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Abstract

A computer code called COSMOS has been developed for the thermal analysis of MOX and
UO2 fuel rod during steady-state and transient conditions. The main purpose of COSMOS is
to calculate the temperature distribution in the fuel and cladding and the fission gas release.
Based on a computer code developed for the analysis of UO2 fuel, following features have
been taken into account to analyze the MOX fuel: 1) changes in thermo-mechanical properties
such as thermal conductivity and thermal expansion coefficient, 2) change in radial power
depression as a function of Pu fissile content, and 3) change in the mechanism of fission gas
release resulting from the heterogeneity of microstructure of MOX fuel. In addition, recent
experimental findings such as rim effect and thermal conductivity degradation with burnup
are taken into account to analyze high burnup fuel. A mechanistic fission gas release model
developed based on physical processes is applied to steady-state operation and an empirical
model developed based on the amount of fission gas stored at grain boundary is used for
transient operation. Another important feature of COSMOS is that it can analyze the fuel
segment refabricated from the base irradiated fuel rods. This feature makes it possible to
utilize database obtained from international projects such as HALDEN and RISO, many of
which were collected from refabricated fuel segments. The capacity of COSMOS has been
tested with a number of experimental results from some international fuel irradiation
programs. This paper provides a general description of the models contained in COSMOS and
some results of comparison between calculation and measurement.

1. Introduction

Fuel rod performance codes are extensively used by manufacturers, fuel designers and
licensing authorities for the analysis of in-reactor behavior of fuel rods. In recent years, some
theoretical modeling has made a major contribution to the successful evolution of fuel
analysis code. However, there are increasing demands for a detailed understanding of the
thermal, mechanical, physical and chemical processes governing the fuel rod behavior during
normal reactor operation, for design basis accidents or severe accidents of extremely low
probability. In addition, it is necessary to take into account the recent experimental findings
such as rim effect and thermal conductivity degradation with burnup. Moreover, modem fuel
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rod performance code needs to be flexible enough to allow for an easy modification of
existing physical models or of material data as well as for the incorporation of new ones.

With these things in mind, a computer code COSMOS has been developed that can be used
in PC with considering above-mentioned requirements. The main purpose of COSMOS is to
calculate the temperature distribution in the fuel and cladding and the fission gas release in
both MOX and UO2 fuel with rim effect and thermal conductivity degradation being taken
into account. In addition, a mechanistic fission gas release model has been developed and
incorporated into the code. Another important feature of COSMOS is that it can analyze fuel
segment refabricated from base irradiated fuel rods. This feature makes it possible to analyze
database obtained from international projects, many of which were collected from refabricated
fuel segments.

2. MOX Feature

MOX fuel for LWR is different from typical LWR UO2 fuel in that it contains small
amount of Pu from the beginning. Due to the difference in microstructure arising from the
addition of Pu, following features should be taken into account when we develop a computer
code for the analysis of MOX fuel based on the performance models for UO2 fuel: 1) changes
in thermo-mechanical properties such as thermal conductivity and thermal expansion
coefficient, 2) change in radial power depression as a function of Pu fissile content, and 3)
change in the mechanism of fission gas release resulting from the heterogeneity of
microstructure of MOX fuel.

2.1. Temperature

Following themo-mechanical properties of MOX fuel are different from those of UO2 fuel
depending on the amount of Pu added to the UO2 matrix:

(i) thermal conductivity
(ii) thermal expansion coefficient
(iii) specific heat capacity
(iv) melting temperature

In-reactor behavior of MOX fuel resulting from the differences in above properties was
described in [1]. The most significant difference is found in the thermal conductivity. Out-of-
file measurements of thermal conductivity have shown that values for MOX fuel are slightly
lower than that for UO2 fuel by about 10%. This gives rise to different radial temperature
profile in fuel pellet in combination with different radial power depression.

2.2. Radial Power Depression

Radial power depression is very important because it determines radial temperature profile
that governs almost all the physical processes occurring in the fuel rod. The computer
program FACTOR [2] that has originally been developed for calculating the normalized
power density and burnup factors UO2 fuel has been extended to MOX fuel and incorporated
into the COSMOS. This program calculates the radial power depression in MOX fuel as a
function of Pu fissile content using a nuclear physics calculation [3]. As shown in Fig.l(a),
MOX has a higher radial power depression early in life due to the higher absorption cross
section of Pu isotopes. This implies that, if operated at the same power, centerline temperature
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in MOX fuel would be lower than in UO2 fuel. However, with burnup Pu buildup increases in
the periphery of UO2 fuel due to the capture of epithermal neutrons in the resonances of 238U,
whereas the amount of Pu in the outer part of MOX fuel decreases by consumption. This
makes the radial power distribution for two types of fuel almost the same as shown in
Fig.l(b). Therefore, only the difference in thermal conductivity produces different radial
temperature profile for the same power.

Using FACTOR, the radial distribution of burnup has been calculated and compared for
the fuels experimented in RISO [4]. As seen from Fig.2, there is close agreement between
measurement and prediction. This implies that the radial power distribution in LWR fuel is
well predicted by the FACTOR.

2.3. Effect of Microscopic Heterogeneity

Depending on the manufacturing method, heterogeneity can exist in the microstructure of
MOX fuel pellets due to the incomplete mixing of PuO2 powder with UO2 powder. There are
some controversies over whether fission gas release is enhanced in MOX fuel compared with
UO2 fuel under similar operating conditions or not. According to recent experiments, there
appears to be little effect of microstructure in currently produced fuel. In addition, high gas
release in MOX fuel results from higher operating powers in MOX fuel later in life because
reactivity falls more slowly with burnup.

To analyze the effect of microscopic heterogeneity on fission gas release, a spherical
model has been developed using the assumption that Pu-rich particles are distributed
uniformly in UO2 matrix [5]. Fig.3 shows how the size of Pu-rich particle affects fission gas
release in MOX fuel at 1000°C, where Ep is the average Pu content of pellet, Ea is the Pu
content of Pu-rich particle, Em is the Pu-content in UO2 matrix, Dagg is the average size of Pu-
rich particle, and D ^ , , is the grain size of UO2 matrix. This model has been tested with use of
the data obtained from the FIGARO program. Since these are confidential information, only
arbitrary power histories and centerline temperatures are shown in Fig.4(a) and (b) for two
MOX fuel rods 12 and D3, respectively. The two MOX rods manufactured by MIMAS
process were irradiated in the BEZNAU reactor for five cycles. These fuel rods contained
pellets of different grain size of 15 and 8 urn, respectively. Fig.4(c) displays the kinetics of
fission gas release and compares the measured and calculated fission gas release for 12 and
D3. The measured releases for 12 and D3 are 2.5 and 1.65%, respectively, whereas the
calculated ones are 3.3 and 2.1%.

3. Rim Effect and Thermal Conductivity Degradation

The geometrical model, heat transfer model, gap closure model and basic equations for the
thermal analysis of fuel and cladding are the same as those of generally well-known computer
codes, for example Ref. 6. Therefore, in this paper, recent experimental findings such as
thermal conductivity degradation with burnup and rim formation at high burnup are described.
These topics are very important in terms of thermal analysis because they cause fuel
temperature to increase significantly at high burnup fuel. Consequently, it would lead to
enhanced fission gas release and then rod internal pressure yielding the possibility that fuel
design criterion that fuel-to-clad gap should not be reopened could be violated.
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The rim region, which acts as thermal barrier in the periphery of pellet, develops by Pu
production and fissioning in low temperature. Using Lee et al.'s correlation for thermal
conductivity, which is described in detail in [7], temperature distribution in high burnup fuel
is analyzed. This correlation is developed using following procedure. First, rim burnup is
calculated from rod average burnup using the formula BURim=1.43 BUavg, where BU^n, is rim
burnup and BUavg is pellet average burnup. A rim to average burnup ratio of 1.43 is derived
from the measured data in RISO project [8]. Then rim width, which is another characteristic
of rim, is estimated from the measured data based on rim burnup. The least square method
using linear relationship yields the following formula between rim width and rim burnup:
R.,^5.24 BV^m - 305.8, where is the rim width in urn. Second, porosity in the rim region is
calculated using the assumption that all the fission gases produced in the rim region exist as
pores. Finally, thermal conductivity in the rim region is obtained using the assumption that the
rim region consists of pores and fully dense material. The dependence of thermal conductivity
on porosity is given as follows:

vRim \-a-P,Rim 1-
1

where kmm= thermal conductivity of the porous rim (W/m K),
ko = thermal conductivity of the fully dense material (W/m K),

k = thermal conductivity at 95% theoretical density,
= l/(A+B.BU+CT)+f(T),

f(T) = thermal conductivity due to electron excitation,
kp = thermal conductivity of the pore (W/mK),

= kXe=0.72\ 10-4. To.79,
P = porosity (volume fraction of the porous phase),
a - anisotropy factor {a = 1 means isotropic pore distribution).

In the pellet interior region where rim characteristics does not exist, k is also calculated
using the above formula with porosity corresponding to its region. In addition, thermal
conductivity degradation with burnup is considered by adding the term B«BU in the
denominator of the correlation for thermal conductivity at 95% theoretical density.

MATPRO, SIMFUEL and HALDEN's thermal conductivities have been adopted and
combined with the above formula, which are given in Table 1. Then kmm is incorporated into
the COSMOS to compare the calculated and measured fuel centerline temperature.

Fig.5 shows the comparison with the RISO data whose linear heat rate was 30, 35 and 40
kW/m, respectively, at the pellet average burnup of 43.5 MWd/kgU. Radial temperature
profile calculated using the HALDEN's correlation shows good agreement with measurement.
This indicates that the assumption that all the gas atoms produced in the rim region are
retained in the rim porosity is reasonable.

Fig.6 gives the measured centerline temperature at 25 kW/m as a function of fuel average
burnup in a HALDEN experiment. It shows that centerline temperature increases linearly with
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burnup implying conductivity degradation, while the calculated result displays complicated
trend since the gap conductance is affected by both gap size and fission gas release. However,
substantial temperature increase after 40 MWd/kgU results from the formation of rim at pellet
edge. In the early stage of irradiation, good agreement exists between measurement and
calculation obtained using HALDEN's correlation that considers rim effect. Although
deviation becomes wider up to about 35 MWd/kgU, calculated temperature obtained with
HALDEN's correlation is consistent with the measured data. From this comparison, it can be
concluded that thermal conductivity developed in this paper could predict more reasonable
fuel temperature for high burnup fuel when it is combined with the HALDEN's correlation for
thermal conductivity.

4. Fission Gas Release Model

4.1. Steady-State Model

Fission gas release model used in COSMOS is a new mechanistic model developed Koo
and Sohn [9]. The model is applied to analyze fission gas release during steady-state operating
conditions. It is assumed that grain face is composed of 14 identical circular faces and grain
edge bubble can be represented by a triangulated tube around the circumference of three
circular grain faces. The main features of the model are as follows:

(i) diffusion of gas atoms from grain interior to grain boundary
(ii) precipitation of gas atoms into matrix and intergranular gas bubbles
(iii) resolution of gas atoms from matrix and intergranular gas bubbles
(iv) fission gas release due to bubble interconnection at grain boundary
(v) fission gas release due to recoil and knock-out and through open pore
(vi) sweeping of gas atoms by grain growth

Both matrix and intergranular bubbles are assumed immobile in the model and they are
given as a function of temperature. Extent of interlinkage at grain boundary is assumed
proportional to gas bubble swelling at grain edge. Analytical solution gives the release rate
from matrix to grain boundary, which considers the reinjection of fission gas atoms from
grain face into matrix through the action of irradiation induced resolution.

The model's capacity has been tested with the KWU's database, which covers very wide
range of steady-state and transient operating conditions. Rod average burnup reaches up to 51
MWd/kgU and linear heat rate up to 490 W/cm. Fig.7 shows that although there is some room
for improvement reasonable agreement has been obtained considering an intricate nature of
fission gas release.

4.2. Transient Model

4.2.1. Release due to Microcracking

According to recent experiments performed during transient conditions, additional fission
gas release during power change is observed. Analysis of the experimental results for transient
fission gas release has shown that there exists a considerable fission gas burst in case of both
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power increases [10] and power reductions [11,12]. These two effects can be explained in
terms of the microcracking mechanism where changes in the stresses within the fuel cause
grain boundaries where fission gas is stored to tear apart. This mechanism is not a thermally
activated process, but simply requires a specific temperature level since the stresses only
change appreciably if this requirement is met. It is assumed in the present model that the
entire fission gas inventory stored at the grain boundaries is released instantaneously if the
conditions given below are met. Based on Hering's work [13], following conditions are
suggested for the fission gas release due to microcracking (where q' values are linear power
values for the axial node, while the T values are ring temperatures):

Case 1: Power increase q', => q7
2 induces a local increase in temperature T, => T2. Fission

gas release due to microcracking if q'2 - q', > 35 W/cm, q'2 > 300 W/cm and T2 >
Tg. The burnup dependent threshold temperature Tg is defined by Tg = 1500 (1-
Bu/80), where Tg is temperature in °C and Bu is burnup in MWd/kgU.

Case 2: Power decrease q', => q2 induces a local decrease in temperature T, => T2. Fission
gas release due to microcracking if q', - q'2 > 35 W/cm, q', > 300 W/cm and T, >
Ts-

Case 3: In the last time interval of power history, fission gas release due to microcracking
ifq'> 300 W/cm and T>T g .

4.2.2. Additional Release during a Power Transient

The basic equations (1), (2), and (8) given by Koo and Sohn [9] are derived for steady-state
operating conditions. This means that the differential equation for dgb/dt (gas release rate from
grain interior to grain boundary) is solved under the assumption that power (temperature) does
not change or change slightly over time, which is equivalent to dgb/dt = 0. This assumption is
no longer valid for power transients where power changes rapidly. An exact mathematical
analysis implies that in the case of transient an additional term has to be included in the
solution of dgb/dt, which however would involve considerable effort. For this reason, an
empirical equation describing the additional contribution to gas transport from the grain to
grain boundary is selected for use in the model. In contrast with gas release due to
microcracking, this mechanism is activated only during power increase. This is obvious
because gas diffusion coefficient increases only when power increases leading to additional
gas release compared with steady-state conditions. In the model the additional gas release
under transient conditions is described as follows:

Power increase q', => q'2 (linear power of an axial node) induces a temperature increase T,
=> T2. Additional fission gas is released during a power transient if q'2 - q', > 35 W/cm, q'2>
300 W/cm and T2 > Tg. The burnup dependent threshold temperature Tg is defined as the
same as above.

The released amount AGTis given by FTGM, where FT = (T-Tg)/1000 < 0.3 and GM is the
momentary gas inventory in the grain interior when the power increase occurs.

Calculations were carried out for AN3 and AN4 fuels refabricated from ANF fuel with
pressure transducers and fuel centerline thermocouples installed [8]. The ANF fuel was of
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PWR design and had been irradiated in the Biblis-A reactor (Germany) to a rod average
burnup of about 40 MWd/kgU. The highest linear heat rating seen by this fuel was 26.7
kW/m. The fuel did not release more than 0.3 % of their fission gas inventory during its base
irradiation. The restructuring was found negligible too.

Fuel centerline temperature and relative fission gas release observed for AN3 and AN4
fuel rods during transient test in the DR3 reactor at RISO are compared with calculation
results in Figs.8 and 9, respectively. The main difference between these two fuel rods is the
initial gas filling. The AN3 fuel rod was filled with 15 bar helium and AN4 fuel rod was filled
with one bar xenon.

4.2.3. Verification

The temperature at the fuel center was measured with a thermocouple inserted at the top of
the fuel stack in a 2.5 mm diameter. Since the temperature measurement was made for annular
fuel pellet having inner diameter of 2.5 mm, correction has been made to convert this value to
corresponding one in solid fuel pellet using the method given in Ref.8. The assumption that
fuel thermal conductivity and volumetric heat generation rate are unchanged across the radial
direction was used in the correction. It was found that these corrected temperatures for solid
pellet were 275-280 °C higher than the measured temperatures. The dotted lines in Figs.8(a)
and 9(a) represent the corrected centerline temperatures.

In the analysis gap conductance was assumed to be 1 W/cm2 K for the situations when the
gap is closed [8]. In addition, it should be noted that in calculating the fuel temperature,
thermal conductivity degradation with burnup was considered with use of the Lee et al.'s
correlation for thermal conductivity [7]. As can be seen in Figs.8(a) and 9(a), the calculated
and measured fuel centerline temperatures are in good agreement for AN3 fuel, while the
calculated temperatures for AN4 fuel are 0-150 °C lower than measured ones. This implies
that the correlation is suitable for the prediction of temperature during transient condition for
fuel rodlet refabricated from base irradiated fuel rods irradiated up to a relatively high burnup
of 40 MWd/kgU.

Fission gas release during power change depends on the temperature and power conditions
and the fuel burnup when the power change occurs. In addition, it depends on the amount of
fission gas stored in the grain interior and grain boundary during steady-state operation.
Therefore, the prerequisite for the prediction of fission gas release during power change is to
predict the amount of fission gas stored in the grain interior and grain boundary. In this paper,
Koo and Sohn's steady-state fission gas release model [9] was used to calculate the amount of
fission gas deposited in the grain interior and grain boundary. Figs.8(b) and 9(b) show that
calculated release kinetics yields reasonable agreement with the measured one. However, in
both cases there is about 10% difference at maximum. According to Morgan et al. [14], there
existed athermal gas release of 6-7% at a low power of 11 kW/m due to fabrication
characteristic specific to AN3 and AN4 fuel, which can not be modeled by the present model.
This rather high athermal gas release was found in low density fuels where fission gas may
have collected in the fabrication pores during steady-state irradiation and been released during
power ramp through cracks. Considering this unusual phenomenon, it can be concluded that
agreement between calculation and measurement is excellent.
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5. Conclusion

A computer code COSMOS has been developed for the thermal analysis of UO2 and MOX
fuel rod during steady-state and transient conditions. The main purpose of COSMOS is to
calculate the temperature distribution in the fuel and cladding and the fission gas release. It
considers recent experimental findings such as rim effect and thermal conductivity
degradation with burnup. In addition, a new mechanistic fission gas release model developed
based on physical processes is incorporated into the code. Another important feature of
COSMOS is that it can analyze fuel segment refabricated from base irradiated fuel rods. This
feature makes it possible to analyze database obtained from international projects such as
HALDEN and RISO, many of which were collected from refabricated fuel segments. MOX
specific features are also included. The capacity of COSMOS has been tested with a number
of experimental results from some international fuel irradiation programs.
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Table 1. Thermal conductivity correlation for MATPRO, SIMFUEL, and HALDEN [15]

MATPRO

SIMFUEL

HALDEN

it = 1 /(0.04378 + 2.294 x 1 (T4 T) +1.429 x 1(T2 • e"1876xl0"3 r

k = 1/(0.0432 + 0.0153 BU + (0.202 + 0.0025 -B£/)xl(r3r)

k = 1/(0.1148 + 0.0030 BU + 2.475xlO"4-T) + 0 .0132 . e ^ M m r
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Fig.l. Comparison of relative power density at 0 and 60 MWd/kgM between UO2 fuel
(Enrichment: 3.5%) and MOX fuel (Pu-fissile: 3.5%).
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Fig.2. Comparison of measured burnup profile with that calculated by FACTOR for
two UO2 fuel rods used in the RISO-III experiment.
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