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Progress of the DUPIC Fuel Compatibility Analysis (IV) –
Fuel Performance

ABSTRACT
This study describes the mechanical compatibility of the direct use of spent pressurized water
reactor (PWR) fuel in Canada deuterium uranium (CANDU) reactors (DUPIC) fuel when it is
loaded into a CANDU reactor. The mechanical compatibility can be assessed for the fuel
management, primary heat transport system, fuel channel, and the fuel handling system in the
reactor core by both the experimental and analytic methods. Because the physical dimensions of
the DUPIC fuel bundle adopt the CANDU flexible (CANFLEX) fuel bundle design which has
already been demonstrated for a commercial use in CANDU reactors, the experimental
compatibility analyses focused on the generation of material property data and the irradiation
tests of the DUPIC fuel, which are used for the computational analysis. The intermediate results
of the mechanical compatibility analysis have shown that the integrity of the DUPIC fuel is
mostly maintained under the high power and high burnup conditions even though some material
properties like the thermal conductivity is a little lower compared to the uranium fuel. However
it is required to slightly change the current DUPIC fuel design to accommodate the high internal
pressure of the fuel element. It is also strongly recommended to perform more irradiation tests
of the DUPIC fuel to accumulate a database for the demonstration of the DUPIC fuel
performance in the CANDU reactor.
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I. INTRODUCTION
The direct use of spent pressurized water reactor (PWR) fuel in Canada deuterium uranium
(CANDU) reactors, the DUPIC fuel cycle technology, has been developed as an alternative to
the conventional direct disposal or plutonium recycle.1,2 In the DUPIC fuel cycle, the PWR
spent fuel is fabricated as CANDU fuels without going through the wet reprocess, which copes
with the international nuclear policy of a proliferation resistance. The dry process used to
prepare the fuel powder from the PWR spent fuel is the oxidation and reduction of oxide fuel
(OREOX) process.3 The DUPIC fuel is designed to be loaded into the 713 MWe CANDU
(CANDU-6) reactor and, therefore, the design specification of the DUPIC fuel core is exactly
the same as that of the standard CANDU-6 reactor.
The intermediate DUPIC fuel bundle design adopts the design specification of the 43-element
CANDU flexible (CANFLEX) fuel bundle,4 shown in Fig. 1. In order to load the DUPIC fuel
into the CANDU-6 reactor for a full power operation, it is required to demonstrate that the
DUPIC fuel is mechanically compatible with the fuel management and fuel interfacing system
of the CANDU-6 reactor. The fuel integrity should also be confirmed against the in-core
irradiation and thermal/mechanical load experienced during the nominal and overpower
operations. In order to satisfy these design requirements, it is required to conduct a performance
analysis of the DUPIC fuel, including the in-pile and out-pile experiments. Considering that the
CANFLEX fuel design has already been demonstrated for natural uranium in the CANDU-6
reactor,5 the DUPIC fuel research and development (R&D) program is focusing on the
fundamental research of the characterization of the PWR spent fuel material and the irradiation
test of the DUPIC fuel pellet to accumulate a database of the DUPIC fuel material, leaving the
thermal/mechanical experiment as a long-term research issue, necessary when the DUPIC fuel
is licensed for a commercial use.
This study will review the general thermal/mechanical design requirements of the CANDU fuel
and the design characteristics of the DUPIC fuel in Secs. II and III, respectively. The
compatibility of the DUPIC fuel is assessed for the CANDU-6 fuel management system, which
includes the material property and irradiation behavior analyses of the DUPIC fuel pellet in Sec.
IV. The chacaterization models derived for the DUPIC fuel design and analysis are also
summarized in Sec. IV. Because the thermal/mechanical experiments have not yet been
performed at the DUPIC R&D stage, the compatibility of the DUPIC fuel with the CANDU-6
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reactor interfacing system, which in general requires out-pile tests, is qualitatively assessed for
the purpose of licensing the DUPIC fuel in the future. Finally the conclusion and future works
are given in Sec. V.
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II. FUEL DESIGN REQUIREMENTS
The DUPIC fuel is made of PWR spent fuels and used in CANDU reactors for a power
production. Therefore the DUPIC fuel should satisfy the general functional requirements of the
CANDU nuclear fuel such as
(a) Production of a nominal power in the reactor,
(b) Mechanical and geometric integrity during a fuel loading, irradiation in the core, cooling in
the storage and transportation,
(c) Steady hydraulic resistance to the coolant flow and a uniform flow distribution in a fuel
bundle
(d) No coolant stagnation around the fuel bundle and an enough margin to a coolant boiling
during a normal operation.
The DUPIC fuel is also designed to be compatible with the CANDU fuel management strategy,
primary heat transport system and fuel handling system. Because the DUPIC fuel bundle model
adopts the CANFLEX fuel bundle design, the design requirements of the CANFLEX fuel can
be applied to the DUPIC fuel design. When taking into account that the CANFLEX fuel bundle
design has already been demonstrated for natural uranium and a high fuel burnup, the design
requirements can be categorized into two features: a compatibility with the fuel management
strategy and a compatibility with the fuel interfacing system.

II.A Compatibility with the Fuel Management
The fuel management scheme and the reactor shall be designed so that a full power reactor
operation is achieved with as few bundle powers as possible exceeding the reference overpower envelope (generally less than one percent will exceed this envelope for less than ten
percent of their residence time). Under these circumstances very few if any fuel defects will
occur during a normal operation or power manoeuvring such as a trip recovery, reactivity shim
or refueling. Reactor operations should, however, maintain records of the fuel management or
other operations that lead to these conditions being exceeded. The fuel management should
satisfy rhe following requirements:6
(a) The fuel bundles should be designed to withstand a continuous operation at a high power.
(b) The fuel bundles should be designed to withstand the power level changes caused by a
power ripple, reactivity shim, and refueling sequences.
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(c) The fuel bundles should be designed to withstand an end flux peaking during a normal
operation.

II.B Compatibility with the Interfacing System
The fuel bundle shall be designed to be compatible with the interacing systems such as the
primary heat transport system, fuel channel and the fuel handling system.
(a) The interface with the primary heat transport system considers the pressure drop over each
fuel bundle string, fretting damage caused by a coolant flow, fission products retension and
the structural integrity.
(b) The interface with the fuel channel considers the fuel bundle/channel interaction, pressure
tube rolled joint/fuel bundle interaction and the shield plug/fuel bundle string clearance.
(c) The interface with the fuel handling system considers a compatibility with the fueling
machine sensors and separators, axial loads applied during a refueling, refueling impacts,
cross-flow fretting and the channel flow during a refueling.
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III. DUPIC FUEL DESIGN CHARACTERISTICS
The DUPIC fuel bundle is made of the PWR spent fuel powder prepared by the OREOX
process. The reference DUPIC has the fissile contents of 1.0 wt% and 0.45 wt% for
239

235

U and

Pu, respectively, as given in Table I.7 In order to retain the safety feature of the DUPIC fuel,

the center fuel element of the fuel bundle contains a burnable poison material to reduce the void
reactivity in the case of a loss of coolant accident. For the poison material, natural dysprosium
was chosen through sensitivity calculations.8 The DUPIC fuel is fabricated in a hot cell, using
structural components prepared outside the hot cell. The DUPIC fuel is fabricated to satisfy the
general CANDU fuel specifications so that it is compatible with the operating conditions and
fuel management system of the CANDU-6 reactor.

III.A Pellet Characteristics
The CANDU fuel design requires a pellet density of 10.4±0.15 g/cm3, oxygen-to-uranium (O/U)
ratio of 1.99 to 2.01, and an average grain size of 5 to 30 μm. In order to accommodate a
thermal expansion and elastic deformation, dishes are designed on both the top and bottom of
the pellet. The pellet edges are chamfered to minimize the pellet chipping during a loading. The
pellet shoulder size and the pellet length-to-diameter (L/D) ratio are also chosen to
accommodate the effect of a pellet deformation and the economics.
The DUPIC fuel pellet is remotely fabricated through the pressing and sintering processes. The
sintered density of the DUPIC fuel pellet is ~10.35 g/cm3 (95.7% of the theoretical density) and
the grain size is ~14.5 μm. The surface roughness of the pellet is ~0.7 μmRA. The L/D ratio of
the pellet is ~1.1. The DUPIC fuel pellet is fabricated in the DUPIC fuel demonstration facility
(DFDF) and satisfies the standard CANDU fuel specifications.9 Currently the experimental
fabrication process continues to improve the pellet density up to 97% of the theoretical density
and a grain size over 20 μm.

III.B Fuel Element Characteristics
The CANDU fuel element consists of the pellet, zircaloy-4 sheath (cladding), end caps and the
filling gas. The inner surface of the sheath is coated by a thin layer of graphite (CANLUB) to
reduce the pellet-sheath interaction. The gap between the pellet and sheath is filled with
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unpressurized helium gas to increase the heat transfer. On the outer surface of the fuel element,
the inter-element spacers maintain a separation of the fuel elements at the bundle mid-length
while the end plates maintain a separation of the fuel elements at the bundle ends.
The DUPIC fuel element closure is remotely performed by a laser welding in the hot cell. The
structure analysis of the welding area showed that the result of the laser welding was better than
that of the tungsten-inert-gas welding which is generally used in the hot cell for the fuel element
end closure.10 The variation of the fuel element length was 0.1~0.2 mm after the laser welding.
The helium leakage was less than the limiting value of 2.5×10-7 cm3/sec. The helium content
was over 95% even after the welding. These facts show that the remote welding technology
used for the DUPIC fuel element fabrication is robust and reliable.

III.C Fuel Bundle Characteristics
The DUPIC fuel bundle has three rows of bearing pads brazed to the outer ring fuel elements,
which is the same as the 37-element fuel bundle design. The overall bundle configuration is
maintained by the end plates, which uniformly distribute the axial loads and expansion among
the many fuel elements. Spacers are brazed to the fuel elements at their mid-length to maintain a
separation among the fuel elements. Table II summarizes the design parameters of the DUPIC
fuel bundle.
If the PWR spent fuel is loaded into the DUPIC fuel bundle, the estimated mass of the fuel
bundle is 22.9 kg, which is lower than that of the standard 37-element natural uranium fuel
bundle (23.7 kg). Therefore it is expected that the DUPIC fuel bundle experiences a greater
flow-induced vibration in the fuel channel when compared to the standard fuel bundle. In
addition, because the discharge burnup of the DUPIC fuel is higher than that of the standard
natural uranium fuel, the DUPIC fuel will experience a flow-induced vibration for a longer time
when compared to the standard fuel bundle. Therefore it is necessary to conduct the thermalhydraulic experiments in order to confirm the integrity of the DUPIC fuel bundle design.
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IV. MECHANICAL COMPATIBILITY ASSESSMENT
The DUPIC fuel fabrication technology has been developed by utilizing the OREOX process to
prepare a resinterable fuel stock from the PWR spent fuel and by adopting the powder/pellet
route to fabricate the DUPIC fuel. The as-fabricated DUPIC fuel satisfies the CANDU fuel
design specifications and, therefore, it is expected that the DUPIC fuel bundle maintains its
integrity and mechanical compatibility in the CANDU-6 reactor. This section examines the
characteristics of the DUPIC fuel from the viewpoint of the fuel design requirements. In order
to assess the in-core behavior of the DUPIC fuel, it is necessary to produce the material property
data for the DUPIC fuel.
The fuel performance is then analyzed by the typical CANDU fuel performance analysis code
ELESTRES [Ref. 11]. For the assessment of the DUPIC fuel design, thermo-mechanical
properties such as the thermal conductivity, thermal expansion, creep and the grain growth have
been generated for the DUPIC fuel. These measured data and analytic models have been
implemented into the ELESTRES code.

IV.A DUPIC Fuel Material Property Model
Unlike the conventional nuclear fuel, the DUPIC fuel contains plutonium and all the fission
products, which results in material properties (fission gas release, grain growth, etc.) different
from those of the conventional fuel. However it is difficult to obtain this data from an active fuel
due to the high radiation level. Therefore it is strongly recommended to use a simulated fuel
(SIMFUEL) to produce the fundamental data of the DUPIC fuel. During the DUPIC fuel
fabrication process, most of the fission gases are released. The rest of the fission products in the
DUPIC fuel can be simulated by adding representative fission products to the natural uranium.
The typical fission products in the spent fuel can be categorized as follows:12
• Solid solution elements: Sr, Zr, Nb, Y, La, Ce, Pr, Nd, Pm, Sm
• Metal precipitates: Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sb, Te
• Oxide precipitates: Ba, Zr, Nb, Mo, (Rb, Cs, Te)
• Volatile elements: Kr, Xe, Br, I, (Rb, Cs, Te).
The simulated spent fuel is widely used to study the thermal conductivity, specific heat,
migration of the fission gas, oxidation behavior, fuel melting, electro-chemistry, pellet-cladding
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interaction behavior, and an irradiation damage of the spent fuel, because it is non-radioactive.
There are many previous R&D results of the simulated fuel such as the stable elements used to
simulate the fission products,13-15 a grain structure and a precipitate phase,16,17 an oxygen
potential effect on the grain structure18 and the chemical state of the metal precipitates and the
vaporization pressure.19 Verrall et al.20 and Lucuta et al.21 have shown that the micro and phase
structure of the simulated fuel are equivalent to those of the high burnup fuel. The fission gas
release behavior was studied for various fuel temperatures by inserting a gas and volatile
element into the simulated fuel with an ion implementation method.22-24 The thermal
conductivity was also evaluated for different fuel burnups using the simulated fuels.25
IV.A.1 Thermal Conductivity
Thermal conductivity of the DUPIC fuel was measured by a laser flash facility for the
temperature range of 20-1623 ˚K under a high vaccume condition of 1.3×10-4 Pa, using a
simulated DUPIC fuel pellet of 10.16 g/cm3 and a grain size of 4.5 μm. The thermal
conductivity of the DUPIC fuel is smaller than that of the UO2 fuel. Based on the heat transfer
data of the DUPIC fuel, the thermal conductivity model of the DUPIC fuel was derived, by
utilizing Harding and Martin’s model of UO2.26

K D (W / m° K ) =

1
1.327 ×1010
⎛ 19359 ⎞
+
exp⎜ −
⎟
−4
2
T ⎠
0.1044 + 2.058 ×10 T
T
⎝

(T in ºK)

IV.A.2 Creep Rate
Creep rate was measured for the experimental condition of 1773~1973 ˚K under 21~60 MPa in
H2 gas. The creep activation energy was 649~676 kJ/mol in the low stress region where a
vacancy diffusion was dominated, while it was 751~792 kJ/mol in the high stress region where
a dislocation climb was dominated. The results show that the activation energy of the DUPIC
fuel is greater than that of the UO2 fuel. The low stress creep (vacancy diffusion region) and
power law creep (dislocation climb region) models can be expressed as follows:

⎛ 675.94 kJ/mol ⎞
ε = 1.29 ×10 5 σ exp⎜ −
⎟ and
RT
⎝
⎠
⎛ 750.68 kJ/mol ⎞
ε = 2.01×10 − 20 σ 4.5 exp⎜ −
⎟
RT
⎝
⎠
where σ is the applied stress (MPa) and R is the gas constant (8.314 J/mol-K).
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IV.A.3 Thermal Expansion
The linear thermal expansion was measured by a dilatometer. The experiment was performed
under the inert gas (Ar) condition at 1700 ºK. The measurement showed that the thermal
expansion of the DUPIC fuel is larger than that of the UO2 fuel. Based on the measurement
result, the thermal expansion coefficient of the DUPIC fuel was obtained such as

ΔL/L0 = −0.4163 + 1.170 × 10 −3 T + 9.881 × 10 −8 T 2 . (T in ºK)
IV.A.4 Elastic Modulus
Elastic modulus of the fuel pellet is required to analyze the interaction of the stress and strain
caused by the deformation due to the thermal expansion, gas pressure and the coolant pressure.
Assuming that the DUPIC fuel is isotropic and it has a poly-grain structure, Young’s modulus
and Poisson’s ratio were measured by the resonance ultrasound spectroscopy. The Young’s
modulus of the simulated DUPIC fuel pellet is slightly higher than that of the UO2 fuel for the
same relative density because the simulated DUPIC fuel pellet contains metal precipitates, oxide
precipitates, and solid solution elements in the UO2 matrix.

IV.B Compatibility with the Fuel Management
For the analysis of the DUPIC fuel performance in a CANDU reactor, the bundle power history
was obtained by the RFSP [Ref. 27] code. At first the equilibrium core characteristics were
generated by the time-average model of the RFSP code, which provides the refueling rate,
discharge burnup, power distribution and the fuel residence time. Then a refueling simulation
was performed for 600 full power days (FPD), which is sufficient enough to refuel all the fuel
channels at least once. The fueling scheme used for the DUPIC fuel core was a 2-bundle shift,
while that for the standard natural uranium core is an 8-bundle shift.
IV.B.1 Reactor Physics Data
The maximum bundle power (MBP) of the DUPIC fuel core is 764 kW (channel O-9) which is
lower than that of the natural uranium core (827 kW at channel N-5) by 7.6%. It should be noted
that both the MCP and MBP of the DUPIC fuel core are lower than those of the natural uranium
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core because the number of fuel bundles loaded per each refueling operation is smaller for the
DUPIC fuel core. The fuel dwell time is 93.3 FPDs for the DUPIC fuel, while it is 194.7 FPDs
for the natural uranium. However because it takes six refueling operations for the DUPIC fuel to
be discharged from a fuel channel, the DUPIC fuel residence time in the core is 560 FPDs.
More comprehensive data of the bundle power is shown in Figs. 2 and 3 for the DUPIC fuel and
natural uranium cores, respectively, based on the 600-FPD refueling simulations. Both plots
show snapshots of the bundle power distribution at 600 FPD. The peak MBP during the 600FPD simulation is 827 kW and 893 kW for the DUPIC fuel and natural uranium core,
respectively. Compared to the time-average core, the MBP increases by 8.2% and 8.0% for the
DUPIC fuel and natural uranium core, respectively, due to a refueling perturbation.
IV.B.2 Bundle Radial Power Distribution and Linear Power
For the DUPIC fuel bundle, the element relative linear power steadly changes as the fuel burnup
increases as shown in Fig. 4. Initially the outer element has the highest relative linear power but
the inner element begins to produce a higher relative linear power when the bundle burnup is
greater than ~9000 MWd/t. However, because the peak bundle power occurs at a relatively low
burnup (~3000 MWd/t), the outer fuel element will be the limiting fuel element as far as the
element linear power is concerned. Table III estimates the element linear power of the nominal
(time-average) and high power (refueling simulation) fuel bundle. For a comparison, the
element relative linear power and peak linear power are given in Fig. 5 and Table IV,
respectively, for the standard 37-element fuel bundle. It can be seen that the outer element
dominates the peak linear power of the standard fuel throughout the fuel burnup. As a result, the
peak linear power is reduced by 10.9 kW/m for the DUPIC fuel when compared to the standard
natural uranium fuel, which corresponds to a 20% reduction.
IV.B.3 End Flux Peaking
The thermal neutron flux is peaked at the end of a fuel bundle where the end plate and D2O
coolant is filled, which results in a power peaking at the end fuel pellet. The end power peaking
is even larger when the entire fuel bundle string is shifted towards the channel end during a
refueling operation. The end flux peaking factor, defined as the ratio of the maximum power at
the fuel end to the power at the mid plane, was calculated by the MCNP-4B [Ref. 28] code as
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shown in Fig. 6 for the DUPIC fuel bundle under a refueling operation. It should be however
noted that the absolute power of the refueling fuel bundle is much lower than that of the fuel
bundle in the middle of the fuel channel.
For the fuel bundle in the middle of the fuel channel, the end flux peaking factors of the DUPIC
fuel are given in Table V and compared to those of the natural uranium fuel. It can be seen that
the end flux peaking is a little higher for the DUPIC fuel because the fuel average thermal flux
is lower for the DUPIC fuel when compared to the natural uranium fuel. However the absolute
linear power of the DUPIC fuel end pellet is still lower than that of the natural uranium fuel
owing to the 43-element fuel bundle geometry when the fuel bundle powers are the same for
both the DUPIC and natural uranium fuel. For example, the linear power of the end pellet is 55
kW/m and 56 kW/m for the DUPIC and natural uranium fuel, respectively, when the bundle
power is 800 kW.
IV.B.4 Nominal Bundle Power and Reference High Power Envelope
The bundle power history is generated for the analysis of the DUPIC fuel performance in the
CANDU reactor. If all the bundle powers of the DUPIC fuel core are plotted as a function of
fuel burnup, the design power curve is obtained from the MBP at each burnup step. Therefore
the DUPIC fuel bundle design power envelope includes the representative power change of the
fuel bundles for various fuel bunrups. The design power curve is obtained under the following
conditions without considering a transient and measurement error.
• More than 99% of fuel bundles in the reactor at a specified time have a power and burnup
within the reference high power envelope.
• More than 90% of fuel bundles in the reactor at a specified time have a power and burnup
within the nominal design power envelope.
Figures 7 and 8 show the bundle power envelopes of the DUPIC fuel and natural uranium fuel,
respectively. For the DUPIC fuel bundle, the peak bundle power of the nominal design power
envelope is 760 kW, which corresponds to a fuel burnup of ~3000 MWd/t. When considering a
power increase due to a refueling, the peak bundle power of the high power envelope is 850 kW,
which is far below the current license limit of the natural uranium fuel bundle (935 kW).
Therefore the reference high power envelope of the DUPIC fuel bundle is higher than the
nominal design power envelope by 12%.
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For the standard natural uranium fuel, it is recommended that the ramped bundle power and the
bundle power fluctuation due to a refueling should result in a defect probability of less than 3%.
It is also known that the defect probability curves are conservative and a reactor operation
within a 3% defect probability should result in no fuel defects caused by a power increase. For
the DUPIC fuel bundle, the instantaneous peak element powers are compared to the defect
probability curves in Figs. 9 and 10 for a ramped linear power and a linear power increase,
respectively, for the outer fuel element. The comparison shows that the ramped linear power of
the DUPIC fuel element is far below the defect probability curve, which is due to the flattened
power distribution of the DUPIC fuel core. However the linear power increase exceeds the 3%
defect probability curve when the element burnup is more than ~5000 MWd/t. This is
specifically due to the axial power distribution and the refueling scheme of the DUPIC fuel core
that shifts two fuel bundles per each refueling. Therefore it is expected that the proposed
DUPIC fuel management doesn’t cause any fuel defects under the condition that the existing
defect probability curves are applicable to the DUPIC fuel.
In the case of the natural uranium fuel, the element linear power exceeds the 1% defect
probability curve but is within the 3% defect probability curve (Fig. 11), while the linear power
increase is well below the 1% defect probability curve (Fig. 12). This is also due to the axial
power shape and the 8-bundle shift refueling scheme of the natural uranium core. That is, the
power shape of the natural uranium core is middle-peaked while that of the DUPIC fuel core is
middle-humped in the axial direction of a fuel channel. Therefore one half of the once-irradiated
fuels (4 bundles) is discharged from the channel and the remaining the fuel bundles are moved
to the low power region. As a result, the linear power increase is high only for the low-burnup
fuels in the natural uranium core.

IV.C Thermal/Mechanical Performance of the DUPIC Fuel Element
The ELESTRES code is used for the performance analysis of the DUPIC fuel by utilizing the
measurement data and characteristics model of the simulated DUPIC fuel. The ELESTRES
code predicts the internal gas pressure, radial temperature distribution, elasticity and plasticity
deformation of the sheath, by considering the fuel bundle configuration, material property, and
the operating condition. The ELESTRES code consists of one-dimensional heat production,
temperature distribution, fission gas release, and heat transfer modules and two-dimensioanl
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stress analysis modules of the pellet and sheath.
For the analysis of the fuel element behavior, the element power history was generated based on
the outer element power histories of the DUPIC fuel bundles. Because two fuel bundles are
shifted per each refueling operation, a total of four power histories were generated including the
nominal and high power envelopes as follows:
• Power history A: nominal design power envelope
• Power history B: reference high power envelope
• Power history C: front fuel bundle with two power step increases at 3500 and 13500 MWd/t
• Power history D: rear fuel bundle with two power step increases at 1500 and 12500 MWd/t.
The power history models are shown in Fig. 13, where the element discharge burnup is 18000
MWd/t for all the cases.
IV.C.1 Fuel Temperature
The variation of the fuel centerline temperature is shown in Fig. 14. For the nominal design
power envelope, the maximum temperature is 1800 ˚K at ~5000 MWd/t, while that of the
reference high power envelope is 2200 ˚K. The centerline temperatures of the front and rear fuel
bundles follow the temperature profiles of the reference high power and the nominal design
power envelopes. When considering that the peak linear power of the DUPIC fuel element is
~45 kW/m while that of the natural uranium fuel is ~57 kW/m, the centerline temperature of the
DUPIC fuel could be lower than that of the natural uranium fuel. However, because the thermal
conductivity the DUPIC fuel is lower than tat of the natural uranium fuel, the centerline
temperature could increase in the DUPIC fuel. The thermal margin to a fuel melting was
estimated based on the MATPRO database recommended for the spent fuel, in which the
melting temperature is given by
Tsol (K) = 3113.15 – 3.2 x10-3 B
where B is the fuel burnup in MWd/t.
If the DUPIC fuel is made from the spent fuel with an average discharge burnup of 27300
MWd/t, the estimated melting temperature is 3026 ˚K and the thermal margin is 826 ˚K, which
corresponds to 27% of the melting temperature. In the case of the natural uranium fuel, the
thermal margin is 1013 ˚K, which is 33% of the melting temperature. Therefore a reduction of
the thermal margin is not significant for the DUPIC fuel, when compared to the natural uranium
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fuel.
IV.C.2 Heat Transfer Coefficient
Figure 15 shows the variation of the heat transfer coefficients between the fuel pellet and clad.
For all the power histories, the heat transfer coefficient immediately decreases as the fuel is
irradiated. Fission gases such as Xe and Kr have a lower thermal conductivity than the He
filling gas. In fact, the gap size and interfacial pressure between the pellet and cladding can also
have an influence on the gap conductance. As the fuel burnup increases, the fission gases are
accumulated in the fuel gap and the internal pressure of the fuel element gradually increases.
Then the fuel gap size increases and the interfacial pressure decreases as the fuel burnup
increases further. However the gap size and interfacial pressure do not appreciably change up to
a burnup of 10000 MWd/t. Therefore, the heat transfer coefficient drop in the burnup range
from 0 to 5000 MWd/t is mainly due to a build-up of the fission gases released from the fuel
pellet. If the fuel burnup is greater than 7000 MWd/t, the heat transfer coefficient is saturated at
a value of ~10 kW/m2K, while the saturating (lowest) heat transfer coefficient of the natural
uranium fuel is ~15 kW/m2K.
IV.C.3 Fission Gas Release
Fission gas release ratio for each power history is shown in Fig. 16. A higher linear power
enhances the fission gas release more because the fission gas atoms in the fuel pellet lattice
diffuse into the fuel gap faster when the fuel temperature is higher. If the fission gas release is
great, the internal pressure of the fuel element is high, which results in an increase of the fuel
gap size. Large amounts of a fission gas release also reduces the heat transfer coefficient
because the thermal conductivity of the fission gas species such as Xe and Kr are much lower
than that of the He initially filled in the fuel gap. Therefore the reduced heat transfer coefficient
due to the lower thermal conductivity of the fission gases and greater gap size eventually
increases the centerline temperature when compared to the natural uranium fuel. For the
reference high power condition, the fission gas volume of the DUPIC fuel is twice that of the
natural uranium fuel. In general, it is recommended to create a greater grain size of the fuel
pellet to prevent an unnecessarily large amount of fission gas release of the DUPIC fuel. If the
fuel pellet has a relatively large grain size, the diffusion length of the fission gas increases and
the fission gas release is restrained.
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IV.C.4 Internal Pressure
The internal pressure increases with the burnup due to a steady accumulation of the fission
gases such as Xe and Kr as shown in Fig. 17. If the internal pressure is greater than the coolant
pressure, the clad will deform outwards by a creep mechanism. For the DUPIC fuel, the peak
internal pressure was estimated to be 15 MPa, which is much higher than the system design
pressure of 10.6 MPa. In the case of the natural uranium fuel, the internal pressure is less than 6
MPa even for the reference high power envelope.
Sensitivity calculations were performed on the design parameters (pellet axial gap, dish depth,
radial gap and plenum volume) to reduce the internal pressure to below the design limit. It was
found that the plenum volume is the most effective way to reduce the internal pressure. Figure
18 shows the effect of the plenum volume on the internal pressure for the reference high power
envelope of the DUPIC fuel. If an additional plenum volume of 0.5 mm3/˚K (the plenum
volume divided by the plenum temperature at the operating condition) is applied, the peak
internal pressure of the DUPIC fuel is reduced from 13 MPa to 8 MPa. Therefore it is expected
that the fuel integrity can be maintained if the current DUPIC fuel design is slightly modified to
accommodate the internal pressure buildup.

IV.D Fuel Irradiation Performance
The integrity of the fuel bundle should be confirmed through the high power, power ramp and
high burnup irradiation tests. In order to demonstrate the in-core integrity of the fuel bundle,
two irradiation tests should be conducted: a high power irradiation test and a power ramp
irradiation test. A high power irradiation is conducted to prove the geometrical stability until the
target burnup is reached. A power ramp irradiation is conducted to verify the in-core integrity of
the fuel bundle during a power increase over the design value.
IV.D.1 Irradiation Test at the Korea Atomic Energy Research Institute (KAERI)
In 1999, the DUPIC fuel irradiation and performance evaluation group of KAERI designed and
fabricated the non-instrumented DUPIC fuel irradiation test rig by considering the neutronic
characteristics of the HANARO research reactor. The simulated DUPIC fuel pellets were

20

KAERI/TR-3056/2005

fabricated, which simulated a PWR spent fuel of 35000 MWd/tU. Three small fuel elements
were fabricated; each fuel element contained five simulated DUPIC fuel pellets. Using the noninstrumented irradiation rig, the 1st DUPIC fuel irradiation test was performed in the OR4 hole
of the HANARO for 2 months from August 1999. During the irradiation test, the maximum
linear power was estimated to be 60 kW/m and the discharge burnup was 1600 MWd/tHM. The
post irradiation examination showed that the grain structure of the simulated DUPIC fuel was
almost the same as that of the conventional fuel discharged from the CANDU reactor after a
normal operation.
In 2000, the DUPIC fuel pellets were fabricated in the DFDF by using the PWR spent fuel from
Kori nuclear power plant 1. The 2nd irradiation test of the DUPIC fuel was performed in the
OR4 hole of the HANARO by using the non-instrumented irradiation rig. The main objective of
the 2nd irradiation test was the in-core behavior analysis of the DUPIC fuel under a high power
condition. The irradiation test was performed for 2 months from May 2000. The maximum
linear power and discharge burnup were 59 kW/m and 1800 MWd/tHM, respectively. The
visual inspection of the irradiated DUPIC fuel element showed that the clad integrity was
maintained.
From June 2001, the 3rd DUPIC fuel irradiation was conducted in the OR4 hole of the
HANARO for a high burnup irradiation test with an average and maximum linear power rating
of 30 kW/m and 40 kW/m, respectively. One fuel element of the 3rd test was irradiated again in
the 4th irradiation test from June 2002 and reached a maximum discharge burnup of 6700
MWd/tHM. The post-irradiation examination of this fuel (Fig. 19) showed that the irradiation
behavior of the DUPIC fuel was not different from that of the natural uranium spent fuel. The
5th irradiation test was performed from January 2004 for three months.
IV.D.2 Irradiation Test at the Atomic Energy of Canada Limited (AECL)
The AECL, which jointly performs the DUPIC fuel development research with KAERI, has
fabricated three DUPIC fuel elements and begun the irradiation test of a demountable bundle
with the BB03 fuel element in the NRU reactor in March 1999. In May 1999, the BB02 and
BB04 fuel elements were loaded into the NRU reactor for the 2-year irradiation test. At the
beginning of 2000, the BB03 element was discharged with an average burnup of 10000
MWd/tHM and the post irradiation examination was performed as shown in Fig. 20. The
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examination confirmed that the mechanical integrity of the fuel element was well maintained
even though the amount of fission gas release was greater when compared to the natural
uranium fuel. The other two DUPIC fuel elements were burned until late of 2001. The estimated
discharge burnup was 21000 and 16000 MWd/tHM for the BB02 and BB04, respectively.

IV.E Compatibility with Interfacing System
In order to assess the mechanical compatibility of the DUPIC fuel, both the experimental and
analytical approaches are required. Until now, however, the DUPIC R&D program has focused
on the key technology development such as the generation of material property data and the
irradiation tests of the DUPIC fuel until a decision is made for a commercial use of the DUPIC
fuel. Therefore the mechanical compatibility of the DUPIC fuel bundle with the CANDU-6
interfacing system was qualitatively assessed by considering the difference between the DUPIC
fuel and the 43-element CANFLEX natural uranium fuel bundle as follows:
- The fuel density is lower for the DUPIC fuel.
- The fuel bundle mass is lower for the DUPIC fuel bundle.
- The thermal conductivity is lower for the DUPIC fuel pellet.
- The thermal expansion is greater for the DUPIC fuel pellet.
- The fuel element plenum shall be increased to accommodate the increased thermal expansion
and decreased thermal conductivity for the DUPIC fuel.
Table VI shows a list of the compatibility analysis items for each interfacting system and the
qualitative assessment results. It should be noted that the physical dimensions of the current
DUPIC fuel bundle are the same as that of the 43-element CANFLEX fuel bundle which is
already being used in the CANDU-6 reactor. Therefore there should be no problem to
accommodate the DUPIC fuel bundle in the CANDU fuel interfacing system. However because
the fuel mass and thermal property of the DUPIC fuel are different from those of the natural
uranium, an experimental verification will be required if the compatibility item is related to a
flow-induced vibration or a fuel elongation. The overall out-pile experimental plan will be
established as more data is accumulated on the DUPIC fuel.

22

KAERI/TR-3056/2005

V. SUMMARY, CONCLUSION AND FUTURE WORKS
The integrity of the DUPIC fuel was assessed for the effects of a remote fuel fabrication and a
degradation of fuel material characteristics. The manufacturing experiment showed that the
DUPIC fuel pellets fabricated in the hot cell satisfied the CANDU fuel quality requirements.
The irradiation tests of the DUPIC fuel element in the HANARO and NRU reactors also
confirmed that the DUPIC fuel element maintains its integrity under a high power irradiation
even though the DUPIC fuel material property is degraded when compared to the natural
uranium fuel. The fuel performance analysis by the ELESTRES code showed that the current
DUPIC fuel design is acceptable for the full power operation in the CANDU-6 reactor under the
2-bundle shift refueling scheme, if the current fuel element design is slightly modified to
increase the safety margin.
The out-pile test of the DUPIC fuel bundle will be implemented if the commercial use of the
DUPIC fuel in the CANDU-6 reactor is agreed upon. However the computational performance
analysis will be continued to demonstrate the mechanical integrity of the DUPIC fuel bundle. In
addition, it is strongly recommended to perform the following studies to obtain the key
performance parameters of the DUPIC fuel:
- Measurement of the DUPIC fuel melting temperature.
- High power and power ramp irradiation tests.
- Stress corrosion cracking probability of the DUPIC fuel.
- Elaboration of the ELESTRES code validation based on experimental data.
- Optimization of the DUPIC fuel bundle design for the number of fuel elements and the fuel
mass.
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Table I
Reference DUPIC fuel composition
11

B
16
O
19
F
24
Mg
25
Mg
26
Mg
27
Al
28
Si
29
Si
30
Si
40
Ca
42
Ca
44
Ca
48
Ca
50
Cr
52
Cr
53
Cr
54
Cr
55
Mn
54
Fe
56
Fe
57
Fe
58
Fe
58
Ni
59
Ni
60
Ni
61
Ni
62
Ni
64
Ni
63
Cu
65
Cu
76
Ge
75
As
77
Se
78
Se
79
Se
80
Se
82
Se
82
Kr
83
Kr
84
Kr
85
Kr
86
Kr

0.6
118401.4
36.4
34.1
4.5
5.2
72.7
80.2
4.2
2.9
70.3
0.5
1.7
0.2
1.5
30.3
3.5
1.1
35.2
10.1
167.5
4.8
0.6
48.6
0.4
19.4
1.0
2.7
0.8
14.8
6.9
0.4
0.1
0.7
1.6
3.9
8.9
22.5
0.7
27.8
75.2
5.0
126.9

85

Rb
87
Rb
86
Sr
88
Sr
90
Sr
98
Y
90
Zr
91
Zr
92
Zr
93
Zr
94
Zr
96
Zr
92
Mo
94
Mo
95
Mo
96
Mo
97
Mo
98
Mo
100
Mo
99
Tc
100
Ru
101
Ru
102
Ru
104
Ru
103
Rh
104
Pd
105
Pd
106
Pd
107
Pd
108
Pd
110
Pd
109
Ag
110
Cd
111
Cd
112
Cd
113
Cd
114
Cd
116
Cd
115
In
115
Sn
116
Sn
117
Sn
118
Sn

119

76.2
162.8
0.3
233.5
231.0
304.6
139.3
394.3
427.6
482.1
497.3
537.6
3.2
1.9
513.1
25.2
535.1
554.1
629.7
525.1
64.9
521.9
521.6
371.2
283.1
146.4
258.3
251.9
154.0
106.6
34.7
54.0
23.5
19.4
11.3
0.1
15.1
5.4
1.7
0.2
4.6
5.4
5.5

Sn
120
Sn
122
Sn
124
Sn
121
Sb
123
Sb
125
Sb
122
Te
124
Te
125
Te
126
Te
128
Te
130
Te
127
I
129
I
128
Xe
130
Xe
131
Xe
132
Xe
134
Xe
136
Xe
133
Cs
134
Cs
135
Cs
137
Cs
134
Ba
135
Ba
136
Ba
137
Ba
138
Ba
139
La
140
Ce
142
Ce
141
Pr
142
Nd
143
Nd
144
Nd
145
Nd
146
Nd
148
Nd
150
Nd
147
Pm
147
Sm
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5.5
5.5
6.1
8.2
5.4
6.6
0.1
0.4
0.3
12.3
0.5
73.8
238.5
36.9
120.6
2.0
7.6
294.6
722.5
993.1
1577.1
764.7
0.3
204.5
529.1
104.6
0.2
11.8
303.9
860.6
821.7
832.3
758.9
752.9
16.2
537.9
870.8
454.8
459.4
250.0
119.9
1.0
140.9

148

Sm
110.3
Sm
2.9
150
Sm
214.5
151
Sm
9.1
152
Sm
91.2
154
Sm
25.7
151
Eu
1.4
153
Eu
80.9
154
Eu
5.2
155
Eu
0.7
154
Gd
18.3
155
Gd
7.9
156
Gd
38.5
158
Gd
12.7
160
Gd
0.9
159
Tb
1.8
160
Dy
0.2
161
Dy
0.3
162
Dy
0.3
163
Dy
0.3
165
Ho
0.2
232
Th
340.3
233
U
12.3
234
U
14.8
235
U
8806.2
236
U
2641.5
238
U
838926.5
237
Np
304.3
238
Pu
97.0
239
Pu
3962.8
240
Pu
1570.1
241
Pu
375.7
242
Pu
310.9
241
Am
553.0
242m
Am
0.4
243
Am
64.5
243
Cm
0.2
244
Cm
9.5
245
Cm
0.9
256
Cm
0.1
Fissile
13140.0
Heavy metal 858000.0
Total
1000000.0
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Table II
Design specification of the DUPIC fuel bundle
Fissionable material

Sintered pellets of PWR spent fuel

Structural material

Zircaloy-4

Assembly type

Cluster with dual size 43 fuel elements

Bundle length

495.30 ± 0.75 mm

Bundle diameter

102.50 mm maximum reference with bearing pad

Bundle weight

23.0 kg (reference)
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Table III
Linear element power of the MBP DUPIC fuel
Nominal power

High power

Ring

Number
of
elements

Element linear
power (kW/m)

Ring power
(kW)

Element linear
power (kW/m)

Ring power
(kW)

Center

1

30.2

15

32.7

16

Inner

7

33.4

116

36.2

126

Intermediate

14

30.0

208

32.5

225

Outer

21

40.9

425

44.3

460

Total

43

764

29
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Table IV
Linear element power of the MBP natural uranium fuel
Ring

Number
of
elements

Center

Nominal power

High power

1

Element linear
power (kW/m)
35.0

Ring power
(kW)
17

Element linear
power (kW/m)
37.8

Ring power
(kW)
18

Inner

6

36.6

109

39.5

118

Intermediate

12

41.3

245

44.6

265

Outer

18

51.1

456

55.2

492

Total

37

827

30
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Table V
Comparison of the end power peaking factor
DUPIC fuel
Ring

Linear
power at
fuel end

Center

15.6

Linear
power at
fuel mid
plane
20.3

Inner

29.3

Intermediate
Outer

Natural uranium fuel
Peaking
factor

Linear
power at
fuel end

1.298

37.5

Linear
power at
fuel mid
plane
32.8

37.0

1.260

39.4

34.7

1.136

29.9

35.4

1.186

44.4

40.0

1.109

47.1

51.7

1.098

54.3

50.8

1.069
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Table VI
Compatibility analysis items for the CANDU-6 interfacing system
Interfacing system

1. Primary heat
transport system

2. Fuel channel

Detailed analysis items
Pressure drop between two fuel bundles

N

Pressure drop over each fuel bundle string

N

Pressure tube fretting

R

Spacer grid fretting

R

End-cap plate fatigue

R

Pressure tube corrosion

R

Fuel bundle/channel interaction

R

Slide through pressure tube rolled joint

N

Shield plug/fuel bundle string clearance
Fueling machine sensors and separators
3. Fuel handling
system

Computational Experimental
analysis
analysis

Fuel bundle strength against the hydraulic
drag during refueling
Fuel bundle strength against the refueling
impact
Cross-flow fretting

R

R
N
N
N
R

N = Experiments are not required because the physical dimension of the DUPIC fuel bundle is the same
as that of the 43-elemeny CANFLEX fuel bundle.
R = Experiments are recommended.
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Fig. 1 Proposed DUPIC fuel bundle model
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Fig. 2 Bundle power distribution of the DUPIC fuel core
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Fig. 3 Bundle power distribution of the natural uranium core
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Fig. 4 Element linear power ratio for the DUPIC fuel bundle
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Fig. 5 Element linear power ratio for the 37-element natural uranium fuel bundle
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Fig. 6 Linear power distribution at the end of the DUPIC fuel bundle
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Fig. 7 Design power envelopes of the DUPIC fuel bundle
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Fig. 8 Design power envelopes of the natural uranium fuel bundle
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Fig. 9 Ramped linear power of the DUPIC fuel outer element
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Fig. 10 Linear power ramp of the DUPIC fuel outer element
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Fig. 11 Ramped linear power of the standard fuel outer element
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Fig. 12 Linear power ramp of the standard fuel outer element
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Fig. 13 DUPIC fuel outer element power history model
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Fig. 14 DUPIC fuel centerline temperature
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Fig. 15 DUPIC fuel heat transfer coefficient
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Fig. 16 DUPIC fuel fission gas release volume
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Fig. 17 DUPIC fuel internal pressure
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Fig. 18 Comparison of the DUPIC fuel internal pressure
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Fig. 19 DUPIC fuel irradiated in HANARO
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Fig. 20 DUPIC fuel irradiated in NRU
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Appendix A. Fuel Design Requirements for the Interfacing System

A.1 Primary Heat Transport System
(a) The pressure drop over each fuel bundle string should be within the allowance provided by
the primary coolant system.
(b) Fretting damage caused by a coolant flow should not reduce the inter-element spacer height
to below an acceptable level for any spacer pair required to prevent damage to the fuel
sheath.
(c) The reduction in the pressure tube wall thickness due to a mechanical fretting, crevice
corrosion, or erosion by the bearing pads should not jeopardize the pressure tube integrity.
(d) The fuel element should be designed to contain fission products during a normal reactor
operation.
(e) The fuel design should be evaluatd to determine its performance during and after a
hydrostatic testing of the primary coolant system.

A.2 Fuel Channel
(a) The bundle bearing pads should be designed to allow the bundle to slide inside the fuel
channel without jamming in the channel, and without allowing any contact of the fuel sheath
with the channel surface under normal conditions.
(b) Wear of the pressure tube and bearing pad from a repeated passage of the bundles should not
exceed the design allowances.
(c) The fuel bundle, fuel channel, and related components should be dimensionally compatible
to accommodate fuel expansions due to an irradiation, pressure tube sag, and radial creep.

A.3 Fuel Handling System
(a) The bundle ends should be compatible with the operation of the fueling machine sensors and
separators.
(b) The fuel bundle, when contained in the pressure tube, should be able to withstand the
combined axial loads caused by the hydraulic drag and the fueling machine ram.
(c) The fuel bundle should be designed to withstand refueling impacts.
(d) The fuel bundle should be designed to withstand a cross-flow in the liner tube for short
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periods of time without any damage.
(e) The fuel bundle should be designed to operate satisfactorily at the increased channel flows
which occur during a normal refueling without exceeding the pressure tube and fuel bundle
fretting allowances.
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Appendix B. Fuel Performance Analysis Codes
ELESTRES code is most widely used for the performance analysis of the CANDU fuel. The
ELESTRES code predicts the internal gas pressure, radial temperature distribution, elasticity
and plasticity deformation of the sheath, considering the fuel bundle configuration, material
property, and the operating condition. The ELESTRES code consists of a one-dimensional heat
production, temperature distribution, fission gas release, and heat transfer model and a twodimensioanl stress analysis model of the pellet and sheath. The ELESTRES code calculates the
radial temperature distribution of the pellet and sheath, fission gas release, internal pressure
change, and the sheath strain.
FEAST is a two-dimensional finite element program for the structural analysis and it estimates
the elasticity, plasticity, creep behavior, thermal expansion, and the deformation. The stress
around the end cap and sheath welding is obtained by combining the ELESTRES and FEAST
calculation results and is used to predict the possibility of the pellet-clad interaction (PCI)/
stress corrosion cracking (SCC) damage. From the results of the FEAST calculation, the
dominant and effective stresses are obtained, which are used to trace the position of the
maximum stress and to identify the crack and wave path. For the fuel performance during the
load follow operation, both the ELESTRES and FEAST codes are used to obtain the stress level,
which is used to predict the fatigue damage.
FEAT code is used for the local temperature analysis of the fuel element. The FEAT code
performs the finite element analysis of the two-dimensional steady state thermal conductivity
equation, including the temperature distribution calculation around the end cap of the fuel
element. The thermal flux peaking between two fuel bundles is analyzed by the PEAKAN code
and the effect of the thermal flux peaking on the fuel temperature is analyzed by the FEAT code.
BEAM code estimates the axial stiffness using the geometry, diameter of the fuel element, axial
gap size, fuel temperature, and the gap pressure between the pellet and sheath, provided by the
ELESTRES code for the operating condition. The local irradiation behavior of the fuel element
is typically estimated by the ELESTRES code.
FUELOGRAM and CAFÉ models are widely used for the PCI/SCC damage analysis of the
CANDU fuel. These two models were developed by a statistical treatment of the data obtained
form the commercial and research reactors. Therefore they don’t consider detailed design
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parameters except for the CANLUB and can’t be used for the fuel which has a different sheath
from the existing CANDU fuel. These two models also have a limit for a fuel burnup less than
200 MWh/kgU. In order to analyze the PCI/SCC damage of a high burnup fuel, INTEGRITY
code was developed, which can be used up to a burnup of 800 MWh/kgU. The fission gas
release and work density of the sheath radial ridge obtained by the ELESTRES and FEAST,
respectively, are used for the high burnup fuel calculation.
BOW code is used to analyze the fuel bowing effect. For the analysis of the fuel bowing, the
BOW code considers the circumferential and axial temperature distribution of the sheath and the
pellet, the effect of a pellet crack, slip of the pellet and sheath, hydraulic drag, bind of an end
cap plate, concentricity of the welding between the end cap and the end cap plate, and the flux
gradient.
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Appendix C. Experimental Verification for the Interfacing System
When considering the physical differences between the DUPIC fuel and the 43-element
CANFLEX fuel bundle, the compatibility of the DUPIC fuel with the fuel interfacing system
should be assessed for the CANDU-6 reactor. So far the experimental verification items are
qualitatively assessed for the DUPIC fuel bundle based on the differences between the DUPIC
fuel and 43-element CANFLEX fuel bundles.

C.1 Compatibility with the Primary Heat Transport System
The CANDU-6 reactor consists of 380 fuel channels. The coolant flow rate of each fuel channel
was determined to have a constant enthalpy increase under the nominal power distribution of a
time-average core.
(a) Pressure drop over each fuel bundle string
The maximum permissible pressure drop of the fuel channel is 718 kPa under the flow rate of
23.9 kg/s and the coolant density of 781 kg/m3. The most probable single phase pressure drop
through the arbitrarily-arranged 12 fuel bundles should not exceed the permissible value of the
primary heat transport system. When considering that the physical dimensions of the DUPIC
fuel bundle are the same as that of the 43-element CANFLEX fuel bundle, additional tests are
not required.
(b) Effect of coolant flow
The fuel bundles should maintain their mechanical integrity against a coolant flow and should
not cause any damage to the pressure tube. The fuel bundles should satisfy the following design
requirements.
- Pressure tube fretting
The wearing and fretting of the pressure tube is limited to 0.064 mm. Because the DUPIC fuel
bundle is lighter than the CANFLEX fuel bundle, it is expected that the pressure tube fretting is
reduced as the friction force decreases. At the same time, however, the flow-induced vibration
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will increase and, therefore, an experimental verification is recommended.
- Spacer grid fretting
In order to prevent a fuel element damage, the permissible fretting of a spacer pair is limited to
the minimum height of a single spacer. Due to the increases of a flow-induced vibration and fuel
burnup, it is expected that the spacer fretting will increase for the DUPIC fuel. Therefore an
experimental verification is recommended.
- End cap plate fatigue
The coolant flow can cause a horizontal vibration of the fuel elements, which in turn results in
fatigues and damages in the end plate welding area. Though the fatigure may increase due to the
reduced fuel bundle mass, it may also increase due to the increased fuel burnup. Therefore both
the experimental and analytical verifications are recommended.
- Pressure tube corrosion
In order to guarantee the pressure tube integrity, the corrosion layer thickness on the inner
surface of the pressure tube is limited to 0.1 mm. The pressure tube corrosion is greatly affected
by the temperature difference between the bearing pad and the coolant. In the case of the
DUPIC fuel bundle, the pressure tube corrosion should be analytically assessed based on the
sheath temperature.

C.2 Compatibility with the Fuel Channel
The fuel channel consists of a stainless steel end fitting and a zirconium-niobium alloy pressure
tube connected by an extended rolled joint. The stainless steel liner tube connects the fueling
machine and pressure tube, and provides a sliding pathway for the fuel bundle. In the liner tube,
the shield plug is installed to prevent any radiation heat from the core. The shield plug also has a
role of supporting the fuel bundle string during a normal operation and a refueling.
(a) Fuel bundle/channel interaction
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It is required to satisfy the pressure tube wear and fretting of 0.064 mm, the bearing pad wear of
0.13 mm, and the minimum bearing pad height of 0.87 mm. It is expected that the pressure tube
wear is reduced due to the reduced DUPIC fuel bundle mass. However, the bearing pad wear
will increase because of a high fuel burnup, and it is recommended to perform an experimental
verification.
(b) Pressure tube rolled joint/fuel bundle interaction
Around the rolled joint which connects the channel end fitting and pressure tube, the pressure
tube could be bended due to sagging and manufacturing defects. Nontheless it is required that
the fuel bundle passes through the fuel channel without any blockage. Because the physical
dimensions of the DUPIC fuel bundle are the same as that of the CANFLEX fuel bundle, the
existing experimental results can be utilized and no additional experiments are required.
(c) Shield plug/fuel bundle string clearance
The cumulative length of the fuel bundle string should be less than the distance between two
channel-end fixtures. Because the thermal expansion and burnup of the DUPIC fuel bundle are
different from those of the CANFLEX fuel bundle, both analytic and experimental verifications
are recommended.

C.3 Compatibility with the Fuel Handling System
The refueling operation is performed by two fueling machines located at two channel ends of
the core. One machine feeds fresh fuel bundles in one channel, and the other machine receives
the spent fuel bundles from that channel. In the fueling magazine, there are two wedge-shaped
assemblies used to discharge the fuel bundles. The wedge-shaped assembly consists of the
sensor, side-stops and pusher, which operate independently.
(a) Fueling machine sensors and separators
The end part of a fuel bundle should be geometrically compatible with the fueling magazine
sensor and side-stops. Because the geometry of the DUPIC fuel bundle is the same as that of the
CANFLEX fuel bundle, the existing experimental data can be utilized.
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(b) Axial loads applied during refueling
The fuel bundles should maintain their integrity against the axial stress from the hydraulic drag
when the fuel bundle string is sustained by the side-stops during a refueling. Because the 2bundle shift refueling scheme is used and the fuel bundle mass is lower for the DUPIC fuel, it is
expected that the hydraulic drag force is reduced when compared to the CANFLEX fuel bundle
and no additional experimental verifications are needed.
(c) Refueling impact
During the refueling, the first fresh fuel bundle is slightly accelerated by the coolant and
collides with the fuel bundle string. Therefore both the irradiated and fresh fuel bundles should
not lose their mechanical integrity from the impact. In the case of the DUPIC fuel, because two
fuel bundles are loaded per each refueling and the fuel mass is lower, it is expected that the
flow-induced impact is lower and, therefore, no additional experimental verification is necessary.
(d) Cross-flow fretting
During a refueling, the fresh fuel bundles stay in the liner tube for a while and experience crossflows through the liner tube holes. These flows can cause a serious fretting to the spacer.
Because the mass of the DUPIC fuel bundle is lower, it is expected that the flow-induced
vibration will increase for the DUPIC fuel and, therefore, experimental verifications are
recommended.
(e) Channel flow during refueling
If the number of fuel bundles in the channel axial flow region decreases, the flow resistance
decreases and the channel flow increases. As the number of fuel bundles in the axial flow region
varies during a refueling, the fuel bundle should be designed to withstand a flow change.
Because the geometry of the DUPIC fuel bundle is the same as that of the CANFLEX fuel
bundle, no additional experiments will be required.
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