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Abstract

COPERNIC is an advanced fuel rod performance code developed by Framatome. It is based on the
TRANSURANUS code that contains a clear and flexible architecture, and offers many modeling
possibilities. The main objectives of COPERNIC are to accurately predict steady-state and transient fuel
operations at high burnups and to incorporate advanced materials such as the Framatome M5-alloy
cladding. An extensive development program was undertaken to benchmark the code to very high
burnups and to new M5-alloy cladding data. New models were developed for the M5-alloy cladding and
the COPERNIC thermal models were upgraded and improved to extend the predictions to burnups over
100 GWd/tM. Since key phenomena, like fission gas release, are strongly temperature dependent, many
other models were upgraded also. The COPERNIC qualification range extends to 67, 55, 53 GWd/tM
respectively for UO2, UO2-Gd2O3, and MOX fuels with Zircaloy-4 claddings. The range extends to 63
GWd/tM with UO2 fuel and the advanced M5-alloy cladding. The paper focuses on thermal and fission
gas release models, and on MOX fuel modeling. The COPERNIC thermal model consists of several sub-
models: gap conductance, gap closure, fuel thermal conductivity, radial power profile, and fuel rim. The
fuel thermal conductivity and the gap closure models, in particular, have been significantly improved. The
model was benchmarked with 3400 fuel centerline temperature data from many French and International
Programs. There are no measured to predicted statistical biases with respect to linear heat generation rate
or burnup. The overall quality of the model is state-of-the-art as the model uncertainty is below 10 %. The
fission gas release takes into account athermal and thermally activated mechanisms. The model was
adapted to MOX and Gadolinia fuels. For the heterogeneous MOX MIMAS fuels, an effective burnup is
used for the incubation threshold. For gadolinia fuels, a scaled temperature effect is used. The Framatome
steady-state fission gas release database includes more than 290 fuel rods irradiated in commercial and
experimental reactors with rod average burnups up to 67 GWd/tM. The transient database includes close
to 60 fuel rods with burnups up to 62 GWd//tM. The hold time for these rods ranged from several minutes
to many hours and the linear heat generation rates ranged from 30 kW/m to 50 kW/m. The quality of the
fission gas release model is state-of-the-art as the uncertainty of the model is comparable to other code
models. Framatome is also greatly concerned with the MOX fuel performance and modeling given that,
since 1997, more than 1500 MOX fuel assemblies have been delivered to French and foreign PWRs. The
paper focuses on the significant data acquired through surveillance and analytical programs used for the
validation and the improvement of the MOX fuel modeling.

1. INTRODUCTION

COPERNIC [1] is the advanced Framatome fuel rod performance code, based on the
TRANSURANUS [2] code. COPERNIC has been recently improved to take into account new
data at high burnup, on mixed oxide fuels, and on the Framatome M5-alloy [3]. New or
upgraded models have been developed. The focus of this paper is on thermal, fission gas release,
and mixed oxide modeling.

Section 2 presents the new improvements that were needed for good temperature prediction on
high burnup data for UO2 [4], MOX [5], and gadolinia [6] fuels, and data at ultra-high burnup
[7]. A new model is derived for fuel thermal conductivity in order to predict well all data. The
rim model for temperature degradation inside the pellet rim at high burnup is upgraded. A simple
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and efficient gap closure model is derived. The validation of the full thermal model on the
Framatome database is then presented.

Section 3 presents the fission gas release model. This model needed to be upgraded as fission gas
release greatly evolves with temperature. It includes key phenomena for fission gas release:
athermal and thermal release, rim model for fission gas release, steady-state and transient
regimes, diffusion and burst effect release, UO2 and mixed oxide fuels. The COPERMC fission
gas release model have been described in part [1,8,9] and will be presented in detail elsewhere
[10]. The model parameters are upgraded because of the new thermal model. Also, the rim
model for fission gas release is upgraded to be consistent with the temperature rim model, and
the modeling of the MOX fission gas release is refined to include differences in the MOX
microstructures according to the MOX type.

2. THERMAL MODEL

2.1. Fuel thermal conductivity

The degradation of fuel conductivity with burnup is a key effect that must be addressed to
accurately predict high burnup fuel. Many works have been undertaken to assess this effect,
but here is still a need for further progress. Two fuel conductivity relationships have been
widely used, namely, the Lucuta et al. [11] relationship and the HALDEN [7] relationship.
The prediction of fuel conductivity degradation with burnup differs somewhat between these
two relationships, as shown on Figure 1.
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FIG. 1. Comparison between the UO'2 pellet thermal conductivities of HALDEN [7] and of Lucuta et al.
[11].

This difference is reflected in the prediction of experiments at high burnup. Two most
valuable sets of data were obtained from the French Commissariat a l'Energie Atomique (CEA)
EXTRAFORT [4] experiment and from the Ultra-High-Burnup HALDEN IFA-562.2-16
experiment [7]. In the EXTRAFORT experiment, a rodlet with a burnup of 62 GWd/tM was
re-fabricated from a rod that was irradiated for 5 cycles in a French PWR reactor and re-
irradiated in the CEA OSIRIS test reactor at several power levels. The IFA-562.2-16 rod was
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irradiated in the HALDEN reactor up to a very high burnup, greater than 100 GWd/tM. The
EXTRAFORT centerline temperatures were well predicted with the Lucuta et al. relationship
but were under-predicted [4] by up to 120°C with the HALDEN relationship. On the other
hand, most HALDEN data are of course well predicted with the HALDEN relationship
derived from HALDEN data.

A unique and simple relationship that matches both data sets well was developed for the
COPERNIC code. This relationship has the form:

400% = {A + BT + CP + Df{T)Y + g(T)

where Xwo% is the 100% dense UO2 fuel conductivity, /?is burnup, and Tis temperature. The
porosity correction for the fuel conductivity is taken from the literature [12]. The function/(T)
is the radiation damage term derived by Lucuta et al. [11] that is important at low
temperatures and g(T) represents the electronic conductivity. The A and B coefficients are
those of the Harding and Martin's [13] relationship for unirradiated UO2. The C and D
coefficients were obtained with centerline fuel temperature data where the pellet is in contact
with the cladding, i.e. data that do not depend upon gap closure. Figure 2 shows that the
COPERNIC and the Lucuta et al. relationships are quite close. Overall, the COPERNIC
relationship predicts a slightly higher degradation with burnup.

2.2. Rim model

To achieve good agreement between model predictions and measurements, it was important
to take into account specific features of the HALDEN heavy-water boiling reactor, such as
specific radial power profiles [14]. HALDEN radial power profiles are typically flatter at high
burnups than those in PWR's. As a result and from our understanding of the rim structure that
develops in the rim region at high burnups (the so-called rim effect), the width of the rim must
be higher in a fuel irradiated in HALDEN than in a fuel irradiated in a PWR. A simple fuel
rim model has been implemented that has the form:

w=Mw{0,Cl(J3s -7O),C2(J3A -45)]

where w is the width of the rim, and fis and PA are the pellet surface and pellet averaged
burnups (in GWd/tM), respectively. Inside the rim, the porosity fraction, p, takes the form:

p = Max[0.l5,p0 +C3(r-rs + w)]

where po is the porosity fraction in the absence of the rim, r is the radial distance to the pellet
center, and rs is the pellet surface radius. The coefficients Cj, C2 and C3 are based upon
experimental data. The rim model is illustrated on Figure 3.

2.3. Gap closure model

A simple gap closure model has been developed and qualified with open-gap data. It is
expressed in terms of the ratio, X, between the thermal and mechanical gaps. When a fraction,
F, of the pellet is in contact with the cladding, the thermal conductivity of the gap is
improved, i.e., X should be lower than 1. This is correlated with observation that if the
thermal gap is set equal to the mechanical gap (i.e. X=l), large gap (where F~0) temperature

293



data are well predicted and small gap temperature data are over-predicted. X was estimated
from the classical formulation:

where HGAS and ho are the heat transfer coefficients for the thermal and mechanical gaps
respectively, and HCONT is the contribution due to contact. The mechanical gap conductance
model includes a description of gap conductance [15] and an adjustment on contact
conductance data [16,17]. From the above expression:
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FIG. 2. Comparison between the UO2 pellet thermal conductivities of COPERNIC [1] and ofLucuta et
al. [11].
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FIG. 3. Illustration of the rim model: a) Evolution of the rim width with burnup and power radial
profile, b) Evolution of the porosity inside the rim.
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where p is the ratio of the combined pellet/cladding roughness to the diametral mechanical
gap. A simple and good approximation is found for X, by using the above expression and the
Charles and Bruet's [18] expression:

F=C4+C5exp(-C6dM)

where d,M is the mechanical diametral gap and C4, C5, and Cg are constants. This simple
expression reads:

X = l-exp(-dM/d0)

where do is a constant, based upon experimental data.

2.4. UO2 fuel validation

The new thermal model was benchmarked with approximately 2000 fuel centerline
temperature UO2 data from many French and International Programs. As an illustration,
Figures 4 and 5 show the measured and predicted centerline temperatures for the
EXTRAFORT and the IFA-562.2-16 experiments, respectively. There are no measured to
predicted temperature statistical biases with respect to linear heat generation rate or burnup.
Furthermore, the upper bound uncertainty for the fuel temperature predictions is small as
shown on Figure 6. This uncertainty is below 10%, a value that can be considered as state-of-
the-art [19]. Two sets of data appear on Figure 6. The bigger set is well predicted. The smaller
set is under-predicted and belongs to the HALDEN experiment IFA-432-3. This data set is
older than many data from the bigger data set. We chose to put more weight on the newer
data. Also, over-prediction is on the conservative side.
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FIG. 5. IFA-562.2-16 experiment at the OECD HALDEN test reactor: measured and predicted fuel
centerline temperatures.
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FIG. 6. Comparison between measured and predicted fuel centerline temperatures from the
FRAMATOME database.
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2.5. Mixed oxides

The same fuel thermal conductivity relationship was chosen for MOX and Gadolinia fuels
with corrective factors that include Pu and Gd contents. The MOX factor was derived from
the GRIMOX [20] experiment. In this experiment, a rodlet containing both UO2 and MOX
fresh fuel pellets was irradiated in the SILOE French CEA test reactor up to a burnup of
5 GWd/tM. A direct comparison between centerline temperature data was then possible. The
MOX relationship was validated up to a burnup of 47 GWd/tM with the data from the
FIGARO experimental program [5]. hi this experiment, 4 rodlets were re-fabricated from 2
rods irradiated in the Beznau reactor for 5 cycles. These 4 rodlets were re-irradiated in the
HALDEN reactor (IFA-606 experiment) with variable power steps up to a power level of 32
kW/m in order to obtain both centerline temperature and fission gas release data. Figure 7
compares measurements and predictions for rodlet number 2. The agreement is excellent.
Figure 8 extends the comparison to all data (rodlets number 1,2, and 4). Overall, there is a
slight under-prediction but well within the 10% uncertainty limit.

The gadolinia factor was derived from FRAMATOME data and then validated with
HALDEN IFA-515.10-2 data [6] up to a burnup in excess of 60 GWd/tM. Figure 9 shows that
there is a good agreement between measurement and predictions.

3. FISSION GAS RELEASE

Athermal and thermally activated mechanisms are taken into account in the COPERNIC Fission
Gas Release model (FGR). Athermal release, produced through recoil and knockout
mechanisms, remains low. Neglecting the recoil contribution, the athermal FGR fraction is of the
form [21] Cj(S/V) )3 where Cp is a model parameter, S/Vis the specific surface of the fuel and D
is burnup. Contributions from fuel open porosity and from the rim are included in the specific
surface. The rim models for fission gas release and temperature are similar. The rim width is
common to both modes (see Figure 3 a). The evolution of the specific surface inside the rim is
similar to that of porosity (see Figure 3b). The athermal model parameters were adjusted on
experimental data where no thermal release was observed (absence of a radius of intergranular
bubble precipitation).
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FIG. 7. IFA-606.2-2 experiment: comparison between measurements and predictions of fuel centerline
temperatures of MOX fuel at 47 GWd/tM.
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FIG. 9. IFA-515.10-2 experiment: comparison between measurements and predictions of fuel
centerline temperatures of MOX fuel at 47 GWd/tM.

The thermal FGR model is based on previous closely related models [8,22,23]. Thermal FGR
follows a two-stage diffusion process. First, the gas atoms diffuse from inside the grain to the
grain boundaries where they accumulate until a saturation (incubation) threshold is reached. In a
thin layer outside the grain, gas atoms are brought back into solution from the grain boundary by
fission spikes. This irradiation-induced re-solution counteracts the diffusion flux and delays the
onset of release.

The problem is then to solve a diffusion equation inside the grain with a time-varying condition
at the grain boundary. The 3-term diffusion coefficient of Turnbull's et al. [24] is used. In order
to solve the diffusion problem, simple approximations were found to be in excellent agreement
with a more rigorous numerical treatment [8]. First, for standard irradiation conditions, the re-
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solution flux almost balances the diffusion flux in the re-solution layer. It is then possible to
derive an analytical form for the incubation threshold [8]:

/* =
( TA (TK-T2)

exp + - -
{ TK) TI

where /?/ is the incubation burnup at temperature TK (in Kelvin) and Bj, B2, Tj, T2, and T3 are
model parameters adjusted on the FGR experimental database. The incubation expression
threshold (given for the onset of thermal release) is illustrated on Figure 10 and can be viewed as
a generalization of the engineering HALDEN threshold (given for 1% release). The COPERNIC
incubation temperature is, on average, lower than the HALDEN temperature, as expected
because their definition differs (0% versus 1% release).

2000

1800

1600 -

1400 -

1200 -

1000 -

800 -

600 -

400 -

I
\

v

UO2 & MOX COCA

MOX MIMAS

"~~"" "t"-"-Trr—'

10 20 30 60 70

BURNUP (GWd/tM)

FIG. 10. COPERNIC fission gas release model: incubation threshold for thermal release.

Second, two classical analytical solutions, which correspond respectively to ideal steady-state
and transient conditions, are used. The modeling of the general case with varying conditions is
obtained with semi-analytical fast algorithms. The model also simulates the so-called burst effect
that allows for a fast release from the grain boundary gas during a transient.

The model was extended to MOX and Gadolinia fuels. MOX MIMAS fuels have a
heterogeneous structure with Pu-rich agglomerates where the local burnup is high. This effect is
simply modeled by using an incubation burnup that is lower for MOX fuels than for UO2 fuels,
depending on the degree on homogeneity of the MOX fuel:

. /?/)M0X = C§ (D/)uO2

where (J3J)MOX is the incubation burnup for MOX and Q is a model parameter less than one for
MOX MIMAS fuel. For the homogeneous MOX COCA fuel, the incubation burnup is chosen to
be the same as for UO2 fuel ( Q = 1). Figure 10 illustrates the incubation thresholds, obtained by
fitting model parameters on experimental data for different microstructures.

The temperature of the gadolinia fuel is higher because the thermal conductivity is less than that
of UO2 fuels. However, the observed releases from these types of oxide are comparable. The
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temperature effect is offset by a decrease in the diffusion coefficient with increasing quantities of
gadolinium. This effect is simply modeled by decreasing the temperature used in the FGR model
by an amount that is proportional to gadolinium content.

The FRAMATOME steady-state fission gas release database includes more than 290 fuel rods
irradiated in commercial or experimental reactors with rod average burnups up to 67 GWd/tM.
The transient database includes more than 60 fuel rods with burnups up to 62 GWd/tM. The
transient hold times for these rods ranged from one minute up to many hours and the Linear Heat
Generation Rates (LHGR) ranged from 30 kW/m to 50 kW/m. The comparison of the measured
and predicted fission gas release for steady-state irradiation is shown in Figure 11. The quality of
the transient fission gas release model is illustrated in Figure 12 where the predictions are
compared with the measurements for the HATAC-C2 experiment [25] irradiated in the French
CEA test reactor SILOE. In this experiment, a measurement device obtained on-line
measurements of fission gas release from a 50 GWd/tM rodlet submitted to ten successive
transients. Figure 13 details the validation of the MOX model according to fuel microstructure.
Figure 14 compares predictions to the fission gas release fraction measured in the experiment
IFA-606.2-3. There is a slight over-prediction but within uncertainty bounds at the 95% level.
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FIG. 12. HATAC-C2 experiment at the CEA SILOE test reactor: measured and predicted fission gas
release.
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4. CONCLUSION

Many Framatome's fuel performance models have been improved or upgraded and included
in the COPERNIC fuel performance code, as recent experimental data become available on
high and ultra-high burnup and on mixed oxides. The thermal model is one of the key models
that have been revised. A new model for fuel thermal conductivity has been developed in
order to predict well the measured centerline temperatures of the whole Framatome database.
This database includes over 3400 data (73% from the HALDEN project and 27% from the
French CEA programs). The new thermal conductivity relationship is close to the Lucuta
etal. [11] relationship (the COPERNIC temperature degradation is slightly enhanced). It is
validated for mixed oxides at high burnup without changing the Plutonium or Gadolinium
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influence that were derived at low burnup. The rim model for temperature degradation inside
the rim and the gap closure model have also been improved for better temperature prediction.

The model for fission gas release that depends strongly on temperature was upgraded because
the thermal model was modified. The model is simple but contains key phenomena: athermal
and thermal effects, steady-state and transient regimes, gas accumulation on grain-boundaries,
diffusion and burst effect release, rim model, and influence of mixed oxides. The fission gas
release model for MOX has been refined to take into account the MOX microstructures,
which vary with the fabrication route. Overall, the quality of the predictions of both thermal
and fission gas release model is comparable to the state-of-the-art.

New mechanical models have also been implemented in the COPERNIC code to better assess
the pellet-cladding mechanical interaction and to include new data on the Framatome M5-
alloy. These models will be presented elsewhere.
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