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ABSTRACT - Strong competition among the nuclear fuel vendors on the LWR fuel market is the main driving
force for improvements in the design and manufacture of the LWR fuel. Nuclear utilities are requesting more
advanced fuel, which will increase the fuel availability and lower fuel cycle cost. The fuel vendors' answer to this
request has been an introduction of several improvements in the design and manufacture of their fuel. In this article
the current trends in advanced fuel designs and development of improved materials, which have improved the fuel
utilization and availability, are discussed in more detail. Also, the impact of these improved features on the safety
analyses has been evaluated.

1. INTRODUCTION

Nuclear fuel reliability, lower fuel cycle cost, operational flexibility and safe operation
are natural goals for utilities operating LWRs. Reliability of the fuel is the most important
requirement and prerequisite for providing cost-competitive electricity. Reliable fuel
performance minimizes the risk to the health and safety of the public as well as to the plant staff.
Fuel failures can cause considerable problems for the operation of the plant resulting in costly
losses of plant availability, prolonged or unplanned outages, and increased personnel exposure.

The most efficient way to reduce fuel cycle cost is to increase the discharge burnup. The
burnup increase could be only achieved by improving the capability of the fuel assemblies to
withstand the effects of higher irradiation: increased fission gas release, waterside corrosion and
hydrogen pickup, increased fuel rod and fuel assembly growth, etc. Also, PWR fuel assembly
bow and twist and bow of BWR fuel channels become a more serious problem at higher burnup.
In the next section we will discuss which improved design and manufacturing features were
introduced by fuel vendors to overcome the above mentioned burnup dependent effects which
could cause the fuel failure.

2. IMPROVEMENTS IN THE DESIGN AND MANUFACTURE

2.1 PWR Fuel Designs
In the last few years a number of new PWR designs have been developed along with

new advanced zirconium alloys for fuel rod cladding and structural components. Generally
speaking, all of the PWR fuel designs seem to be converging to the common set of
characteristics: increased burnup, larger diameter guide tubes with thicker walls and new
dashpot configuration which increases stiffness and reduces operating stress and creep
deformation, removable top nozzle (RTN), multiple levels of debris defense, mixing vane grids,
and advanced burnable absorbers. As an option fuel vendors could offer axial blankets and
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intermediate flow mixers (IFM). These features were designed to enhance performance or to
increase margins, but also to address some performance problems associated with high duty
extended burnup operation.

Westinghouse PERFORMANCE+ fuel assembly [1] is designed for discharge burnups
exceeding 50 GWd/tU and has evolved from VANTAGE 5, VANTAGE 5H, and VANTAGE+
fuel designs. The major features are:
• Corrosion resistant ZIRLO, Zr-Nb alloy, has demonstrated an increase in corrosion

resistance, reduction in rod irradiation growth and reduced creep rates when directly
compared to standard Zr-4. Hydrogen pick-up (and consequently embrittlement) is reduced,
whilst maintaining high-temperature strength and ductility under postulated Loss of Coolant
Accident (LOCA) conditions. It is used in fuel rod cladding, guide tubes and instrument
tubes, structural intermediate and IFM grids. With ZIRLO as guide and instrumentation
tube material, growth is reduced and dimensional stability of the fuel assembly is enhanced.
Corrosion resistance of ZIRLO provides margin to limits in high power (temperature) and
high lithium environments.

• Axial blankets on the top and bottom of fuel rods are made from slightly enriched uranium
(~2.6 w/o U-235). They represent an optimal compromise between axial leakage of
neutrons from the core and axial power peaking. In addition to standard solid pellets,
Westinghouse offers annular pellets, which provide increased plenum volume to
accommodate increased fission gas release at higher burnup.

• IFM grids enhance the margin for departure from nucleate boiling (DNB) by increasing the
flow mixing and turbulence in upper spans of the fuel assembly in order to provide better
heat transfer. Testing has demonstrated that use of IFM grids typically increase DNB
margin by 20 to 25 percent. However, when alternating grids were rotated 90 degrees for
the VANTAGE 5H design to minimize the grid-to-rod fretting caused by flow induced
vibration, it was discovered that part of the DNB margin was lost.

• Integral Fuel Burnable Absorbers (IFBA) design combines fuel and burnable absorber
material in a single fuel rod. The objective of IFBA is to enhance the power distribution
control and moderator temperature coefficient (MTC) control capability. The design is
based on applying a thin coating (<100 \im) of ZrB2 to pellets in selected rods. Natural
boron and boron enriched in B-10 is used as absorbing material. IFBA rods are loaded into
the fuel assembly in specific patterns. However, the use of boron as neutron absorber
affects the fuel rod internal pressure and must be considered during fuel rod design
verification.

• Defense-in-Depth Debris Protection utilizes a set of features designed to provide for debris
failure protection. These features include a Debris Filter Bottom Nozzle (DFBN), long fuel
rod end plug in a protective bottom grid, and coated cladding. These features provide
protection against debris-induced fuel damage, which translates to increased fuel reliability.

Siemens offers two advanced fuel designs, the Fuel assembly with Optimized Cladding
and Upgraded Structure (FOCUS) design and High Thermal Performance (HTP) design [2]. The
commercial implementation of FOCUS fuel assemblies started as reload regions in 1992 in
Europe in PWR plants with 15x15, 16*16 and 18x18 arrays. The implementation of HTP fuel
assemblies with 14x14, 15x15, 16x16, 17x17 and 18x18 arrays is offered as an option in
Europe and as a standard elsewhere in the world. The average discharge burnup of FOCUS and
HTP fuel assemblies are about 50 GWd/tU and maximum assembly burnup is 60 GWd/tU.

The common technical features of FOCUS and HTP fuel assemblies are:
• Corrosion resistant cladding using a Prime Candidate Alloy (PCA) and DUPLEX tubes.

PCA are optimized low-tin Zr-4 cladding tubes featuring enhanced corrosion resistance,

238 • Nuclear Energy in Central Europe'98



based on more narrowly defined tolerances for chemical composition and impurities and on
a more rigidly controlled manufacturing process, mainly relating to heat treatment
processes. PCA cladding tubes were still not sufficiently corrosion-resistant for "hot" plants
(plants with a higher coolant temperature). This led to the development of the DUPLEX
cladding tube which consists of a thin outer layer of an Extra Low Sn (ELS) ZrSnFeCr
highly corrosion resistant alloy co-extruded on a Zr-4 inner layer that constitutes the bulk of
the cladding.

• Integrated gadolinia burnable neutron absorber is used to flatten the axial power shape at
beginning of cycle (BOC) and to minimize end of cycle (EOC) gadolinia residual reactivity.
Axial natural uranium blankets being used as an option to increase the neutron utilization by
decreasing axial neutron leakage.

• Improved debris-retention capability is provided which protects against debris entering the
bottom of fuel assembly and thereby causing debris-induced fuel failure. Removable top
and bottom nozzles for ease of fuel rod inspection and repair.

Special features of FOCUS fuel assemblies are:
• Improved spacer design to enhance DNB margins and operating flexibility. This has been

achieved by the implementation of Zircalloy spacer grids whose strip intersections are fitted
with split vanes, thus resulting in horizontal coolant mixing between the subchannels
delimited by adjacent fuel rods and/or guide tubes. The FOCUS fuel assembly can also
include IFM grids for additional DNB improvements.

The special features of HTP fuel assemblies are:
• High thermal performance spacers and IFM grids that utilize flow-channels within the

spacers positioned at an optimum angle to the axis of the fuel rods. These flow channels
provide better coolant mixing. More uniform enthalpy distribution thereby improves the
DNB ratio, while maintaining low-pressure drop.

• FUELGUARD™ debris resistant bottom nozzle which uses curved blades to effectively
capture debris; longer end plugs which prevent fretting failure at the lower end of the fuel
rods.

Fragema latest fuel assembly design is the AFA-3G that has evolved from the AFA-2G
design [3]. The AFA-2G was developed to replace the AFA (Advanced Fuel Assembly) in the
early 1990's and has been widely employed in France and elsewhere. The AFA-2G is available
in designs covering 14x14 to 17x17 arrays. The average discharge burnups are around 50
GWd/tU.

The AFA-3G design contains design features to improve corrosion resistance, assembly
stiffness, debris protection, and thermal margin. The major features are:
• Advanced M5 Fuel Cladding, the Zr-lNb alloy in the recrystallized annealed state exhibits

very low rates of corrosion and irradiation growth and reduced hydrogen uptake in
comparison to standard Zr-4. The diametral creep strength is also greater which allows an
open pellet-clad gap to be maintained beyond a second fuel cycle and improves the margin
to Pellet-Clad Interaction (PCI). The reduced creep-down rate increases the fuel rod
temperature, and therefore the fission gas release, which imposes a penalty on End-of-Life
(EOL) rod internal pressure. A larger plenum volume (longer rod) in the AFA-3G compared
with AFA-2G design compensates this for. At present, M5 is now being supplied in fuel
reload quantities. However, it should be noted that only limited performance data exist for
burnup beyond 55 GWd/tU.

• A new modified anti-debris bottom nozzle; thicker guide tubes with larger inner diameter.
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• Reduced height top nozzles providing more clearances with the fuel rods; longer fuel rods
with more plenum volume.

• Deflection limiters in the spacer grids to protect grid springs against excessive deformation.

ABB provides nuclear fuel to PWR's plants in United States and Europe. In the last few
years ABB introduced several improvements into their fuel design [4]:
• Advanced laser-welded GUARDIAN™ Inconel grid for improved debris retention and

resistance to grid-to-rod fretting.
• Optimized low-tin Zr-4, Zr-2P or DUPLEX is used as fuel rod cladding. Testing has shown

that these alloys possess enhanced corrosion resistance allowing to achieve the average
region discharge burnup in excess of 48 GWd/tU which corresponds to lead rod average
burnups up to 60 GWd/tU.

• Structural and IFM Zr-4 spacer grids with improved DNB performance and strength while
minimizing pressure drop have been developed and introduced. The improved spacer grid
design employs high-performance, split-vane mixing features to create a strong swirl and
turbulence to increase thermal margin. Extensive DNB testing showed a substantial
improvement in thermal margin.

• Urania-gadolinia (UO2-Gd2C>3) has been optimized (axially graded) as a burnable absorber
for shorter cycles (12-18 months) and urania-erbia (UCVEraOs) is used in reloads for long
(18-24 months) high bumup fuel cycles.

• Reduced height top and bottom nozzles, which enabled longer fuel rods and longer plenum
length. Removable top nozzle is provided for easier fuel rods inspection and repair.

2.2 BWR Fuel Design
The major change in the BWR fuel are the introduction of advanced 9X9 and 10x 10 fuel

lattice designs, replacing "standard" 8x8 lattices. These advanced fuels with large central water
rods or water cross design, have resulted in improved nuclear performance, i.e. improved
neutron flux distribution, increased reactivity and reduced local power peaking. Consequently,
the average assembly enrichment can be reduced and the average discharge burnup increased.
The larger number of fuel rods reduces the rod average linear heat generation rate (LHGR)
which results in reduced fuel temperatures, fission gas release, and in lower cladding corrosion
rates. Reduced LHGR provides greater thermal margin, as measured by the critical power ratio
(CPR), and increased LOCA margin. BWR fuel vendors have developed fuel rod cladding
designs that are resistant to both nodular and uniform corrosion in a variety of plant water
chemistries. The improved fuel designs have incorporated debris-resistant features and design
features to protect against creep collapse of fuel rods and to prohibit cladding failures due to
hydriding. Enhanced fuel channel designs have been introduced to improve fuel assembly flow
characteristics and to reduce channel bulge and bow during irradiation.

The short description of various advanced BWR fuel designs offered by ABB, Siemens
and GE follows.

ABB has developed the basic SVEA fuel assembly, design in the early 1980's. The
SVEA-64 design had already been verified for use to region average burnups of around 40
GWd/tU. Since 1988, SVEA-96/100 design[4] has replaced. SVEA-64 in most reactors. For
SVEA-96/100 the average discharge region burnup is around 48 GWd/tU.

The new feature of SVEA fuel design is a cross-shaped internal gap with non-boiling
water at the center of the assembly, dividing the assembly into four 16-rod bundles (SVEA-64),
and four 24/25-rod bundles for SVEA-96/100 design. The most advanced is the SVEA-96+ fuel
design with the improved low-pressure drop spacer grids. SVEA-96+ includes seven of the high
performance spacer grids in place of six standard grids used for SVEA-96/100. The reduced
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LHGR also eliminates the need for liner fuel rods since the operation stays below the PCI
threshold level. Dryout performance is improved substantially, thereby the fuel rod integrity.
The additional improved features are a high-efficiency debris trap incorporated into the fuel
assembly channel, and Zr-2 channels with the oxidation resistance superior to that of the Zr-4
channels.

Siemens latest BWR fuel design is the ATRIUM (Advanced Technology for Reload fuel
with Internal Upgraded Moderation) family of fuel assemblies [2], The ATRIUM 9 and
ATRIUM 10 families of fuel assemblies with 9><9 and 10x10 rod arrays, respectively, have the
following improved design features:
• An internal square water channel, replacing a 3x3 array of central fuel rods. The additional

moderator volume in the internal region of fuel assembly results in increased and more
uniform moderation (increased reactivity), reduced power peaking, improved shutdown
margin. It also has a less negative void fraction coefficient, which improves both transient
and steady state core behaviors.

• ULTRAFLOW™ spacer equipped with swirl vanes at the spacer strip intersections to
improve CPR margin for about 20% compared with the earlier designs.

• Eight part-length fuel rods in the ATRIUM 10 design, which reduce the two-phase pressure
loss and ensure increased resistance to instability. Natural uranium axial blankets, axial
gadolinium loading and enrichment zoning are options to improve fuel utilization.

• Inner iron-enhanced zirconium liner (barrier) cladding (optimized Zr-2 alloy) to increase
PCI resistance while protecting cladding performance in the event of cladding perforation
and water ingress. Debris-resistant lower tie plate is designed to avoid fuel rod failures by
fretting corrosion.

The average discharge burnup is 40-45 GWd/tU for ATRIUM 9 and around 50 GWd/tU
for ATRIUM 10. Maximum assembly burnup is 48 GWd/tU (ATRIUM 9) and 53 GWd/tU
(ATRIUM 10).

GE offers the advanced fuel designs in the following lattices geometry: 9><9 lattices (GE
11/13) and 10x10 lattices (GE 12/14) [5]. The maximum assembly burnups are in the range of
50 to 54 GWd/tU. The first reload of GE12 was inserted in 1995, and GEM will shortly become
the new standard. The main advanced feature of GE12/14 designs is the two central water rods,
which displaces eight fuel rods. The introduction of central water rods has resulted in improved
nuclear performance, i.e. flattened neutron flux distribution, increased reactivity and reduced
local power peaking. GE is working on improved Zr-2 cladding through further optimization of
the manufacturing processes. The additional advanced features of these designs are part length
fuel rods to ensure resistance to instability, and U-235 enrichment and gadolinia axial zoning to
control power distribution.

3. OPERATIONAL ISSUES

The thermal conductivity of UO2 decreases with increasing burnup due to accumulation
of soluble fission products, radiation damage and porosity in matrix. This degradation in
conductivity of the pellet results in the increase in fuel temperature, which strongly affects fuel
behavior such as fission gas release and PCI. Typically, at a burnup of ~55GWd/tU, the
conductivity decreases by 60-70% (Figure 1) [6], resulting in an increase in fuel center
temperature around 150 K. The greatest impact of this is on the EOL rod internal pressure and
licensing. Prediction of thermal behavior of the fuel, FGR and microstructural changes at high
burnup, together with PCI, is of prime importance to allow operation at increased burnup in
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commercial reactors. Therefore, this requires of all fuel vendors to validate their fuel
performance code by comparison of code predictions against power reactor data, in-pile
experimental data and results of post-irradiation examinations to check the code ability to
reliably predict in-reactor fuel performance.
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Figure 1: Measured thermal conductivity of high burnup UO2 pellet

With increasing burnup, the fuel pellet periphery starts to become porous. The onset of
these microstructural changes, known as the "rim effect," begins as the average burnup exceeds
40 GWd/tU. The rim has a width of about 100 to 250 um. There is a number of studies currently
underway to better characterize the rim effect and its contribution to FGR at extended burnup.
The performed tests indicate that the increased porosity does contribute to an insulating effect
within the pellet thus increase the fuel temperature and therefore enhancing the FGR. But, the
current opinion on the rim effect is that it does not provide a significant contribution to the fuel
rod integral FGR, at least under steady-state conditions. Therefore, the rim effect does not
appear to be a significant operational issue.

4. LICENSING AND SAFETY ISSUES

The utilities tend to consider operation as safe if the fuel meets operating/safety limits
approved by the regulatory agencies. Such limits are set for a maximum permissible statistical
probability of fuel failures during hypothetical transients and accidents. Utilities requirement for
improved design features increases reliability, and it will in most cases increase the plant safety
margins as well.
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In the last few years the largest concern of regulatory agencies and fuel vendors has been
paid to fuel damage criteria for Reactivity Insertion Accidents (RIA) and Incomplete Control rod
Insertion (IRI) for PWRs.

Since fuel damage following an RIA event, such as the rod ejection accident in PWRs, is
strongly dependent on the amount of reactivity insertion, the initial cladding condition
(corrosion, spalling, hydrogen content, etc.) and plutonium buildup and redistribution, this
accident must be considered carefully. Regulatory agencies require that for advanced fuel
designs proposed for extended burnup operation, the RIA criteria must address fuel
fragmentation, dispersal, and core coolability concerns. The proposed interim RIA acceptance
criteria for extended burnups are more restrictive, and include the following:

Clad failure is prevented for fuel pellet enthalpy < 100 cal/g
Core coolability is maintained for fuel pellet enthalpy < 280 cal/g (for 0 - 4 0 GWd/tU) and
< 100 cal/g (above 40 GWd/tU)

- Oxide thickness must be kept below 100 urn
- Dose must be limited to < 25% of 10 CFR100.

For the extended burnup applications, the fuel vendors must address the effects of
increased burnup operation on fuel and cladding materials, i.e.:
- Provide acceptable mechanical properties with respect to clad corrosion, oxidation, spalling

and hydriding, showing that the 100 um limit is met at burnup design limit,
- Demonstrate applicability of the RIA criteria to the proposed design and burnup limit, taking

into account the fuel rod internal pressure, degradation of fuel thermal conductivity with
burnup, control rod insertion characteristics, etc.,

- Address adequacy of the ECCS acceptance criteria (peak-clad temperature, oxidation limit,
burst/blockage behavior, etc.).

Most of fuel vendors have received operating license for maximum burnup up to 60
GWd/tU lead rod average burnup. Additional work remains to be done, on the part of fuel
vendors as well as the regulatory agencies, to justify burnup extension programs beyond 60
GWd/tU.

The IRI problem is primarily a concern for the selected PWR's 17x]7 fuel designs
(Westinghouse, Fragema). Investigations have shown that fuel assemblies with large mid grid
spans (without IFM's) and with relatively small diameter guide tubes, and high assembly hold-
down forces, are susceptible for assembly bowing causing RCCA stacking in the dashpot region.

Affected fuel vendors have implemented the advanced design features and fuel assembly
modifications to mitigate IRI events:

Advanced materials for guide tubes-decreases corrosion and hydriding (reduce RCCA drag
force), enhanced radiation growth and creep resistance (reduces fuel assembly bow),
Optimized hold-down spring loads (reduce axial loading on guide tubes),

- Larger inner/outer diameter guide tubes with thicker walls (increase stiffness and reduce
operating stresses and creep deformation),

- New dashpot configuration with constant outer diameter and reinforced, thicker lower
section (increased skeleton lateral stiffness and dashpot strength).

Utilities have also implemented operational remedies to minimize IRI:
- _ Limiting burnup of rodded fuel assemblies below 25-40 GWd/tU,

Restricting assemblies with degraded control rod drop times to non-rodded positions,
Surveillance of control rods drop times at BOC and EOC to assess RCCA operability.

With the above mentioned design improvements implemented for increased burnup fuel
designs, the IRI events would be probably significantly reduced. The surveillance activities
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performed by the utilities will assure that the performance of these advanced fuel designs is
monitored throughout their design burnup.

5. CONCLUSION

A number of high burnup LWR fuel designs have reached maturity since their
introduction in the early 1990's. PWR fuel vendors have introduced debris-resistant features,
along with new advanced Zr alloys for structural components, as well as fuel rod cladding to
improve corrosion resistance performance, and have developed more efficient and flexible
burnable absorbers, including integral absorbers of boron, gadolinium and erbium. The
introduction of advanced 9x9 and 10x10 lattice designs with large central water rods or water
cross design for BWRs have resulted in improved nuclear performance through greater thermal
margin and increased LOCA margin. All three BWR fuel vendors have developed debris-
resistant features and the improved Zr-2 cladding materials that are resistant to both nodular and
uniform corrosion in a variety of plant water chemistry. Barrier cladding designs with zirconium
inner liners or barriers provide resistance to PCI and can be resistant to secondary hydriding.
The reduction of LHGR of advanced 10x10 lattice designs would probably eliminate the
operating restrictions related to PCI. Improved BWR fuel channel designs have been introduced
to improve bundle flow characteristics. With these advanced features, the LWR fuel reliability,
operational flexibility and fuel economy have been markedly improved.
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