculated and experimental results are in Table I. 

More detailed analysis of postirradiation fuel rods examination of this 
assembly is given in [2], 

The comparison of calculated and experimental data performed causes the 
conclusion that PIN-micro code together the submodels incorporated in it 
describes sufficiently well the processes proceeding in VVER fuel rods, 
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Table I. Calculated and experimental data on fission gas release. 

Fuel rod numbers 
cra J 

Vale- c m 3 ' 

120 112 15 
20 485 576 18-22 423-763 548-586 

*) calculations were carried out for two values of initial diametral gap 0.195 and 
0.270 mm 

3. CALCULATION OF EXTENDED BURNUP VVER-440 AND VVER-1000 FUEL RODS 
In this section presented are the calculated thermomechanical 

characteristics of VVER-440 and VVER-1000 fuel rods in four- and three-year 
refueling cycle, respectively. Below the calculated results are presented for the 
most thermally-loaded fuel rods. In calculating a conservative model of fuel 
relocation was used. The relation between input parameters (fuel density, 
geometrical dimensions etc.) was also chosen so that one could get the most 
conservative estimates. 

3.1. Calculation of thermomechanical characteristics of fuel rod in four-
year refueling cycle VVER-440 

All calculation were performed for a He-filling gas initial pressure of 0.5 
MPa, which was selected according to analysis given in chapter 4. Since there is 
a considerable scattering of a fuel-cladding initial gap value due to the 
manufacturer's tolerances for a fuel pellet external and cladding internal 

diameters, and also some interval of initial fuel density values a number of 
variant calculations were undertaken. Given below are the calculated data on 
two most conservative variant: first, maximum possible initial gap of 0.27 mm 
and minimum possible initial fuel density of 10.4 g/cm 3, and second, minimum 
possible initial gap of 0.12 mm and maximum possible initial fuel density of 
10.8 g/cm 3. The attaining of the highest fuel temperatures and relatively high 
fission gas release and internal gas pressure are typical of the first variant, while 
for the second one the specific features are early fuel-cladding gap closing and 
occurrence of fuel-cladding mechanical interaction. 

Fig. 5a presents a powe r history adopted in calculations. The highest fuel 
rod heat rating is attained ai the beginning of the second year of irradiation, 
the absolute maximum of a linear heat rating being 325 W/cm in the fourth rod 
section counted off from the bottom (in calculating a fuel rod is axially 
subdivided into 10 equal-width zones). Fig. 5b shows fuel centreline temperatures 
vs time irradiation for both conservative variants. The maximum fuel centreline 
temperature is 1515 C at the beginning of second year of irradiation for the first 
variant, this value is only 1020 C for the second variant. Fig. 5c shows curves of 
internal gas pressure buildup under irradiation for both variants. In the first 
variant by the end of the fourth year the internal pressure increases up to 4.6 
MPa which is essentially lower than that of a coolant (12.26 MPa). Thus, 
throughout the time irradiation a cladding is only subjected to compressing hoop 
stresses. In the rest of the variants the attainable internal gas pressure is still 
lower. 

a) b) 

Tim* irradiation, elf. days Time irradiation, eff. days 

c) d) 

Fig. 5 Calculated results on a fuel rod of four-year refueling cycle VVER-440 reactor. 
(1 - first variant, 2 - second variant) 



Fig. 5d shows the dynamics of fuel-cladding gap closing under irradiation 
for both conservative variants. In the first variant the gap is predicted to be 
closing by the very end of the four year of irradiation, while in the second 
variant this situation can already occurs during the first year of irradiation 
resulting in a subsequent "hard" contact between fuel and cladding which should 
bt allowed for strength calculations. 

The variant calculations performed show that for a fuel rod of this design 
the attainment of dangerous conditions (such as high fuel temperature > 
1700 C, rapid fission gas release or high degree of fuel swelling capable of 
causing untimely damage of fuel rod) is not expected. 

3.2. Calculation of fuel rod thermomechanical characteristics in 
three-year refueling cycle VVER-1000 

Hert the He-filling gas initial pressure is 2.0 MPa. Besides in fuel rods of 
three-year refueling cycle VVER-1000 fuel pellets with initial diameter of 
central hole of 2.4 to 2.6 mm are used. A minimum size of an initial diametral 
gap is 0.15 mm. Like in the previous case, some variant calculations were 
performed. Fig. 6 presents data on two most conservative variants calculated by 
the PIN-m:cro code. 
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Fig. 6 Calculated results for a fuel rod of three-year refueling cycle VVER-1000 
171 reactor (1 - first variant, 2 - second variant). 

Fig. 6a gives a power history adopted in calculations. The highest fuel rod 
heat rating is attained at the beginning of the first year of irradiation, an 
absolute maximum of a linear heat rating being 448 W/cm in the fourth fuel 
rod section counted off from the bottom. In calculations heat rating spikes 
caused by possible xenon oscillations (not shown in Fig. 6a) superimposed on the 
power history. Being short (less than a day) these oscillations affect attainable 
fuel temperatures rather then fuel rod behavior on the whole. Fig. 6b-6d present 
calculated data on two most conservative variants similar to those considered in 
3.1. As can be seen from the plots this rod operates under more loaded 
conditions compared to that in a VVER-440 reactor, which involves attaining 
higher fuel temperatures and higher fission gas release. Thus, for the first 
variant an internal pressure of 11.7 MPa is predicted which corresponds to 13 % 
of fission gas release. 

The variant calculations performed in this case also show that for a fuel 
rod of this design the attaining of dangerous conditions is not expected. For 
example, the computations for a maximum attainable fuel centreline 
temperature give the value of 1815 C (1900 C with xenon oscillations) and this 
is yielded by the most conservative estimate and only in the very beginning of 
irradiation. 

4. FILL GAS PRESSURE OPTIMIZATION FOR VVER-440 
EXTENDED BURNUP FUEL ROD 

As it is known, a certain increase pressure of helium fill gas pressure 
improves fuel rod thermal characteristics. In order to optimize initial pressure 
value for VVER-440 fuel rods with four-years cycle, a number of variant 
calculations were performed with various values of this pressure. The 
optimization was carried out by the final internal pressure value, being an 
important characteristic in analysis of accident conditions. Fig. 7 shows the 
results of such optimization, from which it is seen that the most optimum value 
of the initial gas pressure for fuel rods of this type is value of 0.5 - 0.7 MPa 
and further increase in this pressure does not lead to an improvement of 
thermal characteristics of fuel rods. 
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Fig. 7 Initial gas pressure optimization for a fuel rod of four-year refueling cycle 
VVER-440 reactor. 
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J72 5. CONCLUSIONS 

The results presented on calculated and experimental data comparison show 
that the PIN-micro code predicts quite well VVER-type fuel rod behavior at 
least up to a burnup of about 40 MWd/kgU. The analysis of fuel rod behavior 
of four-year refueling cycle VVER-440 and three-year refueling cycle VVER-
1000 reactors shows that fuel rods of this design are only capable of achieving 
rather moderate levels of fuel temperature, fission gas release and internal gas 
pressure even if conservative estimates are used. However, to simulate behavior 
of this type fuel with burnups above 40 MWd/kgU additional experiments and 
calculations are required, in the first place, towards improving fission gas release 
and fuel swelling submodels applied in codes. 
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FUEL ROD ANALYSIS IN HIGH BURNUP LOADING SCHEMES 
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Unternchmensbereich Kraftwerk Union, 
Erlangen, Federal Republic of Germany 

Abstract 

Advanced fuel management results in high turnup loading schemes 
for both PWRs and BWRs. Maximum E0L burnups of >50 MWd/kgU (rod 
average) are typical for the associated reshuffling patterns. 
Further attributes of these loading schemes are Low Leakage 
core configurations with highly demanding power histories and 
usually the utilization of a burnable poison in part of the 
fuel. Siemens/KWU uses the Fuel Rod Code CAR0-D5 to predict the 
fuel rod behavior under these conditions. The code is provided 
with different power density distributions and different 
material properties for U0 2 and U0 2/Gd 20 3 pellets. CAR0-D5 is calibrated against a broad data base which covers a burnup 
range of up to 55 MWd/kgU (rod average) and contains data from 
PWR and BWR rods and segments from both steady-state and tran
sient operation. So far no generic high burnup effects have 
evolved which would require the consideration of completely new 
aspects beyond a certain burnup. Sometimes, however, progressive 
tendencies can be observed Cor specific processes. Consequently, 
the general design criteria can be maintained also for high 
burnup fuel design. But in conservative analyses it can happen 
in certain cases that margins may significantly narrow down. 
This may force more generalized analysis methods to be replaced 
by more detailed approaches. An example is the maximum rod in-
teral pressure for which the "classical" design limit was to 
never overshoot the coolant pressure. But E0L pressure conser
vatively calculated for rod designs with narrow free volume 
(BWRs and certain PWRs) has meanwhile reached or moderately 
exceeded the coolant pressure in some cases at high burnups. 
To handle this problem most fuel vendors have modified the "Non-
Overpressure" criterion into a "Non-Lift-Off" criterion. It 
allows the design rod internal pressure to exceed che coolant 
pressure moderately as long as feedback via the circuit "fuel 
temperature/fission gas release" caused by a re-opening of the 
pellet/clad gap is avoided. 

1. BACKGROUND 
Improved fuel utilization has become and still is a strong in
centive for incore fuel management with the aim of improving 
the economics of the fuel cycle. Though the particular struc
ture of fuel cycle costs depends on the particular boundary 



conditions for the fuel cycle under consideration (e.g. repro
cessing or final storage of spent fuel etc.), increasing the 
discharge burnup is more or less always a means to contribute 
to the goal of decreasing the power generating costs within the 
total fuel cycle. 
Improved fuel utilization demands adequate improvement of in-
core fuel management strategies. Loading schemes with so-called 
"low leakage" cores are a result of the respective efforts /I/: 
Fresh fuel is positioned in central core regions while the 
assemblies which have already accumulated most of their target 
burnup are shuffled to peripheral core positions. (The 
assemblies run "in-in-out" with respect to their places in the 
core.) This leads to configurations with improved fuel utiliza
tion due to reduced neutron flux escaping from the core. 
(Reduced pressure vessel fluences are a positive side effect of 
tnis method.) Through this procedure enrichment requirements 
are reduced, less fuel assemblies have to be reloaded, and dis
charge burnup can be increased. 
Even in the past "part low leakage" patterns (where only part 
of the fresh fuel is loaded into central core regions) were 
applied resulting in already appreciable economic advantages. 
These configurations were characterized by a balanced number of 
available and required peripheral positions. However, conse
quent full low leakage lacks of sufficient numbers of those 
positions as to shuffle all "old" fuel to the core periphery 
for their last period of residence: there is always a certain 
number of assemblies running "in-in-in". Highly demanding power 
histories are the consequence for the afflicted fuel rods. 
Fig. 1 shows an example of a typical PWR rod power history of 
that type. 
Another characteristic of full low leakage loading patterns in 
PWRs is the use of burnable absorbers in order to compensate 
for the initial excess reactivity and to limit the local power 
density peaks in the inner core regions. Based on the broad ex
perience already gained from the application of Gd 20 3 as a burnable poison in BWRs, Siemens/KWU (in the following referred 
to as "Siemens") decided already in 1982 to use this concept in 
PWRs, too, with poisoned rods containing pellets of 
homogenousely blended U0 2/Gd 20 3. In the meantime appreciable experience has been accumulated with the fabrication and be
havior of PWR Gd-rods, both with natural and enriched Uranium. 
Of course the mechanical design of the fuel assemblies and rods 
which are going into high burnup loading schemes has to be ade
quate in order to really get the desired economic benefit from 
advanced fuel management; i.e. the design has to secure that 
the assemblies and rods will reliably and savely achieve their 
foreseen burnup target and the corresponding core residence 
time and can subsequently be handled without problems for dis
charge, transportation etc. Reliability and high operational 
flexibility are the superior aspects of modern design, deter-

1.5 
Rod Average 
LHGR 
(relative to 
core average) 

OS 

Time 
days 1200 

Fig. 1 : Example for the Power History of a Highly Rated 
"In-ln-ln" PWR Rod 

mining the application of criteria among which high burnup ca
pability and enhanced fuel utilization are those of major im
portance. (Refs. 121 and /3/ treat this topic in detail.) In 
table 1 the actual range (in terms oC peak local burnups) of 
Siemer experience with power reactor fuel is compiled. The 
table ' monstrates that at least in Siemens-built plants the 
maximum rod averaged burnups are clearly beyond 50 MWd/kgU, and 
this also holds for Siemens fuel supplied to PWRs of other 
vendors. 

2. THE CODE CAR0-D5 FOR FUEL ROD ANALYSIS 
Designing fuel rods is based both on the immediate application 
of operational and experimental experience from rods under well 
controlled insertion conditions as well as on systematic design 
analyses using an appropriate computer code. Idealistically 
such a code is primarily based on settled theoretical fundamen
tals and first principles and should be verified against prac
tical experience in the complete range of application. In prac-
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Plants 

tyoe nunber 

average 
LHGR 
[M/cn] 

nuaber of 
fuel rods 

in service accuaulated 

•ax. local 
burnup 
[MWd/kgU] 

Sienens-PWRs 16 

Othc- PWRs 11 

165 - 250 

167 - 222 

590.628 

261.126 

1.881.556 

595.618 

63 

61 

Siemens-PHHR 2 117 - 252 - 182.800 21 

Sienens-BWRs 10 

Other BWRs 5 

total 

125 - 231 

106 - 182 

106 - 252 

262.509 

77.67M 

1.195.037 

755.615 

92.110 

3.506.029 

58 

18 

65 

thereqfj. Gd-poisoned rods ( PWR: ( BMR: 8.266 57.180 53 58 

Table 1: Operating Experience with Sienens/KWU Fuel Assemblies 
in Cotaercial Plants (Status: April 1990) 

. codes consist of a mixture of verified theories 
;"/ arid adapted empirical c o r r e l a t i o n s ; and the code as 
is "calibrated" vs. an as broad as possible data pool. 

ies developed at and used by fuel vendors it is under-
:ie (ar.a to some ext.er.t also desirable) that this data 
; dominated oy data representing the experience from the 
' s owr; fuel reds. ,'herefore fuel rod codes of that type 
:e oroaaest basis for design and licensing applications 
' v e r. d o r ' s o w n p r o d u c t s . 

:r.eless, as long as the code is not "too empirical" pr e 
cis of the behavior of rods of other origins ..XLU the same 
;- design are possible. In favourable cases this can be 
i.=?d against a certain number of experience data from the 
."pe under consideration; in less favourable cases other 
nation iiKe mierostructurai parameters of the fuel etc. 

:sea t- G .sdge the applicability of the particular 

At Siemens the code CAR0-D5 is used for fuel rod analysis, both 
for best-estimate predictions as well as for conservative 
design analyses under the conditions of authorized reactor 
operation. Another field of application is the generation of 
input data for safety analyses which means the description of 
the fuel rod status immediately prior to a postulated accident 
(off-normal transient, L0CA etc.). 
CAR0-D5 is an integral fuel rod code; i.e. the code deals with 
the entire fuel rod in its radial and axial extensions. The an
ticipated insertion time is subdivided into an arbitrary number 
of time intervals; the rod linear power and all boundary condi
tions can thus be modelled in sufficient detail. (Realistic 
power histories are used rather th>n "envelopes".) 
The core of the code comprises a set of interactive jub-models 
for handling the various mechanisms that determine t ie fuel rod 
behavior under in-pile conditions. Among them those for irra
diation induced densification and swelling, radial and axial 
relocation of the pellet fragments and fiss on gas release are 
the most essential ones as far as the fuel is concerned; for 
the cladding these are diameter decrease by irradiation induced 
and thermally activated creep, axial growth, and waterside 
corrosion. 
For the calculation of the rod internal pressure free exchange 
of g?s is assumed between the different free part volumes 
(plena, dishings, pellet/clad gap, cracks within the fuel, open 
pores and - if applicable - central channel). Each of them in
fluences the overall pressure through its magnitude and local 
gas temperature, quantities which are subject to changes during 
the course of exposure as it is the absolute amount of free gas 
which monotoneousely increases with varying rates due to 
steady-state and transient fission gas release / 4 / . 
Besides others, two features of the code are relevant for its 
application to those different fuel materials as pure U0 2, (U,Pu) mixed oxide, and U0 2/Gd 20 3: 
- Individual enrichment and burnup dependent radial power den
sity profiles in the fuel ("power depression") can be used 
for the different types of fuel. Figs. 2 and 3 show examples 
of normalized and nodalized radial power density distribu
tions in a pure U0 2 and a Gd-poisoned pellet. 

- The code contains built-in material properties correlations 
for the different types of fuel. In this connection the ther
mal conductivity of U0 2/Gd 20 3 is of specific relevance. The 
CAR0-D5 correlations are derived from Siemens investigations 
with Gd-fuel of own production. In fig. 4 the change in the 
thermal conductivity of Gd 20 3 containing fuel versus that of 
pure U0 2 is plotted as a function of temperature for contents . 
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176 3- DATA BASES FOR THE CALIBRATION AND VERIFICATION OF CARO-D5 
As already mentioned the application of a fuel rod code to 
design and licensing analyses presupposes its verification 
against and adaptation to a relevant data base. In this context 
"relevant" means: being prototypic for the rods to be analyzed 
and covering to a certain extent the load and burnup ranges 
foreseen during the core insertion of these rods. 

We line to call the procedure of adaptation the "calibration" 
of the cede. 

In table 2. the calibration data base for fission gas release 
(FOR) is summarised. The specified 173 cases cover a burnup 
range of up to 55 MWd/kgU iroa average) and contain data from 
Pw'R and 3WR both full leijth rods and segmented rods and com
prise FGR data from steady-state as well as from transient 
operation. Trie maximum rod average power of these examined rods 
ranges from 230 W/ora to 295 W/cm for steady-state, and the 
maximum ramp terminal level reaches 600 W/cm. The best-estimate 
calibration diagram on the basis of these data is shown in 
fig. 5. Table 3 presents the summary of the meanwhile available 
extended FOR data base of 270 well characterized cases, each 
case combining the measured (by puncturing) FGR value with a 
complete set of pre-characterization data and detailed power 
history. 

Table 2: Fission Gas Release Data Base Used for Original CAR0-D5 Calibration 

predominant 
type of release 

BHR rods 
1 bar He 6.5 bar He 

FUR rods 
22.5 bar He 

steady-state 

transient 

8 3 

12 S 

78 • 10 (12 bar Ar) 

51 

total 20 11 132 • 10 (12 oar Ar) 

• aaxiMM rod average turnup: 55 HVd/kgU steady state 
16 hWd/kgu transient 

• aaxisua rod power: 230 - 295 H/CB (rod average) steady state 
600 W/c» (peak) transient 

• the total nuaber oi 173 rods comprises 87 full length rods and 86 segments 

ewno-oa 

1 10 100 
FGR i neasured 

Fig. 5 : Best-Estimate Calibration of CARO-D5 with 
Respect to Fission Gas Release 

Table 3; Extended Fission Gas Release Data Base (Status: May 1990) 

predoninant 
type of release 

BHR rods 
1 bar He 6.5 bar He 

PMR rods 
22.5 bar He 

steady-state 

transient 

28 11 

16 8 

112 • 10 (12 bar Ar) 

82 

total 11 22 191 • 10 (12 bar AD 

• maxim* rod average burnup: 55 NWd/kgU steady state 
16 HWd/kgu transient 

• maximal rod potter: 230 - 295 M/c* (rod average) steady state 
600 W/c* (peak) transient 

• the total number of 270 rods comprises 135 full length rods and 135 segments 



Another data base ic given in table k in which the 225 current
ly available olau creep-down data are collected in terms of 
measured outer diameter decreases. The data stem from cladding 
materia' with different metallurgical conditions (stress-
reiievei, partially recrystallized, fully annealed including 
tubes with Zirconium liner at the inner surface; different de
grees of coIdwork). Here the maximum rod average burnup also 
ranges up to o5 MWd/KgU. 

The Pes t-es t i:na te calibration of CAR0-D5 forms also the basis 
for so-called "worst-ease" adaptations of the code which are 
the prerequisite for its applicability to conservative design 
analyses according to German licensing practice. The explana
tion wr.y a whole set of those "max"- and "min"-cal ibrat ions is 
necessary to seet conservative requirements, which are contra
dictory ir. so far- as they cannot simultaneously occur in a 
single fuel rod'', is given in / ;5 / and will not be repeated here. 
?ig-. o contains the example of the "max"-adaptation of CAR0-D5 
wit.", respect to Pw'H FOR yielding the code parameter set for the 
analysis of max. E01. rod internal pressure. 

-. OONOLL'SIONS FROM CODE CALIBRATION 

Trie calibration of CAR0-D5 on the just described data base has 
so far not revealed generic or specific high burnup mechanisms 
wr.ton would demand extra models to account them Cor. The 
overall rod behavior and the individual mechanisms as well can 
rattier be extrapolated on the basis of the applied models as a 
steady continuation of the behavior already known from medium 
burr.up regitr.es. Especially no burnup thresholds could be de
tected beyond wnich new processes became suddenly apparent. 

But of course there are effects which have the tendency to de
velop more and tr.ore progressively as burnup is increasing. Al-
t.-iougr; depending on characteristics of the power history of the 
individual rod, fission gas release is an exemplary mechanism 
:o snow tr.is; in fig. ,' (according to / 6 /) this is demonstrated 
.IOL::=5 measured ivJfl values from PwH rods. - Models and fuel rod 
o:ies applied for the analysis of high burnup designs should be 
acie ;or must be adapted if necessary) to describe such pro
gressive trends and their dependencies sufficiently accurate. 

1 £.*., claiming fir the conservative determination of the 
maximum EOL rod internal pressure cannot simulateneously 
Yield tne conservative result for the maximum clad diameter 

Table t: Clad Creep Data Base (Status: Nay 1990) 

condition •aterlal no. of rods 
(Includes high and Mdlua coldwork) 

stress-relieved Zlrcaloy-2. Zlrcaloy-1 109 

partially recrystal11 zed Zlrcaloy-2, Zlrealoy-i| 60 

fully annealed Zry-2, Zry-2/llner, Zry-it 56 

total: 225 

• •axiM« rod average burnup: 55 MM/kgU 

1 10 % 100 
FGR » leasured 

Fig. 6 : Maximum Adaptation of CARO-D5 for Conserva
tive Overprediction of Fission Gas Release in 
PWR Rods 
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Fractional Fission Gas Release 
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Fig. 7 : Measured Fractional Fission Gas Release of Fuel Rods in a Medium Rated 
PWR as a Function of Rod Average Burnup 

As long as no principally new hign burnup mechanises show up it 
is also not necessary to ask for specific high burnup design 
criteria. But what can happen in certain cases is that margins 
between the results of conservative design analyses and (for
merly) generously established design limits may "shrivel down" 
when burnup is increased. In those cases it may well become 
necessary to adapt the existing design criteria and to replace 
more generalized proofs by better differentiating approaches. 

5. EXAMPLE FOR ADAPTING A DESIGN CRITERION TO HIGH BURNUP NEEDS 
The main parameters influencing end of life rod internal 
pressure are: 

- burnup 
- fractional fission gas release 
- as-fabricated pressure 
- ratio of plenum length to active length 

The first two parameters determine the amount of released 
fission gas per unit mass of fuel, and the third is related to 
the amount of Helium gas filled into the rod during fabrication. 

The last parameter can be used as an indicator for the free gas 
volume relative to the fuel inventory in the rod**. 
Typical values for the relative plenum length are: 

1 1 
4.5 %: PWR rod without lower plenum 

(e.g. reload fuel for jd, Framatome plants) 
12 %: PWR rod with lower plenum (Siemens plants) 

6 - 10%: BWR rod 
Let us - as an example - consider a PWR fuel rod of the first 
type: Fig. 8 shows the rod internal pressure as a function of 
burnup and fractional fission gas release calculated with CARO-
D5 for typical end of life operating conditions. The as-fabri
cated pressure is assumed to be 22.5 bar for this evaluation. 

Rod Internal Pressure 
20Gi 
bar 

180 

160-

140. 

120 

parameter 
fractional FGR 

40 50 60 MWd/kgU 70 
Rod Average Burnup 

Fig. 8 : Example for the Development of Conservatively Calculated Rod Internal 
Pressure with Growing Burnup (PWR rod w/o lower plenum) 

2 Although strictly speaking there are other non-negligible 
contributions to the free gas volume, especially the gap be
tween fuel and cladding and the dishings. But the gap volume 
is more and more reduced with increasing burnup because of 
fuel swelling and clad creep down, and there may also be some 
reduction of the dishing volume with increasing burnup. 



App lying the data from fig. 7 to fig. 8 and taking into account 
a o oolant operating pressure of T?5 b ar it is evident that 
res listic end of life rod internal pr essures remain safely be-
low the c oolant pressure even for ver y high burnups. But (at 
lea st in Germany) best-estimate consi derations are not suffi-
eient for licensing; results of conservative calculations have 
to 3e pro vided. Conservative calculat ions of course predict 
htg her fractional fission gas release than indicated by fig. 7. 
It can be seen for example in fig. 8 that the calculated rod 
internal •ressure will exceed the coo lant pressure at a burnup 
o f about -̂ 5 MWd/kgl' it" the calculated fractional fission gas 
rei case o omes close to 15 %. This amount oi' conservatism is not 
uau sua! f or licensing applications. 
Before \ild the coolant operating pressure nas generally been 
used by fuel vendors as a design limit i'or the fuel rod inter
nal pressure. But it had been obvious from the very beginning 
that fuel rod internal pressures moderately exceeding the coo
lant pressure could be acceptable, too. 

With increasing burnup and still sticking to the principles of 
conservative design analyses the tendency grew to allow calcu
lated fuel rod internal pressures which exceed the coolant 
pressure. It turned out that internal pressures can be tolerat
ed up to a iir.it below which a feedback mechanism for fuel 
temperature, fission, gas release and internal pressure is 
safely excluded. 

Sucn a feedback mechanism is avoided as long; as the internal 
overpressure dees not again widen the fuel/cladding gap, a 
rneonanism gen 
c.aading creep 
lower than the 
This is the "No 

illy referred to as "Lift-Off". I.e. the outward 
-ate under internal overpressure has to be 
iiametral swelling rate of the fuel pellets. 
i-Lift-0f f" criterion. 

liter, tr. • MRC was for the first time confronted with the idea of 
a new red internal pressure criterion rather" extensive studies 
or. the following main topics had been required: 

- degradation of heat transfer 
- stress r e o r i e n t a t i o n of .hydrides 
- D N 3 propagation 
- L J J A a « a 1 y s i s 

T".e m a m conclusions drawn from the results of these studies 
were : 

- Mo d e g r a d a t i o n of heat transfer between fuel and cladding is 
to ce ex p e c t e d . 

- .?*..-«35 r e o r i e n t a t i o n of hydrides is not a problem. 

- Th»re is r.c possibility of s e l f - p r o p a g a t i n g DN3 failure 
™echar. iST. t'̂ r condition I and II e v e n t s . 

- Only an insignificant increase of DNB events is expected for 
condition III and IV events. 

- The postulated DNB propagation is self-limiting. 

- The influence on LOCA is negligible. 

These conclusions are of generic nature and more or less inde
pendent of details of the specific fuel design. This is already 
understandable without any calculations: The limiting rods for 
DNB and LOCA are those with high LHGR. Fig. 9 shows the well 
known effect that rods with a high LHGR are only to be found in 
the low or medium burnup range. But a rod internal pressure 
exceeding the coolant pressure is to be expected only at nigh 
burnup even with, very conservative calculations. So the criti
cal combination of high rating with simultaneously high inter
nal pressure can be excluded. 

For this reason lateron NRC and other licensing authorities 
seemed to be much more relaxed with the "Non-Lift-Off" 
criterion which appears to be meanwhile generally accepted by 
licensing authorities and engineering consultants. 

La 

LOO 

t o.ao 

£ 0,80 

a « 0.00 io.to 20.00 30.00 MWd/kgU 40,00 90.00 
Fuel Assembly Burnup 

Fig. 9 : Envelope of Rel. Max. Hot Channel Power vs. Fuel Assembly Burnup 
during Normal Operation (PWR case) 
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IH b. CONCLUDING SUMMARY 

Fuel rod design analysis by means of a fuel rod code which is 
settled on a broad and relevant data base can be expanded into 
high burnup regimes without the need of accounting for com
pletely new high burnup aspects. All mechanisms of major impor
tance and their influence on the overall red behavior can 
reasonably be extrapolated from the knowledge of medium burnup 
regimes . 
What, however, may happen in conservative analyses with worst-
case assumptions is that "classical" design limits may nomi
nally be violated due to progressive tendencies of certain 
mecnanisms in their response to increasing burnups. Usually the 
corresponding criteria had once (i.e. as long as the margins 
ioc'ced spacious) been chosen in a generous manner. They have 
now to be replaced by more detailed and differenciating methods 

Tne substitution of the simple "Non-Overpressure" criterion for 
the EOL rod internal pressure by the "Non-Lift-Off" criterion 
is an example for this development. Others may follow. 
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OKG POLICY TO AVOID FUEL FAILURES 

L.R. EKBOM, P. LUNDIN, G. WIKSELL, A. JONSSON 
OKG AB, 
Figeholm, Sweden 

Abstract 

The operation of the core should be performed in such way that fuel failures 
can be avoided. If a fuel failure still arises, the knowledge and competence 
should be on such a high level that fast and accurate corrective actions can 
be worked out. To fulfill this policy, OKG Core and Fuel Management Units 
have evaluted procedures, which will here be presented. 
The personnel consist of a balanced mix of universty educated engineers and 
engineers recruited from the control room. All core and fuel management 
personnel are located at the site, resulting in a closer contact to the 
operational personnel. 
The fuel design is very carefully examined already in the bid evaluation, and 
new designs are evaluated with lead test assemblies. Certain assemblies in 
every reload batch are followed during the entire in-core operation time. 
Every fuel failure is evaluated, so that the mechanism behind the failure is 
revealed and understood. 
The refuelling and operation as well as physics fuel design for all units is 
based on own calculations. 2D analysis and cross sections from CASMO 
(Studsvik) and 3D power distribution from POLCA (ABB Atom) are used together 
with own programs as engineering tools. 
In all three reactors the "double diagonal" and "single diagonal" patterns 
are used for refuelling, resulting in relatively few fuel shufflings. 
The design of the enrichment distribution and burnable absorber of the fuel 
and the refuelling of the core is optimized to make it possible to use 
monosequence operation. 
Regular meetings with other utilities, both Swsdish and foreign, together 
with participation in international cooperation programs and conferences 
ensure that experience exchange exist. A very good and close contact have 
also been estblished with the fuel vendors. 
All this together gives a good platform f"-.' a non-leaking philosophy. 

1.General 

The operation of the core should be performed in such way that fuel failures 
can be avoided. 

If a fuel failure still arises, the knowledge and competence should be on 
such a high level that fast and accurate corrective actions can be worked 
out. 

To fulfill tnis policy, OKG Core and Fuel Management Units have evaluated 
procedures, which will here be presentsd. 



2.Organisation 
The personnel consist of a balanced mix of university educated engineers and 
engineers recruited from the control room staff. This guarantees a very high 
theoretical knowledge together with personnel used to operating the core on a 
daily basis and familiar with the rest of the reactor systems. 
OKG has decided to organize the core and fuel management sections in the way 
that all personnel are located at the site. This gives a closer contact to 
the operational personnel, which results in faster feedback from inspections, 
direct contacts with chemistry departments for fast detections of fuel 
failures if they occur etc. Daily contacts with the control rooms make it 
possible to discuss problems that might occur on a very early stage, 
providing the opportunity of fast and accurate decisions. 

3.Fuel design 
The fuel design is carefully examined already in the bid evaluation. Both the 
nuclear and mechanical design are checked and compared with the different 
designs envolved in the bid, and with operational data from fuel designs 
already in the core. A great effort is taken in this stage to get the most 
costefficient fuel, without any technical misadvantages. To fulfill this, OKG 
uses strong computer codes, and evaluates tin bid internally without using 
consultants. 
New designs are evaluated with lead test assemblies. An examination program 
is designed for the assemblies already before the entering of the core. The 
inspections are updated and compared during the time of operating. In this 
way, a well supported decision is able to take in a reasonable time of 
irradiation. 
The same procedure is used for evaluating all ordinary fuel batches. Certain 
assemblies are picked out, and followed during the entire in-core operation 
time. A big data-base makes it possible to compare different cladding types, 
vendors and many other aspects of fuel reliability. 
Every fuel failure is evaluated, so that the mechanism behind the failure is 
revealed and understood. By doing this, corrective actions could be made in 
an accurate way. OKG pays a great effort in this matter, and have at very 
sofisticated setup of fuel examination equipment (color TV-camera with super-
VHS tape recorder etv.). Together with examinations in the Hot Cell-facility 
in Studsvik, a compete picture of the failure mechanism is obtained. To give 
an example, OKG spent approx. 2 million Swedish crowns on fuel investigations 
on the dry-out failure of Oskarshamn 2 1988. 
OKG sponsors fuel investigations concerning non-leaking fuel as well. By 
participating in the special research and development group headed by the 
Swedish Nuclear Inspectorate, special topics and fuel behaviour are revealed. 
The Studsvik facility is also used for examination of non-leaking fuel and 
core components to get a better understanding of fuel and material behaviour 
during operation. In this case, OKG supervises the whole examination programs 

111 and bare the costs as well. A special and unique agreement between the 

Studsvik facility and the Swedish nuclear power companies gives a rapid 
handling in this matters. 

4.Methods for In Core Fuel Management 
In 1977 OKG started to make own calculations for the refuelling and operation 
of Oskarshamn 1. Now the refuelling and operation as well as physics fuel 
design for all units is based on own calculations. 
a Computer programs 

The calculations are based on 20 analysis and cross sections from 
CASMO (Studsvik) and 3D power distribution from POLCA (ABB Atom). 
In addition to that own progams are used as engineering tools. 
During the last years parts of the Core-Master system have been 
implemented in cooperation with ABB Atom and the other utilities in 
Sweden. 
The ICFM code package makes it possible to calculate all essential 
data for prediction or supervision of the core e. g. hot and cold 
reactivity and thermal margins. A model for PCI-check of power 
changes is also included. 

b Refuelling 
r^r Oskarshamn 1, 2 and 3 the "double diagonal" and "single 
diagonal" patterns are mixed to give a loading pattern which is in 
conjunction with the symmetry in the control rod patterns. To give 
a new core these loading patterns require relatively few fuel 
shufflings. Optimizing the number of fuel shufflings is of course 
important if the total time for the refuelling is short, but it 
also reduces the probability for errors during the fuel handling 
operations. 
In the shuffling code, for physics otpimization of the core, checks 
are made to avoid unwanted fuel shuffling e. g.moves form the 
periphery to the centre of the core, two years of operation in 
control cell etc. 
The shuffling progam also has a link to a program, which writes the 
instructions for operating the fuel handling machine. This reduces 
the probability for errors during the fuel handling operations. 

c The design of the enrichment distribution and burnable absorber of 
the fuel and refuelling of the core is optimized to make it 
possible to use "monosequence" operation i. e. during a cycle the 
control rods are operated according to a single sequence of 
patterns from all rods fully inserted to all reds out. This 
strategy also makes it possible to supervise the control rod 
manoeuvres by the process computer. 



112 5.National/international contacts 
Regular meetings with other utilities, both Swedish and foreign, make sure 
that experience exchange exist. Especially the companies operating ABB Atom 
reactors are in very close contact, which is considered very benefital for 
everyone. Lots of problems can he solved only once, instead of solved by all 
the separate companies respectively. 
OKG also paricipate in international cooperation programs both in the core 
operation area and fuel technology aspects. Some examples are COPAG, TUG, ANS 
and NF1R-1. 
Beside this, OKG attends conferences in the above mentioned matters 
worldwide. 
Last, but not less valuable, is the very good and close contact OKG has 
established with its fuel vendors. The plattform for good fuel realibility is 
the mutual confide'.*, a and respect of both parts competence, which have always 
characterized the relationship between OKG and its fuel vendors. 

REDUCTION OF EFFECTIVE THERMAL CONDUCTIVITY 
IN HIGH BURNUP FUELS 

S. KITAJIMA, T. MATSUMURA, M. KINOSHITA 
Central Research Institute of Electric Power Industry, 
Tokyo, 
Japan 

Abstract 

We have developed a fuel performance evaluation code, EIMUS, 
improving the FEMAXI-Iil code in 1984. Recently modifications 
were made in this code to analyze high burn-up fuels. 

It was found that, as burn-up increased, pellet temperatures 
increased for the same liner heat rate in temperature 
measurements. Temperature increments are resulted from the 
reduction of effective thermal conductivity. It may be results of the 
following mechanisms ; 

1 The occurrence of many micro-cracks in pellets 
2. Reduction of thermal conductivity U02 matrix. 

Firstly, pellet temperatures increase due to the micro-cracks 
because of solid-gas temperature slips at the crack gaps. Secondly 
the thermal conductivity of U02 matrix reduces with O/U increment 
at high burn-up. 

We have made modeling of these phenomena to describe the 
reduction of the effective thermal conductivity and investigated 
effects of modeling parameters. This paper will also present 
comparisons between calculated, utilizing the developed model, and 
measured fission product gas releasing in experiments of RISO 
project phase 2. 

1. Introduction 
In order to improved the economy of the nuclear power 

generation, continuous efforts to improve fuels are necessary. 
Presently our goal is to develop a new fuel design, specification or 
concept, aiming at its utilization up to the burn-up of more than 80 
MWd/kgU peak pellet. As a first step, improvements of quantitative 
understanding of the thermal and the mechanical fuel behavior is 
necessary. 



We have developed a fuel performance evaluation code, EIMUS, 
improving the FEMAXMII code in 1984, implementing a diffusions! 
fission gas release model[l,2]. Some trials are now in progress to 
implement new models. This paper describes an attempt to model 
the effective thermal conductivity of fuel pellet at high burn-up. 
Recently, computer codes of new generation, such as ENIGMA or 
TRANSURANUS, were applied to analyze the data of pellet centerline 
temperature which were measured continuously up to high bum-up. 
The data was from a rod in the assembly IFA-432 irradiated at 
Hilden HBWR. The analyses show indication of reduction of the fuel 
thermal conductivity at high burn-up[3,4,5]. 

We assume following two mechanisms for the reduction of 
effective thermal conductivity; 

(1) development of cracks in pellets 
(2) reduction of thermal conductivity of UO2 matrix 

In the first mechanism, as the number of cracks increase, the 
effective thermal conductivity reduces due to the poor gas 
conductivity in the pellet-pellet gap and the temperature slip 
between the gas and the pellet surface. In the second mechanism, 
the effect could be remarkable at the pellet rim region, which is a 
thin region near the pellet surface, having extensive Pu buildup by 
epithermal absorption. 

2. Modeling of the Effective Thermal Conductivity 

As burn-up increases, the pellet-cladding gap closes and 
consequently the pellet-cladding gap thermal conductance is 
improved. At the same time, the gap volume moves into the pellet 
and the effective thermal conductivity of pellet is reduced. In 
addition, growth of rim structure may contribute to the reduction of 
thermal conductivity in high burn-up fuels. 

Following these considerations we implemented two models of the 
effective thermal conductivity into the EIMUS code, which are "the 
crack model" and "the rim model". 

2.1 Crack model 

Many cracks are observed in pellets as burn-up is increased. The 
effective thermal conductivity of pellets, which is composed of a 
complex of UOa matrix and cracks, reduces as burn-up increases. The 
thermal conductivity of filled gas in the ciacks is lower than that of 

UO2 matrix, and the temperature slips occur between crack surface 
and filled gas. Therefore the effective thermal conductivity is 
reduced as a number of cracks are increased. We have made a 
model of these phenomena in the following way. 

Pellets relocate at an initial stage of irradiation and cracks appear 
in pellets. It is assumed that a half volume of pellet-cladding gap 
moves into pellets as cracks at the initial relocation, and that volume 
is kept constant as burn-up increases. A total cross sectional area of 
cracks in pellets St ;cm2) is given by 

St- * ( ( rpo + 0.5(r cj-rpo))2-rpo2) (1) 

where rpo(cm) is a pellet outer radii and rci(cm) is a cladding inner 
radii. We distinguish cracks with two kinds of cracks, which are 
"radial cracks" and "circumferential cracks". And we also assumed 
that cracks distribute uniformly in the pellets. 

St-Sc + Sr (2) 

Sc- n I (i • ASEG AGAP + (2i-1)AGAP2) (3) 

Sr=2 * 2 ( i - 1 ) A GAP ASEG (4) 

where S c is a cross sectional area of circumferential cracks, Sr is a 
cross sectional area of radial cracks, i is a radial segment number 
which is divided by ten, AG A P (cm) is a total width of 
circumferential cracks for a radial segment and ASEG (cm) is a 
radial segment length. Substituting equations (1),(3) and (4) into (2), 
A GAP is given by 

-145 * ASEG + ((145wASEG)2 + 400*St)V2 
A G A p . ( 5 ) 

200 x 

Since St and ASEG are independent of Nmc, the number of cracks, 
AGAP is not dependent on Nmc. On the the other hand, the 
effective thermal conductivity is reduced as Nmc is increased. The 
effective thermal conductivity for a radial segment i is given by 

1 
Aeff- (6) 

1 Nmc/ASEG 
+ 



Ill The first term of the right side denominator is a complex of U02 
matrix and radial cracks for a radial segment i. Here A p' is given 
by 
A p ' - ( 1 - e i ) A p + < 9 i - A g (7) 

(i-1) AGAP 
©i (8) 

(i-1/2) ASEG + (i-1) AGAP 

where AplW/cm/K] is the thermal conductivity ot UO2 matrix, 
Ag[W/cm/K] is the thermal conductivity of filled gas in cracks and 
Si is a total opening angle of radia! cracks at scgmeni i. The second 
term of the right side denominator of equation (6) is the total 
contribution from the circumferential cracks i'. a radial segment i. 
The contact conductance of the cracked surfaces, hpp, is given by 

Ag A p P p p 
h p p + (9) 

(g1+g2)i + AGAP (1/32 • Rsu)1/2|Hi 

where (g1+g2)j (cm) is the temperature jump distance, Ppp(Pa) is a 
pellet-pellet contact force, Rsu(cm) is roughness height of crack 
surface and Hi (N/m^) is the Mayor hardness. In this model we 
simply assumed Ppp is equal to the pellet-cladding contact force . 

In this model, the equation (6) describes the reduction of 
effective thermal conductivity due to burn-up increase. 

2.2 Rim model 

It is observed that the local burn-up at the pellet rim region is 
much higher than that of the inner region. This is called as the 
surface effect. The surface effect is a phenomena that plutonium is 
produced more at the pellet rim than the center, and burn-up and 
power generation rate at the pellet rim becomes higher than the 
pellet average value. The thermal conductivity of UO2 matrix 
therefore is expected to reduce remarkably at the rim region[6]. 

The thermal conductivity of pellet is calculated for each radial 
segment in 'he EIMUS code. We multiplied to the original value of 
the M A T P R O UO2 conductivity model[7] for the segments at the 
pellet rim by the reduction factor, RF. In the thermal calculation the 
pellet radius is devide into ten segments with the same radial width. 
The most outer segment is set as the rim region for the analysis. 

3 Method of Analysis 

The radial power distribution was calculated utilizing the ANRB 
code[8,9] which includes the surface effect. We calculate the 
effective thermal conductivity of pellets utilizing the crack model 
and the rim model which describe the reduction of effective thermal 
conductivity as burn-up increases, and derive radial temperature 
profiles utilizing the power distribution. 

In addition, radial profiles of retained fission gas are derived 
utilizing a fission gas release model, FGRBEM, in the EIMUS code[10). 
The schematic diagram of the model is shown in Figure 1. It is 
considered in the FGRBEM model that there are two phases in fission 
gas release. The first phase is the incubation period where the gas 
diffuses out from a grain and is accumulated at grain boundary until 
a certain saturation level. A single grain have been regarded as a 
sphere, and the diffusion equation is given by, 

dC itfc 2 8Ci 
— - D eff — + + q (10) 
dt \df r drl 

b' 
Deff- D ( in 

b'+g 

where C(mol/cm3) is a concentration of fission gas in a grain, 
D (cm2/sec) is a diffusion coefficient of UO2 matrix, b'(-) is a 
resolution probability /rom bubbles into grains, g(-) is a capturing 
probability at bubbles in grains, q(mol/cm^/sec) is a production rate 
of fission gas, t(sec) is a time and r(cm) is a radial position in a grain. 
Therefore, the boundary condition is given by, 

D • Cgb 1 3 C 
— b • Nres at r- rb-lres (12) 

Lres 2 3 r 

where C g b is C at grain boundary, N res (mol / cm2) is an area 
density of fission gas at the grain boundary, b is a resolution 
probability from grain boundary bubbles into grains and L r c s is a 
resolution length. The grain growth is calculated by time-space 
boundary method[ll] integarating along rb(t), the trajectory of the 
boundary. 
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Fig.l Schematic diagram of fission gas release 
model in FGRBEM 

In the analysis we utilized Matzke's diffusion coefficient, Deff, to 
calculate radial profiles of retained fission gas as shown in Figure 2 
112). 

4. Results of Analysis 
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We have analyzed radial profiles of pellet temperature utilizing 
the crack model and the rim model. The fuel of RISO-b (M23-1-6), 
which is one of the poweT bump experiments at RISO project phase 
2, was used as an example[13]. The detailed informations of design 
and irradiated conditions are given in Table I, and the histories of 
liner heat rate and fission gas release at the bumping test are shown 
in Figure 3. 
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Table I Fuel design and irradiated condition 
forRISO-b 

fuel fabrication 
CpeUet] 

outer diameter 12.6 mm 
density 94.7 *TD 
open porosity 0.02 
average grain size 10 v a 
enrichment 5.078 % 

[ cladding ] 
material Zircatoy-2 
cladding width 0.6 mm 

irod] 
gap size 0.19 mm 
filled gas 0.1 MPa He at base irradiation 

0.1 MPa Xe at bump irradiation 

base irradiation 
reactor HBWRatHalden 
max. heat rating 44.3 kW/m 
axial average bum-up 39.8 MWd/kgU 

bump irradiation 
reactor DR3atRISO 
max. heal rating 40.0 kW/m 
rod average F.G.R. 19.3% 

The radial profiles of pellet temperature utilizing the crack model 
are shown in Figure 4. The local burn-up of this axial position is 
42.2MWd/kgU02. The model assumes that the number of cracks is 
proportional to the burn-up. A parametric study was made for the 
increment rate such as 0, 10, 20, 30, 40 and SO at 10MWd/kgUO2 as 
shown in the Figure 4. Temperature increases more near the pellet 
center than that near the pellet rim. Utilizing the crack model, 
measured and calculated radial profiles of retained fission gas are 
compared as shown in Figure S. Comparing Figure 4 and Figure S, 
the fission gas release starts at a radial position of about 1400K and 
90% of fission gas is released at the radial position of about 1900K. 
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Assuming the reduction of effective thermal conductivity is caused 
only by the cracks in pellets, a number of circumferential cracks in 
order to reproduce the experimental result are approximately 35 at 
10MWd/kgUO2 between pellet center and rim. 

The radial profiles of pellet temperature utilizing the rim model 
are shown in Figure 6. The model assumes that the reduction factor 
of the thermal conductivity at the rim region, RF, is proportional to 
the burn-up. A parametric study was made for the increment rate 
such as 1.0, 0.7, 0.5, 0.3, 0.2. 0.15 and 0.1 at 40MWd/kgUO2 a s 
shown the Figure 6. Relatively large temperature increase is shown 
near the pellet rim. The comparison of the measured and the 
calculated radial profiles of retained fission gas is shown in Figure 7. 
As the same fission gas release model is used, the starting 
temperature of fission gas release and the temperature at 90% 
release are same as that from the crack model. Assuming the 
reduction of effective thermal conductivity is caused only by the 
reduction of thermal conductivity ' t the rim region, RF, to reproduce 
the experimental result is approximately 0.12 at 40MWd/kgUO2. 

2500 

2000 -

<j> 1500 -
3 
2 
§ 1000-
E 
.2 

500 -

0 0.2 0.4 0.6 0.8 1 
pellet center pellet surface 

Radial Position (-) 

Fig .6 Radial temperature profiles utilizing 
\fj the rim model 

—_ 1.0 IF 
—I— 0.7 «r 
- e - a.% or 
-*- C.J Of 
-&- •.? or 
-&- 0.15 or 
-e- 0.1 or 

• t <MMMM/kt* 

1.2 

^ 1 

i°> 
c 
O 0.6 
CO .2 
£ 0.4 
0 
.c 
2 0.2 
OC I 

0 
0 0.2 0.4 0.6 0.8 1 

pellet center pellet surface 
Radial Position (-) 

Fig .7 Radial profile* of retained fission gat 
utilizing the rim model 

S Discussion 

5.1 Temperature slip in cracks 

In order to confirm the necessity of the crack model, temperature 
data from an instrumented fuel, USNRC/EG&G IFA-430 rig are 
analyzed[14]. This fuel was irradiated in the HBWR at Halden project 
and fuel temperatures were monitored when filled gas pressure was 
changed. The fuel design and a irradiated conditions are shown in 
Table II. Significant decrease of the pellet center temperature was 
observed as the filled gas pressure was increased. This phenomena 
is shown in Figure 8. The original EIMUS code, without the crack 
model, does not reproduce the temperature decrease. The code with 
the crack model can reproduce the results shown in the figure. This 
phenomena is explained by the decrease of temperature jump 
distance at pellet-cladding gap and circumferential cracks. Assuming 
10 cracks at 3MWd/kgUOj between pellet center and rim, the 
measured temperature decrease is well reproduced. 



Table II Fuel design and irradiated condition for IFA-430 5.2 Radial temperature profile 

fuel fabrication 
(pellet] 

outer diameter 10.81 mm 
density 95STD 
enrichment 10.05% 

[cladding] 
material Zircaloy-2 
cladding thickness 0.94 mm 

(rod] 
gap size 0.10 mm 

filled gas compaction 100% He 

irradiation 
reactor HBWR at Halden 
axial average bum-up 3 MWd/kgU 
filled gas pressure 0.1-5.1 MPa 
heat rating level 10.15 and 20 kW/m 
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Fig.8 Temperature decrease by Increment 
of filled gas pressure 

In Figure 9 the radial temperature profiles utilizing the crack 
model and the rim model are compared. The case 2 and case 3 were 
selected as they show nearly the same centerline temperature. The 
rim model shows approximately 100K higher temperature than the 
crack model near the pellet rim. This is because that the assumed 
radial profile of the reduction rate of conductivity is radially 
uniform in the crack model and very local in the rim model. As the 
fuel temperature is not measured in this experiments, the 
temperature calculations can not be verified. However, the FGRBEM, 
the diffusion gas release model, could reproduce the radial profile of 
the gas release fairly well, utilizing the Matzke's diffusion 
coefficient. Because this diffusion coefficient is one of the highest 
value of the measured ones, the calculated temperature which 
reproduced the measured retained gas profile could be less than the 
real temperature. The difference of the calculated temperature of 
the original EIMUS code and that with the new models is 
approximately 400K at pellet center, where the heat rating is 
389W/cm. These discrepancy shows the importance to model the 
effective thermal conductivity of fuel pellet. The presented models 
are one of the first step in these efforts. 
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S.3 Retained fission gas 

Figure 10 shows the calculated radial profiles of the retained 
fission gas for the case 2 and case 3 shown in the Figure 9. Although 
the calculated temperature profiles are different, there is no 
significant difference in radial profiles of the retained fission gas. 
This is because the calculated temperatures have little difference at 
the transition zone of the fission gas release, that is the radial 
position of 0.6-1.0. This parametric survey indicates that the radial 
change of the thermal conductivity is difficult to estimate from the 
experimental data of radial profile of retained fission gas. Therefore, 
in order to evaluate the thermal conductivity of the high burn-up 
fuels, the theimal conductivity of pellets should be measured 
directly at a hot laboratory. 
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5.4 Effect of rim width 

We calculatetd the radial profiles of retained fission gas utilizing 
the rim model, in order to investigate the effect of the width of the 
rim region to the temperature behaviors. Figure 11 shows the 
results that 1, 2 and 3 radial segment from a pellet surface are 
multiplied by RF(=0.5). The calculated profiles show a large 
difference for each other because the temperature and the retained 
fission gas profiles are significantly affected by the width of the rim 
region. 
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6 Conclusion 

1. We have developed two models of the effective thermal 
conductivity for the high burn-up fuel pellets. That are the crack 
model and the rim model. 

2. Parametric surveys were made to investigate the effect of the 
thermal conductivity. Assuming Matzke's measured fission gas 
diffusion coefficient, calculated results of the both models show 
basic agreements with the experiment for the radial profile of the 
retained gas. The number of cracks for the crack model and the 
reduction factor for the rim model were estimated. 

3. To investigate thermal performance of the high burn-up fuel, it is 
necessary to measure the thermal conductivity directly using 
specimens prepared from irradiated fuels at a hot laboratory. 
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Abstract 

In the case of CANDU type fuel there is a necessity to 
iaprove the fuel bundle design In order to increase its ability 
to meet high burnup. Further bundle sub-division and slightly 
enriched uranium is one possibility. Furthermore, grading the 
element sizes also minimizes the linear power output of the 
individual fuel elements, while maximizing the power output of 
ttve bundle. Also there arc design changes of the pellet that can 
improve performance at higher turnups. The purpose of this study 
was to make a comparison between new fuel concept performance and 
standard CANDU type fuel performance. The results of the thermo-
mechanical behaviour included in this study demonstrate the 
influence of geometrical and microstructural parameters on the 
fuel performance. The calculations were performed by means of a 
probabilistic analysis system developed in INPR. The results of 
the analysis point out the performances of the new concept and 
constitute a guideline for future research. 

1. INTRODUCTION 

The CANDU reactor has ability to accomodate a wide variety 
of fuel types. Slightly enriched uranium <S£U> fuel cycle can 
reduce total fuel cycle costs by 23 to SOS relative to natural 
uranium, depending on the costs of uranium and enrichment til. 
SCU offers several benefits which can be obtained by using 
existing technology. In order to meet extended burnup with SEU 
fuel, on* of the possibilities is a more sub-divided bundle 
design, thus improving fuel general behaviour and its ability to 
withstand increased operating margins. AECL is also pursuing 
programmes which *rt aimed at the demonstration of SCU fuel in 
CANDU C21. 

This paper focuses on the SPI fuel elements behaviour 
modelling in order to demonstrate the satisfactory performance 
under power histories appropriate for the fuel management schemes 
to be used with SEU fuel. The designs analysed and compared in 
this study were those of the outer element of the current 37-

< a a element CANDU type bundle (OE-37) and the outer clement, with a 
IS reduced diameter, of a recent 43-elemcnt bundle <0E-*3) for the 

advanced CANDU reactors. Both utilize IX slight enrichment U0« 
pellets in zircaloy-4 cladding and have been investigated in 
representative steady state conditions. The component areas of 
fuel performance that arc of particular importance at extended 
burnup in CANDU are described in detail in the following 
sections. Required additional work on irradiation experiments and 
modelling is identified. 

2. FUEL DESIGN 

2.1 General description 

It is obvious that any new design feature should not require 
too much change in established technology nor should result in 
dramatically higher costs. Another criterion is that such new 
design should be usable in existing reactors which essentially 
means that the overall geometry of the fuel bundle should be 
maintained. The new bundle must be able to interface with fuel 
handling; systems and be capable of resisting the hydraulic and 
fuelling machine induced loads. Eased on these criteria, effort 
has concentrated on the arrangements of the fuel elements in a 
new bundle configuration and on fuel clement geometry 
opt imitation. The new version of the advanced CANDU type bundle 
with slightly enriched uianium has 43 fuel elements with two 
element sizes. The smaller diameter elements are placed in the 
outer ring. This greater subdivision is also in line with trends 
featured in advanced LUR designs. The fuel elements are welded to 
two end plates to form the cylindrical bundle. The separation 
among the elements is maintained by the spacers which are brazed 
on the elements. The bundle is supported on bearing pads brazed 
to the outer element claddings. Each of the 43 fuel elements 
contain U0„ pellets in a :ircalo>-< cladding. High fuel defisitic 
<U0, densities between 93.3 and 97.3% of theoretical value) arc 
feasible with this design. Enrichment is 1 wt per cent U-235 in 
U. The pellets have dishes on both ends. A graphite interlayer 
separates the cladding and the pellets to reduce the pellet-
cladding Interaction. The bundle thermal hydraulic preliminary 
design was completed and will be confirmed by pressure drop and 
critical heat flux tests. Physics calculations and fuel 
management studies also have been performed [33. 

2.2 Performance models as a design tool 

The effects of design variables on the fuel performance are 
mainly demonstrated in irradiation testing. However, an important 
complementary procedure is the use of fuel performance models as 
a technique to identify the most significant design variables, 
and calculate how they Influence, for example, fission gas 
release, operating temperature, Internal rod gas pressure or fuel 
dimensions during irradiation. 



Within INPR the ELFIN 141 and APHESRA [51 computer codes are 
used for this purpose. ELFIN is a coaputcr code developed in INPR 
to analyse the thermal and Mechanical behaviour of fuel clement 
during steady state and transient conditions. The local thermo-
mechanlcal behaviour is evaluated in two dimensions by the finite 
element method. The ELFIN calculation are in resonable agreement 
with the CANDU standard fuel experimental data resulted from INPR 
irradiation programme. APMESRA is a probabilistic fuel element 
behaviour code, also developed in INPR, based on the response 
surface methodology <RSH). The stages of R5H application have 
been implemented In a suite of computer routines, which together 
with a fast running deterministic fuel performance code form the 
probabilistic CANDU type fuel behaviour system CS3. 

3. FUEL rciirowwee. DISCUSSION 

The once through natural uranium fuel cycle utilized in the 
actual CANOU reactors is performing very well. In order for 
extended burnup fuel /clef to be adopted, it must be 
demonstrated that the new fuel design performincc at higher 
burnups is acceptable. The analysis of the effects that become 
important at extended burnups is required for the successful! 
implementation of the SEU cycle in CANDU reactors. 

The declining bundle power history utilised in the present 
SEU fuel design evaluation is resulted from management 
simulations and represents an envelope of the simulated bundle 
power histories (Figure 1). The linear power for eacn particular 
fuel element design is derived from this power envelope. 

3.1 Fission gas release and internal pressure 

The main parameters to be adressed in extended burnup CANT*> 
type fuel are fission gas release and resultant internal gas 
pressure. Release of gaseous and volatile fission products within 
an operating zircaloy clad oxide fuel elements can be performance 
limiting. The design limit for internal gas pressure is defined 
by a so called "non lift off* criterion. This criterion requires 
that the internal pressure may not lead to a thermal feedback 
aechanism. Thermal feedback is assumed to start when the gap 
between fuel and cladding Increases due to Internal overpressure. 
This effect is of major importance in CANOU type fuel element 
design as a consequence of the specific thin collapsable zircaloy 
cladding utilization and of the high temperature fuel operation. 
Another limit on the fission gas pressure arises from the design 
strain criterion which limits the tangential cladding strain and 
implicit the maximum permissible Internal pressure. So, provided 
gas pressure can be maintained below coolant pressure, there will 
be no problems in the case of CANDU type fuel elements. 

PratoMMy Unify futctm 
of rod iiOtrnal prtwro 

Hoan.i.TlM* 
Stdtr>1.0SHPo 

BURN-UP 
/MWI/KgU I 

f*. 1- CALCULATED EVOLUTION OP HOD INTERNAL GAS PRESSURE 

In order to point out the different behaviour of the 
analysed fuel element designs in similar fuel bundle conditions, 
Figure 1 presents the evolution of rod internal gas pressure 
during depicted power history. The calculations were performed by 
means of the probabilistic code APHESRA. It was invesigated the 
Influence of the uncertaintes in some geometrical and 
mlcrostructurel design input data on the OE-43 fuel element 
Infernal gas pressure (Figure 1-8). For the OE-OT design only the 
nominal case calculation is illustrated for comparison In Figure 
t-A, because, during the power history, the internal • « pressure 
exceeds coolant pressure (10.6 NPa). The design input variables 
utilized in this study have been selected in a preliminary 
sensitivity analysis. The selected variables weret pellet 
density, radial gap size, axial gap size, cladding thickness, 
initial fuel grain size and dish depth. All these variables were 



assumed to follow • normal distribution, centered on tht noalna) 
value* and with tht tolerance limits placed at *3cj (<* -standard 
deviation of the i variable) fro* the nominal values. 

Figure 1 ilso presents the distribution of the internal gat 
pressure values in a specified point of the power history where 
the pressure uncertainty band has its largest value. The final 
task in achieving the purpose of the uncertainty analysis was to 
determine the sensitivity of the Internal gas pressure to the 
various input uncertainties. The Most important Influence on the 
analysed performance parameters is due to variability of Initial 
fuel grain size and fuel pellet density. 

The results of a similar type of approach on the EOL-f lssiofi 
9as release for OE-43 design are presented in Figure 2. The 
fractional release ranges from XT. to 6X for this type of element 
in compar.son with OE-37 design which showed, for the nominal 
-ate, <a fractional fission gas release of "S at a burnup of 450 
MWh/KgU. Fission gas release is rather low at OE-43 fuel design 
and advantage of small diameter fuel element is clearly visible 
from these calculations. 
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The calculation study illustrated in Figure 3 suggest that 
increasing the U0* initial grain size of SEU fuel can further 
reduce fission gat release. The release reduction factors range 
from about two to eight for this example. The utilized power 
history was above mentioned. 

The experimental data Included in literature work infer also 
that a stable initial grain size significantly larger would be 
most effective in reducing fission gas release for linear powers 
less than about 90 Kv/m ta}. The Improvement occurs because gas 
migration to boundaries *rt reduced by large stable grains. At 
higher powers, where there is significant equiaxed or columnar 
grain growth, and the fission gas diffusion coefficient 
increases!initial grain size has less effect on release. One 
means of producing large grain size is with a combination of 
extended sintering times at *le/ated temperatures. Doping with 
Nb.,0- and TiO, has alio beer successful in producing large 
griincd U0, fuel. 

Increasing IJ0„ fuel density gives the possibility of 
increased U content and Improved thermal conductivity resulting 
from reduced sintering porosity. Early work wat carried out at 
INPR on the effect of U0„ density on the CANOU type natural 
uranium fuel elements performance. The range of investigated 
densities was from 93 to 98% of theoretical density. The results 
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1 M of the study shows that high density fuel released less fission 
gas, for the test conditions of linear powers up to 33 Kw/m. 
Figure 4 depicts the calculated influence of initial fuel density 
on the fission gas release in the case of OE-43 SEU fuel during 
the analyzed power history. 
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FIG I THE EFFECT OF PELLET DENSITY ON FISSION GAS RELEASE 

3.2 Dimensional stabilit> 

A direct comparison of cladding strain evolution during 
utilized power history for both SEU fuel elements has been 
performed by analysing ELFIN code calculation. For the OE-43 fuel 
the final tangential cladding strain at the mid pellet was about 
-0.1231, closed to the usual values obtained from our experiments 
with natural uranium fuel elements. The OE-37 fuel presented a 
similar mechanical behaviour the final tangential cladding stra.n 
obtained being of about +0.2X. The other results of the steady 
state mechanical calculations were the radial ridge heights (30 
and 38 microns respectively) and the axial element deformation 
'0.03 and 0.HZ respectively). 

!M> in case of CANDU type fuel, of major importance at 
extended burnup, is the power ramp fuel element behaviour. SEU 
fuel management studies showed that, on some options C31, power 
ramps and element ratings can be maintained at lower levels, 
facilitating extended burnup operation, especially for reduced 

diameter size fuel elements. Strain increments from power ramping 
can be also significantly reduced by changes to pellet detign. 
Reduction of pellet 1/d, increase in pellet shoulder width and a 
small edie chamfer can b» effective in reducing cladding strain 
increments, and have been considered in optimization of OE-43 
fuel design. 

The most probable mechanism for cladding cracking during 
power ramps appeared to be $CC than inadequate ductility in 
irradiated cladding. These failures were eliminated In natural 
uranium CANDU type fuel elements through cartful fuel management 
and through the introduction of graphite CANLUB coating. So, for 
the new OE-43 fuel design it Is important to ensure that graphite 
layer retaines its protective qualities at extended burnups. 
Also, under study,are the benefits that can be gained from the 
use of zirconium-barrier layer cladding. 

3.3 Zircaloy corrosion 

Both clad waterside corrosion and deuterium pick-up in the 
cladding will increase with burnup due to the longer residence 
times. The primary controlling factor; for fuel < 1 oi»*nt cladding 
corrosion is metal-o;:idc interface temperature, the fluence to 
which the clad is exposed and the coolant chemistry. As the oi:lde 
layer builds up, it will tend to insulate the fuel element 
cladding, due to its lower thermal conductivity and cause the 
interface temperature to increase. This could result in a 
progressively accelerating corrosion rate with burnup. Any crud 
deposition on the fuel clad will further compound this effect. 
However, the influence of corrosion self enhancement it reduced 
at SEU fuel elements by the fact that the linear power is 
decreasing at higher burnup, while both the residence time and 
the fluence will be increased at SEU fuel, the coolant chemistry 
will be similar to current condition of CANDU natural uranium 
flMl. 

Figure 3 gives a comparison of calculated oxide layer 
thickness for OE-43 and 0E-37 fuels In the above mentioned power 
history and in standard coolant conditions C71, These 
calculations data indicate there is not significant differences 
in o>:ide layer thickness between the analysed fuel designs. The 
existing experimental data indicate that unless coolant chenistry 
changes substantially during irradiation clad oxidation will be 
not life limiting. 

4. EXPERIMENTAL PROGRAMME 

Declining power history tests and power ramps tests *r* 
designated on our TRI0A research reactor in conditions at those 
anticipated for OE-43 SEU fuel in power reactor. The experimental 
fuel elements will be irradiated in the pressurized, light water 
cooled, vertical loops. These tests will provide specific 
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information regarding particular effects of design variables at 
extended bur nup on fuel performance and will validate calculation 
studies. The tests will also investigate if graphite coating 
retaines its protective qualities at higher burnups. In addition 
ue planned K> perform highly instrumentated fuel element tests in 
order to provide information regarding evolution of fi:3ion gas 
pressure and fuel element dimensions during irradiation. Fuel 
performance models and codes will be updated to incorporate the 
-esults obtained from extended buiTJ-jf e.iperinent-;, 'o srsur-? 
continuing predictive capability. INPR e -tended burnup 
experimental programme for SCV fuel are in the early phases and 
most of its results wil! be obtained within following /ears. 

CONCLUSIONS 

From this preliminary study of the effects of extended 
discharge burnup or. the new CANDU type SEU fuel design it is 
concluded that: 

There Is certain economic advantage associated with CEU fuel 
cv-te in CANPO reactors. 

The most important influence on the fission gas release and 
infernal gas pressure is due to variability of Initial grain s in 
and fuel density for- the analysed power history. 

A large Initial grain si:« generally reduces fission gas 
release from Irradiated CANDU type SEU fuel, but the 
effectiveness is power dependent. Increasing initial fy.;l demit,-
can further reduce fission gas release. 

The slight increase of SEU fuel element inner pressure 
indicate that fission gas release is not a limiting parameter for 
obtaining extended burnup in the case of reduced diameter fuel 
element. 

Oxide layer thickness predictions indicate that uniform 
waterside corrosion will not limit the operation of new CAMDU 
type SEU fuel at extended burnups. However, the build-up of oxide 
thickness is very sensitive to cladding surface temperature. 
Therefore, fuel element operation late in life at higher linear 
heat rates may be restrictive. 

A development programme to introduce SEU fuel with extended 
burnup in our CANTJU rectors would focuses on .'xperlmental 
irradiations and code development. Uorls is required to ensure 
that power ramp behaviour at extended burnup Is adequate. 

Because of preliminary character of the iresented study, In
validity of the results Is partially restrict.d and further-
experimental <ind computational confirmation sct.i; lo be 
necessary. 
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Abstract 

The computer code ELESTRES is frequently used at Atomic Energy of Canada 
Limited to assess the integrity of CANDU fuel under normal operating conditions. The code also 
provides initial conditions for evaluating fuel behaviour during high-temperature transients. 
This paper describes recent improvements in the code in the areas of pellet expansion and of 
fission gas release. Both of these are very important considerations in ensuring fuel integrity at 
extended bumups. Tirstly, in calculations of pellet expansion, the code now accounts for the 
effect of thermal stresses on the volume of gas bubbles at the boundaries of UO2 grains. This has 
a major influence on the expansion of the pellet during power-ramps. Secondly, comparisons 
with data showed that the previous fission gas package significantly underpredicted the fission 
gas release at high bumups. This package has now been improved via modifications to the 
following modules: distance between neighbouring bubbles on grain boundaries; diffusivity; and 
thermal conductivity. The predictions of the revised version of the code show reasonable 
agreement with measurements of ridge strains and of fission gas release. An illustrative example 
demonstrates that the code can be used to identify a fuel design that would (a) reduce the sheath 
stresses at circumferential ridges by a factor of 2-10, and (b) keep the gas pressure at very high 
bumups to below the coolant pressure. 

I. INTRODUCTION 

The performance of CANDU* fuel 
has been excellent to date: Over 600,000 fuel 
bundles have beep irradiated in the current 
generation of CANDU reactors, and fuel 
bundle integrity is well over 99.8% [1]. 

Planned evolutions of the CANDU 
reactor include the 450 MWiCANDU-3 
design, the 900 MWe CANDU design, the 
high-bumup version of the CANDU -6 design, 
and increased capabilities for load following. 
These are expected to place increased 
demands on the 37-elemem CANDU fuel, 
such as a combination of: peak element 
ratings of 60 kW/m; element bumups of 

* CANDU: Canada Deuterium Uranium 

700-800 MW.h/kgU; power-ramps at high 
bumups; multiple power-ramps; and 
in-reactor residence times of 800-900 
hot-coolant days. Experimental and 
analytical programs are underway in Canada 
to ensure fuel integrity under these 
conditions, including development of an 
advanced 43-element bundle called 
CANFLEX. Previous assessments have 
indicated [2,3] that under these conditions, 
the two most important considerations 
regarding the integrity of CANDU fuel under 
normal operating conditions are: 
Unvironmentally-Assisted Cracking (EAC) 
of the sheath; and Fission Gas Pressure. More 
detailed descriptions are available from 
references [2,3]. 

The computer code ELESTRES [4] is 
frequently used at Atomic Energy of Canada 
Limited to calculate the following parameters 
that have a major impact on the preceding 
defect mechanisms: temperatures; fission gas 
release/pressure; and pellet expansion at the 
midplane and at the endplane. Figure 1 
illustrates the terms used in this paper. 

The details of the code have been 
described previously [4). The objective of 
this paper is to describe two recent 
enhancements of the ELESTRES code: 
improved calculations of fission gas release; 
and the effect of thermal stresses on the 
volume of gas bubbles at the boundaries of 
UOj grains. 

This paper first provides background 
information on the mechanisms that lead to 
gas release, to EAC, and to fuel failures. Then 
we discuss the features of ELESTRES that 
relate to the above mechanisms. A detailed 
description is then given of the two recent 
improvements in ELESTRES noted earlier. 
Some predictions of the code are compared to 
experimental data. SVc also give an 
illustrative example that demonstrates the use 
of the code to improve the integrity of 
CANC'I fuel at extended bumups. Finally, 
the long-range plan for further evolution of 
the code is outlined. 
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2. BACKGROUND 3. THE ELESTRES CODE 

The most important factor affecting 
fuel integrity at high and at moderate burnups, 
is environmentally-assisted cracking (EAC) 
of the sheath 11,3]. This occurs when the 
irradiation-embrittled sheath experiences 
high tensile stresses, generally due to pellet 
expansion, in the presence of a corrosive 
internal environment provided by fission 
products. It may be aggravated by hydrides in 
the sheath, which can provide sites for crack 
initiation. As noted earlier, integrity of 
CANDU fuel has been excellent to date. In 
the few failures that have occurred. EAC has 
been a very dominant failure mechanism, 
accounting for a few hundred defects in over 
600,000 bundles irradiated [1]. Other 
significant causes of fuel defects are fretting 
and manufacturing flaws [ 1 ]. 

The other factor influencing fuel 
integrity is fission gas pressure. During 
irradiation, several stable isotopes of the 
gases krypton and xenon are produced 
steadily, at rates that vary with operating 
power. While most of the fission products 
stay within the UO2 matrix, some fraction 
does migrate to the open space between the 
pellets and the sheath, giving rise to gas 
pressure in the element. Gas pressure above 
the coolant pressure (-10 MFa) gives primary 
tensile stresses in the sheath, causing 
redistribution of zirconium hydrides. Further, 
the higher gas release at extended bumups 
also increases the concentration of fission 
products at the sheath: urface. The combined 
effect can reduce sheath integrity. In CANDU 
reactor operation to date, gas overpressure 
due to high bumup may have contributed to 
th; observed failure of zero to three fuel 
bundles out of the 600,000 irradiated 12,3]. In 
experimental reactors, two bundles have 
failed due to gas overpressure, out of the -70 
bundles tested to high burnups. Both the 
failed experimental bundles contained thoria 
pellets J3]. A conservative approach would 
be to keep the gas pressure below the coolant 
pressure. 

The fuel performance code 
ELESTRES [4) predicts the behaviour of a 
CANDU fuel element for a given power 
history under normal operating conditions. It 
contains one- dimensional models of heat 
generation, temperature distribution, and 
fission gas release. A two-dimensional 
axisymmetric stress analysis of the fuel pellet 
is used in conjunction with a one-dimensional 
analysis for the sheath to compute the strains 
in the pellet and in the sheath. The major 
results from ELESTRES include: 
temperatures; fission gas release/ pressure; 
and two-dimensional axisymmetric 
deformation of the pellet. An estimate of the 
activity of radioactive isotopes in the free 
voidage is also provided. The code also 
generates the initial conditions needed for 
estimating fuel behaviour during 
high-temperature-transiems. 

ELESTRES was developed by 
combining two programs: ELESIM (5], a 
one-dimensional fuel performance code; and 
SAFE, a two-dimensional axisymmetric 
finite element stress analysis code. 
ELESTRES is thus an extension/replacement 
of the ELESIM code, which accounts for 
30-40% of the ELESTRES coding. The 
balance (60-70%) is primarily SAFE. 

The constituent submodels are 
physically (rather than empirically) based and 
include such phenomena as pellet-to-sheath 
heat transfer via solid-solid, gas. and radiative 
components; temperature- dependent 
densification of the pellet; temperature- and 
porosity-dependence of pellet thermal 
conductivity; temperature- dependent grain 
growth, both equiaxed and columnar, 
bumup-dependent neutron flux depression; 
burnup- and microstructure- dependent 
fusion product gas release and fission product 
swel ing; temperature- and bumup-
dep.mdent distribution of radioactive isotopes 
in the pelle.Vshcath gap; and stress-, dose-, and 
temperature-dependent constitutive 
equations for the sheath, including creep. 

ELESTRES shares these features with 
ELESIM. 

The two-dimensional finite element 
model for pellet deformation includes: 
thermal, elastic, plastic and creep strains; 
pellet cracking; interpellei interaction; 
pellei/sheath interaction; and rapid drop of 
UO2 yield strength with temperature. The 
pertinent two-dimensional equations are 
solved simultaneously to account for 
multiaxial equilibrium, compatibility, and 
flow rule. These features are provided by the 
SAFE portion of ELESTRES. 

The interactions and the feedbacks 
among the various parameters noted above 
arc considered in the code in a dynamic 
manner throughout the irradiation history. 
The code uses the variable stiffness method 
fur plasticity calculations and combines it 
with a modified Runge-Kutta integration 
scheme for rapid convergence and accuracy. 
For typical irradiation histories involving 
peak powers of 60 kW/m and discharge 
burnups of 200-700 MW.h/kgU, the code 
requires 10-30 s of CPU (Central Processing 
Unit) time on the CDC/CYBER-990 
computer. Typical turnaround time is 
5-10 minutes. 

4. IMPROVEMENTS IN THE 
STRAIN CALCULATIONS 

The expansion of the end of the pellet 
is the driving force behind the failure of fuel 
sheaths via EAC. An improvement has 
recently been made 10 a component of that 
calculation. It relates to the diametral 
swelling of grain-boundary bubbles. The 
model considers the influences o." the 
following parameters: the number (mass) of 
atoms of gas at the grain boundary; the density 
(number) of the bubbles per unit surface area 
of (he grain; the local temperature; the surface 
tension of the bubbles; and the hydrostatic 
stress acting on the bubbles which is assumed 
in the code to be equal to (he local radial 
stress. In the previous version of the code, the 
calculation of the local radial stress on the 
bubble was based on the interfacial pressure 

between the pellet and the sheath and on (he 
radial location of the bubble; the gas pressure 
was used if the interfacial pressure was very 
small. The thermal stresses were previously 
ignored in this calculation. 

It was recendy noted tha( during a 
change in powc - the transient thermal 
stresses in the pellet can sometimes be an 
order of magnitude higher than the interfacial 
stresses. As an illustrative example, consiu>r 
the following hypothetical scenario: The 
power is held constant until a moderate 
burnup; the initial thermal stresses in the 
peliet have relaxedcompletely; and the cracks 
have healed. A small ramp in power then 
increases the temperature gradient in the 
pellet by 110°C. Pellet expansion causes the 
pellet/sheath i./Tfacia] pressure (o 
temporarily reach 10 MPa after which it 
relaxes. 

Figure 2 shows the radial stresses [6] 
in an incracked pellet for the above 
conditior s. It is clear that near the centre of 
the pellet the local thermal stresses are far 
more important than the stresses due to 
interfacial pressure. For this reason we have 
now added in ELESTRES a calculation that 
considers (he influence of thermal stresses on 
bubble radius. This is expected to provide in 
£LESTRES a more accurate prediction of the 
dynamics of bubble growth, resulting in 
improved predictions of the dynamics of 
sheath strains. 
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|98 The following calculation procedure 
is used: At the beginning of the 
power-increase, the local values of stresses in 
the pellet are available from the Finite element 
package [-'.J. They include the cumulative 
effects of, among others, elasticity, plasticity, 
creep, and cracking, up to that point in time. 

To this, we add the incremental 
stresses due to the ramp. Assuming a 
parabolic temperature profile, the 
t-.'mperature increment for the current 
time-step is used to calculate the incremental 
elastic thermal stresses. The following 
equations (t>l are used: 

a, = otE(AT) [1 - (rVR2)] /[4(l-v)I; 
o 8 = ctE(AT) [1 - (3r/R 2)] / [4(1-v)l; 
a , = aE(AT)[l -(2rVR 2)l/[2(l-v)]. 

Here, "a" represents the stress. 'r.O.z' are 
polar co-ordinates. 'a* represents the 
coefficient of tht trial expansion. 'E ' is the 
Young's modulus 'AT' represents the 
incremental temper Uurc-gradient during the 
time-step. 

Nexi v.e a'id to the above stresses the 
effect of (he itit^ifacial pressure/gas pressure 
as a function of radial distance from the centre 
of the pellet. The fraction of this incremental 
stress which brings the stress state to yield (or 
the entire incremental stress if yield is not 
reached) is then added to the current stress 
state. This value of local stress now 
approximates the effects of thermal 
expansion, elasticity, plasticity, creep, 
cracking, interfacial pressure, and gas 
pressure, during the entire irradiation history 
including the current time-step. This stress is 
used to calculate the radius of the gas bubbles, 
which in turn is used to estimate the fission 
product swelling [5], 

This estimate of fission product 
swelling is then fed to the finite element 
package to arrive at a more comprehensive 
final calculation of the stress/strain 
distribution in the pellet. 

5. IMPROVEMENTS IN THE 
FISSION GAS RELEASE 
CALCULATIONS 

As noted earlier, one consideration in 
fuel integrity is the additional gas release at 
extended bumups It has been noted that the 
fission gas package, NOTPAT [5], of the 
FLESTPES code underpredicts gas release 
by about a factor of iwo at extended bumups. 
Accelerated gas release at extended burnups 
has also been noted in other countries [7]. 
initial experiments and reviews have 
identified several factors that may have 
caused this [7-U). More comprehensive 
experiments are in progress in Canada and 
around the world to quantify these parameters 
in more detail [7,111. The detailed results are 
expected in a few years, at which time we 
intend to update ELESTRES as appropriate. 
To enable initial design studies in the 
meantime, optional ad-hoc modifications 
have been incorporated in the ELESTRES 
code, so that measured and predicted releases 
are, on average, now equivalent. The 
modifications are based on the information 
available now. 

The NOTPAT model for gas release 
has been described previously |5], To 
summarize: Irradiation generates fission 
products within the interior of 'JO2 grains. 
Some of the fission products are gaseous. The 
gas diffuses through the UO2 gTains to .'.ie 
grain-boundaries, due to differences in local 
concentrations of the gas. The diffused gas 
amasses in bubbles a* the grain boundaries. 
The bubbles grow as more gas reaches the 
grain boundary, either by diffusion or by 
grain-boundary sweeping due to grain 
growth. When the bubbles are big enough to 
touch each other (i.e., to interlink), any excess 
gas in the bubbles is assumed to be available 
for release to the grain-boundary tunnels 
From the tunnels, it is released to the open 
void at the next change in reactor powijr. If the 
UOj temperature exceeds the UOj melting 
point, then the gas contained within the grains 
and within the grain-boundaries of the 
affected areas, is released directly to the open 
void. 

The parameters which have the most 
influence on the above processes include: 
local heat generation rate as a function of 
distance clong the pellet radius and of bumup; 
thermal conductivity of UOj; heat transfer 
coefficient between the pellet and the sheath; 
pellet temperatures; diffusivity; rate of grain 
growth; efficiency of grain boundary sweep; 
density of intergranular bubbles; and fraction 
of grain surface covered by iniergranular 
bubbles. Of these, we focused on the roles of 
the following three parameters, because 
experimental evidence suggests [8-10) their 
dependence on bumup: (a) bubble distance; 
(b) diffusivity; and (c) thermal conductivity 
of U0 2 . 

The approach consisted of parametric 
studies that compared predictions to 
measurements of gas release. The l;vel of 
modification in each parameter was kept 
consistent with the available experimental 
data. 

The data-base consisted of 98 
irradiations that had been previously qualified 
for sach use. These irradiations had a 
maximum linear heat generation Tate of 
UOkW/m, maximum bumup of 
362 MW.h/kgU, and maximum gas release of 
44%. Percent gas release refers 10 the gas 
released to the open void as a percent of the 
gas produced during the irradiation. 

As noted earlier, a conservative 
approach in the design of CANDU fuel 
elements is to keep the gas pressure below the 
coolant pressure. For this reason, the above 
data-base was limited to irradiations in which 
pellet/sheath contact was maintained during 
the irradiation. 

5.1 BUBBLE DISTANCE 

The NOTPAT model assumes that the 
centres of neighbouring intergranular bubbles 
are separated by 0.46 |im [5). This number is 
considered in NOTPAT to be a constant. The 
basis for the assumption came from 
post-irradiation examinations of 6-10 fuel 
bundles, all irradiated in the Pickering reactor 

to very similar power histories: Bumups of 
190-200MWh/kg, at linear heat generation 
rates of 44-50 kW/m. 

Much more data are now available, 
and show a wide range of distances between 
the centres of neighbouring bubbles. For 
example, Figure 3 shows micrographs of fuel 
irradiated in Canadian reactors [ 12J, in which 
the bubbles are up to 10 urn apart •- that is, the 
bubble distance can be significantly higher 
than the previous number. Bubble distance of 
5 urn has been reported by Tumbull [13), and 
of -10 pjn by Kleykamo [9). Perhaps the 
details of th> irradiation conditions and of fuel 
design/manufacture can change the bubble 
distance due to factors like: the effect of 
temperature and of temperature-gradient on 
the critical size of intergranular bubbles; and 
the collisicnal coalescence of ini;rgi„iular 
bubbles [14]. 

Recently, Suk et. al showed [:4| that 
the fission gas predictions can be improved by 
treating the bubble distance as changing 
during the irradiation. They used a 
sophisticated model that included detailed 
analytical treatments of, among others, the 
effect of thermal gradient on critical bubble 
size; and bubble siz'; distribution from 
random coalescence. A, present, ELESTRES 
uses a much simpler approach 10 account for 
the variable spacing of bubbles. The code 
allows thebubbledistance to vary in the 1 ange 
0.46 to 0.8 u.m depending on bumup. This 
range is well within the experimental data 
noted earlier. 

5.2 DIFFUSrVITV 

The data on diffusivity show large 
scatter - typically an order of magnitude, see 
References [5] and [15]. For thi;> reason, 
Notley and Hastings felt justified in 
multiplying the experimental 'mean' values 
of diffusivity by a factor of 3, in order to 
improve the match between the experimental 
measurements of gas release and die 
predictions of NOTPAT. 
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The literature suggests [ 10,16-18] lhat 
irradiation can sometimes decrease and 
sometimes increase the diffusivity of Xe in 
UO2. Matzke reports [16] that depending on 
the local temperature in the range 
1400-1550°C, the diffusivity of gas in U 0 2 

after 2.0 to 2.6 x 10 1 7 fissions/cm3 is 3 to 20 
times lower than that measured after 5 to 
8 x 10 1 4 fission/cm3. MacEwan and Stevens 
also measured [17] decreases in diffusivity 
with increasing irradiation exposure. These 
results indicate that at the above 
temperatures, the gas atoms are trapped by 
irradiation - induced defects, resulting in 
retarded diffusion. 

The highly-rated CANDU fuel 
operates at higher temperatures. At 1800°C, 
Frigerio's data 115] did not show any 
significant reduction in diffusivtty, 
suggesting that perhaps die above effect is 
less important at higher temperatures. 

On the other hand, it has been 
suggested that irradiation can increase the 
diffusivity via chemical effects like: 
increased concentration of soluble fission 
products; changing oxygen potential of the 
pellet; and changing O/U ratio of the pellet 
[II]. 

With -.radiation (fission), some of the 
original U in UO2 gets converted to lighter 
atoms, giving an 'excess' of oxygen, i.e., 
UOi + x . But some of the lighter fission 
fragments use oxygen. The stoichiometry is 
further influenced by the stability of the 
lighter oxides at the operating temperatures. 
The complicated dynamics of die 
stoichiometry in a fuel element can best be 
known by a detailed chemical model; none 
are available at present. At this stage, it is 
therefore difficult to predict [18] (he 
stoichiometry within an operating fuel 
element. 

Recently, Walker and Mogcnsen 
measured [18] the stoichiometry of two 
irradiated fuel elements. One element 
showed a build-up of oxygen at the centre of 
the pellet; the O.U ratio there was 2.2. Une et. 
al have noted [10] (hat comparatively small 

changes in the OU ratio of the pellet, 
U02->UOiooi, increase die diffuf'vity by a 
factor of 3. Adding small amounts of NbjOj 
and T1O2 increased (he diffusivity by factors 
of SO and 7 respectively [10J. To account for 
the above possible effects of irradiation, 
ELESTRES multiplies by two, the values of 
diffusivity contained in the NOTPAT routine. 
This variation is well within the ranges of 
Line's data i.oted above. 

5.3 YHERMAL CONDUCTIVITY 

Many of the correlations suggested in 
the open literature for the thermal 
conductivity of UO2 account for its 
dependence on temperature and on density. 
ELESTRES uses the MATPRO-U 
correlation [19], which is based on 
measurements of thermal conductivity in 
unirradiated U0 2 . For CANDU fuel, the 
correlation gives thermal conductivities of 
2-5 W/(m.K). At a 95% confidence level, this 
correlation has an uncertainty of 
±0.7 W/(m.K). This number is consistent 
with the scatter/uncertainties cited by 
Namekawa et. al [8] and by Reauvy et. al [20] 
in their data. 

In the previous version of 
ELESTRES, the effect of irradiation on pellet 
thermal conductivity was partially 
incorporated via its effect on density and on 
grain boundary swelling. Irradiation damage 
at low temperature was simulated by 
assuming the thermal conductivity to be 
constant below 454°C [5], 

At the higher temperatures too, 
irradiation can change the thermal 
conductivity of UO2 (8, 9], The possible 
reasons include the following influences: 

- New isotopes and elements are produced 
during the irradiation; 

- Fission gas bubbles are also produced 
within the grains of UO2; 

- Macro and micro-cracks are created in the 
pellet; and 

- The stoichiometry of the pellet changes. 



211 Kleykamp repons [9] that at 10% 
bumup the solid solutions formec during the 
irradiation decrease the thermal conductivity 
by 19-28% at 700-17009C. i.e.. by about 
0.4-tW/(m.K). He offers the following 
explanation: "The thermal conductivity of 
oxide fuels changes during irradiation. It 
deteriorates due to the formation of a sol d 
solution of the fuel with oxides ot zirconium, 
strontium, the rare earths and other fission 
products in lower concentrations and is not 
counterbalanced by the metallic and oxide 
fission product inclusions precipitated within 
the fuel and in the grain boundaries". The 
experiments of Namekawaet. al show similar 
trends: Irradiation to 700-800 MW.h/kg 
decreases the conductivity of (U, Pu)Oj 
pellets by 0.3-0.5 W/(m.K) depending on 
temperature in the range 60O-140O°C. 

To account for the observed effects of 
irradiation noted above, the current version of 
ELESTRES decreases the thermal 
conductivity of the pellet by 0-0.7 W/(m.K) 
depending on the bumup and on the local 
temperature, rhis level of modification is 
consistent with the trends in the data of 
Kleykamp and of Namekawa e i al combined 
with the experimental uncertainties noted 
above. 

COMPARISONS WITH DATA 

density was 10.82 g/cc. Figure 4 shows that 
the predictions are in good agreement with 
measurements. 
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(b) HOOP STRAINS IN THE SHEATH 
AT CIRCUMFERENTIAL RIDGES 

13 
jUiTrrnrrLn "r 

U M N O 
• • IWtlMMNTM 0*TA 

— • l i m a i s m t D K T n M 

00 10 20 30 40 30 0.0 7.0 0.0 00 i 
FJURNUP |UM Matun 

FIGURE 4 COMPARISON OP HOOP STRAINS : 
ELESTRCS VS IRRADIATION ACH 

Previous repons [4,21] have 
documented a number of validations of 
ELESTRES. Some new comparisons are 
rcpe«3d4»ere. 

6.1 SHEATH STRAIN 

The predictions of ELESTRES were 
checked against in-reactor measurements of 
ridge strains [22], obtained on-power during 
irradiation ACH. This fuel experienced many 
power cycles between 30 and 60 kW/m. The 
sheath diameter was 14.8 mm (close to 
Pickering-size fuel) and the initial UCh 

6.2 FISSION GAS RELEASE 

Figure S summarizes the prediction.; 
of the code against measurements of gas 
release from the 98 irradiations noted earlier. 
The predictions have a mean deviation of 1.3 
percentage points from the measurements, 
with a standard deviation of S.8 percentage 
points. Figure 6 shows the slope of the 
correlation between the measurements and 
the predictions. A perfect fit would yield a 
slope of 1. Compared to the original version 
of NOTPAT, the current version of 
ELESTRES exhibits significantly reduced 
bias with bumup, see Figure 6. 

FIGURE 3 COMPARISON OP FUSION GAS RELEASE 
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ILLUSTRATIVE APPLICATION 

Since its introduction in 1977, 
ELESTRES has been used in a large number 
of studies involving design and assessment of 
CANDU fuel. Some have been described 
previously [4 j . Here we give (brief summary 
of a recent application related to extended 
bumups. 

Reviews have identified that some 
CANDU fuel has failed at extended bumups 
[2,3]. The most likely reason is EAC; in some 
of the failures the assistance from gas 
overpressure is also not ruled out ai this time 
[2,3]. ELESTRES was recently used to help 
identify an improved fuel design that would 
reduce/eliminate the likelihood of similar fuel 
failures in future. We simulated about 200 
combinations ot element resign parameters 
and of power-histories. ELESTRES was 
among the computer codes used. 

At this stage, it appears that the 
following internal design offers a large 
advantage in fuel performance compared to 
the current reference design: shorter pellets; 
larger land width; bigger chamfers; lower 
density of UOj; and graphite discs. The 
internal design near the sheath/endcap weld 
has also been improved, including larger 
clearances. For example. Figure 7 shows the 
hoop stress in the sheath at the ridge, for a 
power ramp of 18->40 kW/m at 
346 MW.h/kgU. This ramp was experienced 
by bundle J64703C which failed recently via 
EAC in the Bruce reactor [2). Figure 7 shows 
that the new features reduce the stresses 
significantly. 

CUNMNT AIVMB MVttU 
DfSMN H i U t HUIT 

ONAM OMAFt 

lowtn lowf* IOWI* 
MTUL M t W i OMTIftl 

SUIT HUCT Hum 
MOOT Of MITV 0«M4 fV 

|l4-l«4J4t | I44»*M| | l««0Wfl 

OAAFtofI 

FIGURE 7 SHEATH HOOP STRESS AT T N I RIDGE 
OURWO A POWER-RAMP 



Similarly, Figure 8 shows the 
predictions of gas pressure for an envelope 
power history with a peak rating of 58 kW/m 
and a discharge burnup of 720 MW.hv!;gU. 
Under these conditions, the current reference 
design nf the 37-element fuel would give 
internal »as pressure considerably ligherthan 
that of the coolant. Figure 8 shews that the 
revised design keeps the gas pre-sure below 
that of the coolant. This eliminates the risk of 
fuel failure via gasoverpreusure under normal 
operating conditions. A mure detailed 
description is available from Reference [3). 
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FIGUHE 8 GAS PRESSURE IN AH ELEMENT 
CONTAINING SHORT PELLETS 
WITH BIG CHAMFERS 

8. FURTHER EVOLUTION 

Further evolution of ELESTRES is 
planned along the following lines: 

8.1 IMPROVED CALCULATIONS 
OF TEMPERATURE 
Experiments are in progress to further 

improve our understanding of the thermal 
conductivity of UO2 as a function of 

2Q] irradiation, including the influence of fission 
products The effect if pellet cracking has 

already been mentioned in several 
publications. Reviews of the pellet/sheath 
heat transfer coefficient are also planned. 
Under some conditions, the pellet 
temperatures can become multi-dimensional, 
for example: the large chamfcrsAapers being 
considered for high-burnup fuel designs lead 
to multi-dimensional temperatures in the 
pellet. Ditto for graphite discs. Similarly, 
IRDMR data [22] show that low-power 
operation leads to a diametral gap between the 
pellet and the sheath. This leads to 
multi-dimensional pellet temperatures, which 
influence the sheath stresses/strains during a 
subsequent power-ramp. Multi-dimensional 
temperatures also occur temporarily during 
some accidents involving partial dryout, for 
example if the reactor runs for a short time at 
full nominal power with on', pump tripped. 
We intend to review/assess the importance of 
the above and related subjects, and 
incorporaie ihe results in fulure versions of 
the code. 

8.2 MORE FUNDAMENTAL 
CALCULATIONS OF FISSION 
PRODUCT CONCENTRATION 

Further data arc. being collected and 
verified in Canada and internationally, on 
fission product release and distribution at 
high-bumup, and on processes that influence 
them. As mis data becomes available over the 
next few years, El.ESTRES will be revised to 
reflect the new information. 

8.3 IMPROVED CALCULATIONS 
OF SHEATH STRAINS AND 
STRESSES 

We plan to account for some factors 
that are presently missing from the code, and 
refine others whose influences are considered 
in an approximate manner at present The 
following are some of the important 
processes: 
- Instantaneous and creep collapse of the 

sheath into the diametral and into the axial 
gaps among and between the 
pellets/sheath /endcaps; 

- Relocation of the pellets; and 
- Further refinements in the calculation of 

fission product swelling. 
The above evolution is planned over 

ihe next few years and the results will be 
reported when available. 

9. CONCLUSIONS 

The ELESTRES code has recently 
been improved in the areas of pellet expansion 
and of fission gas release. The improvements 
in pellet expansion involve the influence of 
thermal stresses on the volume of gas bubble 
at grain bouni'iries, In the area of fission gas 
release, the modifications relate to 
calculations of the following parameters: 
bubble spacing; diffusivity; and thermal 
conductivity of UOj. The predictions of the 
revised code show reasonable agreement with 
experimental data. Further evolution is 
planned to improve ihe confidence in the 
predictions of the code at extended bumups. 
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DESIGN OF FUEL FOR IMPROVED BURNUP IN PHWRs 
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Abstract 

The trend towards an increase in fuel discharge 
burnup in recent years has been mainly guided by the 
desire to shrink the volume of spent fuel inventory and 
to improve the utilisation of uranium resources. The 
Pressurised Heavy Hater Reactors (PHHR) use natural 
uranium-di-oxide fuel with least amount of structural 
materials to achieve better neutron economy. The 
discharge burnup achieved in PHWRs is about 6700 
MWd/Te and this leads to large volume of spent fuel 
inventory. To overcome the problems due to extended 
storage of spent fuel and to utilise the plutonium in 
spent fuel, studies are baling carried out to use U02 -
Pu02 fuel along with natural U02 fuel. This paper 
describes the work carried out in India to achieve 
higher fuel burnup. 

1. INTRODUCTION 
The Indian nuclear power programme is based on Pressurised 

Heavy Hater Reactors (PHWR) and is expected to have an 
installed an capacity of 10,000 MH(e) by the turn of the 
century. Already five units are under operation and seven are 
under construction. These reactorn use natural uranium as fuel 
and heavy water as moderator and coolant. To reduce parasitic 
absorption, the fuel uses very thin collapsible clad with no 
plenum. The discharge burnup is of the order of 6700 MWd/Te of 
uranium. This burnup can be further improved by increasing the 
isotopic purity of heavy water, judicious une of fuelling 
schemes and further reduction of structural material in the 
fuel assembly[1]. However,these design improvements can 
increase the discharge burnup only to a limited extent (of the 
order of 1000 Mwd/Te U). 

The fuel utilisation and burnup can be increased by 
slightly enriching the fuel. Use of M0X(UO2-PuO2)fuel is thus 
an important option. Studies have been carried out to evaluate 
this option in a PHHR reactor. 



2. ADVANTAGES OF HIGH BURNUP THROUGH PLUTONIUM ROUTE 

a) The proven uranium resources in India are very 
limited. Eventhough PHWRs produce maximum energy per unit of 
uranium mined, increasing the burnup through plutonium 
recycling is seen as one of the options to stretch our resource 
base. 

b) Use of MOX in PHWRs can be viewed as a complimentary 
route to use of plutonium in Fast Breeder Reactors such that 
spent fuel inventory in storage does not become very large. 

c) The PHWRs at present are operated with natural U02 
feed with an average discharge burnup of 6700 MWd/Te. The PHWRs 
adopt on load fuelling so that the reactor can be operated with 
low excess reactivity. The refuelling involves loading of fresh 
fuel bundles inside the pressure boundary and removal of fuel 
bundles from the pressure boundary. In this connection, any 
reduction in refuelling is seen as a major advantage. 

It is expected that the average burnup of MOX fuel 
assemblies w»'1 be 10,800 MWd/Te. The increase in burnup will 
bring down the refuelling rate by 36%. 

3. DESIGN REQUIREMENTS 

A new design of a fuel bundle, to be installed in an 
existing reactor, has to satisfy the following requirements : 

- A gradual changeover froir. one design to another should 
be possible at any desired rate without affecting other 
parameters. 

- No safety issues should arise either during transition 
or at equilibrium cycle. 

- The power histories of both the designs should be 
compatible over the entire life time. 

- Both the new and existing design should be hydraulically 
compatible. 

- Fuel handling/ management problems should not arise. 

There are two main options available for introducing high 
burnup MOX fuel assemblies In PHWRs. The first is to involve a 
minimum deviation in the basic design of fuel assembly, the 
reactor hardware and control system etc. In this case, 
development efforts needed will be smaller but major design 
changes are ruled out. The other option is to optimise the 

283 reactor for use of plutonia based fuel. 

The best way of utilising plutonium will be in Fast 
Breeder Reactors. As is happening the world over, delays in 
fast reactor programme has made ua consider the utilisation of 
plutonium in PHWRs in the near future for an interim period. So 
the first option is easier and economical. The details of 
physics design regarding the use of MOX fuel assemblies, to 
achieve higher discharge burnup, with respect to reactivity 
worth of neutron absorbers, flux peaking, reactivity 
coefficients and control have been studied and reported in 
Ref.[2]. This paper mainly deals with the engineering design 
effort needed for fuel design. 

4. DESIGN OF FUEL ASSEMBLY 

The detailed physics analysis has indicated that an island 
type of design having an identical mechanical design with inner 
seven rod enriched with Pu02 will satisfy our requirements. The 
provision of enrichment inside a fuel bundle alters the heat 
generation rate in different rings resulting in an alteration 
of heat generation/ sub-channel flow area pattern. The thermal 
hydraulic design was carried ovt using COBRA IIIC code[3]. 

An identical mechanical design reduces the need for many 
of the out-of-pile tests — tests for hydraulic compatibility 
of both the designs, compatibility with fuel handling system, 
endurance testing and strength tests. 

The average discharge burnup of PHWR fuel is about 7000 
MWd/Te whereas it is about 33,000 MWd/Te in PWR, but the fuel 
ratings and the temperatures in PHWR are higher. There is a 
need to show that acceptable fission gas release occurs even if 
burnup is increased. Additionally on power fuelling of PHWRs 
subjects the fuel to changes in power level throughout the life 
time. 

A detailed thermal and mechanical analysis of the fuel pins 
taking into account actual power envelope was carried out using 
the computer code PECITIS-II[4] for U02 pins and by using a 
modified version of PECITIS-II for (U02 - Pu02) pins. 

The fuel pins in a bundle are held together by end plates 
to which the end plugs of the fuel pin are welded. Due to <.xux 
depression in the fuel bundle, the outer row of pins produce 
more power compared to inner row of pins. The difference in 
fuel pin powers results in differential thermal expansion. The 
differential expansion of fuel pins results in the deflection 
of end plate. The end plates are designed such that (a) they 
are strong enough to maintain bundle integrity at all times and 
<b) flexible enough not to impose undue stresses on the fuel 
pin due to the end plate deflection. 



2(4 The power produced by the fuel pins in different rows and 
their variation with time are fixed for a natural U02 fuel 
bundle where as for the MOX fuel bundles, these quantities are 
different from natural U02 and can be adjusted to some extent 
by the designer. The stesa analysis of the end plate was 
carried out for the changed power distribution using a finite 
element computer program[5]. 

5. IRRADIATION TESTING 

The irradiation testing of mixed oxide fuel pins started 
during seventies in India. The irradiation experiments are 
being carried out in Pressurised Water Loop (PWL) in CIRUS 
reactor. Till now, the irradiation testing of MOX fuel pins 
were for BWR fuel pins[6,7]. The objective of the irradiation 
testa were to develop and verify the design of MOX fuel pins 
and to establish the fabrication procedures for the fuel pins 
containing MOX fuel pellets. The experiments were designed to 
evaluate the effect of various fabrication routes, fill gas 
composition and pellet designs on fuel performance through the 
irradiation of well characterised fuel pins. The work is in an 
advanced stage to irradiate in PWL, experimental fuel clusters 
with mixed oxide pellets to verify our design. The salient 
features of design /fabrication variables incorporated in the 
irradiation assembly and the conditions of irradiation are 
given in Table-I. The fuel bundle, containing MOX pellets, will 
be loaded in the reactor after the accumulation of sufficient 
burn up in the loop experimental assembly. 

Table I 

Fuel fabrication variables 
- large grain size 
- low temperature sintered 
- Sol gel microsphere route 
- controlled porosity 
- powder pellet route 

Fill gas 
- Helium 
- Argon + 10% Helium 

6. CONCLUSIONS 
The analysis and experimental irradiations will be 

followed by the irradiation of lead test assemblies loaded in 
one of our reactors. The initial change over from natural U02 
to MOX fuel assemblies limits the average discharge burn up to 
10,800 MWd/Te and the maximum burn up to 14,500 MWd/Te. The 
design studies indicate that the present fuel design is capable 
of withstanding a burn up of more than 20,000 MWd/Te. After the 
complete change over of the core to MOX assemblies, wt may 
consider increasing the discharge burn up. 

The experience gained through this will go a long way in 
improving our design fc fabrication capability. This will also 
provide us with an opportunity for studying the behaviour of 
high burnup fuels in PHWRs. 
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Abstract 

WER-1000 fuel has achieved a satisfactory level of operational 
re l iabi l i ty within burnup of ~ 4 3 MWd/kg U. 

It allowed the realization of the next stage of B and D and to achieve 
the burnup of ~55 MWd/kg U using burnable absorbers. Results of experimental 
studies include the possibility of operation of fuel to higher burnup. 

1. Introduction 

One of the main d i r e c t i o n s i n improving the WER fue l cycle 

c h a r a c t e r i s t i c s i s to extend burnup. The task c o n s i s t s not only i n 

securing a long c y c l e , but a lao i n the r e q u i s i t e r e t e n t i o n or 

further improvement of the at ta ined l e v e l of the operational fue l 

r e l i a b i l i t y . 

At the f i r s t s t a g e the s tra tegy of improving the burnup 

envisaged an increase of burnup up to ~ 4 0 MWd/kg U ( t r a n s i t i o n 

from a two-year t o three-year mode), and then a t the next s tage a 

further growth of burnup up to ~ 55 MWdVkg U us ing burnable absorbers. 

2 . Rea l i za t ion of Burnup Increase up to 40 MWd/k«r U 

Going to a three-year mode required addit ional design c. -.d 

research work to be performed to improve the fue l rod construction 

to optimize the fue l operation condi t ions and to further perfect 

commercially produced f u e l . Then, the fol lowing fac tors , in f luenc ing 

the fue l r e l i a b i l i t y were taken i n t o account: 

- coolant induced corrosion of cladding and f re t t ing -corros ion ; 

- f i s s i o n gas re lease ; 

- PCI; 

- radiation growth of fuels. 
As it was shown experimentally and by operational experiencu 

with a large lot of assemblies, the radiation growth at an extended 
fuel burnup was not a limiting parameter for a recrystallized 
Zr-155 Nb alloy cladding, i.e., the in-pile axial deformation of fuel 
rods does not give rise to complications in the operation of fuel 
rods and assemblies. 

To study cladding corrosion on a coolant side in different 
units of power stations a considerable lot of standard assemblies 
designed for a two-year mode were tested in a three year cycle [1]. 

The successful tests of these assemblies showed that corrosion 
and fretting-corrosion do not limit an increase of burnup. In the 
tests the maximum burnup of fuel enriched to 3.3'-' was 37.4 MWd/kg U. 
All assemblies, that has operated for three years remained gas-tight 

The problem of the fission gas pressure Increase with burnup 
was solved through the optimization of a central hole diameter of 
annular pallets for three-year fuels. It was increased from 1.4 mm 
to 2.4 mm, and the initial helium pressure was lowered to 
2.0+0.25 MFa. 



The choice of the central hole was made on the basis of design 
and experimental work taking account of the dynamics of an increase 
of the fission gas pressure and a decrease of the hole diameter 
under plo^ic deformation of fuel [ij-

It would seen that the pellet-cladding interaction must not 
lead to serious complications at high burnup, since a decrease of 
the average linear power and smaller changes in power owing to a 
reduced reactivity do not aggravate the danger of a fuel failure. 
However, the possible accumulation of a cladding damage during 
operation as a result of considerable number of power ramps under 
conditions of agressive fission products requires that such effects 
be taken into account when verifying the serviceability of fuel. 
The use of annular fuel makes it possible to reduce the PCI danger. 

The realization of the R and D programme allowed us to start 
the operation of the fuel in a three year mode (with three reloads) 
on the 5 Unit of the IJovo-Voroneah power plant beginning from 1934 

3. Some Results of Fuel Operation in Three-Year Mode 

The commercial operation of the 5 Unit of the Novo-Voronezh 
power plant with the WER-1000 reactor started in 1980. In the 
course of the first four years a two-year cycle of fuel was carried 
out after that in connection with the transition to a three year 
mode beginning with the fifth reload the fuel of 4.4£ enrichment 
was accomodated in the core. Beginning with the eighth reload (the 
middle of 1987) the WER-1000 reactor of the Novo-Voronezh powar 
plant turned completely to the three-year fuel. 

Today similar work is under way at all the units of the 
WER-1000 reactor, including unit 1 of Kalinin Power plant where 
beginning with the fourth reload the serial reactor WER-1000 is 
being turned to three-year fuel. 

The analysis of the operation of the fuel assemblies of the 
fu*l assemblies of the fifth to eighth reloads (Unit 5 of N-V PP, 
176 assemblies altogether) showed that the average power generation 
of the fuel assemblies that had operated SOT 3 years was 
42.7 MWd/kg U; the maximum power generation of an assembly was 
~ 47 MWd/kg U. 

The state of the fuel under operation was assessed throughout 
the whole period of its operation from the activity of iodine species 
in the primary coolant circuit using procedures adopted at NPPs. 
Of 86 assemblies that had fully operated their 3 year cycle only 
two assemblies were considered leaky. The analysis of the fuel 
behaviour pointed to a possible relation between a gas leakage and 
transient conditions of fuel operation [2], 

4. Programme to Extend Fuel Burnup 

The development and operation experience confirmed the correct
ness of the decisions taken to ensure the reliability of three-year 
fuel. 

It allowed the realization of the next stage of R and D to 
achieve the burnup of **• 'J5 MWd/kg U. The work must comprise: 

-post-irradiation examinations of standard assemblies, fuel 
rods end fuel to estimate their condition after a three-year 
operation; 

- study of corrosion, fretting-corrosion and irradiation 
induced growth and creep of cladding. Including groups of assemblies, 
that were left for the fourth year of operation after the three-year 
cycle; 

- research to assess fission gaa releases at high burnups and 
to ensure the reliability of fuel under transient conditions, 



Including the development of zirconium barrier fuels and fuel with 
the optimized structure; 

. improvement of the strategy of fuel reloading to reduce 
neutron leakage in the core reloading scheme of the "in-in-out"type; 

- validation of using In assemblies containing fuel rods with 
an integrated burnable absorber to compensate for initial excess 
reactivity, to reduce the radial non-uniformity of power and to 
improve the reloading strategy. 

Some results of experimental studies into the behaviour of 
fuels ot the burn-up -» 50 MWd/kg U and higher are shown in /"ij. 
Thus, in MR irradiated test assemblies the maximum burnup of 76.4-
93.1 HWd/kg U was achieved and the average burnup was 47.2-
57*4 UWd/kg U. The assemblies were tested under standard conditions 
of ammonia-potassium water chemistry with boric add additives. 
The coolant pressure was 16 2t?a,the outlet temperature was 320°C. 
The PIE of assemblies (the maximum burnup - 76.4 MWd/kg U, the 
average one 47.2 MWd/kg U) showed, that the fuel rod length increased 
on the average by 1.2 mm (the initial length is 1 M) and the fuel 
rod diameter increased by 0.01-0.03 mm. The relative fission gas 
release was 30-45* (the initial helium pressure at room temperature 
was equal to 2.45 MPa). Zr-13( Nb alloy claddings were not subjected 
to either noticeable oxidation or hydridiaation under irradiation. 
The oxide film thickness at the cladding surface did not exceed Iji . 
The hydrogen content of the Irradiated oladdlnga was approximately 
0.005 % mass. 

Thus, the irradiation of fuel under conditions characteristic 
of WBB-1000 NPPs does not lead to any changes in the state of 
claddings, fuel pellets and fuel rods in the whole that would exclude 

217 the possibility of further operation of furl to higher burnup. 
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Abstract 

The design of future cores will be baaed on burnup limits that are currently 
expanding. The performance parameters that have limited the burnup 
potential for current fuels in BNRa and, in PWRs will be Identified. Any 
changes that are justified through data from Lima or other improvements will 
ba reported. 
Performance issues such as tlrcalcy growth, SCI, corrosion, Bircaloy 
ductility, fuel rod Internal pressure will be discussed relative to 
potertlal limits. Some of these are limiting because of fuel rod Integrity 
and others because of licensing or commercial considerations. Potential 
limits that arise from nuclear design considerations will tlao be described 
for general <*9es where peaking or other limits may be reached at lower 
values than those due to mechanical integrity, for example. 

Here representative data are available for classes of BNRs and PWa, 
operating limits will be projected for use by those utilities with plants In 
these categories. 

1 . INTBODUCnOK 

The utilities have a significant incentive to implement extended burnup fuel 
cycles and the level of these goals continue to increase. In the U.S. the 
incentives are: 

Increased margin to storage capacity limit. 
Eventually decreased offsite shipping and storage cost. 
Feasibility of managing longer fuel cycles. 
Lower fuel cycle cost. 

In Europe the incentives for extended burnup are even greater than in the 
U.S., 

Primarily due to "real" high back end cost for reprocessing or 
storage, including shipping costs. 
The reality of Pu recycle and its attendant high cost. 
Significantly lower fuel cycle costs due to the above. 

The utilities' approximate near term batch average burnup goals in GWD/MT 
are: 

PWR BWR 
Early 90ies: Loaded - 40-4S 35-40 

Design for - 45-50 40-45 
Mid-90ies: Loaded - 45-50 40-45 
One of the risks of extended burnup is the potentially increased failure 
probability of current design fuel. The improved fuels that axe 
specifically designed for higher burnup operation increase the margin to 
failure limits, but assurance of success is still an uncertainty due to 
their limited operating experience. 
Failure to perform to extended bumups can erode cost savings due to 
unplanned outages prematurely discharging fuel, higher primary loop 
activities, storage of damaged fuel, and other factors analyzed previously 
by Stoller.1 

Utilities must compare the licensing, operating, rnd commercial issues 
associated with excended burnup fuel with the uncertainties related to 
achieving extended burnup. 
The objective of this paper is to provide a brief overview of the potential 
burnup limits as they are assessed today, and summarize the related data and 
their trends. 

2. POTENTIAL BURNUP LIMITS 
2.1 GENERAL 
The generally accepted, potentially most limiting burnup phenomena are: 

• Zirconium al?oy growth 
• Zirconium alloy corrosion 
• Zirconium alloy ductility 
• Fuel rod internal pressure 
• Pellet cladding interaction (PCI) 

"COFFEC: Cost of Fuel Failure Evaluation Code", R. Epstein, K. 
Sheppard, A. Strasser. EPRI NP-5458-CCML. Aug. 1988. 
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Other potential limits can be related to licensing issues associated with 
higher core power peaking and higher enrichment levels. 
A review of high bumup experience to date reveals that only the first two 
limits have been reached, —_~ with redesign or new materials, it appears 
these can be extended to higher, and as yet unspecified, burnup levels. 
Although PCI failures are well documented, remedies have been developed 
which include the incorporation of a barrier or lining in the cladding or an 
increase in the number of fuel rods in the assembly to decrease linear 
power. No failures have been identified due to either zirconium alloy 
embrictlement or due to excessive internal gas pressure in the fuel rod. 

2.2 ZIRCALOY GROWTH 

Subsequent discussions refer to Zircaloys, the standard zirconium alloys in 
the US. 
The limits reached due to Zircaloy growth can be: 

• Assembly Growth, Due to guide tube growth (PWR) or tie rod 
growth (BWR) 

• Assembly Bow, Due to differential guide tube growth (PWR) 
or tie rod growth (BWR) 

• Fuel Sod Bow, Due to differential fuel rod and guide thimble 
or tir rod growth and interference between the 
fu-A rod and the end fittings 

• Decrease Zircaloy Due to growth of spacer strip 
Spacer Force on Fuel Rod, 

• Chctnnel bow. Due to differential growth of opposing 
channel sides (BWR) 

• Channel Lift Off Due to differential channel and tie rod 
Finger Springs, growth (BWR) 

• Water Rod Disengagement Due to differential tie rod and water 
from tie plate, rod growth (BWR) 

Upper bound data of the various vendors' data bases for rod and assembly 
growth are shown on Figure 1 and 2 for PWR and 3 and 4 for BWR. The data 
for various vendors are not comparable since they represent a variety of 
metallurgical structures and performance conditions. The figures ace only 
intended to illustrate the variety of growth rates obtainable to extended 
burnups and the need for good consistent data for reliable designs. 

One particular phenomenon observed above the range of 20-40 GWD/tfT is the 
accelerated growth of annealed Zircaloy, approaching that of cold worked-
stress relieved Zircaloy (Fig. 3). This should be taken into account in 
extended burnup designs. As an example, the accelerated growth in annealed 

BWR channels has resulted in greater than expected bowing, and power peaking 
in fuel rods adjacent to increased water gaps. This has limited the useful 
channel life. 

The lower growth rate of B quenched material, shown on the same curve, 
provides a potential design remedy for components that benefit from lower 
growth rates. 

A remedy for assembly growth in PWRs has been a change to annealed guide 
tubes; however, this reduces the margin of rod to nozzle differential 
growth. Other design modifications have included reduced height PWR nozzles 
and reduced length fuel rods. The modified fuel rod length should maintain 
the same fuel length and the E_JW gas volume for equivalent performance. 
Modifications must consider all these factors, and have resulted in 
mechanical designs that successfully extend limits due to Zircaloy growth. 

2.3 ZIRCALOY WATERSIDE CORROSION 

The only generic corrosion limit due to extended burnup has been in PWR 
plants with coolant temperatures exceeding 622 "F (328 'C) and nominal heat 
fluxes of about 66 w/cm2. Through wall oxidation occurred at a nominal 
burnup of about 40 GWD/HT. Circumferentially averaged oxide thicknesses in 
this case were reported in the range of 120-140 urn. Development of improved 
materials are in the process of extending these limits. 
Figures 5 and 6 show upper bound data for maximum oxide thickness for 
current PWR and BWR cladding respectively. For the PWR, most of the data 
fall into a relatively narrow band except for the high temperature plants. 
The latter are included in Vendor D's data, which show significantly higher 
corrosion as a function of burnup due to the generally higher temperature 
and heat flux operation in his plants. 

Presently, 100|im irjximum oxide thickness is an accepted limiting value by 
European licensing authorities. For the more standard temperature PWRs it 
appears that current cladding can operate to at least 60 GWD/MHJ while 
staying under the lOOum oxide thickness level. 

The BWR oxide thickness measurements represent a combination of uniform and 
nodular corrosion, of which the major contributor is generally the nodular 
component. Burnup related corrosion failures have not occurred in BWRs. 
The copper induced localized crud (CILC) failures can be related to poor 
quality control of the water chemistry and nodular corrosion prone clad 
materials. Improvements in both water chemistry and clad materials are 
current remedies being implemented to resolve this problem. 

2.4 ZIRCALOY DUCTILITY 
Part of the hydrogen formed in the Zircaloy oxidation reaction diffuses into 
the Zircaloy, and decreases its ductility. The ductility at room 
temperature, i.e. fuel handling temperature, is reduced significantly more 
than the ductility at operating temperature by the same amount of hydrogen, 
because of the higher hydrogen solubility at higher temperatures. Figure 7 
shows the effect of hydrogen on the ductility of clad materials. In spite 
of some low ductility values observed, there have not been any failures 
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identified due to high hydrogen content from waterside corrosion to 60 
GWD/WT in PWRs or 46 CWD/MT in BWRs. Improved oxidation ranistant 
materials currently under development will serve to reduce hydrogen pickup 
in Zircaloy components. 

2.5 PELLET CLADDING INTERACTION 'PCI) 

PCI has not limited burnup, but there are reasons to believe it could, at 
some point, play a limiting role. PCI failures have occurred in BWRJ, 
primarily associated with the use of control rods. Few if any PCI failures 
have been identified in Zircaloy clad PWR fuel. 
The burnup related increasingly tight pellet-clad contact, and in sane cases 
bonding, will intensify the mechanical pellet-clad interaction due to 
differential expansion coefficients, and the chemical interaction due to 
increasing fission products. Ihe decreasing power of the fuel rods will, 
and does counteract this effect in the beneficial direction. Ramp tests as 
a function of bumup appear to show some, but not definitive trends, as can 
be observed in Fig. 8 up to 30 GWD/wr. Continued testing to evaluate limits 
as a function of burnups is needed. 

http://S32025.30.SS40
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Remedies to increase margins to PCI failures are well known and include 
• a zirconium harrier or liner on the clad ID 
• a subdivided assembly to reduce the fuel rod linear 

power 
Both have been quite successful to turnups of about 40 GWD/MT in BWRs. 

2.6 FUEL ROD INTERNAL PRESSURE 

Fission gas release increases with increasing burnup, which in turn 
increases internal fuel rod pressure. An increase over the system pressure 
has been limited by licensing considerations, although this has been 
extended to permit an increase that does not exceed the pressure to lift the 
clad off the fuel pellet. Calculations with a licensed code and a licensed 
model must show that the stated limits are met within the goal of extended 
burnupe. 

In PWR fuel, a reduction of pre-pressurization levels from cu>.rei»t designs 
may be required for extended burnup fuel, as shown in Fig. 9. For BNR fuel 
increasing the initial internal pressurization can reduce fuel 

temperatures, reduce fission gas release, end of life pressure, and extended 
burnup limits as shewn in Fig. 10 for BWRs. However, the beginning of life 
LOCA ballooning limits need also be met, and may pose another limit. 
Remedies for increasing the margin to extended burnup include: 

• Increase the void volume of the fuel rod 
revised spring or internals design, 
revised end plug design 
annular pellets 
shorter fuel stack 
increased fuel rod length (shortened end fittings) 

• Utilize fuel design with a larger number of rods per assembly 

decrease fuel temperatures. 

• Improve fission gas release models 

• Develop fuel with lower fission gas release (larger grain size) 

No internal pressure related failures have occurred to date, and fuel rods 
have been licensed to 60 GWD/MT. 

If00| I I I I I I 
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Figure 9: CALCULATION OF HOT ROD INTERNAL 
PRESSURE AS A FUNCTION OF BURNUP 
(SOURCE: B&W) 
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3. LICENSING CONSIDERATION? 

Licensing considerations related to high bumup operation may impose what we 
will term "soft" limits. These limits are related to regulatory and/or 
economic consideration, and while 'soft", they may nevertheless be realistic 
limits in some circumstances. Illustrations are given below. 

• Possibility of technical specification changes due to higher power 
peaking associated with higher burnup operation. 

Higher FdH limits in PWR, for example 
relicensinq needed 

Possibility of exceeding current reactivity limits for fresh fuel 
storage. 

Redesign of storage racks, 
reduced storage space, 
relicenslng needed. 

• Possibility of exceeding current reactivity limits for fuel 
fabrication plants. 

Reanalysis of fabrication plant safety, 
plant redesign, 
higher fabrication costs. 

• Possibility of significant BWR channel bow penalties 
Operating penalties vis-a-vis dryout, 
reactivity penalties - higher enrichment, 
higher operating and fuel cycle costs. 

4. COMMERCIAL AND ECONOMIC CONSIDERATIONS 
Having considered the technical limits of high burnup operation, the vendor 
must ultimately decide upon the maximum level it is willing to warrant. For 
regardless of what test data show, the utility customer will typically view 
the warranted burnup as the practical maximum batch average discharge 
exposure. 
However, at levels approaching warranted burnup, the impact of the warranty 
is much reduced. Fuel assemblies warranted to 45 GWD/MTU which fail at 42 or 
43 GWD/MTU will not return a large remedy to the customer >wd it is unlikely 
that the failed assemblies will be worth repairing even if the vendor 
absorbs the cost. Should sur>- failures result in an early shutdown or a mid-
cycle outage, the cost to t a utility will be many times the value of anv 
warranty settlement. 
Warranties are primarily incentives to the vendor to produce a quality 
product, not a device for recovery of u-llity costs. This incentive is much 
greater when considering failures early in life when the remedies are far 
larger. Consequently, when considering high burnup fuel, the focuE would 
better be placed on a technical evaluation of the propensity to failure, a 
detailed design review, and a comprehensive quality assurance program rather 
than the vendor's agreement to a high warranty value. 
High bun.up fuel designs, especially if they are new, may contain larger 
design uncertainties than designs with greater operating experience. Some of 
these uncertainties could affect the enrichment level of the final fuel 
design. Since enriched uranium costs are typically four to five times the 
fabrication cost, uncertainties in enrichment levels can have a major 
impact on the anticipated fuel r.oat savings resulting frcm a new high burnup 
design. Thus, sensitivity studies are advisable when evaluating new high 
burnup fuel. 
Finally, high bumup fuels have created a dilemma for the vendors. The 
higher the discharge exposure, the fewer the number of fuel assemblies 
required for the same energy production. Since most fabrication contracts 
are priced on a per assembly or per kilogram of uranium processed basis, the 
vendor must increase its price proportionally with increased bumup to 
maintain the same revenue per batch. However, competitive pressures in 
today's market are keeping prices from rising rapidly while at the same time 
customers are demanding (and receiving) higher and higher exposures from 
their fuel. 
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