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Abstract

An important new fuel cycle that exploits the synergism between CANDU® and pressurized-
water reactors (PWRs) is the Direct Use of spent PWR Fuel in CANDU (DUPIC). In this fuel cycle,
spent PWR fuel is reconfigured, using only dry processing techniques, to make it compatible with a
CANDU reactor. The dry processing technique is inherently simpler than wet chemical processing
techniques used for recycling spent fuel. Actinides and fission products are retained in the fuel, so
that DUPIC fuel is highly radioactive, affording the fuel cycle a high degree of proliferation
resistance. AECL's project to develop the fuel cycle has now progressed to the stage of fabricating
DUPIC fuel elements for irradiation testing in a research reactor. The goal of this phase of the project
is to demonstrate that the DUPIC fuel cycle is technically feasible. A major part of the technical
feasibility study is demonstration of the irradiation performance of DUPIC fuel under CANDU
conditions. Spent PWR fuel has been subjected to the oxidation and reduction of oxide fuels
(OREOX) process, and the resulting powder has been fabricated into CANDU-quality pellets. The
DUPIC pellets have been loaded into fuel elements for irradiation testing in the NRU research reactor
at the Chalk River Laboratories. The fabrication stages included spent fuel decladding, powder
production using the OREOX process, powder milling (to improve sinterability), pellet pressing,
sintering, centreless grinding, element loading and element welding. This paper details the fabrication
of the DUPIC pellets and elements and initial results of their characterization. The equipment used
for fabrication of the DUPIC fuel elements is described, and the irradiation plan for these elements is
also outlined.

1. INTRODUCTION

Atomic Energy of Canada Limited (AECL), the Korea Atomic Energy Research Institute
(KAERI) and the United States Departments of State and Energy (USDOS, USDOE) are involved in a
joint program to develop a process for the Direct Use of spent PWR fuel in CANDU reactors (DUPIC).
A phased approach has been followed in developing this process. Phase I was a review of 7 different
methods of reconfiguring spent pressurized-water reactor (PWR) fuel to make it compatible with
CANDU reactors. The final recommendation from Phase I was to pursue the oxidation and reduction
of oxide fuels (OREOX) option [1], a process in which powder is produced from irradiated fuel
pellets and is then fabricated into CANDU pellets, elements and bundles.

Phase II is the experimental verification of the feasibility of using the OREOX process to
fabricate DUPIC fuel and irradiation testing of this fuel in a research reactor. In this phase, AECL is
focusing on powder and pellet technology development, and KAERI is setting up for fabrication of
both pellets and, eventually, full bundles.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
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2. BACKGROUND

Small-scale hot-cell experiments were completed at AECL's Chalk River Laboratories (CRL)
using spent PWR fuel. Pellets meeting CANDU specifications for density (expressed as a percent of
the theoretical density (TD) of the fuel, currently specified to fall in the range between 95% and 98%
TD) were fabricated successfully [2]. Fission-product releases during the process were quantified, and
technology for trapping volatile cesium was demonstrated. These experiments were conducted on
individual pellets.

In laboratory scale experiments using SIMFUEL (i.e., simulated extended burnup fuel),
kilogram quantities of SIMFUEL pellets were processed into pellets meeting CANDU specifications,
using the OREOX process. Some decladding techniques were also demonstrated.

3. PROGRESS

After 3 small-scale hot-cell experiments were conducted at CRL to demonstrate fabrication of
CANDU-quality pellets using spent PWR fuel, a campaign was initiated in the hot cells in AECL's
Whiteshell Laboratories Shielded Facilities (WLSF), to fabricate DUPIC fuel elements for irradiation
testing in a research reactor. Equipment for in-cell fabrication was purchased or constructed,
commissioned out-of-cell, and transferred into the hot cell, as required [3],

In this campaign, pellets were mechanically extracted from the 15-cm-long-cut segments of
PWR cladding. There was no need to split open the cladding or to oxidize the pellets to remove them.
The fuel did not appear to adhere to the inside of the cladding.

The spent PWR fuel used in this campaign was from the same source as the fuel that had been
used in experiments at CRL. The fuel had a discharge burnup of 28 MW-d/kg U and had cooled for 24
years prior to DUPIC processing [4]. Three DUPIC elements were fabricated during the in-cell
campaign. Approximately 3 kg of spent PWR fuel was processed using the OREOX process. The
process used was as follows:

• declad and extract the spent fuel pellets from the sheath;

• use the OREOX process to produce a fine powder;

• mill the powder using a vibratory mill to increase sinterability;

• prepress, granulate, and press the powder into pellets;

• sinter the pellets to high density;

• grind the pellets to final diameter and surface finish, using a centreless grinder;

• load the pellets into fuel sheaths (one end cap is resistance-welded before assembly);

• weld the second end cap, using tungsten-inert-gas (TIG) welding technique; and

• leak-test the completed element.

Figure 1 shows a view of the fabrication campaign taken through a hot-cell window.
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Figure 1. Fabrication of DUPIC fuel in a hot cell. The OREOX furnace is visible in the back of the
cell, off to the right. The polyethylene bottles in front of the furnace contain OREOX powder.

The DUPIC elements have the designations BB02, BB03 and BB04. All elements contain a
plenum (BB04 has two) and natural-uranium pellets at the ends of the stack. The plena are composed
of Zircaloy-4. Plena are used to provide additional void space to accommodate released fission gas.
Natural-uranium pellets at the ends of the stacks are used to suppress end flux peaking, and thus
reduce hot regions at the ends of the stacks. The elements are designed to be mounted on a NRU
demountable element (DME) bundle core. Figure 2 shows a photograph of the fuel stack in element
BB02, and Figure 3 shows a schematic drawing of a DUPIC fuel stack. The completed DUPIC
elements are shown in the photograph in Figure 4. Details of the compositions (lengths and masses)
of the pellet stacks in the 3 elements are given Table 1.

Of the 3 kg of original PWR fuel that was processed in this campaign, 1.3 kg was fabricated
into fuel pellets and then loaded into fuel elements; approximately 1 kg was subjected to the OREOX
process but was not processed further (because of time constraints and availability of the hot cells),
and the balance was either contained in metallurgical samples or lost as waste material through
processing techniques.

The processing histories of the various fuel pellets varied considerably. Pellets in BB04 were
made from material that was subjected to the OREOX process; after the material was processed into
pellets, the pellets were rejected because of excessive cracking, and were resubjected to the OREOX
process and refabricated into pellets. This set of pellets had a lower green density, and thus a smaller
sintered diameter (11.99 mm rather than 12.19 mm). Overall, this powder processed and sintered very
well.
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Figure 2. Photograph of fuel stack in element BB02
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Figure 3. Schematic drawing of DUPIC fuel stack.

Figure 4. Completed DUPIC elements.
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TABLE 1. DUPIC FUEL ELEMENT STACK COMPOSITIONS

Element Identity
Plenum Length (mm)
Natural U Mass (g)

Natural U Stack Length (mm)
DUPIC Pellet Mass (g)

DUPIC Stack Length (mm)

BB02
24

87.0
74.5

438.0
367.5

BB03
24

82.0
70.3

442.7
371.7

BB04
17 (x 2)

64.0
45.0

433.5
387.0

Pellets in the other elements were subjected to the OREOX process only once. It was found
that as-fabricated OREOX powder oxidized rapidly in spite of being passivated (slightly oxidized to
provide a protective oxide layer). Excessive oxidation can cause cracking in sintered pellets. As a
result, powders that had been subjected to the OREOX process were fabricated into pellets as quickly
as possible after production. Even so, there were considerable difficulties with pellet pressing and
sintering. The target minimum density was 10.3 g/cm^ (estimate to be 95.3% of the theoretical
density of this fuel, 10.81 g/cnw). To achieve this density, some pellets had to be sintered for as long
as 20 h. Pellets in BB04 (made from powder that had been subjected to the OREOX process twice)
only required 2 h for sintering. All pellets were sintered in a horizontal tube furnace at 1650°C in
flowing argon and 4% hydrogen. The furnace load was limited to 250 g (15 pellets) by hot-cell safety
constraints (i.e., the potential release of fission products into the cell).

All pellets were dry-centreless-ground to a surface finish of approximately 0.8 um Ra (the
CANDU specified surface finish).

The sintered pellets met the CANDU specification for density (expressed as percent of
theoretical density) with a minimum density of 10.3 g/cm^ (95% of the theoretical density of spent
PWR fuel at a burnup of 28 MW«d/kg U).

Measurements of chemical content of the fuel before and after the DUPIC fuel fabrication
process indicated that volatile cesium was released during the process. It is expected that krypton,
iodine and xenon were also released. All other fission products and transuranic elements remained in
the fuel.

4. FUTURE PLANS

Irradiation-testing of the DUPIC elements in the NRU reactor will commence during 1998.
The elements will be irradiated to a burnup of approximately 20 MW»d/kg HE at power levels typical
of those of a CANDU reactor, starting at approximately 60 kW/m and declining over the history of
the irradiation to 30 kW/m. The performance of the fuel will be assessed after the irradiation.

Given the experimental nature of this fuel and the desire to obtain information on
performance aspects (including especially gas release performance under normal operating
conditions), it is considered prudent at this stage to perform a conservative irradiation to ensure
survival of the elements throughout the irradiation. The DUPIC elements will be loaded onto a DME
bundle and inserted into an intermediate flux position in the NRU reactor test loop for 570 full-power
days, achieving a burnup of 20 MW-d/kg HE. A plot of the expected DUPIC element linear power
(kW/m) versus irradiation time (full-power days) is shown in Figure 5. The powers achieved in this
NRU irradiation test will approximate the calculated envelope of peak element linear powers for
DUPIC fuel bundles in a CANDU reactor, fuelled using a 4-bundle shift (also shown in Figure 5).

After irradiation, the DUPIC elements will be removed from the bundle and sent to the CRL
hot cells for post-irradiation examination (PIE), including element profilometry, fission-gas volume,
element burnup, and pellet and sheath microstructures.
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Figure 5. Mid-plane element linear power as a function of time for DUPIC elements on a natural-
uranium DME core in an intermediate flux site in the NRU reactor. Also shown is the DUPIC 4-
bundle shift power envelope at the corresponding burnup.

The goal of this irradiation is to assess the performance characteristics of DUPIC fuel under
CANDU conditions. Assessment will be based on a comparison of the PIE data from this irradiation
with data from natural uranium and slightly enriched fuel irradiations done under similar conditions.

5. CONCLUSIONS

Three DUPIC elements were successfully fabricated in the Whiteshell Laboratories Shielded
Facilities hot cells. The fuel pellets meet CANDU requirements for density and surface finish. The
pellets were welded into elements that can be mounted on a NRU demountable element bundle core.
Irradiation-testing of these elements is planned to commence in 1998 and will be followed by PIE and
performance modelling.

ACKNOWLEDGMENTS

The assistance of Dean Randell, Holly Hamilton, Peter Valliant, and the WL SF support staff
is gratefully acknowledged.

372


