
6 - 17

CANADIAN HIGH BURNUP FUEL EXPERIENCE

I.J. Hastings, T.J. Carter, G. MacGillivray and R.D. MacDonald
Atomic Energy of Canada Limited - Research Company

Chalk River Nuclear Laboratories
Chalk River, Ontario KOJ 1J0

J . Judah
Ontario Hydro

Central Nuclear Services
Toronto, Ontario M5G 1X6

1. INTRODUCTION

International conferences have focused on the world's current trend
toward extended burnup for UO2 fuel, most recently in Mol (^), with
significant studies for Light Water Reactor (LWR) fuel. Since the
mid-1970's, attention has also been focused on high burnup in CANDU fuel
by the requirements of advanced fuel cycles. Use of SEU ( 2 wtT. U-2 3 5 ia
U) or mixed oxide fuel [MOX-(U,Pu)C>2, (Th,U)O2 and (Th,Pu)02l may
require that CANDU fuel operate to significantly higher burnup than the
200 MW.h/kg U average for the current natural uranium, once-through
cycle.

In this paper, we report high burnup experience applicable to CANDU, with
particular reference to the application of recycle fuel, and highlight
significant experiments. We examine irradiations with mixed oxide fuel,
SEU fuel and commercial experience with natural UO9 fuel.

2. MOX EXPERIENCE

2.1 NPD-40 Experiment

The NPD-40 experiment involved the irradiation of six, 19-element
(U,3%Pu)O2 fuel bundles in the NPD and NRU reactors. All six bundles
were irradiated at low power (outer element linear power outputs of 20-30
kW/m) in NPD to outer element burnups of 400-500 MW.h/kg H.E. Following
this low power irradiation, bundles KA, KE and KF wera power-ramped in
NRU. Low-power irradiation of bundle KB in NPD is continuing towards a
target burnup of 1000 MW.h/kg H.E.

2.2 BDL-419 Experiment

The BDL-419 experiment constitutes the largest irradiation of (U,Pu)02
fuel in Canada to date. The experiment was designed to demonstrate the
ability to manufacture, in Canada, (U,Pu)O2 fuel capable of operating
under CANDU conditions to a burnup of at least 500 MW.h/kg H.E. at high
linear power. Fifteen bundle kits were fabricated at Chalk River Nuclear
Laboratories.
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The fuel pellets have 0.5% fissile Pu, sheathed in Zircaloy-4 with
DAG-154 CANLUB. Six bundles have so far been irradiated to a maximum
burnup of 500 MW.h/kg H.E. at linear powers up to 61 kW/m with no
attendant problems. N'o post-irradiation examinations have yet been
performed.

2.3 NPD-51 Experiment

The experiment comprises four, nineteen-element bundles, with co-mi Lied
(Th,U)O2 fuel. The fuel pellets had twr different UO? contents;
2.6 wt% and 1.45 wt% UO2 (96% enriched) in heavy elements (H.E-). The
bundles are continuing irradiation in NPD towards a target burnup of
1000 MW-h/kg H-E.; maximum linear power has not exceeded 35 kW/m.
Current maximum burnup is about 800-900 MW.h/kg H.E.; no problems have
been encountered. The bundles are scheduled for discharge in late 1985.

2.4 FDO-713 Experiment

The FDO-713 experiment comprises two fuel strings containing either
(Th,U-235)O2 or (Th,11-233)02• Currently, the lowest- and highest-
rated elements are operating at 15 kW/m and 57 kW/m respectively; maximum
burnup achieved is 600 MW-h/kg H.E., without defects. Irradiation of the
fuel assemblies is continuing towards a target burnup of 1200 MW.h/kg H.E.

2.5 BDL-421 Experiment

The experiment comprises one 600 MW (G-2) type bundle (ACT) with
(Th,U)O2 pellets of density 9.6 Mg/m3. The pellets have 2.5 wt%
U-235 in total H.E. The bundle has alternate Zircaloy-4 sheathed
elements coated with ES-242 graphite CANLUB and flow-coated siloxane
CANLUB, representative of our best CANLUB coatings. ACT has been power
ramped three times from about 20 to 60 kW/m with the outer elements at
burnups of 90, 180, and 510 MW.h/kg H.E., exceeding the threshold for
failure on each occasion without experiencing a detect. The present
maximum power of ACT is about 55 kW/m. Interim visual examinations have
revealed no obvious problems. Irradiation is continuing to a target of
1000 MW.h/kg H.E. with intermittent power ramps.

BDL-421 is giving excellent confidence that advanced cycle fuel with
current-design CANLUB coatings can operate to design burnups with
intermittent ramps without operational problems.

2.6 BDL-422 Experiment

The experiment comprises six Bruce-type bundles fabricated and assembled
in the Recycle Fuel Fabrication Laboratory at Chalk River Nuclear
Laboratories (CRNL). Sheaths have alternating ES-242 graphite and
siloxane CANLUB. The (Th,Pu)02 pellets contain 1.75 wt% fissile Pu in
total H.E. The six bundles are now beginning their fourth insertion with
a maximum burnup of 115 MW.h/kg H.E. Maximum linear powers have been in
the range 45 to 60 kW/m. When the two low-powered bundles achieve about
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Fueling performance has been excellent with more than 47,000 channel
fueling operations successfully completed and 99-9% of more than 380,000
fuel bundles operating as designed. The outer elements of a CANDU fuel
bundle experience the highest powers and burnups. Figure 1 shows the
outer element linear powers and burnups of 6240 fuel bundles in Bruce
Unit 1 taken at one instant in time (a "snapshot") in March 1983. To
interpret the graph in terms of outer element performance statistics,
multiply each point shown by 18 giving 112,320 data points. The effects
of bundle radial flux depression can be incorporated giving a total of
230,880 fuel element data points. This information is stored on computer
files for every fuel bundle irradiated by Ontario Hydro.

3. DEFECT BEHAVIOUR

In Ontario Hydro power reactors, we have experienced fuel defects
resulting from three identified causes:

- stress corrosion cracking (3CC) of the Zircaloy sheathing as a result
of high stresses experienced during refueling power ramps,

- fabrication flaws such as a small "piping" pathway in the fuel sheath
to end-cap weld or in the end-cap itself which allows ingress of
primary heat transport fluid into the fuel element,

- sheath penetrations caused by fretting by a small amount of debris in
the heat transport circuit, and

- early in 1983, a number of fuel defects were discharged from Bruce
NGS3. The cause is currently under investigation.

However, performance has been excellent. More than 380,000 bundles have
been irradiated at these stations. Of these only 356 bundles have been
confirmed or are suspected of being defective. Suspect fuel defects are
those discharged because of monitoring system signals but not confirmed
visually.

4. FUEL PERFORMANCE

4.1 High Burnup Experience

Fuel utilization experience continues to be excellent with current
average discharge burnups of 208 MW.h/kg U at Pickering MGS-A and
196 MW.h/kg L' at Bruce NGS-A. These operating data are significantly
higher than the original design values for average discharge burnup, of
162 and 188 MW.h/kg U, respectively. Fuel bundles routinely operate at
burnups up to 280 MW.h/kg U.

Occasionally fuel handling system abnormalities will preclude discharging
fuel from a particular channel for an extended period of time. In this
event, the fuel burnups increase beyond the nominal range. More than
3000 power reactor bundles have experienced average burnups in excess of
280 MW.h/kg U with the maximum value of approximately 630 MW.h/kg U.
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This maximum value corresponds Co an outer element burnup of 700 MW.h/kg
U (30,000 MW.d/TeU). All these bundles were discharged within the normal
fuel handling groundrules and no problems were encountered which could be
attributed to high burnup mechanical behaviour. More details of high
burnup experience are given in another paper^' at this conference.

4.2 Fuel From Ruptured Pressure Tube, Pickering NGS2, G16

A pressure tube ruptured in Pickering NGS2 in 1983 August. Examination
of fuel from the channel showed bundle damage to be purely mechanical.
Sampling and analysis of internal gases revealed very low fission gas
release (<0.07%) which implies that the bundles did not experience
significantly increased temperatures before being discharged into the
spent fuel bays. Further confirmation comes from the lack of thick oxide
films on the sheathing, and no thermal restructuring of the UO2 •
Adequate channel cooling was thus available at all times. Release and
fuel structure were consistent with the reported operating linear power
of less than 30 kW/m. We conclude that the fuel had no role in
initiating the pressure tube rupture.

5. IMPROVING FUEL USAGE

5.1 Demonstration Irradiations

Two irradiations to demonstrate improved CANLUB coatings are committed at
Bruce NGS-A: 1000 Bruce fuel bundles with a water-based graphite coating
on the inside of the fuel sheathing have been produced. This coating
shows potential for improved performance and economics over present
alcohol-based CANLUB coatings. More than 50 bundles have been irradiated
as normal fuel. Two hundred Bruce fuel bundles have been produced with
Siloxane coating on the inside of the fuel sheathing. To date more than
70 bundles have been inserted in-core and are operating with no
performance problems. The current incentive is to provide evidence for
good Siloxane performance at high burnups for the advanced fuel cycle
program.

5.2 Increased Fuel Burnup

Over the past few years, Ontario Hydro has been successful in achieving a
significant increase in burnup achieved for nuclear fuel. This is a
result of three separate components:

- the moderator heavy-water isotopic content has been upgraded by more
than 0.1%,

- improved guidelines for the selection of channels to be refueled in the
4-bundle shift region have been implemented, and

- the average uranium concent per bundle has been increased by more than
0.1%.
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6. IRRADIATED FUEL SHIPMENTS

Ontario H^dro nuclear operations owns and maintains a shipping flask for
irradiated fuel. The maximum capacity is two CANDU fuel bundles or an
equivalent number of elements. Since its purchase in 1969 this flask,
capacity has been adequate for all our fuel performance needs. During
the period from purchase to the end of 1984, 89 shipments have been
completed to CRNL and WNRE for fuel test programs and defective fuel
examinations. The total distance travelled by the flask, without incident
has been approximately 95,000 kilometers.

To ensure that shipments of defected fuel arrive at the AECL hot-cell;: in
a state undamaged by additional oxidation, a program has been performed
at CRNL to defime the time/temperature oxidation behaviour of defected
irradiated fuel(2). we have used such information to determine flask
heat load limits for fuel shipments, and to determine the necessity for
inert covering gas to minimize oxidation.

7. CONCLUSIONS

Fueling performance has been excellent with 47,000 channel fuelling
operations successfully completed and 99.9% of the more than 380,000
bundles irradiated operating as designed. Fuel performance limits and
fuel defects have had a negligible effect on station safety, reliability,
the environment and cost. The actual incapability charged to fuel is
less than 0.1% over the station's lifetimes and more recently has been
ze co.
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1 Outer elenent linear power versus burnup for all fuel bundles
in Bruce NCS-A, Unit I, 1983 March V • One point represents
13 outer elements.


