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ABSTRACT
Today, the discussion about the high burnup fuel is beyond the current fuel enrichment licensing and burnup
limits. Licensing issues and material/design developments are again key features in further development of the
LWR fuel design. Nevertheless, technological and economical solutions are already available or will be
available in a short time. In order to prevent the growth of the technological gap, Brazil's nuclear sector needs to
invest in the training of new human resources, in the access to international databases, and in the upgrading
existing infrastructure. Experimental database and R&D infrastructure are essential components to support the
autonomous development of Brazilian Nuclear Reactors, promoting the development of national technologies.
The (U,Gd)O2 isotopic fuel proposed by the CDTN`s staff solve two main issues in the high burnup fuel, which
are (1) the peak of reactivity resulting from the Gd-157 fast burnup, and (2) the peak of temperature in the
(U,Gd)O2 nuclear fuel resulting from detrimental effects in the thermal properties for gadolinia additions higher
than 2%. A sustainable future can be envisaged for the nuclear energy.

1. INTRODUCTION
PWR and BWR fuel technology now exists since more than 50 years. To achieve the present
high level of reliability and economy, a remarkable way with substantial efforts had to be
carried out, covering R&D, design, fabrication and performance evaluation. This way led
from energy yield of initially about 20,000 MWd/tU to currently around 60,000 MWd/tU
discharge burnup, accompanied by an increase of enrichment from initially around 2% to
currently close to 5% U-235 [1]. Nuclear power plant utilities have to make business in a
very competitive market and some utilities have interest to increase the competitiveness with
the use of nuclear fuels, which could achieve fuel burnups beyond 70 GWd/tU.
Utilities operating LWRs require fuel assemblies and in-core fuel management service, which
ensure safe, flexible and cost-effective production of electricity. Because the reliability of the
fuel has always been the most important requirement, advanced measures to minimize fuel
cycle costs are receiving increasing attention in the light of the pressure on costs within the
deregulated power generation markets [2]. The role of in-core fuel management in supporting
the goal to minimize fuel cycle costs consists in the development of more demanding core
loading strategies, i.e. in the first place, more advanced low leakage loading patterns. A
prerequisite for this type of loading pattern is the use of an optimized burnable absorber
design. Gadolinium oxide (Gadolinia) as integrated burnable absorber is a very effective
means for limiting the critical boron concentration and power peaking factors.

Material development was always a key feature in promoting LWR fuel design. Already 30
years ago, it was foreseeable that the further increasing burnup targets call for more advanced
materials with further increased corrosion resistance. The corrosion resistance of Zircaloy-4
became the design limiting performance criteria for PWR fuel rod claddings. Among others,
the critical limiting property in the design was the uniform corrosion with its strong
temperature dependence at the cladding to coolant interface [1].
In present paper are summarized some current world trends in nuclear fuel design for LWRs
and the CDTN's available skills and software to attend the development of the Brazilian
Nuclear Reactors.
2. SHORT RETROSPECTIVE OF NUCLEAR TECHNOLOGY
In the last three decades, the substantial efforts in the nuclear technology covered areas of
R&D, design, fabrication and performance evaluation. These efforts are described by the
Director General of the 51st IAEA General Conference [3] and it is summarized in the
following sections. New materials, design criteria and limits are evaluating and approved by
the regulatory organisms, and changing the limits of the operational conditions. More details
are presented by references [4] and [5].
2.1. Nuclear Fuel
Nuclear fuel is at the heart of a nuclear reactor, and the safe and economic behavior of this
fuel is a key factor in the continuing long-term development of nuclear power. The majority
of nuclear fuel used today consists of uranium dioxide pellets contained in a sealed tube of
zirconium alloy to make a fuel rod. There are variations in the way the rods are supported in
assemblies or bundles for use in the reactor, and improvements in both the fuel rod and
assembly structure have been continuous. Table 1 lists the main typical features of the fuel
used in PWR, BWR and WWER.
TABLE 1. Fuel Features of LWR’s [3]
Reactor type
BWR
PWR
WWER

Fuel material
UO2
UO2
UO2

Fuel rod cladding1
Zircaloy-2
Zircaloy-4
E110, E635

Typical Assembly
Square array
Square array
Hexagonal array

Enrichment
Up to 4.95%
Up to 4.95%
Up to 4.95%

1

Zircaloy-2 and -4 are alloys of zirconium with about 1.5% tin as the main alloying element. Both E110 and
E635 are alloys of zirconium with about 1% niobium.

Already three decades ago, it became clear that the classical Zircaloy could no longer fulfill
the function as a reliable cladding material for the increasing thermal load and burnup
requirements. New cladding materials have been developed. Today, the high burnup
discussion assumes going beyond the current fuel enrichment licensing and burnup limits in
recognition of the likelihood that achieving a higher burnup will be easier for modern LWR
designs [6].
2.2. Economics
The most important determinant of nuclear power’s future is cost-competitiveness compared
with alternatives. Nuclear power plants have a ‘front-loaded’ cost structure, i.e. they are
expensive to build and comparatively cheap to operate. There is, therefore, a strong economic
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incentive to maximize the utilization of the asset. For nuclear fuel, this has meant a need to
endure longer operational periods and to demonstrate increased reliability. Fuel failure in
operation is expensive for an operator, particularly if it limits output or increases outage
durations [3]. Figure 1 depicts how average cycle length, measured as effective full power
days (EFPD) has evolved for BWR and PWR plants in the USA.

Figure 1. Increasing average cycle lengths for fuel elements in PWRs and BWRs in the USA [3]

The burnup measured in gigawatts days per metric ton of heavy metal (GWd/tU) is a measure
of the energy extracted from a given weight of fuel. Figure 2, which presents the trends of
fuel burnup since 1970, shows that the average burnup of light water reactor types has
doubled. To achieve this increase in burnup, the main change has been to increase the
enrichment of the fuel, typically from 2.5% U-235 to around 4.5% U-235, with a current
maximum of 4.95% U-235 [3]. After Meyer [4], the current regulatory burnup limit is
62 GWd/tU.

Figure 2. Trends in fuel burnup for different types of reactors [3].

INAC 2017, Belo Horizonte, MG, Brazil.

2.3. Safety
The design and manufacture of the fuel are to be sufficiently robust not only to allow it to
operate normally, but also to withstand any transient or accident that could occur in the plant
in a manner that can ensure that safety is not compromised. This is ensured through a
licensing process that oversees, not only operation, but also that the design and manufacture
of nuclear fuel is carried out to extremely high standards, and that design requirements are
codified and performance is demonstrated experimentally [3]. As burnup has increased, it has
been necessary to demonstrate that changes in design or materials do not overcame the limits
set by the safety criteria. The need to demonstrate compliance with the safety requirements
means that improvements to fuel design and operation are carefully considered and
implemented stepwise incrementally, with experimental demonstration, typically through the
use of ‘lead test assemblies’, following extensive testing and research. The incremental
approach to burnup extension has been a feature of nuclear fuel development as long as
limitations on burnup extension have been identified and overcome [3].
2.4. Modern Design Features
It is to note that the main change required in nuclear fuel to obtain high burnup is an increase
in fuel enrichment, but that alone is not sufficient. Modern nuclear fuel is the result of a huge
investment in research, experimental testing and operational experience. Changes are
introduced to improve safety or performance margins or perhaps to overcome a design
problem. Some recent challenges faced by fuel designers are summarized below [3]:
2.4.1. Oxidation and Hydrogen Up-take of Zr-Cladding
One of the limits on PWR fuel behavior is a constraint on the amount of oxide formed on the
fuel cladding during operation. A limited amount of oxide is acceptable and even protects the
underlying metal from further corrosion. A limit of 100 microns is generally applied, and if
the oxide is allowed to grow above this, the protective oxide layer breaks down. This limit
can be reached with standard zircaloy-4 cladding at an average burnup of around 45 GWd/tU.
For several years, a continuous program of cladding improvement was taken and it is still in
progress today. Presently, the limit of 100 micron is not expected to be reached, even at the
target burnup of 100GWd/tU. The oxidation behavior of ZirloTM and M5TM alloys are
compared with Zircaloy in the Figure 3.
Hydrogen uptake behaviors of M5TM and Zircaloy claddings are compared in Figure 4.
2.4.2. Water Chemistry
The relationship between the fuel cladding and water chemistry is very important; changes in
the water can profoundly influence oxidation rates and the migration of corrosion products
from the steam generators to the fuel rods, where they can deposit as crud. A consequence of
using fuel with higher enrichments and longer cycles is that the distribution of power in a
reactor core becomes less uniform, and the local power within an assembly can rise. This has
led to deposition of crud from the coolant at high power locations, causing power distortions
and even fuel failure through enhanced oxidation.
According to the IAEA report [3], this problem is being addressed by careful core design and
control of the water chemistry. The recommendations for water chemistry have evolved over
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the years for all water reactor types. An example is indicated in Figure 5 for PWRs, where the
major events started with the introduction of lithium for pH control in the 1980s, and more
recently zinc addition for steam generator corrosion control followed by elevated pH and fuel
assembly cleaning to help control crud. The influence of all these changes has to be
continually monitored for any effect on fuel performance beyond that intended, a process that
takes many years and which accounts for the long lead times before any alterations are
widely accepted.

(a) Zircaloy versus ZIRLOTM alloy [7]

(b) Zircaloy versus M5TM alloy [8].
Figure 3. Peak oxide measurements of zirconium alloy variants versus burnup
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Figure 4. Hydrogen uptake behavior of M5TM and Zry-4 fuel rods in PWR [9]

Figure 5. Evolution of recommended PWR water chemistry [3].

2.4.3. Dimensional Stability and Assembly Strengthening
Dimensional stability is critical for reactor components, which are designed to tight
tolerances. Deformation can lead to fuel channel and fuel assembly bowing which reduce
thermal margin in plant design and can result in grid-to-rod vibration referred to as “grid
fretting.” Dimensional instability in zirconium alloys is due to hydride volume changes,
irradiation growth due to the hexagonal close-packed (hcp) structure and irradiation creep
(thermal creep is insignificant at operating temperatures). Irradiation creep is critical to the
interaction of the cladding with the fuel pellets. Initially a gap exists between the fuel pellet
and cladding; the cladding then creeps down to close this gap. At higher burn-ups (>50
GWd/tU) the gap begins to reopen due to fission gas pressure. Creep is also the limiting
mechanical property for many accident scenarios, such as a LOCA, due to the high
temperatures seen during these accidents. Zirlo™ and M5™ have improved irradiation and
thermal creep properties, allowing a larger safety margin during accident scenarios [10].
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The radiation field with long residence time in a reactor can cause from the elongation of the
fuel rods and of the assembly skeleton that holds the rods in place. This elongation is
constrained within the reactor, and the assembly has the possibility of bending under the
stresses that arise. This “assembly bow” has been observed in both PWR and WWER
reactors. The distortion of the assembly can cause local power changes and problems with
control rods sticking within the assembly structure. The action has been to increase the
mechanical strength of the assembly through new materials and/or designs [3].
2.4.4. Fission Gas Release
The fission gas release (FGR) is a feature to be taken into account in high burnup fuel.
Fission gas is generated within the fuel during operation, and the amount is roughly
proportional to the burnup. The higher quantity of fission gas is of concern if it is released
from the fuel pellet, causing high pressure inside the fuel rod and concerns about clad
expansion. There is evidence of increasing release rates of fission gas at high burnups, and
ideas are under investigation to understand and control the phenomenon. Options include
adding dopants to the fuel pellet to control microstructure with the aim of reducing the
release rate from the fuel during operation and to increase the resilience of the fuel to power
ramps. Currently, WWER fuel pellets have annular geometry, with the central hole providing
lower center temperatures and a free volume to allow any released fission gas to expand and
thereby reduce internal pressure. PWR fuel designers are investigating the use of annular
pellets [3].
New physical phenomena are also becoming evident as fuel pellets achieve higher burnups. A
high burnup structure (HBS) with high porosity is seen to develop on the rim of the pellet,
affecting fuel temperature distribution as the pellet burnup exceeds 45 GWd/tU. This
structure is first seen when FGRs are increasing, but experimental investigations do not
confirm that this structure is solely responsible. The actual effect of the HBS on the
performance of fuel at higher burnup and of other potential mechanisms that could cause
changes in FGR rates are the subject of research and debate [3].
2.4.5. Fuel Failure in Normal Operation
The improvement in fuel failure rates has been a very important trend over the past 30 years.
Failure occurs when the cladding is breached, allowing coolant to enter the fuel rod and
fission products to escape. A nuclear power plant is designed with appropriate clean up
systems so that a few fuel failures do not challenge operation, nor do they generally diminish
plant performance. However, failed fuel does release radioactivity to the primary coolant
circuit and this can cause additional operator exposure and is an unwanted source term for
accident analysis. Nuclear power plants have defined limits on the amount of radioactivity
that they can tolerate in the circuit, and if sufficient fuel failure occurs, the plant may have to
constrain operation or even shut down to remove the failed fuel. Further, there is general
acceptance that reloading failed fuel into a new operational cycle is not acceptable, so
expensive search and repair is undertaken when failed fuel is discharged [3]. Systematic
efforts have been made to identify and eliminate causes of fuel failure during normal
operation and as results of the above cited developments and improvements much has been
achieved. Figure 6 shows the evolution of main LWR fuel failure mechanisms.
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Figure 5. Timeline reflecting improved performance in commercial fuel assemblies and
breakdown of current fuel rod failure mechanisms in the industry [5]

Up to now western PWR fuel could not reach the target of a failure rate of 10-6 or lower. On
the one hand there are still fuel failures caused by debris fretting. In fact, the anti-debris
filters could decrease this problem significantly as it shows Figure 6. However, not all
utilities are using fuel with this device. Also the problem of spacer to cladding fretting could
not be fully resolved. In detail, the reasons for this kind of defects are different for different
designs.

Anti-Debris Filter of SVEA-96
Optima-2 (Westinghouse/ABB
after [1])

Figure 6. Timeline reflecting improved performance in commercial fuel assemblies and
breakdown of current fuel rod failure mechanisms in the industry [5] and view of the antidebris filter SVEA-96 [1]

On the other side during the nineties also new types of fuel failures occurred that are
correlated to a high heat flux in combination with crud deposition on the fuel rod surface. At
locations where sub-cooled boiling occurs, i.e. on upper spans of high-power fuel assemblies
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the deposition is accelerated. Boric acid and LiOH also concentrate in these boiling crud
deposits, accumulating boron compounds. The result of this boron buildup in the upper
portions of some fuel assemblies is that the core power distribution shifts unexpectedly
toward the core inlet (several months after start-up of the cycle). This shift is called a "crud
induced power shift" (CIPS), or "axial offset anomaly" (AOA) [1]. In most cases, CIPS
incidents in the US occurred after the power output of the plant was increased. Under locally
thick crud depositions, the temperature at the interface between cladding surface and coolant
increases, thus leading to accelerated localized corrosion. As a result fuel rod failures
occurred. Consequently, more attention needs to be paid on localized sub-cooling in advanced
high duty PWR fuel designs.
2.4.6. Burnable Poisons and Core Design
To achieve high burnup through the use of higher enrichments, burnable poisons into fuel
assemblies are necessary to control the additional reactivity of fresh fuel assemblies. These
are materials that absorb neutrons and ensure that the nuclear reaction can be controlled
safely. Early designs used discrete components containing boron or other neutron absorbers
alongside the fuel rods, but more recently, the poison has been added directly to fuel pellets to
allow more flexibility and economy in their use. Examples include boron coating of fuel
pellets and gadolinia doping. These poisons are designed to deplete (burnout) during
irradiation, and the poison loading and depletion rate are optimized to improve fuel utilization
[3].
Further improvements in fuel utilization have also been achieved by careful core design. In
batch loading reactors, the location of fresh fuel assemblies and their relationship with
partially burnt assemblies in a core will affect the power distribution and neutron economy.
Current low leakage core designs are intended to ensure that neutron loss is minimized and
that all assemblies reach a burnup on final discharge that is as close to the theoretical
maximum as possible.
2.4.7. Improved Manufacturing
The manufacturers of nuclear fuel are also improving and upgrading their capabilities, and
improvements in fuel utilization arise here too. Stricter tolerances on manufacture can be
turned to advantage through reduced uncertainties that need to be analyzed in a safety
submission [3].
2.4.8. Improved Calculational Routes
It is required to demonstrate that the operation of nuclear fuel is safe, and to do this vendors
and utilities employ codes and models to simulate the fuel operation in the reactor. The codes
are used to model fuel performance, reactor physics and thermal hydraulics, as well as many
other safety related issues. The codes are also subject to continuous improvement and as
computing power has increased over the years it has been possible to remove pessimistic
assumptions about fuel behavior and model important phenomena more accurately. For
example, it has been the practice to calculate fuel pin behavior using worst case, bounding
assumptions on the fuel duty (a concept that combines burnup, fuel rating and other stresses
on fuel). No actual rod has ever experienced such worst-case duty, and the resulting
calculations have been very conservative. It is now possible with reactor physics codes to
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accurately follow the actual fuel duty seen by every fuel rod in a core (typically 50,000;
45,500 Angra-2) and then use fuel performance codes for each rod to find the most onerous
operating conditions, and apply suitably conservative assumptions to this rod. These
calculations can demonstrate additional margins for safe fuel performance, giving operators
and regulators confidence [3].
Fuel modelling codes have been developed alongside the physical improvements made to the
fuel. The purpose of these codes is to simulate the behavior of fuel in reactor, and allow
predictions of the status of the fuel for use in design and safety studies. The codes use models
of the processes occurring within the fuel as burnup proceeds, considering temperatures,
fission gas release and cladding behavior. The codes are validated against experimental data,
and international exercises, such as the IAEA Coordinated Research Project, FUMEX-1,-2
and -3, allow access to high burnup experimental data for modelling teams throughout the
world. Changes to fuel materials or design pose a challenge to fuel performance codes as new
materials may have different burnup dependencies, for example the creep rate of the cladding
material or its potential for hardening. Experimental verification of such high burnup
properties is difficult, expensive, and very time consuming. Current fuel performance codes
are generally validated to a rod burn up of around 65 GWd/tU, corresponding to around
60 GWd/tU assembly average [3].
2.4.9. Reprocess and Reuse
The early intention of countries undertaking reprocessing of spent nuclear fuel was to try to
extract the remaining fissile isotopes (mainly plutonium, but also U-235) and in particular to
close the fuel cycle through the use of fast breeder reactors. This development is still well in
the future, but there has been utilization of reprocessed fuel, and nuclear fuel has been
manufactured containing plutonium (MOX fuel) and the reprocessed uranium (repU). MOX
fuel use is increasing slowly, particularly in France, as there is a need to manage plutonium
stocks arising from existing reprocessing contracts, but some countries are ending their use of
MOX fuel as existing arrangements expire, and are reverting to a simple storage of spent fuel.
The quantity of enriched uranium remaining in spent LWR is potentially appropriate for use
in a PHWR. The problems of manufacturing the new fuel are daunting, but trials have taken
place and this remains a promising development.
3. ROLE OF CDTN IN THE HIGH BURNUP FUEL FOR PWR’S
The CDTN has been the repository of the technology transfer in the Brazil/Germany
Agreement and later on in the partnership of the Halden Reactor Project. The CDTN/CNEN
is the owner of design source codes for PWR's and some irradiation testing databases.
The computational source codes are the same as those used in the design calculations for the
Angra I and II reactors. In the scope of a funding project of the Financiadora de Estudos e
Projetos (FINEP), these computational codes have been converted to run in personal
computers. The FINEP project aimed the preliminary autonomous development of the
Brazilian database for high-burnup fuel, and its completion will occur in 2017. The Project
involved the partnerships of the Centro Tecnológico da Marinha em São Paulo (CTMSP),
Universidade Federal do Rio de Janeiro (UFRJ) and Indústrias Nucleares do Brasil (INB).
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Currently, the computational system is available for the training and development of new
experts in PWR design calculations. The computational codes, criteria and design limits are
being updated to attend some conditions presented in Section 2.
Other systems, like the Computational Fluid Dynamics (CFD and CFX), Laser Doppler
Velocimetry (LDV) and thermo-hydraulic facilities in the CDTN enable for the modeling and
development, and thermo-hydraulic testing of new fuel assembly structures, new designs of
spacer grids and/or anti-debris filters [11].
In the paper "Enriched Gadolinium Burnable Poison for PWR Fuel - Monte Carlo Burnup
Simulations of Reactivity" [12], H.M. Dalle, J.R.L. de Mattos and M.S. Dias proposed the Gd
high burnup fuel without peaks of reactivity and temperature. This study of burnable poison
gadolinium was performed with the code system NJOY99/MCNP5-1.4/ORIGEN2.1/
MONTEBURNS. Evolutions of the UO2 and (U,Gd)O2 in dependence of the isotopic and
composition are compared in Figure 7. The evolution up to the equilibrium core of the
Angra II reactor based on the high burnup isotopic fuel will be a proposal of the CDTN and
its partnerships. The project is to be conducted with both the modern computational routes
and the traditional and licensed computational routes of the CDTN Reactor Design Base. The
gain in the burnup extension should be significative as resulting from the lower rate of the
radioactive waste generation and higher factor of the fuel utilization. The cost of the Gd and
U enrichments is a matter of the production in an industrial scale, but probably the economic
gain with the burnup extension should overcome the enrichment costs. This condition stay to
be demonstrated.

Figure 7. 𝒌∞ -evolutions of the UO2 and (U,Gd)O2 fuel depending on U enrichment and Gd
isotopic composition [12]
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4.

CONCLUSIONS

The present high level of reliability and economy in PWR and BWR fuel technology has
been built with substantial efforts covering R&D, design, fabrication and performance
evaluation.
The role of in-core fuel management in supporting the goal to minimize fuel cycle costs
consists in the development of more demanding core loading strategies, i.e. in the first place,
more advanced low leakage loading patterns. A prerequisite for this type of loading pattern is
the use of an optimized burnable absorber design. Gadolinium oxide (Gadolinia) as integrated
burnable absorber is a very effective means for limiting the critical boron concentration and
power peaking factors.
The isotopic fuel proposed by the CDTN’s staff solve two main issues in the high burnup
fuel, which are the peak of reactivity resulting of the Gd-157 fast burnup and the peak of
temperature resulting from detrimental effects in the thermal properties for gadolinia
additions higher than 2%.
Today, the high burnup discussion assumes going beyond the current fuel enrichment
licensing and burnup limits. Licensing issues and material/design developments are again key
features in further development of the LWR fuel design. Nevertheless, technological and
economical solutions are already available or will be available in a short time. A sustainable
future can be envisaged for the nuclear energy.
In order to prevent the growth of the technological gap, Brazil's nuclear sector needs to invest
in the training of new human resources, in the access to international databases, and in the
upgrading existing infrastructure. Experimental database and R&D infrastructure are essential
components to support the autonomous development of Brazilian Nuclear Reactors,
promoting the development of national technologies.
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